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- . ABSTRACT

& -

-

Although intensity distributions derived from.hydroxyl, oH(X2m),
atrglow observations are routinely used to determine rotational temper-
atures and vibrational level populations, the transition probabilitie# :

- required to do so are in fact 1nadequateiy known. , The set now in common

~——— "
v

"% use hgs come under attack both on theoretrical grounds (because of the

LY
.

" chofce of theoretical dipole mgment used in fts derivation) amd on

-

experimental grounds (bgcause of its faflure to represent accurately -
-« - . . .

measured 1ncensity ratios) , : -

An electric dipole-uomen: funccion (EDMF) for OH bas beea-derived

by coubining recent hish precision measurements of'Fhe permaneqF”EIpole,

-

mdmencsnyith laboratory and airglow intengity,peasure&tnts, tncluding
new night aifglow weasurements made specifically forﬁihis‘work. Iﬁfﬁ .

empirical EDMF, while showing remarkable agskement with some 'a prféii

. = .
" EDMF's, differs sufficiently to prodiice transition probabilities which
- - 1 Y - - - ’

-

are in much®better agreement with airglow observations than previously

- € . -

available sets. - ‘ \ . L
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. bilities required to‘perform this type of analysis are inadequately

. CHAPTER 1

INTRODUCTION

The hydroxyl radical, OH(X?R), plays an important role in the
chemistry of the middle atmosphere. Indeed, since the OH vibration-

rotatiort emission bands were first discovered (Meinel 1950) among the

many photochemical emissions originating in the Earth's atmosphe;é (the

so-called airglow), spectroscopic geasurements of these bands have been

-

= 2 - . - -
a common feature of airglow investigations (see reviews by Vallance

Jones, 1973; and Vallance Jones er al., 1985). Temperatufes derived

- - A

froﬁ‘intensity distributions in hydroxyl aifEwa observations are
-routinely used as a measure of the temperaﬁﬁre at the height of peak OH .

‘fmissiqn (~§0 Kq), and OH abundances are used to infer the abundances of

other aé&ospheric constituents. Strangely enough, the transition proba-

known, - ~ . . o/

. [ M .
Vibrationally excited OH is produced in .the middle atmosphere by,

.

the reaction (Bates and ﬁicolet, 1950) . -

- . ' "
> * ]
- H+0, -0 +0, - . /
: ’ . 3 S .
1’ [} ' )

where energy considerations résgrict the vibrational .excitation to v<9.

S;udies of- OH(v=9) are therefore particularlyx attraéciye since the
- - ;)

population of that state has no component due to collisibngi'and

>

radiative cascade from higher levels. However, even &ichiﬁ v=9 -
discrepancies of orders of magnitude exist bepween'eﬁgerimenCal.and

_ . - .l ") )
1theo;etéia1 determinations of .certair transition probabilities. - For

1nscanc;. reported values of A, range-frdm‘a-}ow of 3:8#10}f'sac'f

ol



3 . e
' . x
» . N - <
& : \ ‘ .
. . .

9 . . .
(Potter et al., 1971) to ‘a high of 1.3x107! sec”™ (Mies, 1971).

}oi over a 69cade..che theoretically determined transition
probabiiicies of Higé‘(197l) were, and oftem continue to befgqsed in

most atmosphefld models’ There are two good reasons for this. Mies -
-:!l - .
was the first to consider in detail the influence of.spin uncoupling,

vibration-rotation coupling ang A-doubling on chg radiative transition

[y

prababilitie€ of oH(X%m) . Secdondly, ‘the experimental determinations of

both relative and absolute transition probabilities do not form a self-

consistent body of data. Widely differing values haye been reported-by .

~

different investigators, so that a strong case for or against Mies could

2

3
not be made’ Because of this uncertainty t“;:e has been a recémt move

(Finlaygon-?icts and Kleindienst, 1981, McDade and Llewellyn, 1987;

Lowe, 1987). to presgnc.experimental results in a way thafy is independent

of any particular set:of ;raﬂsition probabiiifies. Although this allows
. - .
" progress to be made, it is nonetheless a stop-gap measure until the
. - _ K
uncertainty in the tramsition probabilities can be resolved. Now, new

r

precision measurements (Peterson et al.,p 1984) of the OH permanent.

dipole

imdménts coupled with improved measurements of relative_band
e : - . :

intensities, (Pendleton, 1987; Steed and Bakef, 1979) show conclusiveiyk.
N - . )

DAL N
that the Hies-xflueq are in errvror. . g

»

. The probabiMty of a tranélti9ﬁ"6éi#ééﬂ‘iﬁaf§gf;€ionalJvibf&clonai

states of a diatomic molecule by oi&gp{}c.g}ggle radiation_is propor-

‘ : et -~ - va N . r
tional to the square of the matrix element R..,. of the dipole moment

N L4 ) »
5 - -
multiplied by the Iine strength S,., . i.e. e
Lt . . . v J V'J' - .
- " . 12 a1y - - = -
- . A,y & |Bpgl® S5, (séch) . o
N ’ ‘\‘ ’ v - . T *
(S N ‘ ..£ ~ 4 b
[ N \ - ’ .
- . .‘ o »
L] < . - . "‘:. . KX
. . Lk “ - T
-t A . ’ N '
¢ e - Mons v ' ; -
AT R ERF .

1



where . N ' .
. v'J '
* : . Ry = | ¥ m(2)¥ -dr

- ¥,y is the eigenfuncckon for the rotational-vibrational state labelled
by quantum numbers v and J. u(r) is the dipole mwoment function,_ giving

— the variation in electric dipole moment with internuclear cistance r.
. v . - v 3
The computation of transition probabilities, A, ;., thus reduces to the
h S .

protrlems of deterpining the gigenfunctions and dipole moment function
! . v -
<for use in rhe aHove integratton and of ‘determining the appropriate line
. . . L4

DT
strengths.? e ’
#

The'tﬂgdis is Aivided therefore into chapters addres%ing ®ach of
. these asgéc;s of the problem individually. Chapter 2 describes the
constructién of the OH(X?N) pote;;ial engergy function and its use in
the calculation of the eigenfunctions.* In Chaptgr-B can bépfound the

determinatién of\the electric-dipole moment function. Chapter 4 fol-
lgws up Gith‘a discussion of vibration-rotation interaction and line
strengths and bring§ together the results of the previohs chap;ers in
tﬁe calculation of the transition probabilities. Chapter 5-compares
these-crangi;fon probabilities with the experimental evidence including

some new OH nightglow observations performed for this work. Finally,

Chapter 6 examines the impact of the new trknsit&on probabilities. .

’ P ©

‘\ . . - .

w3




- . CHAPTER 2 .

-
CONSTRUCTION OF THE POTENTIAL ENERGY FUNCTION AND EIGENFUNCTIONS

This chapter covers thée construction of a péteﬂtial energy function
for OH(X2N) and the subsequent solution of the radial Schrodinéer
équation for this potential in order to-arrive at the ‘rotational-

vibrational eigenfunctions. It also describes a simple technique for

improviﬁg the potential energy function.

2.1 The Potential Energy Function

Within the Born-Oppenheimer approximation, a diatomic molecule can- -
. be described as a vibrating rotator obeying the radial Schrodinger

F
e’uation v

(HO + H:or.)wv.!(r) - EvJ*vJ(r) ‘ (21)

-

where E,; is the energy eigenvalue, H, is the Hamiltonian of the non-

_rotating molecule given (in cm™!) by

2
(=) +.Uy(r) ]
8x2mc dr? -

<

Hy = -1 (2.2)

ris the internuclear distance; m is the reduced mass; h is Planck’s-,
constant. Uy(r) is the (J=0) potential corresponding to the electronic

energy and nuclear Goulomb repulsion as a function of r. #H is a term

rot

describing the rotational motion %hose form~depends on the particular

electronic state under consideration. Thus the décarminacion of ’

-~

accurate ejigenfunction® for OH(X211) cen:re; on the selection of a

suitable pOCenEial energy function.

- ' -— N
Before advances in computing power made purely numerical approaches

t . & B .
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- -

-

feasible, there was considerable effort expended in finding an analy-

tical expression to represent the potential energy function. Perhaps

the md§t popular of these is the Morse function (1928). 1It is attract-
: »

ive because it is defined by only two parameters and, more importantly,
’ a

it allows closed:form solutions of the radial Schrbd{:per equation for

the case of no rotation. Unfortunately, it is difficult to include the

-

- effect of rotation in the Morse function and this is usually handled by

treating vibration and rotation separately and including a third term to
describe their interaction. This will be discussed in more detail in

Chapter 4. This problem can be avoided by turning to numeriaal methods.

-

The most commonly used of these is the RKR method.

The Rydberg-Kle;;-Rees (RKR) method is a semi-classical procedure
for determining the poténtial energy function of bound states of di-~
atomi; molecules by obtaining the turning points of the motion, r . and

r as functions of energy, from the measured vibrational terwr values

max’

E, and rotational constants B,. By interpolation, ‘a complete potential

+

curve can be can;\§?CCed from these points. 1It is sometimes referred to

as the "expsrimental" potential because it is constructed directly from

h J
a

spectroscopic datav

. - /.
___The RKR potential is défiqed in terms of the function (Klein, 1932)

xt L]

‘ S(U k) = [U-E(I, k) ]f‘ dI (2.3)

- (2x2 mhe) ™ L

where.I-h(v+H); k-(giféwzm)J(J+1), U is the energy (in cm'!) for which
" the turning points are required and I=I‘ when E=U. J and v are

rotational and vibrational quantun.nuﬁbcrs, respectively.. Then.-if

f=-{as/al],., and 3-[-35/8k]hm,-the'curning points are given by

a3




2f = Fppy-Tayn and 28 = (1/r,) - (1/ro) (2.4)

PR

Replacing I by hV in (2.3) and differentiating under the integral sign

"ﬁ“ v .
fU) - — (U-E(V, k)] ?dv (2.5)
(8x2mc) 0 ‘
P4
Vo it [ Ve y .
. gW) = —— — [(U-E(V.k)]™"av (2.6)
. (8x“mc) ak

evaluated at k=0 for no rotagion. !

Integrals (2.5) and (2.6) can be evaluated numerically in order to

determine the turning points. However, at U=E the 1ncagrands become

*

infinite though the integrals’still exist. This is a standard problem
in numerical i;ltegration and can be tackled in sgveral ways (see, for
example, Press et al. .. 1986). 1 ’chose to use the method of Jarmain
(1971). ,le': the last three ordinates, a function of the ;‘.'orm y=axP is

fitted, where x=0 at V=V’. 1If the subdivision size for V is H, then

“a = y,(2H)P and p = In(y,/y,)/1n(2) 2.7

. 4
Integrating over the last two subdivisions, 'we find that for the "f"

integral, omitting the constants

>
~

o - 2Ky, . -
¥ (2H)Px Pdx = —— (2.8)

‘ J-zn l-p

—

Intcalculating g(U), we have (8E/ak)._°-'(8,wzmc/h)8v. For

1ntegracions' near the upper limit, B, is assumed to be of the form
' . Vs,

“Ax2+8x+c, ‘in which the constants A, B, and C are evaluated from the

points (2H,B,), (#,B,), and (0,B,).” The "end contribution” to the -
, . .

PR



integral is appfbxinately . .

° 2(B,-2B,+8,) (-B,+4B, -3B;) By
- ¥,(2H)Px"PB dx = 2Hy,| + + ) J (2.9) .
-28 3'p N 2_.'p 1'? .
\ .
The turning peoints r_, and r_,, are functions of energy. 1 .

inverted these functions to obtain the potential energy as a function of

r, U(r), using cubic spline interpolation. The RKR method determines
the potential energy function only up to v.,,.. the highést quantum
" number for which experimental energy levels are available. In order to

solve the radial Schrédinger equation for eigenfunctions Vpax: LT

i1s necessary to add extensions to the RKR potential to higher energy. . '

This I accomplished by fitting Morse function extensions in the manner ,
of Jarmain (1971).

To obtain the potential‘for individual OH rotational states, &;o\\;.

~

-

adds an energy term appropriate to the Il electronic state

[y

U’(r) = [h/(8x%mcr2) ] [J(J+1)-0%+}]) + ZA(r) . (Z2.10)

. 2 .
to the expression for U(r). The first term accounts for "centrifugal”

distortion while the second accounts for spin-orbit coupling (Cexon
1975). The quantum number O=|A+Z| is the magnftude of the total”
electron angular momentum projection along the molecular axis and ta?es.
in the case of OH(X?M), the values 1/2 and 3/2. It is the sum of the ’
electfon orbital angular momenCuﬁ ptojectioﬁ A=1 along the nolecula;

axis, and the electron spin ptojection Z=1}:.  The radial variat;;n of

Che spi_r_t-o'rbit coupling constant, A(r)..has only recently been

determined éog OH (Coxon and Foster, 19§2b).f Note that the potentidl

energy function is different for the 2H,,, and %m,, -etates of OH.
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'.*2.3 Calculation of the Eigenfunctionms®

K

2.2 Input ‘Data

: o2
© Construction of ghe potential energy function requires vibrational

term values E; and rotational constants 38,. Coxoﬁ (1980) and Coxon and

Foster (1982a) have determined effective E,’ and B,' by least-squares
fitting of a large set of measured line pcsitionS‘ The mechanfcal

-

rotational cdnstants B, are obtained‘by;correction of these effective

B,’ using (Coxon and Foster; 1982b)

. AN

_—

B, = B, - 4q, - - (2.11)

Zv v
*

where q, is a A-doubling parameter (®®xen 1980). Corrections to the
oL ¢ '
effective term values, E,’ are negligible. These values are shown as’

’E;(obs) and B,(obs) in Tables 2.1 and 2.2. A zero-point energy of

.

"1847.726 cm? has been added to the E,’s. This was determined in the
standard fashion by éxtrapolation of the term values to v=-h. The

eiéanfunctions were not sensitive to changes of 1% cn! in this value.

Cooley (1961) has developed a numerical 'solution of the one-

| - * ...
ol : A S

ence equation —
° - TN - .
Y, + Y, - 2Y, d’g{-eu, B - (2.12)

-« %% in which d'is the s‘ration‘ between adjacent r values, E is a trial

eigenvalue and

t Y, = [17- (6%/12) @,-E) ¥, L 213)
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The inward integratidn is begun by assigning a, small arbitrary value to
* ¥,,, and letting’

L4 ’ »

< C L ¥y = B expl Ty (Ugeg-E) - r (U -E)® ) (2.14)

~

.
»>
-

This inward iﬁcegration is continued until ¥; ceases to.increase.

with decreasing r at some value of r, r,. Then the outward integration

4

‘is begun starting with the boungi&t;y condition ¥,=0 and ¥, assigned some

.' 8:311 arbitrary value.* When the value of ¥,°** has be:an _obt'ained. Fhe
-c;;) curvgs are joined by replacing each '¢1 with its value di-vided by
¢;%? or *h“’és appropriate, giving curyes.normalized:to:the condition

‘wn-l. - Next, a corr'ection to E is detegmined from the slopes of the two

. curves at the cros.;;ing point r,. This coryection D(E) is given by

S D(E) = [(-Yuu+ 20,-%, w)d 2+ (U -ENY,) /Z\bi " '(2.15)
) . ] « =1

. ' ' ’ N " z
, The process is repeated until the two curves meet with the same
. b1 -

, - ) . ) <
derivative. Finally, the resultant values of ¥, are normalized such

that f¢3dr-t © . ' .
;. .

' Table 2 1 presents the tuming points of tge rotationless_RKR .

‘s

potenala} and the eigenvalues, E_(calc), obtained using che.Cooley

y ”

gigorlthm. Also presented are the rotational conéténts, ..B;,(calc). where

LN

. - “ -

' h ) e ‘

. - B,(calc) = I (¥(r)/r)?dr : < (2.16) .
8x2cm .

The agreeuenc between input parameters and calculated val.ues seems
° .

reasonably good but the sy:teutic trend to greater deviations at higher '

-
-

vibrational levels vas worrying. Coxon (1986) has noted that such

discrepancies are common in hydridas. i

* >
.
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2.5 TImprqQving the Potential Energy Functon- -, ~ T e L
. > ‘ .

-
- ”»

The root of the problem lies in the fact that the right hand side
- o - - -

‘of' (2.1) is in féc{: only the “lowest order~.ter§!'f'nd ignores higher order

., ”~
terms (Dunham, 1932). These are terms in powers of (h/8x2mxc). For

molecules o.f snall' teduced mass, m, such as hydrides these terms become \

important. " Coxon 61986) has reviewed the attempts to include these
. ~oT .
higher order “terms. ’I'hese include use of the second order term

- (Vanderslice.-er al. 1965) and reformulation of the cgchniqub to elir'

" coupled. The_resylts are shown“in Table 2.2. After only a ‘t‘t‘w

1naCe higher order effecc$ (Watson 1980)‘ As Coxon r.\otes. the complex-
icies of the vgribus mthodsf have discogra&ed :he-ir'gem:al usage.
Because it was ;wt clear\,;hejthar any 1n_lpr9ve.pent in the }_otent_ipl enei;gy
function would significancliy'affecc the eiggnfunctions, I._'u.;;_dertv\éok to

improve the potential energy function in a more straight-féiward, if

. - s
. \\. :

As can be seen ftc\m (2.16), t.he “value .of B (calc) dependsil che

lar'gely intuitive, fashion-

posit:i.on of the poténtiah “bowl" with, respect to r. That is, to‘-@ (irst

' - . N

apyoximation movi'ng the potential to grea:er r would lead to B (ck{ c)

~ . . -

, R
dagreasing. Similarly. to a firs: approxination £, (calc) depends on: \\

'

the "width" -of the- por.enti.al bowl Nﬁ'n:owing the bowl leads to an

//,/:

increase in E, (calc) Basedjupgn r.hese ‘dmictedly cnude approxtmat:ions, i\

the RKR potencial energy funct:ion wgs nune{ically manipul“ed to improve -

the fit to the 1nput parmaters The tuming points for each )

\

’vibrational level were a_djust:ed to qﬂninlzg the dlsctepancies A,E; and

. 4B, for -that level. " The ﬁroceduré is-ﬁa‘cessarily an 'itera::lve one,

since tlie levels are béing tredted 4.nd.pe-dent1y when J:hey are in fact

* .

i_terations, the E,(obs) were m:c;l'.leci to better chan 0.2 ca’? and the .

- - M Y
- -



B,(obs) to better than 0.0015 cm™'. Subsequent examination of the

- transition probﬁbili;ies produced using these two potentials revealed

?

1.
considering the small
»

g

differences of <1X. This is not surprising

-

changes actually produced in the potentia!ﬂ

Different forpulgtions of the RKR Qethod exist, but compafison wihh"
‘other reported OH(X3I) potentiai functions is diffﬁq;lf bEE:hse ubu#lly-
only -turning points are reported and not the'agrgémeﬁc with iaput &ata‘-
(Jarmain, 1960; Fallon er al., 1961; .Cexon and foster,;1982b). waevef,

there is ssecond-hand information. .Langhoff et al, (1986), in using the

#
- . - .
LY

Coxon and Foster potential energy function, repofted ;gpgémené-of,the,
E,’s to-within 1.5 cm™!; similar _to my original RKR potential.':ﬁo ’ -

comparisop of the B,’s was given.  Mies (1974) presented a potential

function privately communicated by Albritton. It too appears to §eu£§te

by several cm! in E, at high v. Given the higﬁ quality of-gpg‘inpqtf
. - FY ) R . . . . .

data (not available to earlier investigators) and the improvement on the
staridard RKR method, the rotationless poteritial energy function of Table

2.2 is,probaﬂly the most accurate presented to date.

L]

)
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Table 2.1; RKR Potential EnerﬁyﬁEgggtion ,

AE r(A)®

.

v . B, (cm™t) - AB, E,(cm™}) v
(calc) _ .(obs)* (cale) (obs)* Toin b S
0 :1815493,,18.550h -.0011 1847.852 1847.726 .126 .88253 1.07957
21-717.8388 17.8386 .0002 5417,971  5417.369 .602 .83004 1417795
2 "17.1342 17.1363 -.0021  8821.831  8821.410 .621 .79870 1.25690
3 16.4403 16.4409 -,0006 12062.298 12061.771 .527 .77584 1,32929
4 15.7479 15.7491 -.0012 15139.:396 15139.548 -.152 775784 1.39901
5 15.0517 15.0567 -.0050 18054.743 18054.848 -105 .74309 1.46806
6 14.3523 14.3588 -.0065 20806.682 20806.549 .133 .73068 1.53779
7 13.6389 13.6492 -.0103 23392.295 23392.030 .265 ,72009 1.60941
8 12.9014 12.9169 -.0155 25807.459 25806.719 . .740 .71098 1.68421
9 12.1294 12.1517 -.0223 28045.103 28043.783% 1.320 .70310 1.76378
10 11.3033 11.3372 -.0339 30094.411 30093.084 1.327 .69632 1.85026
- '
Table 2.2; Final Potential Energy Function ‘
. .
v B,(cm™1) A8, E,(cm™1) AE, c(A)®b
~ (cale) (obs)* (calc) (obs)* - Foin -
- o
© 18.5493 18.5504 -.0011 1847.716 1847.726 -.010 .88253'1.07957
1 17.8390 17.8386 .0004 5417.545 ~ 5417.369 —176— .83002 1.17797
2 17.1349 17.1363 -,0014  8821.251 8821.4}0. -.159 .79870 1.25691
3 16.4415 16.4409 .0Q06 12061.888 12061.771 .117 .77586 1.32928
4 15.7505 " 15.7491 .0014 15139.353 15139.548 -.195 .75784 1.39894
5 15.0553, 15.0567 -.0014 18054.996 18054.848 .148  .74290 1.46801
6 -14.3576 14.3588 -.0012 20806.557 20806.549 A, .008 .73056 1.53772
7 13.6494, 13.6492 .0002 23391.839 23392.030 -.191 .72018 1.60930
8 12.9164 12,9169 -.0005 25806.609 25806.719 -.110 .71128 1.68411
‘9 12,1531 ©12.1517 .0014 28043.683 28043.783 -.100 .70369 L.76349°
10 11.3358 11.3372 -.0014 30093.044 30093.084 -.040 .69678 1.84982
* Coxon and Foster (1982) ~ . - /
P classical turning points. At E = 0, r = 0.96966 A. - o
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‘ \CHAP{ER3
S ¢

CONSTRUCTION OF THE ELECTRIC DIPOLE MOMENT FUNCTION

- -

- This chapter covers the construction of an empirical electric
dipéie moment fumction (EDMF) for OH(X?N). After a look at the gemneral

principles underlying such a calculation and a brief history of previous

attempts, the particular technique employed in this thesis is detailed.
This is followed by a discussion of the available data. -Finally, the

resultant empirical EDMF is compared with theoretitcal EDMF'’s both from

.

the standpbint of agreement with experimental data and from similarities

in functional form.

3.1 General Principles’

The photon intensity of radiation emitted in transitions from

vibrational level n to level m of a diatomic molecule is
- ) ’\/— ‘ -
S - }/ IR_|2 (3.1)

where‘inm is the dipole moment éggrix element
!
- f ’ N

o

R = | V(DB (r)dr ($.2) -
~ ‘ - ‘ T—

- ) [} \
.
}

C is‘a constant; vm{ié the wavetiumber of the emitted radiation; °N_ is

the populfcion of the n** level; ¥  is the n** eigenfunction; an&fu(r) '
is the dipole nomen;-qs~a function of 1nternuc}ear separacigh’n{

The electric'diéole moment function (EDMF) can be caicG1d£ed by
ab inicio quantun nechanical methods but this remains a challenging i p

probleu. Stevens et al. (1974) have calculnted che EDMF qf OH(X’H) from

13 : N -

. Y .
-
-
N . - o
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MCSCF (multi-configuration selfvco?sistent field) wavefunctions.' This
EDMF has b€en used by Hi;s (1974) to calculate- transition probabilitiges
for th; fundamental, Av=1, through Av=5 overtone crg;sitions. The EDMF _
has algt\been calculated by Meyer (1974) using the PNO-CEPA (pseudo-

natural orbital - coupled electron pair approximation) method and by Chu

et gl. (1974) fsgm MCSCF-CI (configuration interaction) wavefunctions.

. -More recently, Werner et al. (1983) reported an EDMF based on MCSCF-SCEP -

(self-consistent electron pairs) wavefunctions. From these fogr dipole

moment functions one obta?ns for the rotationless transition probability
A,., the values £8.7, 11.6, 0.8, and 12.2 sec’?, respéctively (Werner et

al., 1983). As Werner et al. note, the reaéon for the differences lies

in the fact that the EDMF of OH(X2?N) is rather flgt and possesses a

maximum near the equilibrium internuciear distance. The tramnsition

probgbil-ities depend on an integral invelving the pr;duct of two

(¥

wavefunctions and the dipole moment function. At least one of the

wavefunctions is oscillatory, resulting in considerable cancellgtion. ~

Thus small errors in the shébe or in the location of the maxiﬁﬁm gréatly
affect th; absolute values of the transition probabllitiés.

The EDMF can, in principle, be determined directly from experlmeﬁtal
intensity data. Typically, a functional form of the EDMF is decided
‘upon andlthe coefficients of -the function are édjusted Fo'give the best
least-squares fit to obsetved intensity data. Eliﬁinatlhg Fhé unknown

populations-¥, from (3.1) by.-using r;ttos of the intensities of bands

with the same upper level, we have

.~

I’/ T Vo = B2/ 1R 12 (3.3)



1f u(r) is expressed as a polynomial about the equilibrium nucleax.
- » =

separation r, . - ) .
~ ° '.'

p(r) = c, + ¢ (r-r,) + cz(r-r!)i + ... F éz(r-r.)f : " (3.5)‘

and if (z-1) ratios, (X_/X..), are known, both in ﬁagnitgde‘and sign,

then coefficients ¢, through ¢, can be detetmined by solving a set of

simultaneous linear equations. The history of'sucphattempts is one.of
increasing copplexity of ‘the functional form‘chosen for u(r).

Shklovskii (1950) took the function to be linear; Heaps and Herznerg} !
(1952) considered a quadratic; Garvin et al. (19605 a cubic;“and

Ferguson and Parkinson (1563) a fifth-order polynomial Fetguson and
~

4Parkinson pointed out that EDMF’'s based only on overtone intensity

measurements (as they all were then) could not produce transition

s
probabilities for-the. fundamental sequence Av-l Murphy (1960) made the

-

vital Av=l intensity measurements and produced an EDMF based on the
Ferguson and Parkinson EDMF with an’ added exponential term. Since these
enpirical EDMF's are based solely.on intensity ratjos, they are not |
unique and give only relative transition probabilities. Note two |
further problems with this method 1) intensity measurements leave a

sign ambiguity and consequently allow lultiple solutions and 2) ¢,

‘remains undetermined.

' \

Alternatively, in the wavefunction expansion method of Trischka and
Salwen (1959) u(r) is expressed as a linear combination of the

rotationless wavefunctions of the molecule
R . -
p(r) = 3 [Rop¥a(r)/¥o(r)] . (3.5)

n.o N -

In this case, the coefficients are the matrix elements themselves;-which
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'(Herbelin and- Emanuel 1974) . D

(1976) tame to the same conclusion’im their investigation of another
. - 8 ' “ D -

can‘be obCained fron.qeasQrenents of iﬁé:ab961QCe intensity of

absorption lines The fornulation’is not exaet though, unléss che;b- )
.. ' ¥
complete sat of wavefunctions- inciuding .the con:tnuun is intluded S

Ca

-

‘UnfortunatEIy. for a moLeqple as reactive as Gﬁ cbese neasureuents are

Y
. s v

very difficult because of the problen of determining a preclse.column' vt

p-‘

density.. Uhenvonly a few.ﬁf the*natrix etenents are awailable the

truncatlon erroxr is larger than for a- polynouial of the same order

¢’
‘

-
'.‘_, - -

In a third tecbnique Cashion 01?63) qgsd an’ expansion in terms of

harmonic oscillator wavefuhcttoﬂs §n¢ an expansiqn in- terms of Horke

'potential wavefunctions simultaneousby to derive an expression.cﬁrougﬁ

A W

which the" relative magnitudes of the matrix elemenCS can be. caiculated

The method has the advantage of requiring no intenafty data. However. i:?

the OH cransition probabilicies, as/PresenCed by/Cashiop.;compleéer

PR
.. s

misrepresent the irmtensities of the fundameftal Av=l sequence. relative

- -~
a

to the first overtone Av=2 sequence (Murphy, 1971). Sileo an¢.¢ool

hydride, HF. - - - | T Y
. S SR
Thié led me to try another approach. RO Ll

“3.2 The Scaled Cubic Spline Téchnique : o

LS

1 obtained rotational vibrational eigenfunctions ¥, ; as described Vy»?
in Chapter 2 For the EDMF calcu ations, I used eigenfunc:lons

corresponding to the (O = 3[2 J - 3/2) state of OH. 1 expressed.ué&) B
\

as the natural cubic spline fic té a sef of i points p(rl). (rz)a. P /*iﬁ;f
p(r‘). Then p(r) was adjusted using a steepest descenc least’squares .
. . \ - "
algorithm to.best fit' the available intensity ratios. (The dectlion to
: ' v ' ' : SN
’ ) e T
47, e .
- t;‘:x‘ * * - -

o
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represent the\dipole moment fungtégg'hycggcqbic spline was not an arbi-

trary one. ‘The natural cubic spline is the unique function possessing

- - -

. *
B the minimuggcurvature property of all functions interpolating the data
and having a square integrable second derivative. In this sense the
- . A .
natural cubic spline is the smoothest function which interpolates the

iata.) Up to this point, the.EDMF was not unique, since multiplicafion
by a constanc would not affect the fit. However, since two dipole

moments have been measured experimentally,

. _ -

- J' ¥, () p(r)B,(r)dr j=-0.1 (3.6)

1 was able to fix w(r). I replaced u(r) with p’(r) = mu(r)$b using the

two dipole moments to determine m and b. Now,

' .I%('r)[@u)wwo(r')dr' . I¢1<r)[mu(}>+bw1tr)dr
. . . (3.7)

- - a I¢°(r>,(r)¢o<r)& - J._yb,(r)u(r)!bl(r)dr ]

~

using the orthogonality of the wavefunctionms. Thus m:was chosen to

~ - -

match the meesured_dlfference between-the By Then, sinc

a

Jm(r)_[mu(r)vb]'wo(r)dr - o[v,(Du(R)¥(r)dr + b \ (3.8)
X - A

b was chosen'co’uatch.one measured dipole moment. This addition of a :

¢onstant affected the fit to. the intensity ratios. * However, incorpor-
- acion of this scaling procedure in the original leﬁst—SQuanes algorithm

* resulted iﬁ'convergence to an EDMF that met both criteria.

’ v -

Inittally, I d%ed 15 points, p(r‘), eiathy-spaced over the region

- of incernuclear lqpéracton 1.2 to 4 0 Bohr,. The snoothness bf the
. * ‘ -, .
T :esulblng function suggesucd tha: the EDHF dhould be. representahle by a’

simpler functiégf\ UnforcunaCely, atCenpc: to use fewer egually-spach
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points led to an unacééptable degradation in the }east-squares fic. The
solutfén lay in removing the constraint of eq‘hrl;-séaced u(r,). The
algSrithm was modified to allow the u(r,) to v?ry‘not only in magnitude
but 1; value of r,. This, led to the remarkable result that a good fit
to 24 intensity ratios and the dipole momests of two states was obtained

using a cubic spline fit to only 4 points. In fact, the addition of

extra defining points produced no significant improvement in the fit.
The EDMF resulting from this calculation is given as a function of r in

Table 3.1.  The 4 points defining the cubic spline fit are marked with

asterisks.
3.3 Input Data

The success of this technique, relies entirely on having correct

intensity’ratios and dipole moments. The dipole moments havée been

e feasuréd with high precision'by Peterdon et al. (1984") using the mole-

cular beam resonance techniqﬁe. Howevér,<€he measured intensity ra;i&s
: . N R ) ) ’
. " wmust be carefully scrutinized.. Ideally, the band intensities that go
e Lo : . e
@ *into the ratios (3.3) should be measured at the same time and with the

'same,inétrument._ The requirement for time coincidence is to ensure that
. \ ’ : .

the pepulations N, are the same, while the requirement for a single

.

+ ‘" instrument is to remove any doubt about inter-instrument calibration.

:.Kgassovéky et al. (1962) have determined intensities of many of the =

bands in the sequences-Av = 3 to Av = 7 from measurements of the earth’s

.~ nightglow. These were not simultaneous measurements but they are long-

term averages of maﬁ& observations so one can hope that the OH varia-

r—

bility has been averaged ‘out. 'Studies of flame spectra in the labora-

tory by Garvin (1959) gave intensities of bands in the sequences Av = 3
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to Av = 7; and by Garvin et al. (1960) of bands in the sequences Av =« 2
and 3. The first set are photographic»measurements and consequently
suffer-from the serious diffiéulty of calibrating photo-graph{c plates.
Murphy (1969,1971) has mea;ured relative intensities in the Av = 1 and 3
sequences. These are simultaneous single-instrument measurements.
Ferguson and Parkinson (1963), during their attempt to construct an
empirical EDMF, reported conflicts between the data of Krassovsky er als
(1962) and Garvin (1959). At the same=~time, Wallace (1962) pointed out
errors in the work of Garvin (1959) and Garvin et al. (1960) which

placed their reported intens&.ties ¢nder suspicion. Subsequently,
Harrison and Kendall (1973) measured intensities of bands in the
sequences Av = 2,3,4 and 5 in the nightglow. Again, though their
analysis was flawed by an iiforrect water abs?rption correction, a
conflict arose with the Garvin et al. (1960) data. Finally, new higher
resolution nightglow observations (Pendleton 1987; Steed and Baker 1979).
of the Av = 2,3 and 4 sequences show c;nclusively that the Garvin data _
are in error. These measurements were taken on two consecutive nights
with the same instrument but different detectors in order to cover'such
a wide spectral range. Tpree of the measured ratios differed from the
theoretical ratios by about a factor of 2. Although the. two halves of
the spectrum were joined by a common ;adiomecric measurement of the 5-3

band, this was not a wholly satisfactory situation. 1In order to remove

any doubts, 1 have re-measured two of these potentially contentious

ratios. This is discussed in Chapter 5. These new measurements veri-

fied thg Steed and Baker ratios. Thus we are left three sets of band S

-

intensities which span the sequences Av = 1 through 7: those pf Murphy

(1959.1971); Ste;d and Baker (1979); and Krassovsky et al. (1962).
N ') - *



3.4 PBiscussion

Th;\qggirical EDMF can be judged by its reproduction of the

measured dipole moments and by its ability to yield transition proba-
bilities in accord with intensity measurements. The nature of the -
ficting procedure is such that agreement with the dipole moments for

v-=0 and 1 is exact (Table 3.2). However, the calculated dipole moment °
’

for v = 2 is 1.6660 D compared to the measured value of 1.6648 1.0910 D;-

just outside the stated error bounds. Peterson et al. (1984) noted thaé

this measurement is the least reliable. It is a single measurement

whereas the results for v=1,2 are means of four measurements, so this
. - .

discrepancy is not too unsettling. Accurate measurement of the dipole

moments to higher vibrational levels is needed to fully test any

\

proposed EDMF. The scaling procedure introduces into the dipole moment
‘function a possible error equal to the error in the determination of the
" difference between the dipole moments (refer to eq. 3.;). ‘This is 7
parts in 735 (Peterson et al., 1984), or approximately 1X. This in turn

introduces an error into the transition probabilities equal to twice

this error. .

In Table 3.3, I present the observed transition probability ratios
along with the r;tios predicted using the empirical BDHF'and the two
éheoretical EDMF’s that were the basis of the transition probabilities
of Mies (1974) and Langhoff et al. (1986). Tﬁe transition probability

‘'ratio is related ‘to the measured intensity ratio.through (3:1) and

*

A = Cv 3R 12 : (3.9)

L3

vhere C is a constant. M{ies used the EDMF of Stevens et al. (1974),

while Langhoff et al. used a version of the Werner et al. (1983) EDMF
N e . -~
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which had been shifted and scaled to natch the measured dipole moments.
In this sense, the Langhoff EDMF is not a pgrely theoretical EDMF. The
ratios produced by the empirical EDMF fit all of the experimental data
wvithin the stated error bounds whereas the ratios from the theoretical
EDHé's soéetimes differ by more than a factor of 2.

In Figures 3.1 and 3.2, I compare the empirical EDMF with the
Stevens et al. EDMF and with the "shifted” Wernmer et al. EDMF. There is
a ;triking correspondence between the empirical EDMF and the “"shifted”
EDMF of Uerner.ec al. over a wide range of r. However, although
Langhoff et al. (3@74) and Werner et al. (1983) claim that the slope of
the Stevens et al. EDMF is too steep at small r, I find the slope of
the empirical EDMF to be very close to that of S:;vens et al. in this
region. In fact, if the Stevens et al. EDMF is shifted and scaled to
match-the measured dip?le moments, we can see in Figure 3.3 that the
agreement with {heleqpirical EDMF at small r is remarkable. This is the _

. ‘

region gbout the point of equilibrium nuclear separation and is thus of

g

. 7
considerable theoretical interest. Figure 3.4 shows the Werner et al.
' ’

EDMF before the shift. The position of r, is due %o chéigrtreme

asymmetry of the OH potential energy function (see Table 2.2).
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Table 3.1

Empirical Dipole Moment Function
' of OH(X%m)

r (Bohr) Dipole Moment (av.i\)

o0
0
~

.429134
.529674
.552445
.574083
.594364
.613065
.629963
.644837
657464
. .667620
8348 .674047
.675085
.679629
. .681007
.678973

.673280
.649934
2506 .602522
.581371
: .389419
8139 .308162

AVMOUVUNVMEWNFROOWVOD VYWV E WNY

*
WWWRNRNRONRRNNRNRNRN 9 e O

* points defining the cubic spline fit
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Table 3.2 g

.

Permanent Dipole Moments (Debye) of OH(X?M) (Q = 3/2, J = 3/2)

Vibrational Experiment* Present Work . Theory®:©
Level - . ’ (r - ’ .
o ,1.65520(190) "+ 1.65520 1.65520
1’ 1.66257(16) 1.66257 1.66254
. 2 1.6648(10)- 1.66599 T 1.6662.
3 : 1.66460 1.6651
-4 ; 1.65740 1.6584
S 1.64318 1.6449
6 1.62022 1.6229.
7 1.58625 1.5908
8 1.53850
9 1.47389

Iy
fl

* values of Peterson et al.(1984)

b based on MCSCF(7)-SCEP EDMF of Werner et al.(1983) that has been
sblf!%d by +0.03 Bohr and the magnitude scaled by a factor of
1.01259 to match experiment for v = 0 (Langhoff ec al. 1986)

¢ based on rotationless wavefunctions e

L
r-]

AN .
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i1y
-

EER D)

iv)

measured
this work ’ ¢

Mies(1974); based on the EDMF of Stevens et a1.§197a)

Langhoff et al.(1986); bésed{on the 'thfted' EDMF of Werner

et al.(1983) -

¢ Murphy(1971); average ratio of P,(K=2-7) lines; author's error

\
* ¢ Pendleton, Steed and Baker(1979) band intensities;

-7

. estimates .

estimates

authors’
estimates

Murphy(1971); average ratio of Q,(K=1-3) lines; author'’'s error

erxror

Krassovsky et a8l.(1962) béﬁd intensities; errors estimated from
published spectra -

-
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‘Table 3.3

Comparison of Measured and.Calculated Transition Probability Ratios
for the Rotational-Vibrational Bands of OH(X?)

-—
A 4 v ’ v v v v v ' A 4 v v v v
v Av-1/A2 Ay-2/Av-3 A,-a/A, A /As Ao-s/Avg Av-e/Avr
T2 2 :3+7%X% 4y
2.4 1) .
2.3 1)
¢ 3.1 iv)
3 .8745% 17+25%¢
.86 19.8 .
~ .72 43.4 .
1.12 34, -
. 4 . 3421%P 7.8%251¢ 27425%4
.24 . 9.7 - 24 .
. .12 16.9 54
.24 16.0 41
5 6.1+15%°  13+20%9 27+ .
) T 6.3 12 26
10.2 27 . 7.8
1Gel 19 33
6 5.3:15%°  8.2+20%°  14+20%°  30+30%¢
4.5 8.0 13 27
6.7 16.5 24 o
6.8 13.6 . 17 -
7 - 6.0+30%°¢ 8.9+20%4  14+30%¢
6.0 8.5 13 . i
12.8 16
- ¥ 10.2 11 _
.8 ’ 2.5%15%¢ 5.2425%°  6.5%25%¢ 7.742514
2.6 4.7 . 6.3 8.7
2.7 10.7 10 19
3.4 8.3 9.4 . , -
' 9 2440%° 4 .4%25%¢ 6.4225%¢  10+30%¢
1.9 4.9 6.5 9.1 -
) 1.6 9.1 9.1 -
. 2°.3 7.2 ! .
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‘Figure 3.1; Comparison of Empirical EDMF with Stevens et al. EDMF
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DIPOLE MOMENT (ELECTRON-BOHR)
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Figure 3.2

Comparison of Empirical EDMF with "shifted” Werner et al. EDMF
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CHAPTER &

LINE STRENGTHS AND TRANSITION PROBABILITIES

- This chaptér discusses both the interaction of vibration and
rotation in OH(X?N) and the choice of rotational line strengths. These
¢ dahir: .

line strengths are combined with the wavefunctions of Chabter 2 and the
. &€ - .
electric dipole\mé;éni\fpnction of Chapter 3 in a calculgtibn of the

Einstein q;ansitibn probaﬁilgties. *

4.1 Vibration-Rotation Interaction

The Einstein transition proﬁébility of spontaneous emission is

given (in seec™) b} ) -
v 64xy? v,
Agem —— Ry |2 Sy . (4.1)
3rR(27'+1) - .
v'Jr. A : .-
where Ry I By g (EIB(EYBgn(EYAE (4.2)

-

v is the wavenumber of thé transition; S;.;. is the line strength,
Because of the difficulty of oﬁthingpg analytical expressions for the

wavefunctions which include the effect of rotation, the dipole moment
L) * — ! N
matrfx ettment R is often replaced by

-

Y, rd

v'J.' v’ v'J’

... R, oy (4.3)

’
)

-where I:. is the dipole moment matrix element usinﬁ purely vibrational

wavefunctions and F:vJ is the so-called Herman-Wallis Factdr (Herman.

and Wallis, 1955), introduced t6 account for the vibration-rotation

-




- .
i . : . - ’
interactich. Since this factor has not been derived for ?I-N overtone
transitions,. it 1s generally ignored (i.e. F=1)! Thus the transition

. / .

probabilities -are ti‘gated as the product of a&ibrational band strength

and a rotational line strength (see, fof e:;:ample, Takahashi and Batista,
» ", - - ! _*

198:1).“~ For OH(X2M) this can lead to serious error since the line

strengths. S;.;. by themselves completely misreprésent the true line

ba
.

t }
strength distribution in the Av=l sequencé and introduce lesser errors

> e - . L
in the overtone sequences. The reason for this lies in the behaviour of
' : [ ’ ! '
C g
the dipole moment matrix element X,.,. which is the integral of a
- . - ,

product o e functions. The wavefuncsions ¥, are determined by the

- .

m of the rotationless potential ene;gy function Uy(r) (Eq. 2.2) ang\a

-

.* small perturbing function U’(r) (Eq. 2.10)%. In OH(X?M) Av-1, the

1nt:'egra} (-Eq’. A.é) ové the rotitionless /=0) wawefunctions ch‘anges

T E ° sign with 'increasihg v so that R becomes dominated by the J-dependent

perturbation. That is to :_?:ay, changes in J move R closer té or further

“a\lay from this null point. This behaviour cap be seen clearly in the °

» ’

-transition probabilities for Av=l (Appendix A). Among other effects,
oo . . v .
ignoring‘..vi.bratioq-rotation interaction can_lead to apparent differences
in the rotagfonal temp&r'acures ’de.t;emine.d from d{fferent branches of a
[ ] )

L4 o

given band (see, for example, Murphy, 1971),.or the temperatures deter- .

)

nl_ne.d from two dif‘erent bands originating from the same v’. Rotational

-" éempei‘at}xres axje'a discussed more fully in Qhapter 6.

N

V]

. ’He can avoid this problem by using true 'rotational-vibrat‘ion;sl

N - L

, wavefuncgiond, "l"hese ate just the eigenfunctions of the radial
» * * .

;gach rotatforfil state a\s defined by EqQ.(2.10). This 51ves°ps a uLﬂ.que

l- /

v'.__wa\ret"unction ¥, ;n for each state. .
! . . . . ’ -

Séhrbdinger e:q;.mt:'ion usii\g'tle appropriate potential energy °funct;ioﬁ for -

-

<4
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4.2 Lline Strengths for 3N-20 Transitions

.

Hill and Van Vleck (1928) have developed thé& theory esi;b}ishing
the line strengéhs for doublet transitions when both upper and laower
states are intermediate between Hund’'s case (a) an&'cése {b). iHund's
ligitiﬁg caseg (a) and (b) are realized when the coupling between the
electronic spin and the molecular axis of figure is very sg;ong or very
weak, respectively. Benedict et al. (1953) have tabulated the line
strengths for the specific case of I,._,-%N,.., transitions. Kovacs
(1960) has presented general expressions for the line strengths in
doublet-dou@Let'transitions. However, his expressions aré for regular
(i.e. hon-i;verted) statei'and are p;esented in terms of lower state J".
In Teble 4.1, I give tbe line strengths in a form more convenient for

-

our use. They are given in térms of upper state J’ and can be used f?r
both regular ;nd inverted states (i.e. fbf positive and negative spin-
coupling.éénstants, respectively). . Note tha% the line strengths are not
strictly independent of vibrational level because of the term Y which is
the quotient of the spin-coupling constant A, and the rofatioﬁak

constant B;. However, the ranges of A, and B, are such as to make the

vibrational level dependence negligible for most purposes.
4.3 CTransition bebabil%&ies

I have calculated the transition probabilities using Eq.(4.1).
Because they cannot be treated as the product of a vibrational baqd

strength gnd a rotational line strength, they are necessarily

voluniﬁous‘and are presented.in tables in Appendix A for v'=0 to 9 for

Av=1 to 6. . v

For the purpose of conparﬁng'ban& strengths and calculating the

Y
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lifetime of a particular vibrational level, it is eohvenient to define a

thermally averaged transitiom probability. If we assume a Boltzmann

distribution of rotational states J’ at a temperature T _,, then'we can

define a thermally averaged transition probability for the vibrational

[ 4
band v’-v",
L J
gy 2(2J7+1) -hcE,. (J")
Ay {Troe) = T Ay exp| 1 (4.8)
. 3 Q. (T,) kT, \ :
- ) - = - °
Q,.(T,.) is the rotational partition function for the v’ level,
. . ' _ + -hcE,. (J") I .
Q. (T,) = ¥ 2(2J ' +)exp[— . (4 .5)
3 . rot :
~If N,. 18 the population of vibrational level v'-, then A,._,- :“.)N,,. is

e . \d .
the total rate at which radiative transitions occur between v’ and v".

< These thermally averaged transition probabilities are presented in Table

6.2. Alternatively, the lifetime r,, of vibrational level v’ at

)t_emperature T“t‘is given by

T = (T AT 17 (4.6)

These lifetimes are presented in Table 4.3,
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» Tabie 4.1: Line Strenﬁehs.of ‘g-zn Transitions

Branches =~ ‘Line strengths
) - ~ i
- I 41 (I 41y - . . 2 .
P, (3') : [ wT(I)umt (T +1) +6(J0 - (I 2h) )
4(J'+1)C°T(I"HC" (I +1) .
. < )
I+l - - : .
QL) ¢ ) [ (I unt(J7) +$¢37-3)(37+14) |2
: 23 (J+1)C*T(JIHKct @) : .- .‘.-:'.‘- T 3
* ' - 7

Q) (Jr+) >
SRyE) ¢ A ) [ w3 Hu"*J’'-1)

. ‘I-J'C"(J')C'+(J."l)

+4 (3" -1%) (1410 )2

E.
J'+9) (I +14) :
P,(J3") — A { u (I)Hum(I'+1) +4(J'-k)(J'+2%) |2
4(M+1)C’'"(J')C" (J'+1)
(J7+h) - ’

QZ(JQ [ Mu’ " Hu" " (J') +6(J°-R)(J'+1%) |2
2J' (J'+1)C(J')C" () '

R,(J") A ) [ u'"(I)Hum(d7-1) +4(3"-1) (I +14) )3
_ 43°C'(J*)C""(J’-1) )

. o
R .

ctr) =% wt@)2 + 4] '+ -1 )

wt(J') = [ Y(Y-4) + 4(J'4h)2 )M £ (Y-2)

. .' | '
where Y = A,./B_, inu’ and Y = A./B.. in ¥

. - . -
: .
. . . ”® .
. * - - - [ . o . ce w L .



Table 4.2; ‘i'hemally Averaged Einstein Co‘icients A, -(T)
v’ Vi yv-1 v’'-2 v’a3 v’-4 v’'-5 v'~6 Total
1 200 K 22.74 22.74
500 K 22.61 22.61
2500 K * 21.23 21.23
2 200 K 30.43 + 15.42 45.85
500. K 30.38 15.29 - . 45.67
2sob$R 29.17 T 14, 12 . 43.29
3 200 K ' zs*rz 40.33 .032 70.48
500 K 3.¥ 19,98 72 015 70.38
2500 K J; 2& 65, 36.80 1.856 67.32
4 200 K 20.30 69.77 7.191 0.299 97.56
S00 K 21.09 69.09 7.126 0.297 97.60
<« 2500 K 23.95 - 63.32 6.545 0.273 94,09
5 200 K 11.05 99.42 15.88 1.315 0.051 127.7
500 K 12.60 98.25 15.71 1.303 0.051 127.9
2500 K 18.00 88.00 14.20 1.187 0.047 S 121.4
6 200 K . 4.00 125.6 27.94 3.479 0.274 0.010 161.3
500 K 6.55 . 124.1 27.64 3.446 0.272 0.010 162.0
2500 K 17.45 112.8 25.24 3.163 0.251 0.009 158.9
7 200 K 2.34 145.1 42.91 7.165 0.847 0.063 198.4
500 X 6.08 143.1 42.38 7.089 0.840 0.063 199.6
2500 K 19.88 131.2 38.49__6.477 0.773  0.059 196.9
8 200 K 8.60 154.3 59.98 12.68 2.007 0.230 237.8
500 K 13.66 151.6 59.19 12.52 °1.987 0.228 239.2
2500 K 30.92 135.1 54.11 11.38 1.822 0.211 - 233.5
9 200 K 23.72 148.9 '75.64 19.964 4,053 0.620 275.9
500 K 30.04 145.6 77.52 19.66 4.010 0.614 277.4
2500 K 49.13  127.8 69.98 17.87 3 0.563 ~ 269.0

.669
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" Table 4.3

-~

Radiative Lifetimes for Vibrational Levels v-1-9

. Radiative Lifetimes (ms)

\ v This Work* Mies*® LWR®

1 44.0 t\, 49.6 81.1
2 21.8 25.4 41 .4

"3 14.2 16.2 T 26.8
4 10.3 11.2 18.9
5 7.83 8.06 13.8
6 6.20 6.01 .. 10.3
7 5.04 4,69 7.9
8 4.21 3.85 6.3
9 3.62 3.34 5.3

L % . .

* based on thermally averaged transition probabilities at 200 K

b Mies (1974)

¢ Langhoff et al. (1986); at Q K using rotationless potential *

-
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CHAPTER 5
COMPARISON WITH EXPERIMENT

This chapter begins with a discussion.of the sevgral ways in which
transition probabilities may be compared uith.experimental data and the
significance of each. This is followed by a description of new night-
glow observations'undertaken as éart of this work in order to check a
potentially contentious paft of the body of experimental data and to
expand on the basis for comparison. It continues with a detailed Iock
at the agreement with data of gh}ee sets of transition probabilities;
the set presented in this work, the set of Mies (1974), and the set of

Langhoff et al. (1986).

>

5.1 Points..of Comparison

»~

There are several ways in which transition probabilities can be
compared with experimental data. At a fundamental levél, the dipole
momeét function which enters into the computation of the transition
probabilities Produces permanent dipole moments which can be verified.

v
v

This has already been covered in chapter 2. Also discussed in chapter 2

—

but worthy of a more detailed look is the agreement of the transition
probabilities with measured intensity ratios. In that chapter, only

"total band intensities were considered. However, this can hide several

problems. Although the new transition probabilities were shown to
reproduce the measured band intensity ratios, band intensities at low
temperatures are dominated by lines of low rotational level J, so that
errors in ghe high'J transition probabilities can go unnoticed.

fhrthetuore, since rotational cenperaturé and vibrational population

37
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- sensitive Av=1 sequence.

uym. In earlier work, (Turnbull and Lowe, 1983) the short waveiength

determinations rely on the intensity distribution within a band, the

transition probabilities should really be tested on & line-by-line

basis. Because of the effect of vibration-rotation interaction, the

ratio of P to R branch lines should also be examined, especially in the

Because individual line intensities are not widely available in the
- X

open literature, I undertook some new nightglow measurements. The need

to measure intensities of lines with the .same-upper vibfational level

(refer to equation 3.3) necessitated modifications to an insgtrument used
& . »
- »
or earlier nightglow work (Turnbull and Lowe, 1983). ‘However,, it ‘also
5 - ® - L] - Y !

ed me to verify tpe A“ZVA;1 and As_:‘/A\_2 ratios of Pendletoq

-

, Steed and Bakex (1979). This was a useful exercise in 1€se¥;,
se ratios had been measured using data from two ni;kts which had

joined by a common Yadiometric measurement of gbe_S-B band.

LY
5.2 New Nightglow OH Measurements . .

»  These -observations were made with the Fourier transform spectro-

meter first described by lLowe (1969). The optical and electronic

features of the instrument are illustrated in Figure 5.1. The spectro-

meter is a standard Michelson interferometer equifped with an intrinsic

germanium detector which limits its wavelength respoﬁse to 0.8 te 1.7

response had been limited by a silicon field lens which had a short
wavelength cut-off at 1.15 um. For this,wérk, that lens was replaced by
one of arsenic trisulfide so that the detector itself provides the cut-

off. The maximum path difference used was set to'yfcld an unapodized

resolution of =4 cm-l in the transformed spectrum. An integral refer-

38
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- ence interferometer using the mercury green line at .5461 um provi&es an

accurate measure of path difference. The zero-crossings of the Hg
fringes are used to trigger an analogue-to-digital converter. The
digitized interferogram can be stored with-12-bit precision on a variety

of magnetic media. .A PDP-11 minicomputer is used both to control the

-
-

system during observations and for later analysis of the data. The

- 'R . - * N
Telative spectral response of the instrument as a function of frequency

L d

was determined by observing thé.spectrum of a quartz-halogen-tungsten

*
-l

. 2
low brightness source{?t regular intervals during the observation

period (Fig. 5. 3) This souréé 'in turn, was comp&red to an NBS- -

calibrated quartz- halogen tungsten filament lamp (Epply EPI 14&)

reflected 1nto the full field of view of the interferometer by a diffuse

reflector of Eastman white reflectance standard.

Nighfgiow spectra were obtained on the night of Jan. 4, 1983. A
f.“

total of -880 interferograms of the night sky and 240 interferograms of °

the low brightnesg source were recorded in the time interval 1Q:14 pm to
) /

- : . - -

5:52 am local time. Of these, 200 interferograms of the night sky were '

used. Only those interferograms recorded 1mmédiate1y following the .

periodic re-alignment and calibration of the instrument and exhibiting

superior signal-to-noise were used for this work. The fnterferograms'

were co-added in groups of twenty in real time. These groups were -

pha?e-corrected using the method of Forman et al. (1966) and Fourier-

.transformed. After correction for instrumental responsg, they were

simultaneously interpolated and apodized using a Blacﬁman-Harris window

(ﬁarris, 1978) A typical spectrum of the night sky is shown in Figure

‘

'5.2. The horizontal scale has been greatly compressed so that the

relative intensities of tha vibration-rotation bands can be more easiiy

-
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compared. Nearly ail of the features of the spébtrun-are rgadily'
identified as belonging to bands of the Av=2,3 and 4,sequences of the
hydroxyl nightglow. Each band is subdivided into P,Q, and R branches
according to Jr= J1, J° anéﬁJ'-i respectively. Because of spin--
;plittingj each branch consists of two sub;branches with O=1/2 or 3/2
(refer to Eq.2.10 ff.). When O=3/2, the sqb-branches are referred to as

P,,Q,. and R,; when O~1/2, P,,Q,, .and R,. Bands lying in the kegion

from 6800 to 7500 cm™! are strongly affected by water vapour 4bsorption

so that only a few lines are seen. Also present are two bands of the

infrared.atmospgefic system ;f 0,(!4,-%%,) at 7880 and 6327 cm}.
Intensities of individual emission lines were measured by taking

che>areaé under the lines. These intensities were then céyrécted for

water vapour absorption using the technique of Turnbull and Lowe (1983).

This technique is reviewed in Appendix B. No correction was made for -

Rayletgh scattering. The observations are in the zenith and are of an

extended source, so the scattering correction, which would be small in
this spectral region-anyway, was ignored. At worst, this could intro-
duce an error of a few percent in the ratios. I w;s 1qfs;es&gd in the
relative inten;ities of Lydroxyl bands sharing the same upper vibra-
tional.lével. In this spectral region, this reduced the candidates to
the pairs of bands (9-6,9-5], [8-5,8-4], 4,6-3), [5-3,5-2], (4-2,4-1}
and_[3-1,3-0]). oOf thes; possibilities, {nly (5-3,5-2] and [4-2,4-1)
were j;dged-to be useful. The 9-6 band lies in a region of severe water
vapour absorption and the bands 6-4, 8-4, and 3-0 lie in regions of poor

detector sensitivity.
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5.3 Comparison With Measured Incensisy Ratios

* When intensities are measured in energy units, the following .

expression holds

oW vl e v % B
A\v'J'/Av“J" - (IV‘J‘VV"J")/(IV"J"VV'J‘) . (51)

J
.3+ is the wavenumber of emission from state vJ to state v'J’.

where v
Thus the ratio of the intensities of two emission lines originating from

the same upper state gives the ratio of the corresponding transition
probabilities directly. ‘

Table 5.1 compares the negsured and calculated transition probabil-
ity ratios for several P-branch lines in the Av=1,2,  and 3 sequences . .
*“The ratios including bands from the fundamentai sequence, Av=1, are from
the‘ thesis of Murphy (1969). These are laboratory measuremencé-of OH
;roéuced by the reaction of hydrogen atoms and ozone, talen with é_
Czerny-Turner monocherator calibrated with a black-body source. The
ratios involving Ave=3 are from my measurements. The efro;s ﬁrgsented
are statistical only and do n;t’i?clude possible systg?;:£c errors due
to, for instance, calibration errors. No estimate of this sourcé of

-

error 1§ available for the Murphy data. Experience has shown that the

" "alrglow measurements are subject to sizeable errdrs of calibration, on

L xS

the order of perhaps 25X for ratios 1n§olving éhe 4-1 band and somewhat
less for the 5-3 band. This is due to the p&bf detector sensitivity in
the- case of the 4-1 band and because of the rapid change-ih spectral

res'ppnse in the case of the 5-3 band (refgr fﬂ.g 5.3).

The new transition probabilities g‘ve ver}( good hgre'enen: with

the measured P-branch ratjos within the limits of experimental error.

The measurements of A, ,/A, , and A, /A, , confirm the measurements of

L]
o . -
<

-



A% Yl

N

42

Pendietoﬁ (1987), Steed and Baker (1979) and show that these ratios are
much smaller than theoretically pfedicted by Mlies (I974) and Langhoff et
al. (1986-‘). FO,R ch.e ratios'involviné the Av=1 sequence '\the theoretic‘a]_-
transition probabilities have mixed success. Those ;f Mies successfully
represent the Azw)A14 ratioé while those of Langhoff et al. seem low.
Just tﬁg opposite behaviour is seen for the A, /A, , ratios! Those of
Langhoff et a2l. fit reasonably well, while those of Mies are h{gh.

In Table 5.2.'I.Present a comparison of the measured and calculated
transition probability ratios for P Qs. R branch lines. Unfor;unﬁtely. -
the weakness of the R-branch lines makes the comparison less useful.
ﬁowever,itwp peints can be made. The Langhoff er al. E:ansitioh
probébiiities poorly repfes;nt the rélios in the 2-1 band even given
the experimential unce;tainties. Also, the danger of using fixed line
strengths (refer sec. 4.1) is made obvious by looking at the variation
in a given ratio from band to gand.

Table 5.3 }resents a comparison of the measured and calculated
transition pgobability'ratios for P-branch lines at high rotgqioﬁhl .

- -

e
levels. These are from lgboratory flame measurements oﬁfaoux et al.

,”~ .

’(1973), Because‘they.ate absorption measurements, we must compare lines

with a common lower rotgtional-vibrational state. ‘5e5plte the scatter
»

in the measurements, the discrepancies‘between{ﬁhg measyréd and

-
r

d -~ o,
theoretical ratios are consistent with the .discrepancies shown in Table

5.1. The ratios of Langhoff et al. sequ’htéh for A, ,/A,.,- This is

—

consistent with the observation thq;tthe Langhoff et al. ratios fd;
Ag o/A;. were low.(ie. a problem with Atm)-. Similarly, the ratios of

Mies for Ay 1 /A, , seem iow, which is consistent with his ratios for

- a

A,_,/A,_, being high. S | )
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‘Kléindienst (1981).have shown that the kinetic scheme used in the

-

S.4 Comparison with Measured Absolute Values -

The comparison with measured absolute vdlues of the transition
probabilities is not as stralghtforwafd because experimental data is
scarce and indirectly obtained. This comparison is often made in te'f;

of thé“radiative lifetimes of the vibrational levels Heaps and

Herzberg (1952) first suggested a lifetime«for all Lgvels~6f thenopggr

of 10 ms by analogy with the measured lifetime of vibrationally éxcited
HCl. Benedict and Plyler (1954) gave an order of magnitudé estimate Yor

- 5

r; of 30 ms from spectroscopic measurements of acetylene-oxygen flames.
These. rough Esgimates can be considered in reasonable agreement with the
new lifetimes (Table 6.3).ﬁwever,‘ Potter et al. (1971), using a fast-

flow system, measured r, to be 64114 ms, in serious-disagreeﬁén: with

the néw lifetime of 3.62 ms. Recently though, Finlayson-Pitts and

analysis of Potter et al. is inappropriate and the .lifetime therefore
not reliable. Llewellyn and Loné (1978) have argued for a short life-
time foF v=9 on che.basis of a model of the rotational relaxation of an
emitting population. Ihey showed that the calculated rotational temper-
atures were consistent with laboratofy qhservations of the hydrog?n-
ozone reaction if the lifgtime.for v=9 was that reported by Mies (1974);
79-3.3‘ms. 'Tﬁis also agrees with the new lifetime. Greenblatt and
Wieéenfeld (1982) produced vibrationally excited OH(v=9) through laser
photolysis of O0,/H,/He mixtures. They mohi;ored the temporal profile éf

the 9-3 band emission and deduced a txyansition probabtlity Ag ,~-.006

, secl. Again, tgas is in serious disagreement with the new value of

0.62 gsec™!. Their calculation is very indirect, though, being based on

‘a:greatli simplified chemical scheme and only ﬁroducing Ag., Telative to



~

-

a theoretical value for the lifetime of excited atomic oxygen. Never-

theless, i made an attempt to force a match to this spall value of A, ,
in the dipole moment fitting procedure (Chapter 3). No reasonable, e;en
gzaerous, relaxation of the weights given to the intensity ratios enter-
1;g into the fit could produceésuch a low value. )

Th;s the comﬁarison with me;sured absolute values of the gransition
probabilities cannot be considered a very satisfactory-one. ongxzn) is

so reactive and its chemistry so complex that the analysis of these

types of laboratory experiments will remain a éhaIlenge for some time.

44



" 45

¥0193130
3IONINS OH
¥0193130
¢4 ONISSOY )
0y3Z
- Y3IIdWY N
M 3SION MO .,
Y * -
J [
¥01931
WNINY WY
U3 LYIANOD /
) O\<, / 2 S v
H-d0d
L ¢ .

uojleEIUBWNIISU] :_..m 214 L

YOLOMW

ONIdd3Ls’

. f83770ULINOD

-

3

YOLOW
ONldd3ls

)

T

Frgf

e

:.:z,m.~ .

[

" dWY1 O

¥y3rzNd
b Wy ¢9PS

|

YIL3IWOYIIHILNI
NOST3HOIW



Fig

5.2; Spectrum Qf the Nightilov Corrected for Instrumental Response

Y

—2-0

8-4

3-1 9

-

[ ad

r _—
]

[, )

'.(-I;Illl\ £83eus) LajsuwTOT—

wavenumbers




>

rs

},0600 wavenus

9000

8000

Vv




48

Table 5.1 . -

Comparison of Measured and Calculated Transition Probal::illty Ratios
of P-Branch Lines in the Rotational-Vibrational Bands of OH(XN)

~———

Experiment® Empirical Mies® LWR®

w

Ay [P, (K)) /A, [P, (K)]

Wk P, P, © P, P, P, Py P, P,
2 .51%.02 .52¢.11  .462  .478 503 .529 384 .380
3 .61$.03  .42£.06  .436  .64b 471 488 357 .354
4 .63£.03  .39£.07 ° .6la  .417 644455 335 .333
5

.43+.03 .401.08 394 .396 L4322 .429 .317 - .315

Ay [P (K) 1 /Ay, [P (K)]

K P, P, P, P, P P, P, P,

2 1.20+.25 1.21%x.26 1.28 1.34 1.67 1.80 1.16  1.12
3- 1.38t.37 1.15t.08 1.19 1.22 1.52 1.60 T.03  1.02
4 1.13+.06 1.13+.11 1.11 1.13 1.40 1.45 0.95 0.94

A, [P, (K) 1/:;,,.1 [P,(K3 ]

kK, =P

. P, P, 2, P, P, P, P,
g’ -

"27 7.92+.34 . 9.88 16.95 - 16.00
3 7.51+.27 8.54+1.1 9.99 9.96 . 17.02 16.98 °16.03 16.99
4 8.03t.65 7.94+1.2 1Q10 10.09 17.08 17.06 16.06 16.11

e

Ay 3 [P (K)]/Ag [P (K]

K Py . P N 2t P, Py P, Py P,
"3 5.60%.29 5.5_61.'63 6.46 6.44 10.43 10.39 10.24 10.20
4 6.27t.41 5,86:&.47 6.54 6.53 10.49 10.46 10.26 10.23

3

"% Ay o/A, ., and A, /A, , from Murphy (1969) -
A _,/A,_, and A, /A, , fiom this work.

b Mies (1974) ’ ’ : | : '
¢ Langhoff et al. (1986)

Errors given are statistical; tlo
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Table 5.2
Comparison of Héasured and Calculated Transition Probability Ratios
of P vs. R Lines in the Rotational-Vibrational Bands of OH(XZI)

<

Experiment® Empirical MiesP LWR¢
— :
1-0 band
*P,(4)/R,(2) 3.62+.09 2.70 2.96 3.16
P,(5)/R,(2) 2.48+.36 2.97 3.33 3.74
P,(3)/R,(1) 1.86+.80 2.72 2.79 3.29
P,(4)/R,(2) 3.112.36 < 2.63 2.77 3.33
2-1 band
P,(3) /R, (1) . 3.07£.02 3.21 3.57 4.22
» Py (4) /R (2) 3.59%.37 3.11 3.62 4.90
P,(5)/R,(2) 3.85+.08 3.57 4.35 6.90
P,(3) /Ry (1) 2.59£.70 2.95 ° 3.11 4.43
P,(4)/R;(2) 3.67¢.90 2.98 3.28 5.16
3-2 band ,
P,(3)/R,(1) 2.91 3.76 4.20 4.22
P,(6)/R,(2) 3.28 3.89 5.21 4.90
3-1 band
: {
P,(3)/R,(1) 2.10t.10 2.02- 2.03 2.22 °
4-2 band
P,(3)/Ry(1) 2.132.11 2.02 2.06 - 2.23
5-3 band
P,(3)/Ry(1) - 2.13%.11 2.06 . _ 2.05 2.23

* L4

* 1.0, 2-1, and 3-2 from Murphy (1969)
3-1, 4-2, and 5-3 from this' work:

P Mies (1974) ‘ ' B

. ..
¢ Langhoff et al. (1986) .

L] rs s




Table 5 3

L

Comparison of Measured and Calculated Transition Probability Ratios
of P-Branch Lines at Higher Rotational Levels

Experiment® _ Empirical Mies® LWRS
. AolP(K) 1 /Ay o[P ()]

K P, P, P, P, P, P, ‘Pl P,
11 1.68 1.99 2.16  2.15 2.06 2.04 2.60 2.61
12 1.86 2.07 2.18 2.18 2.06 2.06 2.64 2.66
13 1.90 2.04 2.21 2.22 2.08 2.07 2.62 2.67
14 2.22  2.46 2.26, 2.25 2.08 2.08 2.68 2.69
15 2.11  1.79 2.26 2.27 2.08 2.08 2.69 2.70

A [P (K)]) /A, [P (K)]

| g P, P, B, P, P, P, . P, P,

9 1.80 1.45 1.12 1.12  0.97 0.97 1.33  1.33
10 1.33  1.33 1.15 1.15 0.99 0.99 1.36 1.36
11 --. -- 1.18 1.18 1.01 1.01 1.39° 1.39
12 1.3 1.25 1.20 1.21 1.03 1.02 1.41 1.42
13 1.09 . 1.18 1.22  1.23 1.06 1.04 1.43  1.43
14 1.23 '1.18 1.26 1.24 1.05 1.05 1.45 1.45
* Roux, d'Incan and Cerny (1973) \

- ' - b Mies (1974)
© Langhoff et al. (1986) . - )
)
" - -




CHAPTER 6
CONSEQUENCES OF THE NEW TRANSITION PROBABILITIES

This chapter discusses the impact of the new transition probabil-
ities on the measurement of OH rotational temperatures and vibrational
populations. It also examines thetr impact on the determination of

excitation and quenching rates.
6.1 Rotational Temperatures

Rotational te&peragures can be determined from the intensity
distribution of the rotational lines within a band. For a Boltzmann
distribution of rotational levels, the photon intensity (photons/sec
cm?) of a hydroxyl emission is given by’

2(2J'+1) -heF,. (J’)

I =N,A exp | ] (6.1)
Qv' (T:ot) kTZ“'

where N,, is the population 3f the vibrational level v‘, A is the
transition probability appropriate to the transition, F,.(J’) is the

upper statg rotational term value, T is the rotational temperature,

rot
.

and Q,. is, the rotational partition function. Equatioh 6.1 can be

written &';

1n[I/2A(27°+1)] = 1n[N,./Q,.] - hcF(J®) /KT, (6.2)

so that a plot of the-left-héﬁd side versus hcF(J*)/k should &ield a

straight Iine. The rotational temperature T , and.the vibrational

\ .
population N,, can be détermined from the slope and intercept,

-

respecfively.

The effect of différent transition probabilities on the

. 51
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-

. .
determination of rotational temperatures is perhaps most easily seen by

simulating ; typical experiment. When the Earth’s nightglow is obser;ed
with a tilting-filter photometer, the relative inc;nsigiés of_a palr of
emission lines are meas&red, and from (6.1) a temperature 1s determined.
We can qsé (6.1) and the new transition probabilities to generate
intensity ratios for a specific temperature. The‘change in temperature
when these intensity ratios are used with other transition probabilities,
gives an indication of the sen;icivity of the procedure to the
transition probabilitigs. Table 6.1 shows the temperatures measured
using the transition probabilities of Mies (1974) and Langhoff et al.
(1986) and ;he line strengths of Bemedict et al. (1953) from a set of
intensity ratios generated using‘che new transitige probabilities for
the P,(2) and P;(5) lines of each band at a constant temperature of

200 K.

There are several features of this comparison worth noting. The
Benedict et al. line strengths produce temperatures which agree with )
those from the ‘new A’'s at-high Av, whereas just the opposite behaviour
is seen using the Mies A's.y The Langhoff et al. temperatuses follow the '
same pattern as the Mies temperacﬁres but with conéist?ntly lowé}
temperatures. The strange behaviour of the teuperatureé in the Awv=1
sequence shows the effect of vibration-rotation interaction. The
' temperatures predicted usfng the Mies A's are most interesting in 11gh>q\‘
of some measurements of'Hafris et al. (1984). They cbserved the Av=1

sequence in the airglow usiné ;ﬂropket-iorp; IRvinﬁetf;ronqter. They
determined rotational temperatures b& fitting the obsofvéd spect:a with

synthetic spectra generated using two sets of transition problbilitlel,

- one of which was that of Mies. The temperatures they reported showed™ a



pattern very similar tb ihat shown in Table 6.1 using Mies. A temper-
ature of -200 K was measured for v’=1,2, and 3 with a‘rapid drop-off in
temperature to a low of ~115 K for v'=6. Tye authors recognized that
this must be an artifact of the Av;l transition probabilities because” of
the gre;t body of airglow tenperatu;e data which shows no such b;h;Liour
for any othef,sequence: They sunnarized‘the situation; "Since this
sequence is the one most sensitive to the dipole moment overlap, this
data set m;y provide insights into the true behaviour of £h9 dipole
moment function;. Indeed, it can be seen to provide support for the new
transition probabllities. Although the two techniques fo{ determining
t;mperature are not.the sane,.the synthetic speétra will give the—great-_

est weight to the more intense P-branch lines, so the general behaviour

can be expected to be the same.
6.2 Vibrational Populations

The population of vibrational level v can be determined from a

Boltzmann plot (Eq.6.2) or, in the absence of resolvgd émission 11ne§,

from the total band intensity I_ .

¢
N, = I, /A, - . (6.3)
e ] . .
where A_,. is the thermally averaged transition probability. or the
" vibrational band strength. - ) .
p ) The impact of the new transition probabilities on the determination

of vibrational populations can most easily be seen by re-aﬁalyzing

publisbed relative band intensities using different transition
‘probabilitias. In Table 6.2, I present the results using two sets of

. ¢ airgléw band intensities; one (Takahashi and Batista, 1981) taken with a

.




multi-channel photomete; which measured the total intensity of the Q and
R §£anche§ of several bands of large Av; and one from Turmbull and Lowe
(19?3) which was deierminea using individual line intensities of small )
Av. These two data sets were chosen because they are representative of
.the typical situation in which the band intensities are mea;ureg from
bands’vhich do‘not belong to a single sequence (Av). This is due to qaf
way in which the OH sequences overlgp in érequency and to the practical
difficulty éf_hQilding an instrument which covers a wide spectral range.
Because relative vibrational populations are routineiy used in
':tudies of OH quenching rates and because of the ongoing controversy
over the existence of an excitation mechanism in the atmosphere other
than the hydrogen-oéone reaction (Takaﬁashi and Batista, 1981; Turmnbull
" and Lowe, 1983; McDade and Llewellyn, 1987) it is essential to have the
correct transitton perabilities. Tab}e 6.%_shows that the commonly
-used sets of transition probabilities produce significantly different
relative populations. For large Av (Table 6.2 i) my transition
probabilities and those of Murphy (1971) produce virtually identical
popul;pions. This is not surprising since Murphy used the same .
observations (Krassovsky et al.,-1962) for these sequences‘in his
;Fmpiflcaladetcrmination of the transition probabilities. However, for
the Av=2,3.sequences where we did not use the same data, the N, do not
aéree:.'The.relatlve populations from high Av using the Mies (1974)
transition prob;biliiies qisplaé a jump where ;he-experinental d;ta
switches from o;e sequence to another. Given fhat.this,behaviour doed
not appear in the'gow Av N, (nor in the results using other tfansttian

probabilities) this is undoubtedly an artifact of the Mies transition '

L

. probabilities. , - -
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6.3 Excitation and Quenching Rates ‘ '

) The relative eicitation'to tbe different OH vibrational levels

produced in therhydrogen-ozone reactibn.has been measured by several

\
-

groups. Charters et al. “(1971) measured the I.R. chemiluminescence __

-

produced in that reaction, and, using the Cashion (1963) transition .
probabilities. reported relative yields Ng:N,:N,:N,=1.0: 0 8:0.4:<0.4. -
Llewellyn et al. (1978) corrected these ylelds by properly accounting
for radiative cascade and.used the Mies transition p;obabilities*to

present revised yields Ng:N,:N,:N,~1.0:0.6:0.12:<0.07. Streit and

Johnston (1976) allowed the reagents to flow into a spherical cell and

- determined initial QOH(v) distributions by extrapolating their measured

distributions at pressures of 1.5 to 0.2 mTorr to-zero.total pressure.

They too used the transition probabilities of Cashion which are now
known to be incorrect. Ohoyama et al {1985) reported the observation
-at low gpectral resolution of high Av emission from a crossed-beam
single-collision reaction of hydrogen and qzone. Uﬁfortbhately. inter-
pretation of their results depends on the unknown partitioning Pf energy
bet;een'rotation and translation. Very recently,bxlenerman and Smith |

(1987) have measured the relative yields using a SISAM spectrbmeter to

observe the I.R. chemiluminescence from the Av=2 sequence and, using the

S T—— .
‘Mies transition probabgiities. reported results similar to Charters et

-

al..

Only the' Charters et al. results lend themhelves_to ready
re- analysis using the new transition probabilities This gives-

Ng:Ng:N,:Ng-1. 0 0.73:0.30:<0.27 showing sonewhat greater excitatian into

o

the higher vibrational levels than‘the analysig-using Mies. All of the
L] . -

measurements agree in showing t‘;t'the'hydrogen-ozbne reaction
. . L 4



preferentiaily excites the highest vibrational levels., This conclusion

is not changed by the new tramsition probabilities.
Several groups have used the hydrogen-ozone react(?n as a source of

vibrationally excited OH in order to study its quenching by different

~

agents (Potter ‘et al., 1971; Streit and Johnston, 1976; Finlayson-Pitts
and Kleindienst, 198l). The rate constants théy have reported have
differed by orders of ﬁagﬁiéude. Finding it stfange that such large

discrepancies ‘existed fog such simple quenchers.as O, and N,, Finlayson-

Pitts and Kleindienst (1981) undertook a study of the formation and loss
mechanism§¢of OH(v=9) in a fast-flow system. They camé to the

conclusion that the first-order kinetié schemes (essentially, the

assumed separability of formation and loss fégions in the fast-flow

~

system) which had been used in previous studies were 1ncorreck. They

showed that without knowledge of the absolute transition probabilities

of OH, only relative rate constants could be presented. They therefore

-

preéented-tﬁeir quenching rates relative to those for 0,. - Although
their relative rates depend in a rather complicated way on the

crénsition'probabiliciés, McDade and Llewellyn (1987) have reported the

follow-ing approximate expression for that relatlonsh‘.
[ 4 - -

k(0,) = 7.2x10°15(91200x4,_ , +140)
»with a possible error of réughly +50%. Thi; leads to a quenching raté
for OH(v=9) by O, of 4x10"1! cm’molec-lsec’l. .‘This is significantly . .
vﬂigher than previouslf reported quenching ?aten (based on incorrect ) K
kinetic schemes). However, Finlayson-Pitts and Kiqindiensc.(19;1i have ‘
noted that a Eigh rate for v=9 might be due-to a resonant enérgy'
transfer with the electronic’ states of Oz-énd will not, therefore, be

applicable to OH(v<9$.

-



Table 6.1; Impact of'zfansition Probabilities on Rotational Temperatures:

Temperature (K) Measured Using Benedict ect-#l. (1953) Line strengths

band T band T band T band T band T ‘;,

(9-4) 201  (9-5) 202 (9-6) 204 ~ (9-7) 210  (9-8) 142
‘ (8-3) 201  (8-4) 201  (8-5) 204  (8-6) 209  (8-7) 94
& (7-2) 201 (7-3) 201 (7-4) 203  (7-5) 207  (7-6) ---
(6-1). 200  (6-2) 201  (6-3) 203,  (6-4) 206  (6-5) 326
©(5-1) 200 (5-1) 201 (5-2) 202 (5-3)-206  (5-4) 254
- , (4-0) 200  (4-1) 202  (4-2) 205  (4-3) 234  _
~ . (3-0) 202 (3-1) 204  (3-2) 225
- : ‘ (2-0) 204  (2-1) 219
) (1-0) 215

Temperature (K) Measured Using Mies (1974) Transition Probabilities

band T band T band T -.band T band T -

o=

(9-4) 193 . (9-5) 195 (9-6) 199  (9-7). 189  (9-8) 176
(8-3) 192 , (8-4) 196  (8-5) 198  (8-6) 199  (8-7) 117
(7-2) 189 ~ (7-3) 196  (7-4) 198~  (7-5) 199 . . (7-6) ---
(6-1) 192  (6-2) 195  (6-3) 198  (6-4) 199  (6-5) 99
,(5-1)=200  (5-1) 193 _ (5-2) 197  (5-3) 199 * (5-4) 175
' (4-0) NA % (4-1) 197  (4-2) 199 _ (4-3) 190

- (3-0) 196  (3-1y 199 _ (3-2) 197

‘ (2-0) 199  (2-1) 197

(1-0) 198
. T (K) Using Langhoff et al. (1986) Transition Prpbabili;ies
band. T  band T ‘band T band T band T

(9-4) 187 (9-5) 191 (9-6) 195 (9-7) 195 . (9-8) 206
(8-3) 186 _(8-4).191 (8-5).194 (8-6) 196 (8-7) 172
(7-2) 187 (7-3) 190 - (7-4) 194 (7-5) 196 (7-6) 288
(6-1) 188 (6-2) 191 (6-3) 194. ™Y6-4) 196 (6-5) 165
©(5-1) 191 - (5-1) 190 (5-2) 194 ~\§373T\Lﬂ6 (5-4) 183
- (4-0) 188 (4-1) 193 (4+2) 196 (4-3) 189
(3-0) 193 ¢3-1) 196 (3-2) 191
(2-0) 196 - (2-1) 193 °
(1-0) 194

Temperatures determined from relative incansities of P,(2) and P,(5)
emissions.
_.lntensities generated using transicion probabilities from this work for
‘ a constant temperature of 200 K. ‘

-
-



Table 6.2 ~

Impact’ of Transition Probabilities- on Vibrational Level Populatiohs

i) Using Relative Intensities of Takahashi and Batista (1981); Av=4.5

.

£

>

Relative  Population® N,

-

Band v This Work Mies® LWR® Murphy? -
. 94 - 9 1.00 1.00 1.00 1.00
8-3 8 1425 1.29 17637 1.23
7-2 7 1.37 1.86 1.48 1.31
6-2 6 2.01 . 1.62° 1.82 1.96
5-1 S 3.49 = 3.44 3.23 3.5L
. g ‘ i
-, é‘

~

. 11) Using Reiative Intenéiéies of Turmbull and Lowe (1983); Av=2,3

. , Relative Population® N, :
Band v This Work. Mies® LWRS Murphy*
9-6 9 .18 .16 .18 .23
8-5 8 .16 .16 17 .21
7-4 7 .14 .17 .18 .21
6-3 6 .18 .25 .25 . .28
4-27 &4 .1.00 -1.00 1.00 1.00 .-
J3-1 .3 "1.68 ., 1.76 1.77 1.80 .
2-0 2 Z.51 ° " 2.83 2.79 2.86
P 1l
~
*
* normalized to v=9 |
P Mies (1974) ' .
- ¢, Langhoff et al. (1986) S -

4 Murphy (1971)

* normalized to v=4
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SUMMARY

.

This thesis has reported a determination of the radiative tran-
. sttion probabilities of the hydroxyl radical, OH(X?H), based upon a

calculation of the potential eﬁergy functton and the electric dipole

- * ' - M - ) .
* moment function. A simple addition to the standard RKR technique has

13

ﬁr;d&ced a rotationless potential energy function which appears to be

the most accurate yet reported’'in ter@s of reproducing the vibrational

term values and rotational cqps&ants. The dipolé momgnt function has
: . .

been shsﬁﬂ to be representable by, a naiural cubic spline fit to only &

. points This scaled cub!h spline technique appears to have'wide applic-

-

ability alchough the fitting procedure could;undoubtedly benefit from an

improvéd algorithm. , o ' i .
' S .
The new cransieion probabiliCies show the Bes: agreement to" date
wi'Ch. airglow"apd laboratory ir;tensfi%me.asv.l‘rements',-‘including—new
. . ’ . :
' airglow intensity measurements made a3 part of -this work. However,
there femaiana discrépancy with some indirect laboratory measuremerits
- ~— L J . -
" o} transition probabilities in the pinth Vvibrational level., Because
- - * N ‘
vibration-rotation interaction has such a large effect in OH aﬁd

this effsct shows itself most strongly in%he awv=l sequence, better

. > .
measurehents of inte‘nsitiesslin the. entire fundamental sequence are
Can M .
needed as a severe test of the new transition probabilities Ideally,

simultaneoys inCensity neusuremeﬁts of all vibrational lezfls and Av's
.

should be made . This would lQely .recpire a brighr. laboratory source df

e - \
*OH. Also, measurements of the permanent’ dipole nc‘nnts are at present

. , v
avajilable only up to vibratibnal level v=2. .Heaaurenenta to higher v’ B

.would pro¢ide anotlfer test.




- The new tr;nsltioﬁ probabilities produce rotational temperatureg
and vibrational populations which differ significantly from those
obta{ned using the conﬁonly used theorétical transition probébtlities.
As well, tf the OH quenching rates of Finlayson-Pitts et al. (198;,
1983) can ge reliably extrapolated with the OH radiative lifetimes
presented in this work, then the quenching rates of several atmospher-

ically signig}canc molecules are much higher than previousiy assumed.

A}
-

Coupled with the short radiative lifetimes themselves, this will require

a re-examination of. current atmospheric models involving OH.

60



-

»

\ :
APPENDIX A. TABLES OF CALCULATED TRANSITION PROBABILITIES

v'
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[

Table A.1; Transition probabilities (sec’l) for v':v‘/:f-nsicions

J' ., Pl Q1 R1 P2 Q2 R2
.5 0.000 0.000 0.000 16.069 7.115 0.000
1.5 10.404 12.293 0.000 15.721 1.589 5.772
2.5 13.166 4.961 4.548 16.095 ..781  6.115
3.)5 14.635 2.577 5.417 16.658 .495  5.708
4.5 15.694 1.533 5.292 17.264 .352 5.068
5.5 16.558 .994 .4.799 17.856 .267 4,343
6.5 17.302 .685 4.154 18.403 .210 3.598
7.5, 17.946 496 3,457 18.896°  .169 2.871
8.5) 18,502 369  2.761 19.323 .138 ' 2.188
9.5 18.976 .283  2.101 19.674.  .115 1.571
10.5 19.362 221, T.501 19.952 .096 1.035
11.5 19.667 (176 J980 20.152 . .081 .596
12.5 19.891 L1142 .556 20.271 .069 .269.
13.5 20.029 .116 .243 20.314 .059 .066
.16.5 20.087 .096 .054 ".20.276 .050 .000
.S 0.000 0.000 0.000 21.737 9.330 0.000
1.5 14.152 16.151 0.000 21.576 2.069 7.302
2.5 18.119 6.527 5.651 22.359 1.009 7.499
3.5 20.354 3.393 6.541 23.385 .636 6.747
4.5 22.031 2.016 ®.169 24.452 .45t S5.728
5.5 23.463 1.305 5.350 25.490 340 4.642
6.5 24.676 897  4.377 26.449 - .267 3.576
7.5 2_5_.764- . 644 3.382 27.316 .214 2.589
8.5 26.715 479 32.443 28.073 175 1.718
9.5 27.534 .365, 1.609 28.709 . 146 .997
10.5 28.217 .284 .918 ' 29.221 .120 454
11.5 28.766 . 225 .403  29.607 101, 114
12.5 29.182 .180  ..089 29.857 .085  .000
13.5 29.467 .1a6 .002 29.984 .072 . .136
16.5 29.604 .119 .165. 29.976 061 . 540
.5 0.000 0.000 - 0.000 20.349 8.337  0.000
1.5 13.380 14.462 0.000 20.665 1.835 -6.153 -
2.5 17.423 5.847 . 4.633 21.781 .887  6.003
3.5 19.873 3.037 S5.106 23.128 .55%  s.067
4.5 21.802  1.802 4.520 26.496 .391  3.961
5.5 23.677 1.162 3.605 25.81% .296 2.871
6.5 24.968 .795  2.628 27.039 .229 1.886
7.5 26.306 .568 1.718 28.152  .183 1.066
8.5 27.489 419,953 29.132 148 .45%
9.5 28.523 -317 387 29.967 .121 .091
10.5 29.400 .284 .063 30.651 .100 .008
11.5 30.118 191 .08 31.179 .083 .  .238
12.5 30.68&7 .151 .287 31.546 .069 °.810
13.3 31.072 121 .899 31.754 .058 1.7%3
14.5 31.1%9 .097 . 1.873% 31.802 .068  3.091
’ o
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7 6 .5 ©0.000 0.000 0.000 .002 .189 0.000-
7 6 .1.5 .037 .337 0.000 .157 .043 .854
7 6 2.5 217 .151 1.003 .496 .022 1.908
7 6 3.5 .535 . .090 2.170 .961 .015 3.322
7 6 4.5 - .96l .062 3.664 1.510  .012 5.147
7 6 5.5 .1.467 .048 5.557 2.109 .01l 7.425
7 6 6.5 2.025 039 7.902 2.731 .011 10.199
7 6 7.5 2.609 .036 10.742 3.350 .010 13.504
76 8.5 3.196 ° .031 14.118 3.945 .011 17.380
7 6 9.5 3.764 .029 18.069 4.500 .011 21.862
7 6 10.5 4.297 .028 22.630 4.334 011  26.979
7 6 11.5 4.776 .027 .27.831 5.423 .011 32.764
7 6 12.5 5.191 .027 33.707 S5.774 ,013 35.203
7 6 13.5 5.532 .027 40.271 6.038 013 46.424
7 6 14.5 5.793 .~ .028 47.558 6.213 .014 54.345
8 7 .5 0.000 0.000 10.000 2.630 2.666 0.000,
8 7 1.5 1.211 4.710 0.000 1.368 .580 4.508
8 7 2.5 .872 1.995 44398 .660 .280  7.317
8 7 3.5 .481 1.096 7.558 .255 .179 10.260
8 7 4.5 .200 .694 10.710 .054 .132. 13.577
8 7 5.5 .045 .481 14.168 .000 .106 17.360
8 7 6.5 .000 .357 18.061 .053 .089 21.662
8 7 7.5 .044 .278 22.463 .180 078 -26.529
8 7 8.5 .155 .226  27.428 .354 g 32.003
8 7 9.5 311 .190 32.996 .553, ~.065 38.107
8 7 10.5 .492 166 39.199° .759% 061 44.869
8 7 11.5 .681 .144  46.062 .957 .058 52.317°
8 7 12.5: .866 .130 53.607 1.136 .055 60.458
8 7 13.5 1.033 .119 61.853 1.285 .054 69.300
8 7 14.5 1.174 .110 70.806 1.398 .052 78.848
9 8 .5 0.000 0.000 0.000 11.100 8.152 0.000
9 8 1.5 5.902 14.404 0.000 7.761 1.753 11.156
9 8 2.5 S5.649 6.052 10.258 S5.672 4 .832 16.320
9 8 3.5 4.687 -3.290 16.251 4.175  .521 21.037
9 8 4.5 3.705 2.051 21.439 3.052 .37S 25.945
9 8 5.5 2.83 1.397 26.636 2.202 .293 31.245
9 8 6.5 2.128 1.013 32.128 1.559 .241 37.025
9 8 7.5 1.556 .771 38.062 1.078 ® .206 43.343
9 8 8.5 1.110 .609 44.510 .725 ° .181 50.228 .
9 8 9.5 771 .496 51512 - .471 .161 57.696
9 8 10.5 .520 .15 59.107  .29% - .146 65.776
9 8 11.5 L340 - L3555 67.303 .176 134 74.458
9 8 12.5 .215 .309 76.098 .100 .125 83.739
9 8 13.5 .132 .276 85.504 .053 .117 93.607
9 8 14.5_  .078 .245 95.480 .027 ©.110 104,02
- » »
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VAR VA & Pl Q1 ° RL' P2 Q2
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" 8§ 3 10.5 1.037 .025 .8Q9 1.033 .010

8 3 11.5 1.028 .021 790 1.022 .009

. 8 3 12:5 1.018  .017 .769  1.009 .007
’ 8 3 13.5 1.009. .014 .745 .997  .007
.8 3 14.5 .997 .012-  .719 .985 .006
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. - 9 4 6.5 2.148 - .148 1.685 2.193 .038
9 4 7.5 2.144 .109 1.688 2.171 .031
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9 4 9.5 "2.125 :.065 1.654 2.129 .022

9 4 10.5 27111 - .052 1.623 2.107 .019
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6 0 .5 0.000 0.000 0.000 .Q07 .003
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' 6 . 6.0 3.5 .005 001 004 .006 .000
.6 0 4.5 .005 . .001 .004 . 1005 .000
, 6 0 5.5 .D0S ° .000 .004 .005 . .000
J 6 0 6.5 .005 .000 .004 .005 .000
6 0 7.5 .005 .00&  .004 . .005 .000
6 0 8.5 .005. ,000 .004 .00S .000

- 6 0 9.5 . 005 .000 .004 .008 _ .000 .
. 6 © 10.5 .005 .000 .004 .00S .000
. 6 0 11.5 .005 .000 004 .0QS . 0.000
ﬁ 6 0 12.5 .005 .000 .004 005 0.000"
. ‘6 0 13.5 .005 000 .006 - ,005 0.000
: 6 0 14.5 .005 000 -.004 005 0.000
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. APPENDIX B Y
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WATER VAPOUR CORRECTION

The true intensity of each emission line is related to that
> r
observed by .

Iy = Ticus €XPE-KH) : (B.1)

»

where k is an effective absorption coefficient for the line and H is the

. . - . . . h ] - .
. amount of absorber alo.ng the path., The absorption coefficient k, at

wavenumber v due to é_collision:broadened line of strengtﬁ S, and half-
. , .

- width a, is given,by
< T Sy a,
. . ) k, = . . ,(B.2)
] : -x (v-v°)2 + a‘z

> .
— .

-

The half-width is a function of the pressure and £emperature and the

-

line strength is a function of temperature. If all usable emission

lines are:sufficiently far:from tﬁ'e"a.bsorption lines, then the following

- < » . 9. . .
approximate fotm for kt"can be useq — - ——
. - - L
: < So190s Ty - ff' o Lo 3
. . g 57 . . : (B.3)
s(u-yo)2 . A ’
- N

rd

where .fi is an undetermined- constant which depends on the ,pit'essure and =~

temperature along the absorbing path. If we' make the.furréher assumption

: 4 tha® to a first aprroximation f is. the same for all a'bsorh{ng lines, the
L] . \ -

" effective absorption cotfficient becomes & )
- . e . ' - .
. T 555?27-. c, A .
. K=Yk =7 —2 7 (B.4)
o ' ‘:(u-vo)z ’ ) .
' - . . ) ‘e Ce

v
. .
> ’

. . - - . ’
where the. summation is carried out over all nearby lines. The Lo
, - e o
i . . : v« 74 . '1
- [ ] ’ “. a - vt
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assumption of constant f is justifted because it is correct“or the part

of the variation due to the half-width and is a éood approxinatiqp for

h t of the variation due to line strength, provided that the base

temperature used in the evaluation of the S,'s is not much different
-

from that along the path. The Air Force‘ceophysics Laboratory (AFGL)

line parameter compilation (Garing and McClatchey 1973) was used to

determine the value of k/f for each emission line.

~
To correct the observed intensities using (B.l) we require a value

for Hf. This can be detet@ined from the data‘&tself if we asgume a

Boltzmann distribution exists amongst the lines of a given Wand. The
* (2-0) band was chosen for the determination of Hf because the lines in
the band undergq a wide range of absorption. Using a*value for the

rotational temperature determined from a band for which tiere~is little

water absorpt!on,.éxpected values’ for the rqlative intensitfes of the -
lines are obtained. If the ratios of observed intensitie’s to those

calculated are plotted semi-logarithmically -against k/f, (B.1) shows

that a scraiéhc line should result wt;h! slope of Hf. This value of

" Hf can then be used to correct the line intensities and a new value of

rotational temperature is determined. , The procedure is repeated until

there is no further temperature change.
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