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ABSTRACT

Nightglow spectra of the OH Meinel bands have been
analysed to determine the rotational temperature. It has
been found that the rotational temperatures determined from
different rotationa] lines in a single band are not constant
but increase with increasing rotational quantum number. A
deviation from isothermal rotational temperatures for excited
molecules in rotational equilibrium is caused by the variation
of kinetic temperature in the OH emission region, but is much
less than that observed. It has been concluded that non-
equilibrium processes are important. A rotational relaxation
model has been proposed to describe the spectrum emitted by
molecules that are not in rotational equilibrium. The model
was used to calculate the OH nightglow spectrum for bands ori-
ginating from the eighth and ninth vibrational levels. The
calculated rofationa] temperatures are in good agreement with
those derived from observed spectra.

The effects of vibrational relaxation in the excited
OH molecules have been considered qualitatively and are in
agreement with the observed behaviour of the measured inten-
sities and rotational temperatures.

It is suggested that the application of the relaxation
model to other airglow emissions may give newAinformation on

atmospheric processes.

jv



TABLE OF CONTENTS

Page
Title Page tiveiiiiinieenretensesnseseoscsnsnenssassnnnas i
Acknowledgements e C ettt iiid
AbStract ...ttt i i et et i et e i iv
Table of Contents ........cciviveen teeseastacesnsiaann v
List of Fiqures ...... et et ee et ettt e X
List of Tables ........... EE TR TP e X
Chapter
I. INTRODUCTION ... iiiiniiiiitieneennnsnnnnnnnanns 1
1.1 Temperature Determination in the
Atmosphere .. ..viiiiinieieiinenneneneanns 1
1.2 OH Airglow Emissions .....iiiveienneneanans 2
1.3 Summary of Presentation ........cccoieveunn. 3
ITI. SPECTROSCOPY AND ROTATIONAL TEMPERATURES ...... 5
2.1 .Introduction ettt eiecetee ettt 5
2.2 Energy Levels ....ovivevnnn e, 5
2.2.1 Angular momenta ........cceceeeeeunn 5
2.2.2 Coupling of angular momenta ........ 6
2.2.3 Coupling intermediate between case
(a) and case (b) v.vvviirinnnnnnn. 8
2.2.4 Vibrational energy levels .......... 10
2.2.5 Total Energy c.cieeeeeeeneeenenennas 11
2.3 Diatomic Spectra ..iviiieiecnenrecncncnnnnn 12
2.3.1 Transition selection rules ......... 12
2.3.2. Vibration-rotation spectra ......... 12



Chapter
IT.

IIT.

2.

2.

4

5

TABLE OF CONTENTS (continued)

2.3.3 Vibration-rotation spectrum
of OH oottt
2.3.4 Intensity of emission lines ......
2.3.5 Line strength factors ............
2.3.6 Transition probabilities .........
The Determination of Temperature from
Rotational Spectra ......cceiiiinennn.
2.4.1 Graphical method ..........cun
2.4.2 Relative branch intensity method .
2.4.3 Spin doublet temperature .........
2.4.4 Comparison of spectra ........... .
Survey of Previous Work ........ e eeeea

NON-ISOTHERMAL BEHAVIOUR IN OH AIRGLOW

3.
3.

3.

3.

ROTATIONAL TEMPERATURES. 1.
CONDITIONS

1
2

3

4

oooooooooo

Introduction .....

EQUILIBRIUM

ooooooooooooooooooooooo

Profile Weighted Spectral Temperatures

factors .

3.2.1 Observed OH emission height
profiles ...ttt enneencnens
3.2.2 Calculated rotational spectra ....
Atmospheric Profiles from Ground Based
Measurements ....ccieeierennerererennnns
Vibration Rotation Interaction and Line
Strengths .......... ... ceseseniaenann
3.4.1 Introduction ......ceeiveeeennnnnn
3.4.2 Analysis for estimatéd interaction

ooooooooooooooooooooooo

3.4.3 Other uncertainties in the line

strengths

oooooooooooooooooooooo

vi

21
21
23
23
24
24

27
27
27

27
30

36

37
37

38

40



TABLE OF CONTENTS (continued)

Chapter Page
ITI. 3.5 The Effect 6f Failure to Reso]vé
the Spin Doublet Components .......... 42
3.6 The Effect of Background on Rotational

Temperature Determination ............ 44

3.7 Self-absorption ......ciiiiiiiiiinns . 45

3.8 Instrument Effects .......coiiiviiinnnn. 48

3.8.1 Step-scanning spectrometer ...... 48

3.8.2 Photographic plates ............. 50

3.9 DiscusSsSion ....cieiiiiirinnennns Ceeeennn 51

IV. NON-ISOTHERMAL BEHAVIOUR IN OH AIRGLOW
ROTATIONAL TEMPERATURES. 2. NON-

EQUILIBRIUM CONDITIONS ... eriennnnnnnnn 52
4.1 Introduction ........... et e e 52
4.2 Origin of the Initial Populations ...... 54
4.3 The Effect of Transitions on Rotational

Population Distribution .............. 55
4.3.1 Theoretical considerations ...... 55
4.3.2 The variation of the transition

effect for different bands‘.... 57
4,3.3 Quantitative calculation of the
transition effect ............. 58
4.4 Partial Thermalization in Non-Equilibrium

Populations ...oeveeeeerennenenneennns 59
4.4.1 Introduction ......ccccena... e 59
4.4,.2 Relaxation processSes ......eeee.. 61
4.4.3 Simple relaxation with radiative

loss mechanisms ............ cen 63
4.4.4 Discussion of the simple model .. 65

vii



TABLE OF CONTENTS (continued)

Chapter
IV. 4.5 Weak Interaction Relaxation Theory .....
4.5.1 Introduction .......civvivenivnnn
4.5.2 Rotational relaxation ...........
4.5.3 Solution of the relaxation
equation ........ . e, e
4.5.4 Radiative relaxation ............

4.6 Applicability of Weak Interaction Theory
to Rotational Relaxation Processes ...

V. APPLICATION OF RELAXATION PROCESSES TO THE

AIRGLOW EMISSIONS ....iiiivinnnnnnn e eeens
5.1 Excitation Mechanisms for the OH

Airglow ...ttt eternensenananons

5.1.1 Introduction .........c0ivuvnnn.

5.1.2 Hydrogen-0zone reaction .........

5.1.3 Rotational level populations ....

5.1.4 Spin doublet level populations ..
5.1.5 Initial populations in airglow

calculations .....coiviviennens
5.2 Calculation of the OH Airglow Spectrum
by the Weak Interaction Relaxation
ProcCesSsS i riverreennsssscannsnnnnnas

5.2.1 Calculation of ground based

Spectra ...ciiiiiiiiiertrcaanan .

5.2.2 Numerical results .......ccvvenn.
5.2.3 Discussion .....ciiiiierrtcenacans

5.3 The Role of Vibrational Relaxation .....
5.3.1 Introduction ........cicivviiennn
5.3.2 TheOorYy civeiereeereeerececennenns

viii

Page
66
66
66

71

73

77

80

80
80
80
82
83

85

86

86
87
95
96
96
97



TABLE OF CONTENTS (continued)

Chapter Page
V. 5.3.3 Temperature dependence and band

intensities ..... .. il 98

5.3.4 Comparison with observations .... 99

VI. SUMMARY AND CONCLUSIONS ....iiiiiinnnnnnnnnns 103

6.1 The Present Work ......ciiiiiiieninnnn.. 103

6.2 Suggestions for Future Work ............ 106

6.2.17 OH emissions .....cieeeneencnenns 106

6.2.2 Application to other emissions .. 108

LIST OF REFERENCES ...ttt iiiiieninsenneonaanans 112

ix



Figure

2.1

LIST OF FIGURES

OH (5-2) band spectrum calculated for a
spectrometer stit-width of 27A, at a

temperature T = 180°K ... ..iiiiiiiinnnnnn.

Measured OH emission height profiles .........

Atmospheric temperature profile, summer
45° latitude (United States Standard

Atmosphere tables, 1966) ....vveieeennnnnnnn

Rotational temperature graph for the PI
lines, (8-4) band, calculated for the

Packer (1961) emission height profile ......

Rotational temperature graphs for observed

OH (8-3) and (8-4) band spectra ........c...

Rotational relaxation in a non-radiating
population. (Time units in terms of

]/vcoll’) .................................

- Effective Population distribution for

different ratios of collision frequency

and transition probability ........... ... ...

Comparison of rotational temperature graphs
for theory and observations ...........c....

Page

16
29

31

33

49

74

76

94



LIST OF TABLES

Page

Selection rules for electric dipole transitions .. 13

Line strength values ......ieiiiiiiiiniininnnnnnnn 20
Relative transition probabilities for OH, A . u 22
OH nightglow emission profile measurements ....... 28
Comparison of theoretical and observational
rotational temperatures .....ceeeeeeeeeeeeeennns + 35
The effect of errors in line strength values. :
(Equilibrium temperature 200°K) ........... N & |

The effect of using P1 line strengths in the
analysis of unresolved P line spin doublets .... 43

The effect of background on rotational temperatures
(Equilibrium temperature 200°K) .....ceeevennn.. 46

Collision frequency as a function of height
(Calculated from 1966 United States Standard
Atmosphere Data) ........ ettt e... 53

Transition effect, (7-3) band. (Rotational
population temperatures of lower state, for
a range of upper state equilibrium temperature

TEQ (K)o ) teee et et e e e e e e 60

OH energy levels near the reaction energy,
(26969 CM™ 1) tiiiiiiiiii i ittt teeenecenonns ..... 84

Effective rotational populations of ninth .
vibrational level as a function of height ...... 88

Rotational temperatures (TROT) of effective
emitting population, ninth vibrational level ... 89

Effective rotational populations of eighth
vibrational level as a function of height ...... 92

Rotational temperatures (TROT) of effective
emitting population, eighth vibrational level .. 93

Xi



CHAPTER 1
INTRODUCTION

1.1 Temperature Determination in the Atmosphere

A knowledge of the atmospheric temperature profile and
its variation is necessary for an understanding of many atmos-
pheric phenomena. Direct sounding of the upper atmosphere is
both expensive and complicated so that synoptic measurements
of the type made for the lower atmosphere are not in general
attempted. Indirect determination of kinetic temperatures in
the upper atmosphere is possible from pressure and density
measurements obtained with rockets and satellites, and from
ground-based spectroscopic measurements of the aurora and air-
glow. If the heights of the aurora or airglow emissions are
known, spectroscopic methods can provide an inexpensive method
for determining the kinetic temperature profile in the atmos-
phere.

Temperatures derived from spectroscopic measurements
are of three general types; Doppler,or line width temperatures,
vibrational temperatures, and rotational temperatures. The
nature of the temperature information obtained from molecular
vibrational and rotational spectra will be determined by the
approximation to thermal equilibrium of the excited molecules.
If the molecules are in rotational or vibrationaT equilibrium,
the rotational or vibrational temperature determined from the
emission spectrum will be equal to the kinetic temperature at

the emission height. If equilibrium has not been established

1
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in the molecular rotatiqna] or vibrational level populations

at the time the molecules radiate, the derived temperature is
related to the excitation temperature, and is not a measure of
the kinetic temperature. Spettroscopic temperatures determined
from allowed electric dipole transitions may be either excita-
tion temperatures or kinetic temperatures. For these transi-
tions, the upper state has, in general, a very short lifetime
(~10"7 sec.) and the excited molecules will therefore havé a
small probability of collisional redistributioh of the rota-
tional and vibrational populations. If the emissions arise from
forbidden transitions, the lifetime of the upper state is long
(> .1 sec.) and it is to be expected that the emitting popula-
tions will be in thermal equilibrium.

For most atmospheric molecules, collisional redistri-
bution is much more efficient for the rotational population
than for the vibrational population (Herman and Shuler, 1958).
Therefore, it is possible that for some excited molecular
species rotational equilibrium is established before emission,
while vibrational equilibrium is not. For these molecules, the
rotational temperatures will indicate the ambient kinetic temp-
erature, while the vibrational temperatures will give informa-

tion on the excitation mechanism of the vibrational population.

1.2 OH Airglow Emissions

The OH airglow emissions have been the subject of
extensive investigation since their identification by Meinel

(1950). These emissions arise from transitions between the



vibrational and rotational energy levels in the ground electro-
nic state of OH(XZHB/Z’ ]/2).

Quoted values of the rotational temperatures determined
from the airglow OH spectrum are in reasonable agreement with
the kinetic temperature at the height of the maximum emission
determined from rocket measurements (Packer, 1961). The vibra-
tional temperature does not correspond to the ambient kingtic
temperature: Krassovsky and Shefov (1965) have determined
vibrational temperatures from the OH airglow emissions of appro-
ximately 10,000°K.

In previous studies it has been assumed that the OH
emissions originate from molecules in rotational equilibrium
with the ambient atmosphere. However, recent observations

1., 1970) have shown that the rotational temper-

(Harrison et
ature determined from different lines in a given vibration-
rotation band is not constant. The purpose of the present work
has been to investigate this deviation from isothermal, or

equilibrium, behaviour.

1.3 Summary of Presentation

In Chapter II, the relevant spectroscopy is presented,
and the possible methods of determining spectral temperatures
are discussed. A brief survey of the important results of pre-
vious OH investigations is included.

In Chapter III, an attempt is made to explain the
observed deviation from isothermal behaviour in terms of effects

occurring when there is rotational equilibrium in the emitting



molecules. The effect of variation in local kinetic temperature
over the OH emiésion region is considered, and is found to
contribute to the deviation from isothermal behaviour. The con-
tribution is not sufficient to explain fully the observations.
Other effects that might influence the rotational temperature
determination are also considered. It is shown that the obser-
vations cannot be explained if the emitting population is in
rotational equilibrium. ‘

Non-equilibrium effects are considered in Chapter 1IV.

A rotational relaxation theory is proposed which can be used
to calculate the emission spectrum of molecules that are not
in rotational equilibrium.

In Chapter V, the rotational relaxation theory is applied
to the OH moleclues in the upper atmosphere, and calculated
rotational temperatures are found to be in agreement with obser-
vations. A qualitative discussion of relaxation in the
vibrational populations is given. It is found that the relaxa-
tion theories can explain qualitatively a number of observed
features of the OH nightglow emissions. In Chapter VI, a
summary of the work is presented, and possible extensions of

the present work are considered.



CHAPTER II
SPECTROSCOPY AND ROTATIONAL TEMPERATURES

2.1 Introduction

If a molecular species is in thermal equilibrium
with the ambient medium, the population distribution among
the rotational energy levels is described by a Boltzmann dis-
tribution. The rotational populations, and hence the temper-
ature, may be derived from measured emission intensities of
the rotational lines in the molecular spectrum.

The emission intensity of a rotational line depends
on both the population of the excited state and the appropriate
radiative transition probability, (the Einstein coefficient
for spontaneous emission). The populations in the various
rotational levels depend on both the energies of these levels
and fhe quantum numbers that describe the levels. Thus, the
calculation of the intensity of an emitted line in a molecular
'spectrum requires a knowledge of the rotational levels avail-

able to the molecule.

2.2 Energy Levels

2.2.1 Angular momenta

The total angular momentum of a diatomic molecule, 3,
is composed of contributions from the electronic orbital angu-
lar momentum, f, the electronic spin angular momentum, §, and
the nuclear rotational angular momentum, ﬁ; the contribution
from nuclear spin may be disregarded (Herzberg, 1950). The

manner in which these component angular momenta are coupled

5



(or interact) determines the value of J, and the possible

electronic and rotational energy states available to the mole-

cule.

2.2.2 Coupling of angular momenta

The different modes of coupling were first studied
by Hund (1927). In Hund's case (a) coupling, the interaction
between the nuclear rotational angular momentum [ and the
electronic angular momenta t and E is weak. The electronic
angular momenta are strongly coupled to the internuclear axis
of the molecule, and their components along the internuclear
axis, Kk and ¥, become physically useful quantities, with
quantum numbers A and %X. The vectors T and T are combined to
form 5, the total electronic angular momentum, with quantum
number,

Q= |A+ 1] (2.1)
The total angular momentum of the molecule, J, is then given
by the sum of @ and the nuclear rotational angular momentum:

J=8+N (2.2)
As N is, by definition, perpendicular to the internuclear axis,
$ is the component of J along that axis. It follows that the
total angular momentum quantum number (J) obeys the relation,

J = Q, Q+1, Q+2 ... (2.3)
Due to the possible orientations of the spin angular momentum
g relative to the internuclear axis, there are 2S+1 possible
values of Z. Thus, there are 2S+1 values of Q for each A. The

degeneracy in the cofrresponding energy levels is removed by



the coupling between 2 and §. For molecules with (S = 1/2)
(e.g. OH(?m)), the spin multiplicity is:

(25+1) = 2 (2.4)
so that for a given value of A there are two sets of rotational
energy levels, known as spin doublet levels. For a given
electronic state (A constant) and spin orientation (Zconstant),
the quantum number J specifies the rotational energy levels.
The energies of these levels, for a rigid rotator, are

(Herzberg, 1950),
FV(J) = Bv[J(J+1) - Q2] | (2.5)

where Bv is the rotational constant for the molecule. The
two values of Q (if S=1/2) specify the spin doublet levels.

In Hund's case (b) coupling, the electron orbital
angular momentum t is strongly coupled to the internuclear
axis while the electron spin angular momentum g is only weakly
coupled. fn this case, the vector ¥ is not defined, and the
vectors K and N are combined to give the "“total angular momen-
tum without spin", R. As N is perpendicular to the inter-
nuclear axis, R is the component of [4 along the axis, and the
quantum numbers obey the relation,

K= A, A+1, A+2, ... (2.6)
For a given electronic state (A = constant), the quantum num-
ber K specifies the rotational energy level.

The total angular momentum of the molecule is,

J=X+3 (2.7)

and the total angular momentum quantum number is given by,



J = K+S, K+S-1, ... , |K-S] . (2.8)

For each value of K there are 2S+1 values of J. The degeneracy
in the rotational energy levels is removed by the small coupl-
ing between g and E, which causes a small splitting of the
levels with different J values for a given K.

In both case (a) and case (b) coupling, the inter-
action between ﬁ and't is ignored. However, in real molecules
there is a small coupling which increases with increasing
rotational energy. This causes a splitting into two components
for each J value. The splitting of the energy levels ("A

doubling") is always small, and for the OH molecule is less

than 1 cm™ 1%

2.2.3 Coupling intermediate between case (a) and case (b)

The coupling of the angular momenta in the ground
electronic state of the OH molecule is intermediate between
case (a) and case (b). For the lower rotational energy levels,
the coupling approximates to case (a). As the nuclear rota-
tion increases, the e]ectkon spin angular momentum becomes
uncoupled from the internuclear axis {(and therefore from K)
and for the higher rotational energy levels case (b) is the

more accurate description. Since the multiplet splitting in

*Following spectroscopic practice, the numerical values of
energies are expressed in this work in terms of the wave num-
bers of (hypothetical) photons with the given energy. The
energy E, in erg, may be determined from the equation:

E = hecv ,

where h is Planck's constant, ¢ is the speed of light, and v
is the photon wave number.



the rotational energy levels depends on the coupling between
L and $, the splitting decreases in magnitude with increasing
rotational energy.

The rotational energy levels for case (a) coupling
are specified by quantum number J, while for case (b) the
levels are specified by quantum number K. This leads to a
dual system of quantum number notation for the intermediate
coupling case. The lower rotational energy levels may be
assigned K values by extending the quantum number system from
the levels where it is applicable. Similarly the upper rota-
tional energy levels may be assigned J values.

The rotational energy levels for the intermediate
coupling case cannot be exactly described by the expressions
for either case (a) or case (b). However, Hill and Van Vleck
(1928) have developed expressions for the energy levels in
intermediate cases. For molecules in the 2H‘electronic state,

the energy levels may be written (Herman and Hornbeck, 1953),

-n
—
—
[N
~
it

Bv'{(J+1/2)2-1-1/2[4(J+]/2)2+Yv(Yv-4)]]/€} -D,d"

-n
n
—~
(<)
~—r
1

- Bv-{(J+1/2)2-1+1/2[4(J+]/2)2+YV(YV-4)]1/%}
-0, (3+1)* (2.9)

where the energy subscripts identify the spin doublet component

energy levels, and Bv’ D, and YV are constants for the molecule.

v
In the OH molecule, the F](J) levels correspond to the 2H3/2

states, and the FZ(J) levels to the 2H]/2 states. As the
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rotational energy levels may be described by quantum number

K, equation (2.9) may also be written,

- R 2.1 . 2 ayq1/720 \
F](K) = Bv{(KH) -1 1/2[4(K+1) +YV(YV 4)] } DV(K+1/2)
Fo(K) = B < K2-1+1/2[4K2+Y_ (Y. -4)1V/2% _p_(k+1/2)*
2 v vy v .
' (2.10)
For the F](K) levels, J and K are related by
K=3-1/2, | (2.11)
while for the F2(K) levels, the relation is
K = J+1/2 . (2.12)

Equations 2.9 and 2.10 apply for any degree of coupling bet-
ween case (a) and case (b), and the J and K notations are

interchangeable.

2.2.4 Vibrational energy levels

The vibrational motion of a diatomic molecule may be
described approximate]y by a harmonic oscillator. In this
model, the two nuclei oscillate along the internuclear axis
with a potential energy proportional to the square of the inter-

nuclear separation,

V(r) = -kr? (2.13)
where

k = 4H2“V35c , (2.14)
u is the reduced mass of the system, and Vose is the vibrational

frequency. The energy levels of such an oscillator are given
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by (Herzberg, 1950) ,
G(v) = w(v+1l/2) (2.15)

where w = Vosc/c and v is the vibrational quantum number.

In a real molecule the potential energy is not a simple quad-
ratic function of the internuclear separation, and the rota-
tional energy levels may be expressed as a power series in v

(Herzberg, 1950),

G(v) = we(V+'|/2)-wexe(v+1/2)2+weye(v+]/2)3 + ..

(2.16)

y are constants for the molecule.

where Wes X e

e

2.2.5 Total energy

The energy levels of a diatomic molecule are deter-
mined by the electronic, rotational, and vibrational energies.
The electronic motion is in general much more rapid than
either the vibrational or rotational motions, so the electro-
nic energy levels may effectively be considered for a stationary
molecule. Similarly the vibrational motion is much more rapid
than the rotational motion, and may therefore be considered
for a non-rotating molecule.

The effect on the energy levels of this behaviour is
that for each electronic energy level, there are a number of
vibrational energy levels, and with each of these vibrational
energy levels there are associated rotational energy levels.
The vibration-rotation energy levels (for a given electronic
state) for a real diatomic molecule may be written (Herzberg,

1950),
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E(v,Jd) = G(v) + FV(J) . (2.17)

where G(v) and FV(J) are given by equations 2.16 and 2.9.

2.3 Diatomic Spectra

2.3.1 Transition selection rules

The spectrum emitted by excited diatomic molecules
is determined by the energy levels in the molecule, and the
radiative transitions that occur between these levels. The
selection rules for radiative transitions are determined from
the transition matrix. For electric dipole transitions between
electronic-vibration-rotation energy levels the selection
rules are given in Table 2.1. The selection rules Arx=0 and
AS=0 imply that electric dipole transitions between different
spin multiplet levels are forbidden. Transitions for which
AK#AJ (AS#0) are forbidden as electric dipole transitions, but
may occur as electric quédrupole transitions.

For a harmonic oscillator, there is the extra selec-
tion rule for vibrational transitions,

Av = *1 (2.18)

For real diatomic molecules this selection rule does not apply,

and in general transitions may occur with any value of Av.

2.3.2 Vibration-rotation spectra

Transitions between the vibrational and rotational
energy levels in a given electronic state occur in "bands",
each of which corresponds to a transition between given vibra-
tional levels. The bands consist of a number of spectral lines,

which corréspond to transitions between specific rotational



TABLE 2.1

SELECTION RULES FOR
ELECTRIC DIPOLE TRANSITIONS

1. Case (a) and Case (b) Coupling:
AJ = 0,1 (except J=0 # J=0)

AN = 1

i+

H]

o O ©O

AS =
even parity = odd parity

odd parity -+ even parity

2. Case (a) Coupling Only
AT = 0

AR = 0,%1

3. Case (b) Coupling Only
AK = 0,21 (AK # 0, A =0 =+ A
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energy levels. The rotational lines 1in each vibrational band
are arranged into separate "branches", corresponding to the
different values of AJ(orAK). For transitions in I electronic
states (A=1), the J selection rules are AJ = 0, *1, and the
branches are labeled P, Q, and R, for AJ = -1, 0, +1.

For molecules which obey Hund's case (a) coupling,
the multiplet splitting may be sufficiently large that the
multiplet componenté appear as separate branches. For mole-
cules in which case (b) coupling applies, the multiplet
splitting is small, and each line in the branches is split

into (2S+1) spin multiplet components.

2.3.3 Vibration-rotation spectrum of OH

The 0H(2H1/2’3/2) Meinel bands in the airglow arise
from transitions between the vibration-rotation energy levels
(v'<9) in the ground electronic state. The anharmonic nature
of the potential function permits transitions between any two
vibrational levels, and 45 bands are observed. The two sets
of energy levels from the spin splitting correspond to 9=3/2,
1/2. The ground electronic state is inverted, so that the
Q = 3/2 levels are Tower in energy than the corresponding levels
for @ = 1/2.

Each OH vibration-rotation band shows the Eharacter-
istic division into three major branches, P, Q, and R, and due
to spin splitting, each of these branches is double. The
angular momentum coupling is intermediate between Hund's case

(a) and case (b). For low rotational quantum number, the
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doublet splitting of the energy levels is large, and results
in well separated spin doublet lines. For higher rotational
quantum numbers, the doublet splitting of the energy levels
decreases, and the wavelength separation between the spin
doublet component lines is smaller. Each spin doublet line
js further split into two closely spaced components (A-doublets)
due to the weak coupling between T and N. Twelve satellite
branches arise from transitions for which AJ #AK, but aré very
weak in comparison with the twelve principal branches. Neither
the A-doublets nor the satellite branches have yet been
identified in OH airglow spectra.

A theoretical spectrum of the OH(5-2) band calculated
for a spectrometer with a slit-width of 27A is shown in
Figure 2.1. The P, Q, and R branches are resolved, but the
individual rotational lines are only resolved for the P branch,
and for these the spin doublet lines are not resolved. The
spectrum has been calculated for emissions from molecules in

rotational equilibirum at a temperature of 180°K.

2.3.4 Intensity of emission 1ines‘

The intensity of the spectral emission line resulting
from a radiative transition between two levels n, m is given

by,

Inm = NnhcvnmAnm (2.19)

where Nn is the population of the upper state, Vam is the
wave number of the emitted photon, h is Planck's constant, ¢

is the speed of light, and Anm is the Einstein transition
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Q branch ——
P branch
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Figure 2.1: OH (5-2) band spectrum calculated for a
spectrometer slit width of 27A, at a temperature
T = 180°K. :
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probability for spontaneous emission.
For transitions between non-degenerate levels, the
transition probability may be written,
4.3
Anm = Saliid R 2 (2.20)
3h
where R"™ is the matrix element of the transition. For trans-
itions between degenerate levels the expression for Anm (equa-
tion 2.20) must be modified. If the emitting molecules are
in rotational equilibrium, it can be shown that the emission
intensity of a rotational line for a vibrational transition

between levels v', v" is (Herzberg, 1950),

I(v',v",d'J") = 64H;cN v“(Vﬁivald',J") LIR(v',v") |2
r.l

-F . (3')hc
y ]
kT (2.21)

x expl[

where N is the total number of molecules in the upper vibration-
al level, Qr' is the rotational partition function for the
upper state, Fv.(J‘) is the energy of the upper state, T is
the equilibrium kinetic temperature, and the matrix elements
R(v',v") are summed over the degenerate rotational levels.

The transition matrix element term depends on the
vibrational eigenfunctions of the levels involved in the trans-

ition, and on the rotational quantum number J, due to spatial

degeneracy. The J-dependent part of the transition matrix
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term is normally denoted by S(J'), the "line strength".
If the constant terms in equation 2.21 are combined
with the J-independent part of the transition matrix term

and the result expressed as C the emission intensity for

em?
a rotational line may be written¥*,

4 1 n ! ]
I(v',v",d0,0%) = ¢, Sl aVd b90) gy

em r'
-FV.(J')hc
x expl——7— 1 | (2.22)

2.3.5 Line strength factors

Simple expressions for the line strengths have been
obtained by Honl and London (1925) for case (a) coupling con-
ditions. For diatomic molecules in an electronic state A>0,
the line strengths may be written,

AJ=+1 S(J') = (J‘+935J'-Q)

(R branch)

_ vy - (29'+1)q? ‘
Ad=0  S(J') '_éTTjTI%T_ (Q branch)

- vy _ (3'+1+Q)(3'+1-0)
Ad=-1 5(3') = J'+1 . (P branch)

(2.23)

As the OH molecule is not exactly described by case (a) coupl-

ing, the values obtained using these formulae are in error.

*In this equation, I is expressed in energ{ units. 1t may
?esig?verted to photon units if the term v*' is replaced by
v .
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Figure 3.2: Atmospheric temperature proff]e, summer,
45° latitude (United States Standard
Atmosphere tables, 1966).
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However, Hi1l and Van Vleck (1928) have derived analytic
expressions for the line strength factors for coupling cases
intermediate between cases (a) and (b). Numerical values

for the OH molecule have been calculated from the Hill and

Van Vleck formulae by Benedict et al. (1953). These values

are given in Table 2.2 together with values calculated from
Honl-London formulae (equation 2.23). The agreement between
the two sets of values is good for the lower rotationa]UYevels,
where case (a) coupling is applicable to the OH molecule.

The line strengths given in Table 2.2 have been cal-
culated for transition matrix elements in which interaction
between rotational and vibrational energies has been neglected.
If the matrix elements are calculated using wave functions
which include the interaction between rotational and vibrational
motions, a further J dependence is obtained. Herman and

Wallis (1955) have shown that the transition matrix elements

may be written,
[R(v' v, 0" ,0") |2 = [R(v',v") |2 F(v',v",d",d0") (2.24)

where R(v',v") is the matrix elément for a non-rotating.osci11-
ator, R(v',v",Jd',Jd") is the matrix element for the real mole-
cule, and F(v',v",J',J") is the interaction line strength
factor. Hence, the emission intensity of a line from a transi-

tion between levels (v'QJd') and (v",Jd") is (in energy units),

“(VI,V",JtlJ")
r\l

'Fvl(Jl)hC

x exp( T ) . (2.25)

I(v',v",3',3") = Cp™ S(J')F(v',v", 0" ,0")




TABLE 2.2
LINE STRENGTH VALUES

O W 00 N O Ot s W N

———d

(2. T - FCR V)

O W 00 N O

(a) OH Molecule, Hill and Van Vleck Formulae

Q= 3/2 Q= 1/2
S Sq Sk Sp S Se
0.00 2.30 1.62 0.00 0.67 1.29
1.62 1.40 2.90 1.29 0.30 2.34
2.90 0.98 4.04 2.34 0.22 3.37
4.04 0.73 5.14 3.37 0.19 4.37
5.14 0.57 6.21 4.37 0.17 5.38
6.21 0.46 7.26 5.38 0.16 6.39
7.26 0.37 8.30 6.39 0.15 7.39
8. 30 0.33 9.32 7.39 0.15 8.40
9.32 0.29  10.34 8.40 0.14 9.41
10.34 0.26  11.36 9.41 0.14  10.42
(b) H6nl-London Formulae
0.00 2.40 1.60 0.00 0.67 1.33
1.60 1.54 2.86 1.33 0.27 2.40
2.86 . 1.14 4.00 2.40 0.17 3.43
4.00 0.91 5.09 3.43 0.13 4.44
5.09 0.75 6.15 4.44 0.10 5.45
6.15 0.65 7.20 5.45 0.08 6.46
7.20 0.56 8.24 6.46 0.07 7.47
8.24 0.50 9.26 7.46 0.06 8.47
9.26 0.45  10.29 8.47 0.06 9.47
10.29 0.41  11.30 9.47 0.05  10.48
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In previous analyses of the airglow OH spectra, the F factors
have been neglected, as the values were not known. An esti-

mate of the values of the interaction factors is given in

Chapter III.

2.3.6 Transition probabilities

The total intensities of the different vibrational
bands depend on the absolute values of the transition proba-
bilities, Av.v",which are unknown for the OH Meinel bands.
Relative values of the transition probabilities have been
determined from observations of the relative band intensities
in OH emission spectra. The most recent values for the rela-
tive probabilities have been calculated by Stair et al. (1971)
and are listed in Table 2.3. Absolute values have been est-
imated by cohparison with the known values for the HCI
molecule (Heaps and Herzberg, 1951). It has been assumed in
the present work that the absolute value of the probability
for a transition between the vibrational levels 1 and 0, A]O’

js 50 secT!

2.4 The Determination of Temperature from Rotational Spectra

2.4.1 Graphical method

It has been shown that for thermal equilibrium the
intensity of a rotational line (equation 2.22) depends on the
equilibrium temperature of the molecular rotational population.
Equation 2.22 may be rearranged to give the "rotational temper-
ature" in terms of the intensities of the rotation lines in a

given band (v',v")

]
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I(d') 1 = tant - £(d")hc
oge[S(J')v(J')] Fons A kT | (2.26)

where the "constant" term includes the J-independent terms of
equation 2.22, and is constant for a given vibrational band.
If the intensities of a number of rotational lines in a given
band are measured, and the deriQed values of the logarithmic
term are plotted against the rotational energy levels, the
rotational temperature T is obtained from the slope of the
graph. For the OH Meinel bands the P branch lines are gener-
ally used for the determination of rotational temperafures by

the graphical method.

2.4.2 Relative branch intensity method

Due to the difference in the values of the line
strengths for the P, Q, and R branches, the relative intensi-
ties of these branches vary with temperature. Hence, the
rotational temperature may be determined from comparison of
observed branch intensity ratios with values calculated for

known temperatures.

2.4.3 Spin doublet temperature

For thg OH molecule the H]/z levels have a higher
energy than the corresponding H3/2 levels. If the populations
of the two sets of rotational levels are in thermal equilibrium
the difference in intensity between two correspondfng spin

doublet lines will be related to the temperature (Meinel, 1950),
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%{%é%% = exp(-20$) (2.27)

where A = 138 cm-! for the OH molecule.

The validity of this method depends on the excitation
mechanism. As only transitions for which AS = 0 are allowed,
it is not possible to redistribute populations between the
doublet levels. Thus, if the excitation mechanism does not
initially distribute the populations according to the above
relation, the derived "temperature" is not a measure of the

ambient kinetic temperature.

2.4.4 Comparison of Spectra

If it is assumed that an observed spectrum originates
from a rotational population in thermal equilibrium, the kine-
tic temperature may be determined by comparison with theore-
tical spectra éa]cu]ated at known temperatures. This method
js a simple extension of the graphical method to more than

one branch in the band.

2.5 Survey of Previous Work

Since the identification of the OH bands in the night-
glow by Meinel (1950) extensive investigations of rotational
temperatures have been undertaken. A complete survey of this
work is beyond the scope of this discussion, but some of the
results and conclusions are relevent to the present work.

In general, the rotational temperatures derived from

fhe graphical method have suggested that the emitting rotational
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populations are in thermal equi]ibfium. The standard method
for determining the rotational temperature has been to obtain
the straight 1ine of best fit to the graphical data. In this
method any deviation from isothermal behaviour is ignored.

It has been recognized that the temperature deter-
mined from OH rotational spectra will be a mean of the
atmospheric temperatures over the emission region (McPherson
and Vallance Jones, 1960; Krassovsky, 1963). However, it has
been claimed that the deviation from isothermal behaviour in
rotational temperatures due to the averaging process is small
and may be neglected for rotational lines with K<6 (Shefov,
1961). From éonsiderations of the collision frequency at the
height of origin of the OH emissions, it has been concluded
that the emitting populations are in thermal equilibrium,
(McPherson and Vallance Jones, 1960; Krassovsky, 1963). Hence,
it has been assumed that the OH rotational temperatures are
a measure of the kinetic temperature in the emitting region.

On this assumption it has not been possible to explain the
behaviour of the rotational temperatures for the higher vibra-
tional levels, reported by Russian workers, (Krassovsky, 1963).
The obéerved rotational temperatures are ~350° for bands with
v'=9, which is significantly higher than the average kinetic
temperatures in the OH emission region. It was concluded that
these rotational temperatures were not a measure of the equili-
brium kinetic temperature, due to some chemical deactivation
process (Krassovsky and Shefov, 1965).

Recently, observations have been published which
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indicate a departure from isothermal behaviour of rotational

temperatures for lines with K<6 (Harrison et al., 1970).




CHAPTER TIII

NON-ISOTHERMAL BEHAVIOUR IN
OH AIRGLOW ROTATIONAL TEMPERATURES

1. EQUILIBRIUM CONDITIONS

3.1 Introduction

In the early investigations of the OH airglow, esti-
mates of the height of the emissions were made using the Van
Rhijn method. For accurate results this technique requires
that the emissions be confined to a narrow layer, and that they
be spatially homogeneous. The failure to recognize that the
OH emissions did not satisfy these requirements accounts for
the considerable spread in the published values of the emis-
sion height (Chamberlain, 1961). Subsequent rocket measure-
ments have shown that the OH nightglow is emitted from a region
centered near 90 km with a half width of approximately 20 km
(Harrison, 1970). As a numbef of authors have already noted
(McPherson and Vallance Jones, 1960; Shefov, 1961; Krassovsky,
1963; Harrison et al., 1970), the rotational temperature cal-
culated from the airglow spectra will be a weighted average
of the atmospheric temperatures in the emission region if the
OH rotational populations are in thermal equilibrium with the
surrounding atmosphere.

3.2 Profile Weighted Spectral Temperatures
3.2.1 Observed OH emission height profiles

The first OH emission profile measurement was made by
Heppner and Meredith (1958) with a rocket-borne photometer
designed to measure the 0I 6300A emission, which also admitted

part of the OH(9-3) band in the same spectral region.

27
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OH NIGHTGLOW EMISSION PROFILE MEASUREMENTS

Date Altitude

November, 1958 75
Novembér, 1959 83
November, 1959 89
September, 1960 78,
April, 1966 97

October, 1969 95

km
km
km
85
km

km

km

Wavelength
1.6y
7220 - 7370A
7400 - 10200A
9700 - 10700A
7210 - 7450A
8305 - 8455A

Reference

Lowe, 1960
Packer, 1961
Packer, 1961
Tarasova, 1961

Baker and
Waddoups, 1967

~ Harrison, 1970



Height (Km)

120

100

| Baker & Waddoups
2 Harrison

3 Packer

4 Reed 8& Blamont
5 Tarasova

| 1 1 | 1 |

(0] 2 4 .6 .8 1.0
Relative Volume Emission Rate

Figure 3.1: Measured OH emission height profiles.
(Subsequent references to the Packer
profile relate to curve 3b.)

29
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Subsequent rocket measurements of the OH emission pro-
file in the nightglow have been made by Lowe (1960), Packer
(1961), Tarasova (1961), Baker and Waddoups (1967) and
Harrison (1970), and in the twilight by Llewellyn and Evans
(1971). The data from the satellite 0GO-II have provided fur-
ther OH profiles (Reed and Blamont, 1967) from the 63003
photometer. The results of the nightglow measurements are
shown in Figure 3.1 and Table 3.1, and indicate that in Qen-
eral the OH emission originates from altitudes between 60 km

and 130 km, with a single intensity maximum near 90 km.

3.2.2 Calculated rotational spectra

The atmospheric temperature profile (Figure 3.2)
exhibits a minimum near 85 km, which is approximately at the
same height as the maximum of the OH emission. If the rota-
tional temperature is a profile averaged temperature, weighted
in favour of the temperature at the height of maximum emission,
then the temperature determined from the OH spectra should be
approximately the minimum atmospheric temperature.

To investigate the effect of this averaging process
on measured rotational temperatures an integrated OH spectrum
has been computed. If the emitting molecules are in thermal
equilibrium, the intensity (photon units) of a rotational line
in the OH spectrum emitted from a height z may be written
(c.f. equation 2.22),

C
1(K,2) = P(2) q-2Ryv? (K)S(K) exp[—.'EE—';T) (3.1)
r
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where P(z) is the volume emission rate at height z, and T(z)
is the ambient temperature at height z. The rotational parti-
tion function Qr' is a function of temperature and, therefore,
also of height; The "integrated" intensity of this spectral
1ine, or the intensity contribution from emissions at all
heights, is given by,
22

1K) = [ 1k,2)dz
“ (3.2)
The 1imits of the integral are defined by the upper and lower

Timits of the OH emission profile, and equation 3.2 may be

rewritten as,

Z

2 P(z)C_  v3¥(K)S(K) -F(K
I(K) =f £ en” exp[ )
I

]dz ) (3.3)

Q. kT(z)

As P(z) and T(z) do not have simple analytic forms, this inte-

gral may be evaluated by approximating to-a summation,

1(K) =
1

no=2

Piva(K)S(K) exp[lgéﬁl]Az
i

1 (3.4)

This corresponds to dividing the emission profile into N thin
layers (thickness Az), each of which is considered as emitting
with intensity Pi at a temperature Ti‘ The summation may be
performed for each rotational line in the band and the result-
ing spectrum analysed in the usual way to determine rotational
temperatures.

The rotational temperature graph for thé P1 branch of

such a spectrum is shown in Figure 3.3. In this calculation,
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Figure 3.3: Rotational temperature graph for the P1 lines,

(8-4) band, calculated for the Packer (1961)
emission height profile.
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the emission height profile measured by Packer (1961) and the
United States Standard Atmosphere (1966) temperature profile
(45° latitude, summer) were used. It is evident from Figure
3.3 that OH spectra calculated using the weighted averaging
process do not give a constant rotational temperature. The
deviation from isothermal behaviour is in the same sense as
that for the spectra obtained by Harrison et al. (1970), with
higher temperatures for lines originating from higher values
of K". The derived temperature values for the different P
lines are given in Table 3.2 together with the values obtained
from ground-based nightglow observations. Each temperature

is calculated from the intensity ratio of two lines in the P
branch with the subscripts identifying the appropriate lines
(Harrison et al., 1970) (c.f. equation 3.13, page 44). For
lower values of the rotational quantum number K" (the brighter
lines in the P branch), the rotational femperature for the
synthetic spectrum is 185°K. It should be noted that although
the atmospheric temperature varies between 160°K and 600°K
over the height range of the OH emission, the rotational temp-
erature for these lines is approximately that for the atmos-
pheric temperature at the emission peak. This is in agreement
with that expected from qualitative considerations. However,
the deviation from isothermal behaviour in the rotational
temperatures is considerably larger for the observed spectra
than for the calculated spectrum.

Synthetic spectra were computed for other measured

emission height profiles, and in all cases the non-isothermal
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behaviour was evident. For an emission profile with an
intensity peak at a higher altitude than the atmospheric
temperature minimum, a higher value for the rotational temp-
erature is obtained from lines with a low rotational quantum
number.

It is evident from Figure 3.1 that the "Packer" pro-
file has the greatest vertical extent of the observed nightglow
emission profiles. Therefore, calculations of the averaged
spectrum for this profile indicate the maximum contribution
from the weighted averaging process to the deviation from
isothermal behaviour. For emission profiles of smaller verti-
cal extent a smaller variation occured in the rotational
| temperatures for the P branch lines. This is expected as the

range in atmospheric temperature is smaller for such profiles.

3.3 Atmospheric Profiles from Ground Based Measurements

The mathematical form of equations 3.3 and 3.4'suggests
that if two of the three quantities I(K), P(z) and T(z) are
known, then the third may be calculated. For the case where
I(K) is the unknown, the calculation has been described in
section 3.2.2. If the partition function Qr' is expanded as

a function of K then equation 3.3 may be written as,

Z
2 P(z)C, v¥(K)S(K) exp[-F(K)/kT ;
k) = [ (z)C v exp[-F(K)/kT(z)]

i

z(2K+1) exp[-F(K)/kT(z)] . (3.5)
K

Zy

This equation is an integral equation of the first kind. The
intensities I(K) can be measured for a number of different

lines in a given band, and if P(z) is known, or assumed, it
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should be possible to solve equation 3.5 for T(z), the atmos-
pheric temperature profile. In practice, the solution is very
unstable and the probability of obtaining an accurate profile
is small. This instability is suggested by the fact that the
use of several different emission height profiles, P(z), gave
rise to only small changes in the measured values of the rota-
tional Tine intensities, I(K). Numerical methods have been
developed for solving equations such as 3.5, but their accuracy
is low (Twomey, 1965; Koz]o?, 1966), which suggests that there
js 1ittle advantage to be gained from attempting to derive

atmospheric profiles in this manner.

3.4 Vibration Rotation Interaction and Line Strengths

3.4.1 Introduction

In the analysis of both observational and theoretical
spectra, the rotation dependent parts of the vibration transi-
tion matrix (the so-called F factors)* have been neglected.

It is possible that the neglect of.these factors may introduce
a spurious deviation from isothermal behaviour in the measured
rotational temperatures. This effect would not necessarily
appear in the analysis of the computed spectra, as the SF(K)
factors were neglected in the intensity calculations. The
reason for neglecting the vibration rotation interaction line
strength factors is that their values are not accurately known
for the OH molecule. To permit an accurate analysis of the
observed spectra it is necessary to estimate the effect that

the SF(K) factors might have on the rotational temperature

*Due to the use of the notation F(K) for the rotational term
energy, the vibration rotation interaction line strengths will
be written here as S.(K).
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determination.

3.4.2 Analysis for estimated interaction factors

Wallace (1962) has noted that rotational temperatures
reported by Shefov (1961) and analysed neglecting the SF(K)
factors were isothermal. This has been interpreted to indi-
cate that for the (4-1) and (5-2) bands the SF(K) factors are
close to unity. In view of the recent results of Harrison et
al. (1970) for the (4-1) band, which indicate a non—iéotﬁerma]
behaviour, this assumption must be reconsidered.

Herman and Wallis (1955) have shown that to a first
approximation for the fundamental bands,

SF(K) = 1+4yom (3.6)

where m K for the P lines,

= -(K+1) for the R lines,

Yo
and
e=M°
MTTe
Mo’ M] are the first two terms in the Taylor expansion of the

dipole moment, M(r), and r_ is the equilibrium internuclear

e
separation. For the overtone bands (Av = n),y may be expressed
as (Cashion, 1963),
_ ZBe
‘Y-——-——

Nwe (3.7)

and equation 3.6 may be written,
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Sp(K) = 1 + —=— (3.8)

For the values of Be and w_, for the OH molecule (Herzberg,

e
1950), the interaction factor for the P branch lines in the

(4-1) band is,
SF(K) = 1 + 0.0]BOK . (3.9)

The value of 0 depends on the dipole moment which has been

measured for the OH molecule by Phelps and Dalby (1965). They
obtained values for the first three coefficients in the expan-
sion of M(r), from which © may be calculated. On the basis

of these measurements the value of 0 is -1.0 #+ .5. The large
experimental uncertainties limit the uééfu]ness of this value
in the calculation of the vibration-rotation interaction line
strength factors. However, an estimate may be made of the mag-

nitude of the factors. If Oy = -1.0, then for the (4-1) band,
SF(K) =1 - 0.013K. : (3.10)

and for the P(6) lines in that band, SF(6) = 0.92. This indi-
cates that the neglect of the interaction line strength factors
in the analysis of (4-1) band observational spectra will cause
an 8(*4)% error in the effective line strength values, for the
highest values of K observed in airglow spectra.

To estimate the effect on the rotational temperatures
of érrors in the effective line strength values, specfra were
computed for total line strengths given by the expression,

S'(K) = S(K)(1 + eK) (3.11)
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for different values of £, and at a constant temperature

T = 200°K. These spectra were then analysed using the simple
line strengths, S(K), to determine rotational temperature;
the results are given in Table 3.3. The value € = -0.01
corresponds to the estimated values of SF(K) for the (4-1)
band.

It is apparent from Table 3.3 and equation 3.10 that
the effect on the rotational temperature is small for thé
higher overtone bands, (small ). This indicates that neglect-
ing the SF factors does not contribute to the disparity between
the observed deviation from isothermal behaviour, and that cal-
culated from the atmospheric temperature averaging process.

If the assumed value of © is correct, the SF factors are only
important in the fundamental and first overtone band spectra.
A complete discussion is not possible until a more precise

measurement is made of the dipole moment for the OH molecule.

3.4.3 OQther uncertainties in the line strengths

As the OH(?m) level is intermediate in coupling between

Hund's case (a) and case (b), the Tine strengths are not given
exactly by the Honl-London formulae. However, Hill and Van
Vlieck (1928) have developed formulae for intermediate coupling
cases. Benedict et al. (1953) have calculated the line
strengths for the OH(2I-2I) transitions from the Hill and Van
Vleck formulae, and it is these Va]ues which have been used in
all calculations fn the present work. It may, therefore be
assumed that errors in the adopted line strength values are

small. The effects of such errors have been considered
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effectively in the discussion of the SF(K) factors, where it
was shown that uncertainties of 10% in S(K) have only a small

effect on the derived rotational temperature.

3.5 The Effect of Failure to Resolve the Spin Doublet

Components

The rotational temperatures reported by Harrison et
al. (1970) were obtained from spectra measured with a spectral
half width of 273. In these spectra the P branch spin doub-
lets were not resolved. If the rotational temperatures are
derived using the line strengths for the P1 lines, which
differ from those for the P2 lines, it is probable that sign-
ificant errors will be introduced into the temperature values
obtained. To estimate the magnitude of the errors in the
derived rotational temperatures, a theoretical spectrum was
calculated for emission at a single temperature and convolved
to synthesize the output of a spectrometer with a 273 spectral
half width. The computer spectrum was then analysed in the
manner described above. The results of these calculations for
aﬁ equilibrium temperature of 200°K are given in Table 3.4.

It is apparent that the deviation from isothermal behaviour is
in the opposite sense to the observed in the nightglow, and
that analysis in this manner of unresoived spectra would not
contribute to the observed nightglow effect. It should be
noted that rotational temperatures obtained in this way cannot
be compared directly with those obtained from spectra where

the spin doublets are resolved.
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To avoid the difficulty caused by the above method of
analysis, the rotational temperatures presented by Harrison
et al. (1970) were determined by comparison of the observed
1ine intensity ratios with those from synthetic spectra cal-
culated for a 273 spéctra] slit width. This procedure takes
into account the line strengths of both spin doublets, and

the temperatures may, therefore, be compared with those

'derived from resolved P lines.

3.6 The Effect of Background on Rotétiona] Temperature

Determination

In the measurement of the intensities of spectral
1ines the lowest intensity lines observed are determined by
the instrumental sensitivity and background noise. The low
intensity lines are subject to the greatest uncertainty in
measurement. As it is these lines which have been found to
deviate most from isothermal behaviour, it is important to
determine the effect of measurement uncertainties on the results.
From equation 2.22 the ratio of the intensities R

(in photon units) of two emission lines may be written as,

LK) SRV K)  F(Ky)-F(K])

) TS,y P
I v3

2 2 2 (3.12)

This equation may be transposed to give,
[F(K,)-F(K{)]

S(Kz)v(K2)3
S(K.I)\)(K])3

k 1oge[R

(3.13)
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from which it can be shown that,

AT _ AR [ S
T 7 R FK-F(K,)

(3.14)
P1 branch rotational temperatures have been computed
from spectra obtained by adding constant amounts of "noise"
to a spectrum calculated for a temperature of 200°K.* The
results are given in Table 3.5, with the noise value expressed
in terms of the intensity of P1(10) line. The temperatures
listed in parentheses correspond to lines that would be masked
by the noise. The calculations indicate that insufficient
correction for background in the observed spectra can cause a
deviation from isothermal behaviour similar to that observed
by Harrison et al. (1970), although smaller in magnitude.
Similar arguments show that overcorrection for background
continuum in observed spectra will lead to an underestimate
of the deviation from iSotherma] behaviour.
It should be noted that the results of Harrison et al.
(1970) have been carefully corrected for background continuum,
and the maximum uncertainty in the rotational temperatures is

v+5°K. Therefore, the observed deviation from isothermal

behaviour is real.

3.7 Self-absorption

Self-absorption of the emitted radiation by ground
state molecules is of considerable importance in the rotational

spectrum of OH(2:%-211) emissions in laboratory flames, where

*This analysis is equivalent to determining rotational temp-
eratures from spectra in which the background continuum is not
negligable. '




46

(9-¢L¥) (9-0%E) (2-282) (9-¢ve) 6°0¢¢ 6°60¢ ¢°€0¢ L7961 0°001
(6°v0€) (g-952) (0°622) v 0Le 9°v0¢ L°¢0¢ £°00¢ 0°661 0°0¢
(0°182) (L,°022) €°L0¢ L7202 2102 §°00¢ ¢°00¢ 9°661L 0°g
(L°212) 0°90¢ G°10¢ 9°00¢ €°00¢ L°00¢ L7002 L7661 01
L7602 9°20¢ 8°00¢ €°00¢ L°00¢2 L°00¢ 0°00¢ 87661 G°

00¢ 00¢ 002 00¢ 00¢ 00¢ 00¢ 00¢ 0
o_.m.H mNH 8¢, mmh wmh mmh vmh mmh (A3Lsuajut

(¥o) Ssaanjeuadws) |euoLjleloy

sutl (o0lL)Ld
30 uotgoeuy)
punoubyoeg

(¥o002 @4njedadwa}l wniaqLiLnby)
SAYNLYY3IdWIL TYNOILVLIOY NO ANNOY¥9AIVE 40 133443 3IHL
T G'€ 3149vVlL



47

it has been claimed to cause the considerable deviation from
isothermal behaviour that is observed (Broida,<1955). It is
also important in the infra-red atmospheric bands of

02(1A9’3Z;) at 1.27u. The large number of ground state oxygen
molecules in the lower atmosphere allow only 6% of these emis-
sions to be transmitted to sea level, and with a considerably

modified spectrum (Evans et al. 1970). It is; therefore, of

interest to determine the effect of self absorption in the OH

airglow spectrum. |
The energy absorbed per unit cross se;tion area for

a transition from a Tevel m to a level n is given by (Herzberg,

1950),

nm _ .nm _
Iabs = I0 NmanhvnmAX (3.15)
where Igm is the incident radiation intensity (energy units)

per unit area, Nm is the number of absorbing md]ecu]es per
unit volume, an is the Einstein transition probability for
absorption, h is Planck's constant, Y is the wave number of
the radiation, and Ax is the thickness of the absorbing medium.
The coefficient an is related to the spontaneous emission
transition probability Anm by,

. Anm

mn= 3
(8Thev 1) (3.16)

For the OH Meinel bands, vnmm10“cm’1and A v50 sec™ !, so

that an%10“ cm2erg~lsec™!; for the ultra-violet OH(2:%) bands,
6 -1 4 -1 o 6 2 -1

Anmw10 sec™*, and vnmm3x10 cm™ and.hence anm7x10 cméerg

sec™!. It is apparent that the absorption probability is much



48

Tower for the infra-red airglow OH bands than for the ultra-
violet OH flame spectra.
If equation 3.15 is written to give the fraction of

radiation absorbed,

abs ~ B hv oAX (3.17)

the effect of self-absorption on the OH airglow spectrum may
be calculated. Nicolet (1970) has shown that the number den-
sity of OH molecules in the atmosphere is ~107cm™ %, and if
these are assumed to be confined to a homogeneous layer of

20 km thickness the fraction of the radiation absorbed is
v10-°. Therefore, the effects of self-absorption on the OH

airglow emission may be neglected.

3.8 Instrument Effects

3.8.1 Step-scanning spectrometer.

The OH bands in the high resolution night airglow
spectrum atlas of Broadfoot and Kendall (1968) also have been
analysed for rotational temperatures. A pronounced deviation
from isothermal behaviour has been found for the bands analysed
(Figure 3.4). However, there is a considerable scatter in
the derived rotational temperature values. This has been
shown, by computer simulation, to be due principally to the
spectrometer used by Broadfoot and Kendall. Although the
instrument had a spectral half width of SZ, it‘was used in a
step-scanning mode, step ].23, rather than in a continuous-

scanning mode. Consequently the peak of the spectrometer
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OH(8-3) and (8-4) band spectra.
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Figure 3.4: Rotational temperature graphs for observed
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transmission function was, in general, not centered on the exact
wavelength of the emission line, and small errors are there-
for introduced into the intehsities scaled from the published
data. However, this effect is random and does not hide the
non-isothermal behaviour of the rotational temperature. It
also indicates that a continuous-scanning spectrometer is
desirable for measurements of OH rotational spectrum from

which "temperatures” are to be determined.

3.8.2 Photographic plates

Photographic plates are included in the category of
continuous recording devices, but have the disadvantage of a
nonlinear intensity response. While this does not preclude
the use of photographic techniques in the determination of
rotational temperatures, it is always possible that an unknown
non-linearity could be introduced into the derived rotational
temperatures.

The relatively re;ent introduction of photoelectric
devices* into high resolution OH spectrum recording may account
for previous authors' failure to take notice of deviations
from isothermal behaviour in the measured rotational tempera-
ture. A re-examination of previously published data obtained
with photographic emulsions (McPherson and Vallance Jones,
1960; Kvifte, 1959) has shown that the non-linearities obtained

by Harrison et al., (1970) are present.

*Russian workers have used a combination of image intensifiers
and photographic plates.
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3.9 Discussion

The observations of Harrison et al., (1970) as con-
firmed by other results, have shown that there is a real
deviation from isothermal rotational temperatures in the
nightglow OH spectrum. The foregoing discussions have shown
that in the presence of thermal equilibrium in the OH rota-
tional populations, the only factor that introduces a signifi-
cant deviation (for the bands in question) is the atmospheric
temperature averaging process. However, deviations introduced
by this mechanism are not sufficient for it to be the sole

explanation. It must be concluded that non-equilibrium pro-

cesses are important.



CHAPTER IV

NON-ISOTHERMAL BEHAVIOUR IN OH AIRGLOW
ROTATIONAL TEMPERATURES

2. NON-EQUILIBRIUM CONDITIONS

4.1 Introduction

It was shown in Chapter III that the assumption that
rotational populations are in thermal equilibrium with the
ambient atmoéphere cannot provide a complete explanation of the
observed features in the OH airglow spectrum. This makeﬁ it
necessary to consider whether thermal equilibrium is achieved
by the emitting molecules. As the Meinel OH bands are emitted
over an extended height range, the collision frequency will
vary considerably over the emission region (Table 4.1). For
OH molecules undergoing transitions in the lower regions of
the emission profile the collision frequency may permit rota-
tional equilibrium with the surrounding atmosphere, but for
molecules emitting in the upper regions there may be a signi-
ficant departure from equilibrium. A comparison of the
tabulated transition probabilities (Table 2.3) with the colli-
sion frequency (Table 4.1) shows that the total probability
for transitions from the ninth vibrational level is equal to
the collision frequency at 105 km.

If the initial rotational population distribution dif-
fers appreciably from that for thermal equilibrium, the number
of collisions experienced‘before radiation will be important in
determining the effective rotational population distribution,
and spectrum, of the emitting molecules. If there are no colli-

sions in the period between the formation of the excited OH
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TABLE 4.1

COLLISION FREQUENCY AS A FUNCTION OF HEIGHT

(Calculated from 1966 United States
Standard Atmosphere Data)

Ht Collision Frequency
Z(km.) | v(secT?!)
65 5.62 x 10°
70 2.86 x 10°
75 1.35 x 103
80 5.79 x 10* -
85 2.24 x 10"
90 8.03 x 10°
95 3.13 x 1083
100 1.19 x 103
105 5.02 x 102
110 2.44 x 102
115 1.26 x 102
120 7.65 x 10!
125 5.01 x 10!
130 3.30 x 10!
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states and radiative transitions, the resulting spectrum will
display the rotational population distribution at the time of
origin of that state. If the excited state molecules undergo
some collisions before radiating, but an insuffiéient number
to cause thermalization, the radiating population will be in
an intermediate condition between the initial distribution

and a thermal distribution. 1In order to determine this jnter-
mediate condition it is necessary td consider the possible
initial populations and the probable rotational relaxation

mechanism.

4.2 Origin of the Initial Populations

The initial population distribution of the newly
formed vibrational state will be determined by the method of
formation of thai state. In general, there are two ways in
which a given excited state may originate. It may result
either from a transition from a higher vibrational level, or
it may be the state formed in the initial excitation process.
In the first case the population distribution of the newly
formed state will depend on the population distribution before
transition, and any redistribution which may result from the
transition. 1In the second case the population distribution
will depend on the excitation mechanism. It is improbable
that the newly excited rotational population distribution will

be a Boltzmann distribution.
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4.3 The Effect of Transitions on Rotational Population
Distribution

4.3.1 Theoretical considerations

The rotational population originating through radiative
transitions from a higher vibrational level is considered for
the simplest case where the emitting state population is in
thermal equi]ibrium with the ambient medium. (Similar calcul-
ations should apply for a non-equilibrium upper state popula-
tion.)

The allowed transifions which contribute to a vibration-
rotation band are given by the usual rotational selection

rules (for A = 1),
A = -1, 0, +1 (4.1)

and result in the P,Q, and R branches respectively. Hence,

a molecule in Tower rotational level J" may originate from
populations in the upper rotational levels (J') equal to

J" +1, J" or J" -1. As the intensity (in photon units) of a
spectral line is a measure of the total number of molecules
that have undergone the corresponding transition, the total
number of molecules in the level J" will be given by the sum

of the intensities of the spectral lines from transitions into
the common lower Tevel J". The fraction of the molecules
populating a given lower rotational level J", after transition,

may be written as,

(1

+1 +1.)
n(d") = I

1 _
J (4.2)
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where Ip, Iq, I. are the intensities (in photon units) of the

spectral lines involving transitions to a common lower rota-

tional level J", and Xl is the total band intensity. The
J

intensities of the spectral lines with a common lower level

may be written as (see equation 2.22),

-E(J"-1)hec C
I = v3S (J"-1) exp[ Ly
P PP KT N

: -E{(J")h C
I = vaSq(d") expl ) “yp-emy
kT "o,

-E(Jd"+1 C

Ir = V;Sr(J"+]) expl .( ) ][ em] .
kT er (4.3)

From equatibns 4.2 and 4.3 the population in the rotational

level J" may be expressed as,

“E(J"-1)hc | ~E(J")hc
n(d") = [v;sp(a"-1) exp( - )] + [v;Sq(J") exp(————;?——)]
-E(J"+1)hc -E(Jd)hc
t [vpS.(3"+1) exp( )J}/ [ZviS(d) exp(———)]
KT J KT
(4.4)

The wave numbers v are approximately constant for all the
Tines in the band, so that equation 4.4 may be simplified as

follows, to give:
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-E(J"-1)hc -E(J")hc
)1+ [54(3") exp(———)]
kT

n(Jd") ={ES (3"-1) exp(
P kT

-E(J"+1)hc -E(J)hc
+ [S,.(3"+1) exp( o ) /[gS(J) exp(—7—)1]

(4.5)

If the lower state population is in thermal equilibrium
at temperature T, then the fractional population of rotational
level J" may be written, according to the Boltzmann expression,
(Herzberg, 1950),

-E(J")hc -E(J")hc

n(d") = [(20"+1) exp(—————)] / [Z(29"+1) exp(—————)]
kT J kT

(4.6)
A comparison of equations 4.5 and 4.6 shows that the equilibrium
rotational population of the upper level has been redistributed
by transitions to give a different (and therefore non-

equilibrium) rotational distribution.

4,3.2 The variation of the transition effect for different

bands
The total energy of a state may be written as the sum
of its rotational and vibrational terms,

E(v,d) = G(v) + F (J) (4.7)
where E(v,J) is the total energy of the state, G(v) is the
vibrational term, and FV(J) is the rotational term. For a
given band G(v) is constant and it follows from equation 4.5

that,
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-F,(3"-1)hc =F,(d")hc
n(J") =-{[S (3"-1) exp( )1 + [S_ (3") exp(—————)]
p kT q

kT

kT
(4.8)

-F_(3"+1)hc -F, (J)he
+ [S._(J"+1) exp(—Y Y1p /7 [zS(d) exp(———)].
r kT J

This expression is independent of the vibrational term energy,
and the only dependence on the vibrational level is that of
the rotational term energy. To a good approximation the rota-

tional term energy may be written,
FV(J) = BVJ(J+1) - (4.9)

where Bv is the rotational constant for the vibrational level

v, and may be written_as (Herzberg, 1950),

B =B -

, = Bg - a (v+1/2) (4.10)

where Be and a, are constants for the molecule. For ground
state OH molecules Bv varies between 18.515 cm™! for v = 0

and 12.33 cm~! for v = 9. Hence, there is a definite vibration-
al level dependence jn the equation for n(J"), so that the
transition effect will in general depend on the upper vibra-

tional level.

4.3.3 Quantitative calculation of the transition effect
Numerical calculations uﬁing equation 4.4 have shown
that the lower state rotational population is approximately
described by én isothermal (Boltzmann) distribution, but
corresponding to a higher temperature than the initial equili-

brium temperature. The Tower state rotational population
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distribution for the (7-3) band expressed in terms of rota-
tional temperatures* is given in Table 4.2, for a range of
initial equilibrium temperatures. This population may now
become the upper state population for a new radiative transi-
tion, although there is a possibility of collisional redis-
tribution. If the distribution is not affected by thermalizing
collisions, the rotational temperature determined from the
resulting spectra (bands with v' = 3) will be the rotatiﬁna]
population temperature given in Table 4.2,

This effect has also been considered in a simplified
manner by Wallace (1961). For a sequence of vibrational
transitions with Av = 1, and neglecting collisions, Wallace
showed that the(e would be an increasing accumulation of
population in the higher rotational Tevels with decreasing
vibrational level v. This population enhancement would give
an increasing rotational temperature for bands with decreas-
ing upper vibrational level v'. The absence of any strong
effect of this nature in observed spectra was taken to indi-
cate that the radiating molecules are re-thermalized following

each transition.

4.4 Partial Thermalization in Non-Equilibrium Populations

4.4.17 Introduction

In the previous discussion it was assumed that the
excited molecules do not suffer thermalizing collisions during
their radiative 1ifetime. This assumption was made to clarify

the role of the processes being discussed.

*These "temperatures" are defined in a similar manner to the
rotational "temperatures" in Chapter 3, but using the ratio of
Boltzmann populations (Equation 4.6) instead of the ratio of
the Tline intensities.
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In practice there will be a number of collisions
between the excited OH molecules and the ambient atmospheric
molecules before the radiative transition. The exact number
of collisions is determined by the atmospheric collision
frequency, at the altitude in question, and the radiative life-
time. If the collision frequency is smaller than the transi-
tion probability -- i.e. if the time between collisions is
longer thaﬁ the radiative 1ifetime -- the rotational spectrum
will exhibit the population distribution occurring at the time
of origin of the excited states. If the time between colli-
sions is shorter by some orders of magnitude than the radiative
1ifetime the rotational population will be nearly thermalized.
In the latter case the derived rotational temperature will
be very close to the ambient gas kinetic temperature.

In order to determine the population distribution for
intermediate cases -- i.e. where the radiative 1ifetime is of
the same order as the collision time -- it is necessary to
know the mechanism by which energy is lost in collisions, and
the initial rotational population distribution. It is then
possible to describe the state of the system at any time in

terms of a relaxation process.

4.4.2 Relaxation processes

To understand the effects of relaxation processes it
is convenient to consider a simple case first. In this model
it is assumed firstly that the initial excited population has
a Boltzmann distribution at a temperature T', which is higher

than the equilibrium temperature To’ and secondly that the
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excited molecules lose one-half of their excess energy per
collision. An "average" molecule will initially have an

excess rotational energy k(T'-T_), and the "half energy loss"

0
model requires it to lose energy 1/2k(T'-T0) in its first
collision, ]/4k(T'-To) in the second collision, and so on.}
Since the energy loss is expressed in terms of temp-
erature the excited population can at all times be character-
ized by a temperature. This is a reasonable assumption, as
more complex relaxation calculations indicate that a "hot"
Boltzmann distribution does relax through a series of distri-
butions which are approximately Boltzmann (i.e. can be
described by a 'temperature') (Herman and Shuler, 1958).

The temperature of the excited molecules may be

expressed as a function of time,

Ty t (T'—To)

T(t) =
on(t) (4.11)

where each{molecu]e has experienced n collisions in the time
t since formation. Equation 4.11 may be rewritten in terms

of the collision frequency, v,

n(t) = vt (4.12)
SO
T T'-T
T(t) = °+(t o)
2V (4.13)
or
T(t) = To + (T'-To) exp(-v 1oge2 .t) X (4.14)
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The "half energy loss" model may be seen to be a

relaxation process by considering the usual relaxation

equation,
ar(t) . . 1 (T(t)-T,) (4.15)
dt TR

where Tp is the "relaxation time" (Raff and Winter, 1968).

Equation 4.15 has the solution,

T(t) = T, + (T(0)-T ) exp(%ﬁ) (4.16)

and the two solutions 4.14 and 4.16 are identical when,

1
vlog,2 (4.17)

TR

It should be noted that the latter description is independent
of any explicit energy loss mechansim; it is the choice of

such a mechanism that determines the value of Tpe

4.4.3 Simple relaxation with radiative loss mechanisms

As the OH molecules are radiating while the rotational
distribution is relaxing, there are more radiating molecules
when the population is "hot" than when it has thermalized.
Therefore, the rotational temperature determined from the
emission spectrum will be weighted in favour of the hotter
population. If it is assumed that the population may be des-
cribed at all times by a Boltzmann distribution, and thus a
temperature, the mean rotational temperature during the relax-

ation is given by,
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N(t)T(t)dt

N(t)dt (4.18)

o™ 3glo~—3

where N(t) is the number of excited molecules and T(t) is
the Boltzmann temperature of the relaxing population.

The number of excited molecules at a time t is,

N(t) = N, exp(-At) ' (4.19)

~ where N0 is the initial excited population and A is the total
transition probability, for the bands through which the
excited population is decaying. If the values of N(t) and
T(t) from equations 4.19 and 4.16 are substituted into

equation 4.18 then,

I -At) [T T(0)-T =) 1dt
%( exp(-At) [Ty + (T(0)-T, exp(T2)]

)
TR = —
].No exp(-At)dt
0 (4.20)
which simplifies to,
_ T+ (T(0)-T))
T = »
R 1 + 1
At
R (4.21)

This is the value of the rotational temperature that would be
determined from the emission spectrum for an excited popula-
tion relaxing through a series of Boltzmann distributions with

relaxation time TR*
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4.4.4 Discussion of the simple model

The "half energy loss" model provides some indication
of the relaxation of a rotational population and has been used
to describe the relaxation of "hot" Boltzmann distributions such
as occur after vibration-rotation transitions from thermalized
levels, (Section 4.3). It cannot be used to describe the relax-
ation of initial population distributions which are not Boltzmann.

In this model it is assumed that rotational energy may
be transferred in collisions in any amount, and the discrete
nature of the rotational energy levels is neglected. This
assumption is valid onfy if the energy spacing between adjacent
rotational levels is much less than the mean thermal energy of
the molecules. From equation 4.9 this requirement may be
written as,

ZBV(J+1) << 3/2kT (4.22)
and for average values in the OH molecule this requires
T ~ 1500°K, which is significantly greater than the atmospheric
tempeféture in the emission region.

It is also assumed that the relaxation may be described
in terms of a single relaxation time TR 2S defined in equation
4.15. Shuler (1959) has shown that for a system with more than
two energy levels it may not be possible to characterize the
relaxation by a single relaxation time.

For these reasons, a more complicated model has been
considered which takes into account the quantum nature of the
rotational energy, and permits the discussion of relaxation for

initial distributions which are not Boltzmann.
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4.5 Weak Interaction Relaxation Theory

4.5.1 Introduction

A number of authors have considered the problem of
vibrational and rotational relaxation of excited diatomic
molecule populations (Clarke and McChesney, 1964). The relax-
ation has in all cases been described in terms of a weak
interaction between rotational and kinetic energies. It is
possible that a weak interaction may not describe the rota-
tional relaxation for OH, as will be discussed later, but in
the absence of other information a weak interaction model

has been assumed.

4,5.2 Rotational relaxation

For a non-radiating thermodynamic system with discrete

energy levels characterized by quantum numbers I,J etc., the

rate of change of population in the Jth level is given by,
dnJ
ge = I Kgnp(t) - 2 Kygng(t) (4.23)
I#J I#J

where KJI is the probability for a transition from level I to
level J, KIJ is the probability for the reverse transition,

th and Ith

and nJ(t) and nI(t) are the populations of the J
levels respectively. The first term on the right-hand side
of equation 4.23 is the population gain by level J from other
levels, and the second term is the popu]gtion loss from level
J to the other levels.

Equation 4.23 may be applied to the collisional relax-

ation of vibrationally or rotationally excited molecules
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immersed in a "bath" of thermalized particles. In this case

KJI may be written,

K (4.24)

a1 = 29Nt g

where Z is the collision frequency per unit oscillator density,
QJI is the transition probability per collision, and NI J is
the fraction of "bath" particles with sufficient energy to

excite a molecule from level I to level J. Similarly KIJ is

given by,

K . (4.25)

10 = LQgNg g

Herman and Shuler (1958) have considered the probiem of the
simultaneous vibrational and rotational relaxation of an
excited diatomic species, and have shown that to a very good
approximation, the rotation and vibration modes relax inde-
pendently. This is due to the time scales for each relaxation:
the rotational mode relaxes between 10% and 10° times faster
than the vibrational mode. The rotational reiaxation may,
therefore,be considered independently of the vibrational
relaxation.

For the weak interaction theory of rotational relaxa-
tion proposed by Takayanagi (1952) and Brout (1954), the
collisional rotation transition selection rules are the same
as for optical transitions. For the case where A = 1 (@I elec-

tronic states), these are,
A = -1, 0, +1 : (4.26)

Similarly, the collisional rotation transition probabilities

are proportional to the optical transition probabilities.



68

The probabilities for collisional rotational transi-
tions between levels J+1, J, and J-1, for a rigid rotator,

may be written,

=[(J+1+Q)(J+1-Q)][Qlo ]

1,041 J+1 20+1
. (l2dr)e?, [Q1o,]
Q,0 = Uy Laga
- Q
0,91 = HEEHEE A (4.27)

where Q = 3/2, 1/2 for the two spin multiplets of OH. Q]0 is
the collision transition probability between the two lowest J
levels, and is a measure of the probability that a collision
will cause a rotational transition. If the selection rules
given in equation 4.26 apply, then the only non-zero rotational
transition probabilities for the level J are given by equation
4.27,and correspond to the P, Q, and R brancheé in optical
transitions.

The collisional transition probabilities Q may be

expressed in terms of the relevant optical line strengths:

_ Q0
Qy,9+1 [5p(3)1l5377]

%0

Q9

If it is assumed that the vibrational relaxation may be
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neglected, the equation (4.23) for collisional relaxation of

the rotational population may be written as,

AN S CAt L P LA T T I [SP(J)"JNJ, J414
Qo dt 2J+3 2J+1
Sp(J-1)n, 4N, So(J)n N, .
s 2P 9-179-1,d7 | (2RI 19,014
2Jd-1 2J+1 :
(4.29)
In general, any bath particle is capable of causing
de-excitation, so that,
Nyp1, 9 = Ny gop = N (4.30)
where N is the total number of bath particles. Also,
SR(J+1) = SP(J)
SR(J) = SP(J-1) (4.31)
and hence equation 4.29 becomes,
LI Tt LA LA IREA
Q]OZ dt P 2J+3 2J+1
n N ‘ n,N
J-1"J-1,J J
SR Og—= - ae] (4.32)

From the principle of detailed balance, each set of brackets
in equation 4.32 must be separately equal to zero at equilibrium.
Hence, if the equilibrium populations for levels J, J+1, J-1

are written nj, n;. 4, Ny 9, then,



NJ+1 _ NJ,J+1(2J+3)

FJ N(2J+1)
and

Ny _ N(2J-1)

nj NJ_],J(2J+1)
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(4.33)

These equilibrium populations are also given by Boltzmann

distributions:

(23+1) exp[liiﬂillg]
2(2Jd+1) exp[—iiiill—

J

S|
<

It follows that,

- (2J+3) exp['(d+]Z%a+2)B]

Ny (2J+1) exp['J ﬁ;1 B]

(23-1) exp[lﬂii:llg]
Hﬁ (2J+1) exp[——iiill—

From equations 4.33 and 4.35,

N N exp-2(J+1)¥]

J,d+1 °
and

Ngoy,9 =N expl-2JY¥)

(4.34)

(4.35)

(4.36)

(4.37)
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where |

(4.38)

o
—~|o

As the collision frequency v may be written in terms of Z,
the collision frequency per unit oscillator density, and N,

the number density of bath particles,

NZ = v (4.39)

the rotational relaxation equation (4.32 may be written,

,dng Sp(J) Sp(9)
Qv dt [ngaq(zams)d * Ingoq (ggmr) exe(-20¥)]
SP(J) exp(-2(J+1)v) SR(J)
- [ny( ' + )1 .
| (20+1) (29+1)

(4.40)

4.5.3 Solution of the relaxation equation.

Herman and Shuler (1958) have found no simple analytic
solution to equations such as 4.40. Satisfactory numerical
solutions may be obtained from a Taylor expansion (Wilkes, 1966)

of the form,

()
nJ(t) = nJ(to) - (t-to)nJ + > nJ(to)
(4.41)
with the time interval,
(t-t) = &L, (4.42)

where v is the collision frequency. The method has been found
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to be accurate for time intervals between .01/v and 1/v , and
may be used to determine the rotational relaxation for any
initial population [nd(t=0)].

Herman and Shuler (1958) have shown from calculations
similar to the above that a "hot" Boltzmann distribution will
relax through a series of nearly isothermal distributions.
This is in agreement with the simple "half energy loss“‘model
(section 4.4).

To investigate the relaxation of an initial population
confined to a single rotational level calculations have been
made for the OH molecule with an initial population in the
ninth vibrational level and the seventh rotational level. The

initial conditions for equation 4.40 may be written as,

15

nJ(O) =1, J = 5 (K=7)
=0, a2 (k) (4.43)

It was found that at a "bath" temperature of 500°K, the popu-
lation had relaxed to within 1% of an equilibrium Boltzmann
distribution after 72 co]iisions, and for a "bath" temperature
of 165°K affer 48 collisions.

This temperature dependence may be understood from
equation 4.40. The exponential terms correspond to collisions
increasing the rotational quantum number. The magnitude of
these terms increases with temperature. Physically, this means

that for higher temperatures there are more bath particles
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capable of exciting the relaxing molecules, and “cooling" will

be retarded.

The population distributions for various times during

the relaxation process are shown in Figure 4.1.

4.5.4 Radiative relaxation.

The weak interaction model discussions have neglected
the possibility of radiation during the co]iisiona] relaxation.
The collisionally relaxing population is being depleted con-
tinuously by radiation. If the rotational population of the
level J which is undergoing collisional relaxation, as deter-
mined by equation 4.40, is nJ(t), the true population NJ(t)
of level J as a function of time,with radiative losses included,

may be written,

N, (£) = ny(t) exp(-At) (4.44)

where A is the total optical vibrational transition proba-
bility and t is the time since the formation of the excited
vibrational level. The number of molecules that radiate in

the time interval t to t+8t is given by,

SNy = -nJ(t) A exp(-At)st . (4.45)

The intensity of an emission line is proportional to the total
number of molecules that radiate through the relevant transi-
tion. Hence, the emitted spectrum may be determined from the
"effective population", NJ, which is determined by the summa-

tion of 6NJ for all time intervals 6t,

nJ(t.

1) exp(—Ati)at . (4.46)
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As the population is decaying through radiation it is only
necessary to continue the summation until the exponential
term has become very small. Computer calculations have shown
that continuing the summation beyond 20 radiative lifetimes
does not appreciably change the effective emitting population
WJ for any value of J.

For an initial population distribution restricted to
a sing]e rotationa] level, the form of the emitted spectrum
is strongly dependent on the relative values of the time bet-
ween collisions, 1/v, and the radiative lifetime, 1/A. If
the time between <collisions is very much shorter than the
radiative lifetime, the emitted spectrum will be approxima-
tely a thermal spectrum (isothermal rotational temperatures).
As the maximum rate of radiative loss occurs at t = 0, the
collisional relaxation must proceed rapidly, relative to 1/A,
in order to achieve a nearly thermal spectrum. For the sit-
uation where the radiative lifetime is shorter than the time
between collisions, the emitted spectrum will be extremely
non-thermal, and will be determined almost entirely by the
initial excited population distribution.

To achieve the required accuracy in the calculations,
the integration time interval, in the numerical solution of
the relaxation equations including radiation, has been taken
as the smaller of the values 0.1/v and 0.1/A.

Figure 4.2 shows the effective population for the cases
where v = 0.1A, v = A, and v = 10A, at a "bath" temperature of
500°K.  For comparison a Boltzmann population distribution for

the same temperature is shown.



Population

76

1.O—
=
1. Boltzmann distribution
8 2. v =10A
3. v =A
4 v = 0.1A

10
Rotational Quantum Number K

Figure 4.2: Effective Population distribution for different

ratios of collision frequency and transition
probability.
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4.6 Applicability of Weak Interaction Theory to Rotational

Relaxation Processes

If the interaction during collisions between kinetic
ahd rotational energy is to be weak, Ehrenfest's Adiabatic
Principle requires that the interaction time be considerably
greater than the rotation period. This may be written (Clarke

and McChesney, 1964),

S 1
-

)

VROT (4.47)

where s is the interaction distance, V is the thermal mole-
cular speed, and 1/vROT is the rotational period. To evaluate
this inequality, the most probable velocity may be substituted

for V, and the equilibrium internuclear separation, r for s.

e’
If the rotational period is expressed in terms of the rota-

tional energy (EROT)’ equation 4.47 may be written,

2kT h
(ZKT)

r_/ >
e EroT (4.48)

where p is the reduced mass of the collision pair and T is
the gas kinetic temperature. For the case where the colliding
molecules are OH and 02, at an ambient temperature of 200°K,

the requirement for the interaction to be weak reduces to,

Epgr > 180 cm™! * . o (4.49)

*See footnote, page 8.
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The energy difference between the first two rotational levels
of the first vibrational level of OH(?I), which may be taken
as a measure of EROT’ is approximately 80 cm™! (Dieke and
Crosswhite, 1948). Therefore, the adiabatic inequality is
not satisfied for the OH molecule, and the weak interaction
theory does not strictly hold.

For the molecules 02 and N, the adiabatic inequality

2
also does not hold. The agreement is far worse than for the
" OH molecule, as the energy spacing of the lowest rotational
levels is approximately 3 cm™!. Experimental evidence (Herman
and Shuler, 1958) indicates that the true "relaxation times"
for O2 and N2 are shorter by a factor of 102 than the value
predicted by the weak interaction theory*. For H, and D,, in
which the rotational energy spacing is large, the experimental
values for the relaxation time are in agreemént with the weak
interaction theory results.

The value of the rotational constant Bv determines
the spacing of the rotational energy levels (c.f. equation 4.9)
and will therefore be a measure of the validity of the adia-
batic inequality. The OH molecule is intermediate in Bv value
between molecules for which the weak interaction theory gives

correct results and molecules for which it does not. Since

the B, value for OH(~15 cm™!) is closer in magnitude to that

*TReTaxation time"™ is defined here as the time which is taken
for an excited population to relax to where the rotational
energy difference from an equilibrium distribution has decreased
to 1/e of its initial value.
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for H, (v60 cm~!) than to that for 0, (v1.4 ecm™t), it is rea-
sonable to assume that the weak interaction theory gives a
good first order description of the rotational relaxation

of OH.
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CHAPTER V

APPLICATION OF RELAXATION PROCESSES
TO THE AIRGLOW EMISSIONS

5.1 Excitation Mechanisms for the OH Airglow

5.1.1 Introduction

To calculate the OH airglow spectrum that is observed
from the ground, it is necessary to know the temperature,
collision frequency, and OH volume emission vrate as functions
of height, and the initial population distribution of the
excited OH molecules. The atmospheric temperatures and colli-
sion frequencies for this work have been taken from the United
States Standard Atmosphere (1966) tables. The volume emission
rate has been derived from experimental observations of the
emission height profile (c.f. §3.2).

For the calculations discussed in §4.5 it was assumed
that the initial OH population was confined to a single rota-
tional level. If the relaxation calculations are to be applied
to the atmospheric OH emissions the true initial population
distribution must be determined for the probable excitation

mechanism(s).

5.1.2 Hydrogen-0zone reaction

It is generally accepted that the major'source of
excited atmospheric OH molecules is the reaction between ozone

and atomic hydrogen:*

* A number of other reactions have been suggested as contribu-
tory to the atmospheric OH populations, but there is no general
agreement as to their importance (Breig, 1970).
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0, + H > OH*(vg9) + 0, (5.1)

3
(Bates and Nicolet, 1950; Nicolet, 1970). If all the energy
available from this reaction is absorbed by the OH molecule,
excitation into the ninth vibrational level is possible.

The fraction of the total energy that is available for
exciting the internal energy modes of the OH molecule (rota-
tion and vibration) is uncertain. Polanyi (1959) and Norrish

(1964) have shown that in exothermic reactions of thebtype,
A + BCD - AB + CD, (5.2)

the major part of the reaction energy will go into vibrational
excitation of the newly formed bond. In the ozone-hydrogen
reaction, the newly formed OH molecule should therefore be
excited into the highest available vibrational Tevels (v<9).
However, Chamberlain and Smith (1959) have shown that the
airglow OH molecules must be formed in all vibrational levels
up to v = 9, to explain the observed nightglow OH band inten-
sities. This conclusion may be incorrect, as the observational
data used was not extensive and the effect of vibrational
relaxation by collisions was neglected. Anlauf et al. (1968)
- have studied the ozone-hydrogen reaction in the laboratory,
and have shown that the OH molecules are formed principally in
the eighth and ninth vibrational levels. This hés been con-
firmed in other laboratory investigations (Velculesu, 1970),
which indicate that the OH molecules are formed only in the

eighth and ninth vibrational levels.
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5.1.3 Rotational level populations.

The heat of reaction for the ozone-hydrogen reaction
is 77.10 kcal. per mole (or 26969cm~Y)(Kaufman, 1964), which
does not correspond exactly with any of the available rotation-
vibration energy levels in the OH molecule (Table 5.1).
Excitation into rotational levels different in energy from the
heat of reaction may be explained by contribution from the
kinetic energy of the reacting species. Polanyi (1959) has
shown that the kinetic energy of the reacting species (03,H)
may contribute to the rotational-vibrational excitation in the
new bond (OH). However, if the products are to separate after
the reaction, not all the available kinetic energy may be
absorbed by the OH bond.

The upper limit to the internal energy of the new bond
is given by the sum of the heat of reaction and the kinetic
energies of the reacting species. This may be written, for

average molecules,

E < AH + 3kT (5.3)

OH
where EOH is the energy of a possible excited rotational-
vibrational level, AH is the heat of reaction, and T is the
kinetic temperature of the reacting species.

The laboratory ozone-hydrogen reaction experiments have
not shown any significant gas heating, which indicates that there
is no net direct contribution to the kinetic energies of the
reaction products from the heat of reaction. This imposes a

lower 1imit to the energy of the possible excited rotation-
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vibration levels in the OH molecule and it may be assumed, for

average reacting species that,

Eqy 2 AH - 3KkT (5.4)

OH
(This condition is valid only if the kinetic energies of the
reaction products are thermal.)

The rotation-vibration energy levels given in Table 5.1
are those which satisfy the above conditions, for a kinetic
temperature T = 200°K. It is evident that there are suitable
energy levels available for all vibrational levels (v' < 9)
to be excited. The results of Anlauf et al. (1968) and
Velculescu (1970) suggest significant excitation into the
eighth and ninth vibrational levels only. The apparent absence
of excitation to lower levels may be explained if either the
reaction kinetics do not permit the excitation of energetic
rotational levels (low v'), or excitation to the lower vibra-
tional levels is restricted by the scaréity of suitable rota-

tional levels (see Table 5.1).

5.1.4 Spin doublet level populations.

The energy levels available suggest that both spin doub-
let levels are populated appreciably, a1thoﬁgh the exact ratio
of population rates cannot be determined without the precise
value of the heat of reaction, AH, and a knowledge of the role

of kinetic energy in the excitation.*

*Evidence has been found for collisional transitions violating
the spin selection rule (AZ=0) in the relaxation of CN (Evenson
and Broida, 1966), NO (Bauer et al., 1959) and OH(%:z*) at high
temperatures (Carrington, 1959).  However, in each of these
cases, weak interaction theory is not applicable.




TABLE 5.1
OH ENERGY LEVELS NEAR THE REACTION ENERGY, (26969 cm™ ')

Vibrational Rotational Spin Doublet Ener?y
Level (v) Level (K) Line (cm™*)
9 5 1 26546
2 26623

6 1 26693

2 26763

7 1 26864

2 26926

8 1 27057

2 27113

9 1 27271

2 27323

8 14 1 26598
2 26633

15 1 26962

2 26995

16 1 27346

2 27377

7 20 1 26982
2 27005

6 24 1 26931
2 26950

5 27 1 26587
2 26604

28 1 27275

2 27291

4 31 1 27172
2 27186

3 34 1 27213
2 27226

2 36 1 26548
2 26560

1 39 1 26935
2 26945




85

Spin -doublet temperatures (c.f. Chapter II) have been
determined from nightglow OH spectra by Meinel (1950) and
Blackwell et al. (1960), which may be compared with the rota-
tional "temperatures" determined from the same spectra.
Although neither "temperature" will correspond exactly to a
kinetic temperature, the relative magnitudes should be a mea-
sure of the population rates into the doublet levels. In both
cases, the spin doublet temperatures are lower than the rota-

tional temperatures by ~70°K. This suggests that the 2H]/2

levels are underpopulated relative to the 2H3/2 levels.

5.1.5 1Initial populations in airglow calculations.

From the foregoing discussions it is apparent that the
details of the ozone—hydrogeh excitation mechanism for OH are
not well known. Experimental evidence suggests that all the
reaction energy goes into thé newly formed bond and that the
OH molecules are formed in the eighth and ninth vibrational
levels with rqtation-vibration energies close to the heat of
reaction (Anlauf et al., 1968).

In the absence of a more accurate knowledge of the
initial population distribution, a simple distribution has been
considered for the OH airglow calculations. It is assumed that
the OH molecules are formed only in levels (v=9, K=7) and (v=8,
K=15). The ratio of formation in these levels is taken as
N(v=8): N(v=9) = 1:4, in agreement with experimental data
(Velculescu, 1970).

Relaxation in the 2H1/2 spin doublet levels has been
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neglected in the calculations of the 2H3/2 airglow spectra, as
the populations of the two sets of levels relax independently

for weak interaction theory.

5.2 Calculation of the OH Airglow Spectrum by the Weak

Interaction Relaxation Process.

5.2.1 Calculation of ground based spectra.

The OH airglow spectrum observed from the ground is
determined by the total "effective population" for the atmos-
phere, which is the sum over all heights of the local "effective
populations".

The fraction of the local effective population at

th rotational level (in a given vibrational

height z in the K
level) NK(Z), may be determined from the relaxation equation

(4.40). If the volume emission rate at height z is P(z), then
the local effective population in rotational level K at height

z is WK(Z) P(z). The total atmospheric effective population

in level K is therefore, N
Z2
WK(tota1) =j. WK(z)P(z)dz (5.5)
1

where z, and z, are the lower and upper altitude limits of the
OH emission region. For the purposes of calculation, equation
5.6 may be written as a summation,

Ny; Pz . (5.6)

™M=

NK(total) =

i=1

This corresponds to dividing the OH emission region into N
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th

layers of thickness Az. In the i layer the volume emission

rate is Pi and the fraction of the effective population in the

th

K*" rotational level is NKi‘

5.2.2 Numerical results.

The local effective rotational populations have been
calculated for the ninth and eighth vibrational levels, for
‘the initial population distributions described in §5.1.5, using
temperatures and collision frequencies from the United States
Standard Atmosphere Tables (1966), and the OH emission height
profile of Packer (1961).

In all calculations, the value of Q]0 (the probability
per collision of a transition between the first and second
rotational levels), is taken as unity. This means that every
collision will cause a rotational transition. No relevant
measurements are available for the OH molecule, but Evenson and
Broida (1966) have found that in CN every collision will cause
a transition.

‘The results of these calculations for the ninth vibra-
tional Tevel are given in Table 5.2 with the fractional effective
populations listed every 5 km.

The total atmospheric effective populations are given
in Table 5.3, expressed in terms of rotational population
"temperatures" (c.f. §4.3.3). These values are those that
would be determined for the rotational "temperatures" from the
analysis of (v'=9) band emission spectra for ground based obser-

vations of the OH nightglow.
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The eighth vibrational level is populated directly by
the ozone-hydrogen reaction (§5.2.2), and by radiative transi-
tion from the ninth vibrational level. The fraction of the
population of the ninth level that undergoes transitions into
the eighth is given by the ratio of the radiative transition
probability for the (9-8) band, A98’ to the sum of the proba-
bilities for all radiative transitions from the ninth vibra-
tional level. The number of molecules undergoing the (9-8)

transition per unit time, N98’ is,

(5.7)

where N9 is the rate of excitation into the ninth vibrational
level, and A9v" is the probability for radiative transition
between vibrational levels 9 and v". Using the values for

the relative transition probabilities from Stair et al. (1970),

this reduces to,

N = 0.134N9 . (5.8)

98
If the rate of direct population of the ninth vibrational
level is four times that for the eighth (Velculescu, 1970),

the total rate of population of the eighth vibrational level,

=
1]

0.250 N, + 0.134 N

9 9

0.384 N9 . (5.9)
Direct population, therefore, accounts for approximately 66%

of the total rate of population of the eighth vibrational level,
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the remainder occuring through radiative transition from the
ninth level.

The initial population distribution of the eighth
vibrational level is determined by the distribution of the
directly excited population, and by the distribution of the
population arising from the radiative transitions from the
ninth vibrational level. The former population is assumed to
be confined to a single rotational level (§5.1.5), and the
latter is the effective emitting population of the ninth vibra-
tional level, redistributed by transitions (c.f. §4.3).

The fractional effective populations have been calcul-
ated for the eighth vibrational level, for every 5 km, and are
listed in Table 5.4. The total atmospheric effective popula-
tion is given in Table 5.5, expressed in terms of rotational
population "“temperatures". These values would be determined
as rotational "temperatures" from the analysis of (v'=8) band
emission spectra from ground based observations of the OH night-
glow. The same information is shown as a rotational tempera-
ture graph in Figure 5.1. For comparison, the rotational
temperature graph values from the (8-4) and (8-3) band spectra
in the airglow atlas of Broadfoot and Kendall (1968) are given.
The equilibrium calculations (§3.3) for the (8-4) band are also
shown. It is apparent that the weak interaction relaxation
model results agree well with observations, and the equilibrium
model results do not. Discrepancies between the observations
and the weak interaction theory can be explained by the uncer-

tainties in the absolute radiative transition probabilities,
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Figure 5.1: Comparison of rotational temperature graphs

for theory and observations.
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and the lack of accurate information on the initial populations

from the excitation mechanism.

5.2.3 Discussion

The accuracy of these calculations is limited by two
sources of ekror,.assuming that the weak interaction theory
holds rigorously. Firstly, the initial population distribu-
tion from the excitation mechanism is not known accurately.
Secondly, the effective populations depend on the values of
the absolute radiative transition probabilities. No accurate
measurements of the absolute transition probabilities have
yet been made of OH, and present estimates are based on the
HC1 molecule (Heaps and Herzberg, 1951). Also, vibrational
relaxation has been ignored. Subsequent discussions will
show that it may be important for atmospheric OH emissions.

The calculations for the eighth and ninth vibrational
levels indicate the general behaviour of the corresponding OH
rotational populations in the atmosphere, but due to the uncer-
tainties, an extension of these calculations to lower vibra-
tional levels is not justified. The behaviour of the rotational
populations of the Tower vibrational levels may still be des-
cribed qualitatively. It is apparent from equations 4.38 and
4.40 that the value of B, affects the rate at which the rota-
tional population relaxes. If Bv increases, the magnitudes of
the exponential terms in equation 4.40 decrease. As these
exponential terms correspond to collisional transitions which

increase the rotational quantum number of the excited molecule,
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an increase in BV results in a more rapid relaxation of the
population. The value of Bv increases for decreasing vibra-
tional levels (c.f. equation 4.10) and therefore the relaxation
of a given rotational population will be more rapid in the
lower vibrational levels.

If the lower vibrational levels are populated by
radiative cascade from higher vibrational levels, the popula-
tions in the lower vibrational levels will have undergohe'more
collisions than those in the upper vibrational levels. Therefore,
the atmospheric OH spectra emitted from the lower vibrational
levels will be more nearly isothermal than the spectra from the

upper vibrational levels.

5.3 The Role of Vibrational Relaxation

5.3.1 Introduction

Herman and Shuler (1958) have shown that vibrational
relaxation in excited molecular species is much slower than
rotational relaxation, and that the two may be considered
separately for practical computation. This permits considera-
tion of the effects of rotational relaxation in atmospheric
OH molecules, independently of vibrational relaxation. However,
vibrational relaxation is important in determining relative
vibrational populations of OH molecules in laboratory experi-
ments (Anlauf et al., 1968), and therefore it may affect the
OH band intensities in the airglow. Although a complete dis-

cussion is beyond the scope of the present work, a qualitative

consideration of the role of vibrational relaxation in OH
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airglow processes is instructive.

5.3.2 Theory

The energy spacing between consecutive vibrational
energy levels in the OH molecule electronic ground state is
approximately 3000 cm™!(~v.d4eV) (Krassovsky et al., 1962), and
jt follows from the discussions in §4.6 that vibrational relax-
ation satisfies the adiabatic requirement. Therefore, vibra-
tional relaxation may be described accurately in terms of weak
interaction theory.

Herman and Shuler (1958) have assumed that the proba-
bility for collision-induced rotatipna] transitions is between
102 and 10° times larger than that for vibrational transitions.
Findlay and Polanyi (1964) have found that collision induced
vibrational transitions in HC1 occur for one in every 6 x 103
collisions. There is evidence to suggest that approximately
500 collisions are required for OH (Broida, 1962). These data
indicate that the collisional efficiency for vibrational
transitions, Qyp» is n1073,

From the previous discussions for rotational relaxation,
vibrational relaxation should not substantially affect the
emitted spectrum unless the time between collision-induced
vibrational transitions is equal to,or shorter than, the radia-
tive lifetime. The condition for vibrational relaxation to be
important may be written in terms of the collision frequency,
v, the collisional efficiency, QVIB’ and the radiative transi-

tion probability, Av,
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Substitution into this equation of the presently assumed
values for Av’ QVIB and v indicates that vibrational relaxa-
tion will bé important in OH airglow emissions below ~75km.
Thus, it will be particularly important in the dayglow and
twilight emissions of OH, due to the substantial fraction of

the emission below 75 km. (Llewellyn and Evans, 1971).

5.3.3 Temperature dependence and band intensities

The temperature dependence of rotational relaxation
was discussed in §4.5.3. It was shown that the rotational
population required more collisions with increasing tempera-
ture to reach equilibrium. The temperature dependence of
rotational relaxation is determined by the weak interaction
process. Vibrational relaxation is also a weak interaction
proceés, and will therefore have the same temperature depen-
dence as rotational relaxation.

Radiative decay and collisional de-excitation compete
in the deactivation of vibrational level populations, and thus
an increase in the rate of vibrational relaxation will cause
a decrease in the intensity of vibration-rotation band emissions.
An increase in the rate of relaxation will result from a
decrease in kinetic temperature, or an increase in collision
frequency. Changes in either temperature, or collision frequency,
will therefore be reflected by changes in the intensity of the

emitted bands.
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5.3.4 Comparison with observations

These theoretical predictions may bé'compared with
the observed behaviour of the OH nightglow. The relevant
observations are those published by the Russian workers, which
give correlations between the intensities and rotational temp-
eratures and other phenomena.

The only information on the ambient temperatures from
these observations is the rotational temperature measureﬁents.
These "temperatures" were derived assuming an isothermal behav-
jour in the emitting molecules. To evaluate this information,
it is necessary to consider the effect of attributing a single
emission temperature to spectra from non-equilibrium popula-
tions. It is equivalent to fitting a straight line to the
rotational temperature graphs (e.g. Figure 3.4). The less the
effective population has relaxed, the higher is the temperature
derived from the slope of the straight Tine of best fit.
Applied to the Russian data, this means that high "isothermal
rotational temperatures" will correspond to little relaxation
in the effective population. "Temperature" determined in this
manner does not correspond to a kinetic temperature. The iso-
thermal rotational temperature is a parameter which can be
used todescribe the degree of relaxation in the effective rota-
tional population. It should be noted that all "rotational
temperatures" reported by Russian authors have been determined
in this manner. The observational results indicate that in
general the isothermal rotational temperature is highest for

bands from the ninth vibrational level, and decreases with
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decreasing vibrational quantum number . This shows that the
rotational relaxation is least for the highest vibrational
levels -- in agreement with the predictions of the weak inter-
action theory.

Due to the temperature dependence of the rotational
relaxation process (§4.5.3), an increase in ambient tempera-
ture will reduce the degree of relaxation of the effective
population, and therefore cause an increase in the isothermal
rotational temperature. Therefore, changes in the ambient
kinetic temperature will cause changes in the same sense in the
isothermal rotational temperature. Changes in the isothermal
rotational temperature do not necessarily indicate changes in
the ambient kinetic temperature, as the rotational relaxation
is also affected by changes in the collision frequency and the
collisional efficiency. |

With this information, it is possible to explain some
of the features of the intensity and "temperature" variations
in the OH nightglow. The atmospheric temperature profile varies
with season: 1in the region of the OH emissions the ambient
temperature is highest in winter. At an altitude of 85 km, at
latitude 60°, the temperature difference between summer and
winter is 51°K (United States Standard Atmosphere, 1966).
Therefore, both the vibrational and rotational relaxation rates
will be lowest in winter. This means that the OH vibration-
rotation bands will be most intense in winter, and the highest
isothermal rotational temperatures will be obtained from spectra

recorded in winter. These results agree exactly with observations
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(Shefov and Truttse, 1969). \,

Another feature of the OH airglow variations that can
be explained by the rotational and vibrational relaxation pro-
cesses is the correlation of intensity and isothermal rotation-
al temperature. It has been observed that for the vibration-
rotation bands from the higher vibrational levels (v' > 6),
variations in intensity show a good correlation with variations
in isothermal rotational temperature (Krassovsky, 1963). This
behaviour may be understood by considering the effects of a
change in the ambient kinetic temperature. If the temperature
increases, both vibrational and rotational relaxation rates
will be reduced. This will cause an increase in band emission
intensities and a simultaneous increase in the isothermal
rotational temperature. Similarly, a decrease in ambient temp-
erature will cause a simultaneous decrease in band intensities
and isothermal rotational temperature. The predicted behaviouf
agrees with the observational evidence for the upper vibrational
levels. The correlation between intensity and isothermal rota-
tional temperature has recently been observed for the lower
vibrational levels (v' < 5), (Harrison et al., 1971) and does
not support the conclusion of additional excitation mechanisms
for the OH molecule into these levels (Breig; 1970; Shefov and
Truttse, 1969).

It is clear from the above discussions that weak inter-
action vibrational and rotational relaxation processes are
capable of explaining qualitatively a number of observed features

of the OH airglow emissions. Although this lends support to
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the suggestion that rotational relaxation is a weak interaction
process, it does not prove it. However, it does indicate that
if rotational relaxation is a strong interaction process, it
must have the same temperature dependence as the weak inter-

action process.



CHAPTER VI
SUMMARY AND CONCLUSIONS

6.1 The Present Work

The analysis of observations of nightglow spectra has
shown that for the OH (4-1) and (5-2) bands the rotational
intensity distribution cannot be explained in terms of emission
from excited molecules in rotational equi]ibrium at a single
temperature. This result has been confirmed by analysis of OH
spectra from the nightglow spectrum atlas of Broadfoot and
Kendall (1968).

It has been found that emissions from OH molecules,
in rotational equilibrium with the ambient atmosphere, will
exhibit non-isothermal rotational temperatures due to the var-
jation in kinetic temperature throughout the airglow emitting
region. The deviation frdm isothermal behaviour introduced
in this manner is in the same sense as that for the observed
results, but is too small to explain the observations. Other
effects which could contribute to the observed non-isothermal
behaviour have also been considered. It has been shown that
the assumption of rotational equilibrium for the excited mole-
cules is incorrect and that non-equilibrium processes are
important in determining the OH nightglow spectrum.

The effects of non-equilibrium processes on the emitted
spectrum have been considered for assumed initial vibration-
rotation level populations and for different thermalization

processes. In general a given excited vibrational level may

103
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be populated by radiative transition from a higher level, or
directly from the excitation mechanism. It has been found
that the rotational population distribution is changed by
radiative transitions so that the population distribution in
the lower state is different from that in the upper state.

The thermalization of the excited molecular state
rotational population may be described by a relaxation process.
A simple classical model has been considered which can be
used to describe the relaxation of Boltzmann rotational popu-
lation distributions. The discrete nature of the rotational
energy levels has prevented the app]icatioh of this model to
the relaxation of OH molecules.

To permit an analysis of rotational relaxation for
molecules with discrete rotational energy levels, a theory
similar to that of Herman and Shuler (1958) has been proposed.
In this theory, a weak interaction between kinetic and rota-
tional energies is assumed, and collisions cause rotational
transitions which are allowed by the optical transition selec-
tion rules. To determine the emitted spectrum for a collision-
ally relaxing population, the theory has been extended to
include radiative decay.

The derived radiative relaxation equation has been
applied to the atmospheric OH emissions to calculate the
vibration-rotation spectrum that should be observed. As the
collision frequency and the kinetic temperatdre are functions
of height in the atmosphere, and both affect the rate of

collisional relaxation, the emitted spectrum is different
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at different heights. The ground observed spectrum has been
detérmined from the summation of these individual height
spectra over the total region of emission.

To permit the calculation of these spectra it has
been necessary to estimate the probable vibrational level
populations originating in the excitation mechanism. It has
been assumed that the only mechanism for the excitation of the
OH nightglow emissions is the reaction between atomic hydrogen
and ozone. Laboratory experiments (Anlauf et al., 1968) sug-
gest that this reaction will populate the eighth and ninth
vibrational levels with total energies close to the heat of
reaction.

The tbta] radiating rotational populations have been
calculated for the eighth and ninth vibrational levels. The
calculated rotational temperatures for the eighth vibrational
level are in good agreement with rotational temperatures cal-
culated from observations of the (8-4) and (8-3) OH bands
reported by Broadfoot and Kendall (1968).~ The discrepancies
have been attributed to uncertainties in the values of the
absolute radiative transition probabilities, lack of accurate
knowledge of the levels populated by the excitation mechanism,
and the effects of noise in the observed spectra. From quali-
tative considerations it has been shown that for a given
collision frequency and temperature, the effective rotational
populations are more relaxed in the lower vibrational levels
than in the upper.

It has been assumed that the vibrational and
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rotational energy modes relax independently so that the rota-
tional population distribution is not affected by vibrational
relaxation. However, it has been suggested that vibrational
relaxation may influence the relative intensities of the
vibration-rotation bands in the airglow. It has been shown
that vibrational relaxation is described by a weak interaction
process, and that the collisional efficiency for vibrational
de-excitation is ~0.1% of that for rotational de-excitation.
Therefore, vibrational relaxation should be important for OH
emissions originating at altitudes below 75km.

It has been shown that the proposed relaxation theory
is able to explain a number of observed features in the OH
nightglow spectrum. The quantitative agreement between the
observed and calculated deviations from isothermal behaviour
is excellent for the analysed bands. In addition, the extent
of rotational relaxation expected for the different vibrational
levels is 1n.the same sense as that for the observed spectra
(Krassovsky, 1963). The temperature dependence of this relax-
ation theory also provides a qualitative explanation of the
seasonal behaviour of the OH emission intensities and isother-
mal rotational temperatures, and for the correlation between

variations in these quantities.

6.2 Suggestions for Future Work

6.2.1 OH emissions

The present investigation has shown the importance of
relaxation processes for the atmospheric OH emissions. The

accuracy of this work has been limited by the uncertainty of
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the absolute radiative transition probabilities, and the
vibrational and rotational population distributions from the
excitation mechanism. When these quantities are better known,
it will be valuable to extend the rotational relaxation cal-
culations to the lower vibrational Tevels for a detailed
comparison of the theory with experimental data.

The absolute radiative transition probabilities can
be determined from an accurate measurement of the e]ectr%c
dipole moment of the OH molecule. Estimates of these transi-
tion probabilities may also be obtained from rotational relax-
ation measurements in laboratory spectra, but the accuracy
will depend on the reliability of the value used for the
collisional efficiency for rotational de-excitation, and on
the assumption that rotational relaxation is a weak interaction
process. The collisional efficiency depends on the collision
cross section for rotational transitions of the OH molecule,
which may be estimated from the coi]ision broadening of the
OH(?n) spectral lines. A comparison of the values of the
absolute radiative transition probabilities determined by these
two methods should provide some indication of the validity
of a weak interaction process to describe rotational relaxation.

The effects of vibrational relaxation in laboratory
experiments to study the OH excitation mechanism should be
eliminated if the results are to be applied to calculations
for the ‘atmosphere. It is possible that the vibrational
de-excitation conditions are different in the atmosphere, as

the collision partners for the relaxing OH molecules are
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different in the two situations: in the atmosphere the OH
molecules will collide principally with N2 and 02 molecules,
while in the laboratory ozone-hydrogen reaction, the collisions
will be with 04, OH,and H.

To determine the behaviour of vibratfona1 relaxation
in the atmosphere, laboratory ozone-hydrogen reactions should
be investigated in the presence of excess N2 and 02, at very
low pressures (<10 *torr). If the production of molecules
such as NO, and H20 is small*, the same experiments should
give practical information on airglow rotational relaxation.

When the role of vibrational relaxation is known, a
comparison of laboratory data with the atmospheric OH emissions
should provide an indication of the relative importance of

secondary excitation mechanisms for the OH airglow.

6.2.2 Application to other emissions

The relaxation calculations which have been considered
in this work may also be applied to non-equilibrium processes
for other molecules. Cashion and Polanyi (1960) have observed
a deviation from isothermal behaviour in rotational tempera-
tures derived from the vibration-rotation bands of HC1, obtained
in the laboratory from the reaction between H andhC12. They
attribute the non-isothermal behaviour to the initial excita-
tion mechanism. |

It may be difficult to determine the initial vibrational

*These molecules are known to be efficient at rotational
deactivation of OH molecules, and if present in any amount,
could affect the results.
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and rotational population distributions arising from the excit-
ation mechanism, as evidence suggests that all of the heat of
reaction does not always go into the newly formed band (Findlay
and Polanyi, 1964). It is also uncertain if weak interaction
theory applies to the HC1 molecule, due to the spacing between
the rotational energy levels (%20 cm™!).

Relaxation processes may also be important in the
emission spectrum of OH(2z*) in acetylene flames. The observed
rotational temperatures deviate considerably from isothermal
behaviour (Ticktin et al., 1967; Broida, 1955). It is pro-
bable that self absorption contributes to observed deviations
(Broida, 1955); and that background emissions are important
(Dieke and Crosswhite, 1948). Therefore, the contribution
from non-equilibrium processes may be difficult to determine.
It is also possible that the rotational relaxation in OH(2:z™)
may involve strong interactions between kinetic and rotational
energy, as collision induced transitions have been observed
that violate the weak interaction theory selection rules
(Carrington, 1959).

Deviation from isothermal behaviour has been observed
in the rotational temperatures determined from the N; First
Negative bands in aurora (Harrison, 1955; Montalbetti, 1957).
It has been shown that the population distribution of excited
molecules 1is determined by the equi]ibrfum population in ground
state N, molecules (Hunten, 1961). The N; First Negative bands
arise from allowed transitions so that rotational temperatures

determined using the Bv value for ground state N2 should



110

corresbond to the kinetic temperature. The obéerved devia-
tions from isothermal behaviour in the rotational temperatures
should arise from the atmospheric profile weighting effect
discussed for OH. This should permit rocket observations of
the N; First Negative band spectra to provide accurate atmos-
pheric temperature profiles throughout the emission region.

Relaxation calculations should apply to the auroral
emission from the N2 Vegard-Kaplan bands. These emissions
originate from the magnetic dipole transition Aaz: - xlz;
at a height of approximately 200 km (Hunten and McElroy, 1966).
The radiative lifetime of the (323) level is uncertain but
has been estimated as between 1 second and 15 seconds (Ahmed,
1969). At a height of 200 km, the collision frequency is
~3 sec™! so that radiating molecules experience between 3 and
45 collisions per radiative lifetime. Rotational relaxation
in molecular nitrogen does not obey weak interaction theory,
and experimental evidence indicates that 3 to 10 collisions
are required to cause thermalization (Herman and Shuler, 1958).
Therefore, the Vegard-Kaplan emissions may originate from
molecules that are only partially thermalized.

It has been concluded previously that the emissions
originate from a thermalized rotational population (Ahmed, 1969),
but the method used in determining the rotational temperatures
~was insensitive to deviations from isotherma]»behaviour. To
clarify the role of relaxation processes in the N2 Vegard-

Kaplan emissions, spectra of higher resolution are necessary.

The results from such spectra should give information on strong
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interaction rotational relaxation mechanisms.

It is concluded that the application of relaxation
calculations to the emission spectra of atmospheric molecules
may provide an important tool in the understanding of the

processes in the upper atmosphere.
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