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ABSTRACT

The hook methed has been used to obtain oscillator strengths
for twenty lines in three branches of the (0,0) band of the A2>3+ - Xz‘ﬁ
system of OHo It is found that vibration-rotation interaction decreases
the effective f-value for this band by about 7} over the first ten
lines of each branch. The absolute f-value obtained for tho rotaticnless
molecule is £, = (14.8 ¥ 1.3) x 107, Although this falls within the
range of provious measuroments, it is nearly twice as large as the valuo
hithertoe considered most probable. For the ( 1,0) band, in which
vibration-rotation intoraction could not be measured, the absolute
oscillator strength is found to be (8.9 % 1.7) x 10~¥, giving for the
relative oscillator strengths tho ratio f;4/f,, = 0.60 I 0.10.

The value for the ratio in/ f o obtained here loads to a re-
oxamination of tho distribution of band strongths in the A%E" - X277
band systam of OHy, resulting in an electronic-vibrational transition
momont Rov(r) = Q—(5.9?:*.0.12)r9 whore r is tho intermucloar distance
in ﬁngst':om unitse It is shown that this valuo for the electronic
transition moment will not oxplain tho variation of eoffective band
strength with rotational quantum mmbeor. The interaction of rotational
and eleoctronic motion leads to a second, electronic-rotational,
transition moment. This torm is related to the centrifugal distortion
of tho molecule and, for the (0,0) band, is given by R j(r) =
H(3+60%1.0) x 107%I(J41) | Within tho (0,0) band tho combination of

o

thoso two moments is oquivalent to a single function R_,;(r) =
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o'(2°67i0 .9)r. In consequenco; (0,0) band vibration-rotation intor-

action and temperature corrections remain as given by Learner, 1962»18
The reolative J-depondent vibrational transition probabilities for the
rost of the systeam are correcctods The effect of the total clectronic

transition moment on the measuroment of rotational temperature is

discussed for both OH and other diatoms.
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_ CHAPTER 1. /

INTRODUCTION.

1.1. General Introduction

Both absolute and relative values of transition probabilities
of radiative transitions, and the corresponding oscillator strengths
or f-valuos, are of great interest. Thoy are important as atomic
and molecular constants, not only in their application to laboratory
and celostial problems, but also for the light thoy throw on questions
of atomic and molecular structuroc.

Transition probabilities are chiofly roquired for the deter-
mination of atomie and molocular abundancos in flames, discharges,
stollar atmospheres, otc. A quostion of astrophysical interest is
whother the abundanco of moloculos in stollar atmosphores can bo
accounted for on tho assumption of thermal oquilibrium, given the
abundanco of thoir constituent atoms - Herzberg, 1965.1 For the
latter problem, it is additionally necessary to know the dissociation
energy of the molecule.

Important among the applications of transition probabilities
isits use in temperaturs determinations. If the relative intensities
of absorption or emission lines in the spectrum of an absorbing or
emitting medium are measured, and if the transition probabilities are
alroady known, then the relative populations of the energy levels
involved may be easily obtained, and the appropriate temperaturoc

doterminod. In the ecase of molecules, comparison of the temperatures
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-obtained'by“coﬁsideration,oﬁ—%herrslaiixgﬁpapulations—af«ﬁd&hmenf'
types of energy levels (electronic, vibrational, and rotational) may
thiow 1ight on the physical processes invelved - Shuler, 195002

Any treoatment of the emissivity and general radiative transfor
proporties of hot gases requires a knowledge of the transition
probabilitios.

In cases whore there is compotition botween spontancous
radiation and ono or more nonradiative processes such as collisionsl
quenching,predissociation, or chemical reaction, the rate of the non-
radiative process can be found if the probability of the radiative
process is known - Carrington, 195993

The OH radical is widely used in many of these applications,
particularly as a thermometric molecule in the measurement of
rotational temperatures. It is a constituent or an easily introduced
impurity in many spectroscopic sources; e.g. flames, low temperature
shock waves, and gas discharges - Pearse and Gaydon, 19639u Po2Ub,

The OE ultra-violet spectrum has been observed in the emission spoctrum
of the hecads of comets, and in the absorption spectrum of the solar
atmosphore. A line in the radio-frequency spsctrum hss been obsorved
in tho absorption spoctrum of the inteorstellar medium - Woinreb ot al,
1963,

The f-value of the (0,0) band bf the A%t - X217 transition of
OH has beon measured by more workers (references 6 to 16), using a

varicty of tochniques, than that of any other olectronic transition

in a diatomic molecule. However the results cover a fairly wide range
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of valuos, and some of them require significant corrections to account
for instrument effects - Kostkowsky and Bass, 19561/ - and vibration-
rotation interaction - Learner, 1962.18 Moreover all these values are
based either on measurements on a few lines in the band, or on the
band as a whole, individual lines being unresolved, so that the
vibration-rotation interaction effect cannot be evaluated experimentally.
The effeoct of vibration-rotation interaction is to alter the reolative
f-values of the rotational lines in a vibrational band, and heonce the
relative intensities of the linos in absorption or emission. A knowledge
of the magnitudo of tho interaction is nocessary for accurate rotational
temporature detorminations, since it is from the rdlative intonsities
of the linos that the relative populations of the rotational oneorgy
lovels are calculated and the temperature obtained.

The aim of this investigation was to investigate the vibration-
rotation intoraction effect experimentally, and to moasure tho absolute

f-valuos of both the (0,0) and (1,0) bands.

1.2. Survey of Past Work

The experimental determinations of the absolute f.values of the
(0,0) band (foo), theoretical calculations of £ o9 experimental deter-
minations of the relative band strengths (pyey#t/p,o)s theoretical
calculations of pv°v"/poo9 and vibration-rotation interaction inves-
tigations, will be presented separately for the sake of clarity. The
relationships between the f-value (fﬁ°J“) of a given spectrum line in
the (v%®) band, the f-value (fyeyu) of the bard, and the band strength

(pyogn) is given by



10.

fJoJW = fvi‘vﬂ SJ 2w / (2‘]’:“i + j)
= W pvﬂvﬂ SJ"J“ / (ZJ“ + 1) eooooc(ioi)
where M is the frequency of the line, and S is the rotational line

JQJH
strength, depending only on the total angular momenta J°, J%* and the

coupling betwsen their various components. £, , may be taken as a
constant for a given band if one neglects both,the variation of
frequency, and vibration-rotation intoraction over the band.

Experimental Determinations of f_,

Oldenberg and Rieke, 1938,6 used the method of integrated
absorption coefficients. The background was the contimuum from a
hydrogen discharge tube, and the OH was produced by dissociation of HZO
in a mixture of gases (%HZO + %02) at 1473°K. They obtained f-values
for lines in the (0,0) band corresponding to £, = (2.9 ¥ 0.4) x 107%,
This value was subsequently corrected by Dwyer and Oldenberg, 19&497
with regard to a later and more accurate detormination of the OH
dissociation onergy Doy, to £ = (12.3 % 1.8) x 10'4; and once more
to £, = (9.5% 1.0) x 10~% by Goldon, Del Greco and Kaufman, 1963,8
for thormochomistry, again chiofly on account of the availability of a
morc accurate value for DOH°

Oldonborg and Rieko, 19389910 refor to an investigation by
Avramonko and Kondratjew using a lino absorption tochnique, the background
sourco emitting the OH spectrum, tho emission linos being narrowor than

the absorption lincs. Tho dominant line broadening process was prossure

broadening, and tho pressures of the gas in the emitting and absorbing
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media were 1.5 mm and 760 mm respectively. The f-values obtained by
Avramenko and Kondratjew were about 103 times larger than those of
Oldenberg and Rieke, 1938.6 However Oldenberg and Rieke, 193899910
re-interpreted the results of Avramenko and Kondratjew, and corrected
them with regard to the pressure broadening of the OH lines, so that
both sets of results were ultimately in agreement to about 25%.

Dyne, 195811 essentially repoated Olderborg and Rieke®s 1938°
experiment, obtaining f-values of lines both by resolved absorption
ard by the curve of growth method. His values for f were about half
as large as theirs.

Carrington, 1959912 studied the line shape and f-value of lines
in the (0,0) band by the curve of growth method using a variety of
flames as sources of the OH spectrum. He obtained an f-value of
(11.7 T 1) x 107* for tho Q,(6) line, correspording to fo, = (13.0 t 5.2)
x 10-%, This was later corrected to give f__ = (11,1 t 5.0) x 10-%
by Learner, 1962,18 with regard to vibration-rotation interaction and
thermochemistry.

Lapp, 1960,13 made photoelectric measurements of the emissivity
of the unresolved (0,0) band of OH produced at 3300 - 3900°K in a shock
tube, and related this to f , by an absolute intensity calibration. He
obtained f,, = (9.0 ¥ 5.0) x 10-%,

Golden, Del Greco and Kaufman, 1963,8 used the line absorption
technique of Avramenko and Kondratjew. The OH in the absorbing medium
was produced by means of the fast atom-moleculeo reaction H + NO, —3>

OH + NO, Thoy obtained f,, = (7.1 % 1.1) x 10~4, They also corrected
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the results of previous workers with regard to thermochemiétry and
vibration-rotation interaction, and presented a table of the corrected
values.

Watson"s,1964{u work superseded that of Lapp, 1960;l 3

essentially
repeating it and eliminating light scattering in the absolute intensity
calibration; to give the revised value f,, = (39 £ 9) x 10-4,

Bennet and Dalby, 1964,12 measured the radiative lifetime of the
25% _ 2T transition, and presented the value foo = (840 1 0.8) x 10~4,
independent of thermochemical data. The OH population was produced by
electron bombardment of methanol (CHBOH), and also water vapour.

Bird and Schott, 1965,16 computed expressions for the population
density of OH in shocked gases in terms of the absorption from a pulsed
discharge source of OH line radiation; and the optical donsity, tasporaturo,
f-value, and a pressure broadening parametor. These wore reconciled |
with calibration experiments with roflected shock wavos in Hp - 0, - Ar
mixtures, giving f,, = (12.8 £ 0.3) x 107%,

All the experimental determinations of f,, are presonted in
Table (1.1). They cover the wide range from 4.9 x 10=% to 39 x 10'1‘L9
and deopend on a corraction for vibration-rotation interaction. The
scattor will be discussed in chapter VII.

Theorctical Calculations of fyq

Mulliken, 19110.19 made theoretical calculations of the absolute
dipole strength (proportional to the f-value) of the transition
AT . X, using both Linear Gombinations of Atemic Orbitals (LCAO)

and Molecular Orbital (MO) approximations; and relatéd these to the
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Tableo 1.1. Sumary of Experimental f-values for the (0,0) band.

£ x 10%
00
Uncorractod Corroccted for
Investigator
Thermo=~ . & Yibratione
chemistry rotation
interaction®
Oldenberg and Rioko®s7 12.3% 1.8 9.2% 1.4 9.5+ 1.4
Dynoll 64t 1.3  5.2% 1.0 5.4 % 1.0P
5.8% 1.2  L18% 1,0 4.9t 1.0°
Carringtonl? 13.0 * 5.2 11.1 * 5.0¢
Goldon, Del Greco and
Kaufiman8 7.4 F 1.1
Watsonlt 39 %9
Bennott and Dalbyld 8.0 * 0.8
Bird and Schottl6 12.8 * 0.3

% The vibration-rotation intoraction correction follows
Loarnor°si8 treatmont.

b Tabulated by Goldeon, Del Greco and Kaufman.8

¢ Estimated by Loarner.18
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f-values of Oldenberg and Rieke, 1938.6 His results give f = 6 x 10'”
and 42 x 10“""9 for the LCAO and MO approximations respectively.

Hurley, 1959920 obtained semi-theoretical f-values for the
transition, using Self-Consistent Field Molecular Orbital theory
(SCHM0), LCAO, and also intra-atomic correlation correction methods
(i.cece); applying both dipole length and equivalent dipole velocity
formulae. The values obtained using the dipole length formula were
foo = 18 x 10"”, 35 x 10"’*"9 and 43 x 10~k respoctively; while for the
dipeole velocity formula he obtained foo = 950 x 10”49 1500 x 10‘”, and
1500 x 10'” rospectively.

The theoretical values of f,, are presented in Table 1.2. They
cover an even wider range than the experimental values, from 6 x 10~%
to 1500 x 104,  The chief cause of the scatter is the groat difficulty
of obtaining the molecular electronic wave functions, and hence precise
values for the electronic transition moment.

Exporimental Determinations of pyeys/p., e

Dicke and Crosswhite, 1948,21 made a detailed survey of the OH
ultra-violet band system. They prosented relative values of tho band
strengths (pyeyn/P,,)s obtained by photographic photometry, for nine
bands in the system. Diske and Crosswhite, 19&99(229 unputilished)
obtained more accurate values of P o uw/Py, for these bards from photo-
olectric measurcmonts of the intonsitios.

Bass and Broida, 1953,23 published a Spectrophotometric Atlas
giving tho wavelength and rolative intonsities (obtained photoelectrically)

of individual 1inos: in the whole 4%¥ - X7 band system,from 2600 & to
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Table 1.2. Summary of Theoretical f-values for the (0,0) Band.

Investigator Method £, x 10%
Mulliken'” Dipole length (LCAO) 6
Dipole length (}MO) L2
20 .
Hurley Dipole length (SCHMO) 18
Dipole length (LCAO) 35
Dipcle length (i.c.c.) 43
Dipole velocity (SCFMO) 950
Dipole velocity (LCAO) 1500

Dipole velocity (i.c.c.) 1500
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3500 R, obtained from the hot gases above a hydrogen-oxygen flame.
The values of pv'v”/poo obtained from these measurements require a
corroction for the spectral response of the grating spoctroradiomector
used.

Theoretical Calculations of pv”v"/poo‘

Shuler, 1950,2 calculated the relative band strengths (or
vibrational transition probabilitios) of bands arising from the first
four vibrational lovels of the AZY - X27T system, using anharmonic
wave functions derived from the Morse potential, 1929,24 and assuming
an electronic transition momont of the form Ra(r) = const.(1 + ar),
where r is tho intormucloar distance in A. He fitted his theorotical
values to the improved photoelectric values of Dieke and Crosswhite,
1949922 obtaining & numerical valuo for the constant a, giving
Rc(r) = gonst.(f - 0.75r), and prosented a table of relative band
strengths obtained for this wvalue of a.

Nicholls, 1956,25 examined the distribution of band strengths
given by Dieke and Crosswhite’s, 1949,22 values and studied the
dependence of the electronic transition mement Rg(r) on the intermuclear
separation r (in i) by means of the "r.controid® approash. (Nicholls
and Jarmain, 1956.20) Wicholls obtained Ro(r) = const.(1 - 0.756r),
and used this to produce a ®smoothed®array of rolative band strengths
within the system.

Learner, 1962,,18 used an exponential form for the eoloctronic
transition moment, R (r) = 0~2F, and obtained a value for a by fitting

his theorotical band strengths to the smoothed values of Nicholls, 1956.25
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He obtained Re(r) = o=2*5T and prosonted the corresponding array of
rolative band strengths.
In all these calculations of poyu/Pygs the results aro signif-

icantly lower than the experimeontal values from which they are dorived.

Vibration-Rotation Interaction.

Bass and Broida, 1953, found that the rotaticnal temporatuross
obtainnd from the relative intensities of rotational linos within a
givon vibrational band, varied significantly from band to band (in the
omission spectrum of a hydrogen-oxygon flame), even for those bands with
the samo initial vibrational state. They suggosted that the most
probable explanation of the discrepancy was tho negloct of vibration-
rotation interaction in the thoory of transition probabilities.

Loarner and Gaydon, 1959,28 and Loarner, 1962,18 discussed theo
offoct of vibration-.rotation intoraction in olectronic transitions,
showing that it is not always negligible. Learner included the

correction torm T;,;4 into equation (1.1), giving

f = f

VQVWSJGJNTJiJW/(ZJ“ + 1)

JoJgw
=" pvﬂvNSJQJngJQJw/(ZJW + 1) 9900(102) “

to account for vibration-rotation interaction. Now fv“v“ and Py oy

aro for tho rotationless molecule, for which Tioq0 =1 T depends

Jege
both on the angular momenta J° and J%, as well as theo band (v°,v)
concorned. Loarner calculated tho offect of the intoraction in the
A2t . X2F systam of OH using Morso=Pokeris (Pekeris, 193429) wave

functions and the value R_(r) = 0-2°5T, obtained by fitting his
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theoretical band strengths to the "smoothed® values of Nicholls, 1956025
He presented a table of TJ,J“ values for all bands with v?,v* & 5, and
J% up to 25. He also calculated the corrections AT required to be
added to rotational temperatures T determined without taking vibration-
rotation interaction into account, and plotted AT as a function of T.

James, 1959,30 also discussed the effect of vibration-rotation
interaction on the relative intensities of rotational lines within a
given band, and hence on rotational temporature determinations. He
used Nicholls’, 1956,25 form for the electronic transition momont
Ro(r) = const.(1 ~ 0.756r), and a comparatively crude form for the
potential function for different rotational states of each olectronic
state. The potential functions were parabolas, effectively shifted
towards increasing values of internuclear distance, to account for
contrifugal distortion, with increasing rotational quantum numbor, J.
The parabola for each J-value was chosen to fit the true potential curve
near the equilibrium positicn.

Ziman and Bogdan, 1964,31 used the RZ(O,O) and Rz(i,O) branches
in the CH ultra-vioclet system to determine rotational temperatures in
various hydrogen flames, from both emission and absorption spectra. The

18 corraction were self-consistent,

temporatures obtained using the Learner
while thoso obtained using the James’® correction wore not. The Learner
corroction also gave temperatures in good agreement with the sodium-line
reversal temperature, but for a hydrogen-exygen flame at 1 almostphere,
the emission temporature was significantly higher than the absorption

tomperature.
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1.3, Choice of Method

In order to evaluate the magnitude of the vibration-rotation
interaction effect in the (0,0) band, it is necessary to determins the
relative oscillator strengths of several lines in one or more branchss
of the band. According to Learner's calculationsgi8 the interaction
results in a drop of about 10% in the effective transition probabilitiy
of the band over the first 15 lines in each branch. In order to
establish the presence of an effect of this magnitude, it would be
necessary for the final expoerimentsal error in the measurements on each
line to be significantly smallsr.

Apart from the anomalous dispersion or %hook® method, almost all
investigations require absolute or relative intensity measurements. Not
only ars such methods tedious on account of the various calibration
experiments involved, but they are also of limited accuracy, on account
of trouble with resolving power or tho need to know the line profile.

It is also desirable to obtain moasurements of the absolute
f-values by means of a previously untriod method based on assumptions
different from those made by previous invostigators.

The hook mothod has beon frequently used to measure f-values of
atomic transitions to a high degree of accuracy, but has not boon applied
before to molecular spectra, so far astho author is aware. Apart from
yielding independent values of the f-values of the (0,0) and (1,0) bands,
it is a particularly suitable way of obtaining reolative transition
probabilities for a number of lines having a common lower state. Its
advantages over tho various meothods involving absorption coefficionts

are that it is indopendent of the line shapo, and thero is no nced to



- gorroct for the finite-instrumentel width of the spectrograph.

The hook method shares with m&st of the other techniques the
disadvantage that a calculation of OH concentration is required before
absolute f-values are obtained. This is tho chief source of error in
the determinations of tho absolute values; aven whon the absorbing
medium is in thermal equilibrium, on account of the uncertainties in
the OH population ( ~ 8%) produced by even a small (~ 3%) uncertainty
in the dissociation energy. Howover, this disadvantage does not apply
to the determinations of the relative f-valucs when thermal equilibrium
is assured.

Having regard to the above considerations, this investigation was

dosigned to measure absolute f-valuos by tho hook meothod.

1.4, OQutline of the Hook Method

The technique adoptsed is based on the hook method initially used
by Roschdestwensky for anomalous dispersion measurements on the sodium
D 1lines, i912,°%, 1921.°°

In an earlier version of this method devised by Puccianti, 1901934
1904935 horizontal zero order fringes from a Jamin interferometer are
focussed on the slit of a stigmatic spectrograph. A set of horizontal
fringes traverses the continuous spectrum of the background source
viewed through the spectrograph. One of the beams in the interferometor
passes through a tube containing the gas or vapour to be investigated,

and the other beam passes through an evacuated compensating tube of

equal length. Near an absorption lino of the medium investigated, the
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refractive index changes rapidly with wavelength, resulting in a
displacement of the fringes near the line so that they trace out the
hyperbolic variation of the refractive index on either side of it. The
hyperbolic curves near each line are related to Ny f and { , which are
the number density of absorbing atoms (or molecules) in the lower state
of the transition, its f-value, and the path length of the medium,
rospectively.

Roschdestwensky showed that when a plane parallel gless plate is
introduced into the beam traversing the componsating tube, the inter-
forence fringes obsorved through the spectrograph were inclined fringes
of high order. The gradient of the fringes is such that their slope is
in the opposite direction to that of the rapid change near the absorption
lines, so that the two offocts combine to produco symmetrically placed
maxima and minima on eithor side of each absorption line. The rolation
betweon anomalous dispersion and f-value is simplified to the oxtont that
tho product NF! is now proportional to tho squarc of the ssparation
of tho maxima and minima glong tho wavelength direction. By measuring
these soparations for lineos arising from the same lower state, thoir
relative f-valuos are ecasily obtained. In ordor to obtain the absolute
f-values of the linesy; it is usually necossary to obtain the population
donsity of absorbing centres in tho lower state of the transitions. It

is interosting to seoe that recently Ostrovskii and Penkin, have
oliminated this requirement, obtaining absolute f-values in Na, Ca, Br,
and Sr spactra by combining anomalous disporsion measurements with

photoeloctric measuremonts of the equivalent widths of tho absorption
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lines. This technique must fulfil two conditions, if it is not to give
erronsously high f-values. First, the medium investigated must be
sufficiently optically thick for the equivalent width (AA) to be large
compared with the Doppler width (AAD) - AK/AAD > 10. Secondly, the
density and pressure of the medium must be sufficiently low for the
time interval between collisions to be large compared to the radiative

lifetime of the upper state of the transition imvestigated.
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CHAPTER TT

THEORETICAL (4) - TRANSITION PROBABILITIES IN OH

2.1. The Einstein Transition Probabilities and Wave Mechanics

Einstein laid the basis for the theorstical work on the
interaction between radiation and matter in terms of transition
probabilities. He defined three probability coefficients, 4y, B,
and B, relating two atomic or molecular states m and n, such that
absorption of radiation of frequsncy between v and v + dv by the
é‘bom or molecule when in state n would raise it to the state m.

(1) BT, is the probability per socond that the molocule, say, in
stato n would absorb a quantum hv whon exposed to isotropic
radiation of frequency between , and dy and intensity T, and so
pass to state m.

(2) Am n is the probability per second that tho molecule in state m
will spontancously cmit, in a random diroction, a quantum h, and
pass to state n.

(3) Bypl, is the probability por sccond that the molecule in stete
m will undergo the transition to state n whon it is exposcd to
isotropic radiation of fregquency botween y and v+ dv and
intensity Iv’ theroby emitting a quantum hv in the samo direction
as the stimulating radiation. -

From a considoration of the themodynamic oquilibrium betwoen
radiation ard mattor in a Hohlraum, Einstein obtained tho following

rolations botweon these quantities:
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where 8 and g, are the degeneracies of the states m and n respectively,
¢ is the velocity of light, and h is Flanck®s constant. The relation
between the classical oscillator strength, or f-value, and the Einstein

transition probability for spontaneous emission is well known and given

ki f = EEE &n Sz
ot} 8r2al € VZ

ease(2:2)

where o and m are the electronic charge and mass respectively - see, for
example, iitchel and Zemansky, 1934, p.97038 f may be defined as the
number of classical oscillators which give the same absorption for a
given transition as a real atom.

The interaction of an electromagnetic wave with an atomic or
molecular systam is, in a first approximation, the interaction with the
(variable) electric dipole moment of the system. There are also
interactions with the magnetic dipole moment and the electric quadrupole
moment, but their magnitudes are usually, respsctively, about 10'5 and
10~8 times the magnitude of the electric dipole interaction. By
introducing this electric dipole interaction into the wave equation,
Dirac showed that the probability of a transition between two states
m and n on account of this interaction is proportional to the square
of the magnitude of the vector R™; the time.averaged matrix element

of the electric moment. The relation between the Einstein transition
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probability and the electric dipole moment matrix element is well

known - see, for example, Herzberg, 1950, p.2139 - and is given by

bl g
A = ‘—LPT‘T' t { oo 0(20 3) .
mn gpe3 gm
The components of g along three co-ordinate axes, taking

the z-axis as the internuclear axis in a diatomic molecule for

convenience in later discussions, are given by

grn f‘ﬁ’; M, ¥, dr , ete. ooso(24l),

X

where I

x E e Xy otce

Hero 9) are the charges of each of the particles whose co-ordinates
are Xy Yo zk, and \Vm and \yn ara tho eigenfunctions of the two statos.
My, otc. are tho instantaneous dipole moment components, and the
intogration is takon over tho whole of space.

mn

R s the dipole longth matrix olement, is equivalent to an,

the dipole velocity matrix elemont, wheore

n
V;nc = J;\P V4 ¥, dry etc.,
mn

)
and Y.< 'é’

- s 6tCe,

o il
2 |w

m is the mass of the K th particle, and E nis tho energy differonce
botweon the two states.
R 45 zoro if the transition under consideration is forbiddon as

a dipole transition. If ™ is non-zoro, then tho two states combine
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with each othor with emission or absorption of radiation,; with a
dofinite probability. The solection rules for dipole radiation limit
the number of componcnts Rﬁng R?p

of transition, “parallel® or Yperpendicular®. A parallel transition

s Rmn, to one component for cach type
z

is one where the two states m and n have the sameo quanta of clectroniec
angular momentum, and a perpendicular transition is one where those
oloctronic angular momenta differ by ono guantum. For parallel
transitions only Rﬁn is non-zoro, while for perpendicular transitions,
only Rﬁé or R?n is non-zero, as given by Mulliken, 1939040 Evaluation
of the integral (2.4) to give tho dipole matrix element; or transition
moment as it is somotimes called, rogquires a knowledge of the wavo

functions.

2.2. The Born-Opponhaimor Approximation

In a diatomic molscule having n electrons, there are 3n + 6
indeperdent variables and the generation of accurate foms for the wave
functions of the molecule is thus very difficult. The way round this
exceedingly difficult problem is to use perturbation theory. Eorn and
Opperheimer showed how this could be handled by successive approximations
amounting to an expansion in powers of (m/M)&, where m is the electronic
mass and M is of the order of the muclear mass. Their work justifies
the postulate that tho co-ordinates of the nuclei remain approximately
soparable from those of the electrons in the Schr8dinger equation

L1

- see Herzberg, 1950, pe148;39 Condon, 1928. This can be oxplained

semi-classically by saying that the muclear motion is so much slower
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than the electronic motion, on account of the much larger mass, that
the electrons can adapt themselves continuously to the changing
electronic levels. The quantum mechanical criterion for the validity
of this adiabatic approximation is that the energy spacing of the
states of nuclear motion should be very much smaller than the spacing
of the electronic levels. The basis for the approximation is that
there is negligible interaction between the muclear and electronic
motions of the molecules.

The total eigenfunction of the molecule can therefore be written
in this approximation as

V= Y (e Y (r) eeso(2.5),

\ye(regr) is the solution of the Schr8dinger equation for the eloctrons
moving in the field of the gixed nuclei and having a potontial energy
Vo which 1s a function both of theo internuclear distance r, and the
electronic co-ordinates symbolised by roo The eigenvalues obtained for
the eloctronic motion are thus functions of ry, and are given by

Eqo(r)s W, (r) is the solution of the Schr8dinger equation for the
nucleol moving in the petential Eo(r) + Vn(r), whereo Vn(r) is the
potontial of the nuclei in the fieold of the repulsive Coulomb force
botween them. It is often also assumed that tho nuclear eigenfunction

\bn(r) can bo split into two parts, giving

Yol® = Y 5 W, (6,0) ceen(2.6).

g;v(r) is tho radial oigenfunction for the motion of the nucleil in the

vibrational mode, deoscribed by the quantum mumber v. \y&f£(e,qﬁ is
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the angular part of tho nuclear eigenfunction associated with tho
rotation of the nuclei about an axis perpendicular to the internuclear
axis, where J is the guantum number of the total angular momentum of
the molecule and A is the quantum number of the orbital angular
mementum of the electrons in the direction of the internuclear axis.
Further, the total dipole moment M of the moecule may be
represanted as the sum of contributions due to the electrons (Me) and
nuclei (Mn) alone. Let us suppose, in the following disucssion, that
we are dealing with a parallel-type transition, seo that we now require
only the z-component of the molecular dipole moment, Mz =M cos 6 in
order to calculate the dipole matrix element R. Denoting the upper
state by one prime, and the lower state by two, and denoting tho nuclear

and electronic co-ordinates by T, and T_ respectively, we have

(3]
R, = f\"é(ro,r) Yo () %V'Jw(esm) (g + M) cos 6

(659) dr_ dr,.
eeee(2:7).

1
Xy 2( Te? r) \ng ( r)r \f""chn

2

Sinceo d'rn = r* sin 6 dr d¢ dy ; we now havo

Rz = ﬁyg(rogr) \vaa(r) (M‘J + Mn) wg(regr)‘wccv“(r) dTo dr

x fwawo(Och)wnJaww(e,cp) sin © cos 6 do dy
0090(208) -

The socond half of the integral (2.8) dopends only on the statistical
woight and the coupling in tho states concorned, and may be ropresonted

JAS JIAF i i
S e S is ofteon roforred to as the rotational lineo strongth,
!;JE'!A_CE J“J\N L A
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and was first given by Honl and London, 1925, b2 on the basis of the old
quantum theory; and later justified on a wave mechanical basis by
Dennison, 1926,%3 Rademacher and Reiche, 1927,"% and others.

We thus have, dividing (2.8) into its electronic and miclear

components, that

J°A° .
2 = Sjuau [[\y (rgsr) L () Me\%(re,r) W“vse(r) dr, dr
+ J‘l{l"e(resr)\’qvo(r) Mn\#i'e(rew) I{J“voc(r) d’l'e dl‘]
0.0-(2.9) P
In the second integral of (2.9), we have M s which is independent of

Tgo SO that

‘s—\y;(resr) Yoo (7)) My i, r) w“w(r) dr, dr

= J ¢

f\v“vo(r) MW () drj\ye(reyr) Yolrgsr) d7
0.‘.(2.10)_-

Now the electronic eigenfunctions of a molecule form an orthogonal

set, and so j‘q};( re,r) wg(re,r) = 0, reducing (2.9) to the one term.

Incegrating this separately over the nmuclear ard electronic co-ordinates,

we have
z, J%QJ‘W vo(r) \{/ (I‘) drjh/;(reer) Me\}l:(resr) d'l'e
oooo(-qul).
The integral with regard to the electronic components,
Re(r) =fw;(re,r) Me\yg(re,r) dr, as0e(2:12),

is called the electronic transition momenty, as in Herzberg, 1950,

p.200.°7
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The intensity in emission of the transition from one electronic-
vibrational-rotational state to the corresponding lower state is

thus given by

_éif‘ o AT s : 2
=55 Wt sl ”V INORNORPINE) dri

saea(2.13),
where N?:ig the population density of the upper state.

Not much can be said about Re(r) in general, on account of the
great difficulty in obtaining accurate expressions for the electronic
wave functions. However, its most important property is its variation
with internuclear distance. It is often assumed to be a constant, or a
slowly varying function of r;, so that its mean value g; may be removed

from inside the integral (2.11), giving

Rz jéﬁi R J}? (r)\y Jalr) dr ceos(2.10),

and this is the basis of the wave mechanical formulation of the Franck-
Condon principle - Franck, 1925;"LS Condon, 1926,“6 1928,,"L1 19&?.“7

When (2.14) holds, (2.13) becomes

1 55w S T, oy @
eess(2.15).
The integral Jap°vg(r)\y“vn(r) dr is called the overlap integral, and
its squaro is tho Franck-Condon factor q . o for the electronic-
vibrational states concernod. For a constant, or slowly varying
oloctronic transition momenty, we sec that tho intensity of a transition

is proportional to the Franck-Condon factor: If the eigenfunctions are
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propsrly normalised, then it follows from the properties of systams of

orthogonal functions that
3, Qroges = %ﬁ R 1.

The vibrational eigenfunctions \Vv are oscillatory functions of
r - ses Fig. (2.1), section 2.4 - with particularly large amplitudes
near the extremes of the vibrational motion. Consequently the Franck-
Condon factor in (2.15) is large when the eigenfunctions are in phase,
as it were, particularly when the terminal maxima cover the same range
of r. Tho potential functions for a harmonic oscillator (which are
fair approximations for small v?,v') are parabolic, and consequently
the locus of the strong bands on a Deslandres® array is also approx-
imately parabolic. When the equilibrium values r;qg rz of the two
olectronic states are approximately equal, this locus i: a narrow
parabola, and if r;q and rgq differ widely, then the locus is a wide
parabola,

Mulliken, 1939, and Condon, 1947, state that the value of
the electronic transition moment is a characteristic of the pair of

electronic levels concerned, and is independent of the vibrational and

rotational levels involved. Hence Mulliken, 1939;."lo states that

= A\
3“ pv°v“ constant:
:f 0000(2016),
and Zp = constant |
v9 o voyR 4
where » 2
Poogn = bw"vg(r) Relm) e o(x) av] s000(2417) .
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Pyogn 1S called the "Vibrational transition probability®; or “Band
Strength®,

L S .
The rotationsl line strenths Sg“;" obey the sum rules,

JO{\' .
§“ Jupw = const. x (2J° + 1) \\
7 eees(2.18).
Jons i
and z SJN 4 = const. x (2J% + 1) }
Je A ’

The rotational line strengths are usually normalised so that theo
constant in equation (2.18) is oqual to 1, although Dicke and Crosswhite,

19u8,21 normalise their Sj;ﬁ; to mako the constant equal to 4.

2.3. The Ultra-Violet Band Spectrum of OH

Dieke and Crosswhite, 1948,21 give an account of the discovery,
analysis, and identification of the transition that gives rise to the
ultra-violet band system A22+ - XZF in OH. They also present compre-
hensive tables of wavelength, identification, line strength, etec.
relating to the transition. About sixteen bands of the system hawe
been observed in the wavelength region 2400 to 3500 Z, each band
consisting of six strong and six weak branches. Theo vibrational
intensity distribution corresponds to a fairly narrow Franck-Condon
parabola, as a consequenco of the necarly equal values, ré = 1.0121
and rg = 0.9706 R, of tho equilibrium intornuclear distances of the
two electronic states. The observed vibrational quantum numbers go up
to v® and v = 3,

There are five different ways, Hund's cases (a) to (e), of



relating the interactions between the various types of angular momonta
of the molecule, so as to account for the structure of the spectra of
diatomic moleocules. For OH, the coupling betweon the momenta is intor-
modiate betwoen case (a) and case (b).

In case (a), tho total orbital angular momentum L and theo total
spin S of tho dlselrons are strongly coupled both to each other, and
to the internuclear axis of the molecule. Their resultants along this
axis /A and £ are both quantised, /\ being integral, and & taking
integral or half-integral values, depending on whether the rnumber of
electrons in the molecule is even or odd respectivaly. The total
clectronic angular momentum along the intermiclear axis is given by
L= A+ 2, N can take values from (L + S) down to (L = 8){ in
integral steps. Theo total angular momentum,including rotation of the
molecule, is also quantised and is given by J = Sk, £+ 1,1+ 2 .00,
(211 valuos of angular momenta are in terms of units 5}% )o The
rotational enorgy of the molecule can be reprosented, to a good
approximation, by By = B(J(J + 1) -.{12], whore B is a constant,
dopending on the molecule and its vibrational state. Wo see that in
caso (a) the coupling botween the muclear (rotational) and electronic
motions is negligible, and honce the Born-Opponheimor approximation
should be fairly accurate.

In caso (b), only the orbital angular momentum is strongly coupled
to the intermuclear axis. Hero the rotational motion is described in
torms of K; the angular momentum quantum mumber for the resultant of

electron orbital and molecular rotational motion. K is an integer



3k

given by K 2 A . The rotational energy is now given by Ey =

B[K(K + 4) - f\zl. Now the electron spin S is coupled to the resultant
K of the orbital and rotational motions, to give the total angular
momentun J of the molecule. Here we have some interaction betwoen the
nuclear and electronic motions, and there is obviously a breakdown of
the Born-Oppenheimer approximation with regard to the rotational and
eloctronic motions.

For electronic states with /L= 0, case (b) affords the best
deseription, while the states with /A # 0 are usually intermediate
between case (a) and case (b), and the nomenclature of oither is
appropriato. As the molecule rotates faster and faster, and K increases,
the state of the molecule moves closer to that of case (b).

In the OH radical, the electron spin has the value %, producing
doublet electronic levels. The two components will be characterised by
the subscripts 1 and 2, so that for Fi({(), £(8)y J = K+ i: and for
F2( 0, fz(}i), J=K -~ 3. Fi(K) and F,( K) are used for the rotational
levels of the %5* state (A =0), while £,(¥) and £ (k) correspond to

those of the T state (A = 1).

The =¥ state

Here there is no orbital electronic motion, and the electron spin
is loosely coupled to the muclear rotation - case (b). The two doublet
components Fy(K), F,(i) noarly coineido for K = 0, but there is a
p-type doubling for K # 0, due to the magnétic coupling between the

L8
eloctron spin and the rotation of tho rnuclei .. Van Vleck, 1929. The
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rotational eonergies are given by

BR(K + 1) - DKX(K + 1)2 + R(K + 1) “‘
7 eeee(2.19),

BK(K + 1) - DK2(K + 1)% - R(K + &) !

7y (K)

and F5(K)

where the term - DKz(K + 1)2 allows for the offect of centrifugal
distortion of the molecule by rotation. (All the constants are functions

of the vibrational quantum number v°.)

The szState

For OH, the zk?stata is close to case (a) for slow rotation and
close to case (b) for fast rotations, so that the intermediate case must
be considered. Hill and Van Vieck, 1928,“9 found that the rotational

onorgy of a ZFTstatn may be given by

- 1y2 + 1 2 \ 2 2

f,2= B{(J+—2-) -1z 2/{(2J+1) + a(a-u.)}] - DI%(J+1)
o00e(2.20),

whore a is tho so-called coupling constant. Expressed in torms of K,

the levels are

£, (K) = B[(K-I%)z -1 - %/u(xm)z + a(a-u)}‘] - DK2(%+1)%
, . ceee(2.21),
£,(K) = B[Kz -1+ %'/{:KZ + a(a-b)l] - DK2(K+1)%

Tho coupling constant a has a value related to the dagrse of
intermingling of the two coupling cases. When a is small, the state
is moar case (b), and whon a is large, it is near case (a).

Both fy and fz are double. This splitting is called
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¥ A -doubling®, and may be explained by a slight interaction betwecn the
electron orbital angular momentum and the rotation of the nuclei - Van
Vleck, 1929.48 In the first approximation, the difference between the
split energy levels is proportional to K(X + 1). The two components
are called f, and fiq. They have opposite symmetry (T and Tg') with
rospoct to inversion at the origin of co-ordinates. (/\-doubling may

also be oxplained as a perturbation botween lovels, in different

eloctronic states, having oqual J and the same symmetry.)

The 2% - 27 Transitions

For dipole transitions in tho free molecule the selection rule
for J, AJ = Oy T 1(J = 0P J = 0), must be strictly satisfied. For
caso (b), the seloction rulo for K, AK = 0, £ 1 also applies. In
intormediate coupling, transitions that satisfy both selection rules,
and for which AK = AJ, are strong, while those that violato the K rule
or for which AK # AJ are weak, oxcept fcr small values of K and Jo In
additiony, theo symmetry rule oven fﬁ, odd is also strict for the free
molecule. With these solection rules thore are tweolve possible brancheos;
six strong "main® branches, and six %satellite® branches whose intensity
falls off rapidly after the first few lines, as the coupling gots closer
to case (b).

The branches are named below for case (b), which is more

convenient in this case.
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0 branch for K -~ 2-»K
P branch for K - 1= K
Q branch for K 2> K
R branch for K+ 1 2> K

8 branch for K + 2 K

0,,(K) = F(k-2) - £3(K J-1-217
P, () = F(X-1) - £(K) J-1>J
Py (K) = Fp(K-1) - f£,(K) J-1>J
Pio(B) = F(K-1) - £p(K) J >4
Q () = Fy(K) - £2(K) J »J
Qp(K) = Fy(K) - £1(K) J-1J
Q (K) = Fu(K) - £(K) 3 a3
Q12(K) = F,(K) - £3(K) J+1>4d
Ry () = F(K+1) -~ £,(K) J+1-5J
Ry (K) = F(K+ 1) - £(K) J »J
Ry (K) = F(K+1) - (k) J+1->4d
S,(K) = Fy(k+2) - 1(K) J+13J

Diecke and Crosswhite, 1948,21 tabulated the relative rofational trang-
i4ion probabilitics (or votational line strengths) Sgé:; from Earls,
1935,50 Hill and Van Vieck, 192.8.""9 These expreossions replace the
Honl-London factors which are only valid for case (a),; where the Born-
Oppenheimer approximation holds fairly well. Dieke and Crosswhite,

1948,21 1949,22 also published experimental values for the relative

transition probabilities pqu"/pCo for nine of the vibrational bands
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in the system. Thess values are given in a Deslandres array in Table
(2.1). The photoelectrically determined and thus more reliahble valueszz

are tabulated and the sums £ p /p

o Pyayu are given on the right hand side
v

00
of the array, in order to evaluate the validity of the Born-Oppenheimer
approximation for OH with regard to electronic-vibrational interaction.
The values given in brackets are estimated values for intensities of
transitions from the upper and less populated vibraticnal levels, for
which the intensities in emission were too low to bo determined. The
ostimations were made with regard to the intensity distribution in the
experimental array. The sums g,, Py oyis /o oo including these values are
likuwise given in brackets.

It can be seon from Table (2.1) that the sum {J,“ pv°v°‘/poo cannot
beo regarded as a constant. Even considering only the oxperimental values,
thoro is a difference of 27/ botwoen the oxtremo valucs of the sum.
Vhen tho reoasonably ostimated mumbers are included, this difference
incroases to about 504 beotweon v® = 0 and vM = 3. It is thus obvious
that requirement (2.16) for negligible intoraction botween tho vibrational

and olcctronic motions does not hold for CH.

Tablo 2.1. Relative Experimental Transition Probabilitiocs Pyeyu/Poge

v~ 0 1 2 3 L ;13’_“ Pyoyn / Poo
vt
4
0 1000 5 1005
1 480 780 13 1273
2 (150) 680 520 (25) 1200 (1375)
3 (40)  (340) 810 1300 (25) {1110 (1515)




2.4, The Morse-Pekeris Rotating Oseillator

In determinations of the solution of the Schrgdinger equation for
the nuclear motions for intensity work, it has usuwally been assumed that
the solution \yn(r) is separable into mutually independent vibrational
and rotational parts, as given by (2.6). The interaction between
rotation and vibration has however been recognised for many years in
terms of theenergy levels in the variation of the rotational constant B
with vibrational quantum rumber. Dunham, 1932,51 showed that the energy
levels of an anharmoic oscillator could be represented by the double
infinite sum

=5 5 131 43 J '
o ggyij(v+ )+ JJI(J + 1) eo00(2.22),

E
which includes torms which are combinations of powors of both variables
(v + %) and J(J + 1), as woll as terms in powers of each variablo
independontly. Loarner, 1961, 92 1962,18 has discussed tho effects of
tho soparability approximation (2.6) on the intensities of electronic
transitions of diatomic moleculos in detail.

The potontial function most commonly used to obtain tho vibrational
eigenfunctions and eigenvalues has boon that for the rotationless moleculeo.
However this is only the founder member of a set of potential functions;
one for each value of the rotational quantun nunbesr. The set may be
represented by

n? J(J + 1)

U(r) ;= U(r) + [ 7 soso(2:23),

where U(r) is the potential function for the rotationless molecule.

The added term répresents the Kinstic energy 6f rotation, the moment of
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inertia being ur, where y is the reduced mass of the diatom. The
importance of the added term to intensity calculations is that the
resulting shift of the potential curves to increasing values of r is
not always negligible, particularly for hydrides with low dissocciation
energy (e.g. HgH, as shown by Herzberg, 1950, p.h2739). If the relative
shift of the potential energy curves, and hence the wave-functions, of
two combining electronic states,is large enough with increasing values
of J, then the overlap integral and the vibrational transition probab-
ilities for the bands may be expected to vary signficiantly with J.

Mothods of performing relative intensity calculations for tho
rotating oscillator are few in numbor. Herman and Rubin, 1955953 treated
analytically the infra-red spectrum of a Morse-Pekoris oscillator,
where the cigonfunctions are for different vibrational states of the
samo cloctronic potential function. This analytical approach cannot be
extonded to include electronic transitions in moleculos, since the
oigenfunctions now bolong to different electronic potential surves and
have difforont constants. Nicholls and Fraser, 1958,54 have shown that
thoir analytical approach for the rotationless case can be extonded to
include rotation. Learner and Gaydon, 1959928 and Learner, 1961952
1962,18 performed numerical inteogrations of Morse-Pekoris wave functions.
James, 1959,30 developed an approximate method in which the rotational
encrgy term serves to displace a paraﬁolic potontial function to higher
valuos of internuclear distance with incroasing J.

The potontial function for the Morso-Pekoris rotating oscillator

is givon by
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-B(r- 2 233 + 1) ,
Ur) = Dﬁ[l . BT re)] + 8:2 ( 2 o00al2:2L),

1

= 2

where B = { 5—%)2 s and D, = 2 s the dissociation energy.
Y Lxad

The following functions are defined:
A = the rotational energy,
W = the total nuclear energy, measured fram the potential
minimume.
The eigenfunctions are given by

b2

Yosa = Yo & V2 ™ F, (v, br1s 2ay) ceee(2:25)
in which
_ %‘(\H—b)% E 1_% 2 32 1 ”
n, =e U [P ™ v = - |25l - ase® - £+ 1),
2
8oty -B(r- 1
dy=[{52h2}{De+A(3€2 -E)}}e Blr-re) s € =§;; ;
- oy - o 2la+l) vaoolatk-1)%x" L,
and. 1r1(a,b,x) = g D(or1) e es . (brlot) ki is the confluent

hypergeometric function.

Learner, 1961,52 has shown that the Morso—Pekeri‘s model is a very
good representation of the rotating oscillator for low values of the
vibrational quantum mumber - v K 5, in the caso of OH.

The oscillatory vibrational wave functions giveon by Learner, 1951,
52

Pe25,” are reoproduced in Fig. (2.1).

20:5. The Flectronic Transition Moment in OH

Theoretical dotorminations of the electronic transition moment

Ro(r) in OH based on a more or less ab initio method are not adequate
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at present, Mulliken's 194019 calculations being only an order of
magnitude assessment. Moreoever Hurley's 195940 calculations gave a
difference of nearly two orders of magnhitude between the results for the
dipole length and the equivalent dipole velocity approach.

Various expressions for the variation of Re(r).with intermuclear
distance r have beoen obtained empirically.  Shuler, 195092 assumed a
linear function of r (ho only considered the first two terms in a
polynomial expansion on account of the scanty data available). The
parameter of the function was adjusted to give the bost fit between the
rosulting calculated vibrational transition probabilities and Dieke and
Crosswhite, 19&9,22 cbsorved relative intensitios of the vibrational
bands in the system. He obtained.Re(r) = const.(1 - 0.75r).

Nicholls, 1956925 assumed a slowly varying function Re(r) and
adopted the r-centroid approach which is valid for this condition. With
this approximation he determined the variation of Re(;) with ;, again by
comparison with the experimental results of Dieke and Crosswhite, 19&9.22

Both Shuler and Nicholls used their calculated values of Re(r),
based on the experimental data for all the vibrational bands, to re-
calculate theorotical values for the relative intensitios of the bands.
This process results in a “smoothing® of the oxporimental data; assuming
that tho expreossions used for the eleoctronic transition moment are fair
approximations. |

Learner, 19619529 1962,18 chose an exponsziisl form Re(r) =

ar

const.e”“*+ The value of the parameter a was obtained by fitting the

calculated values for the relative vibrational transition probabilities
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at J = 104 (for which the experimental line intensities would havs besn
strongest) with Nicholls®, 1956,25 smoothad values obtained from Diske
and Crosswhite®s, 19&9,22 original results. He obtained Re(r) =

const. 9-2951"

In each of the empirical calculations above, Re(r) was obtained
from the variation of vibrational transition probability within the band
system. This procedure implicitly includes a correction for the break.
down of the Born-Oppenheimer approximation,with regard to electronic
and vibrational motions, in the expression for the electronic transition
moment. There is no reason to suppose that Re(r) should not also
include factors allowing for the breakdown in terms of the interaction
between electronic and rotational energy discussed in section 2.3, and
even for the 3-cornered electronic-vibrational-rotational interaction.
This interaction manifests itself in the variation of the coupling
constant 2 (for eléctronic.rotational interaction) with vibrational
quantum nmumber. Although the effect of this interaction on the energy
levels is small, the effect on the f-values is not necessarily small too.
It is well known in the atomic case that different wave functions which
give energy levels that are very close to the experimeontal values still
give f-values that diffeor widely from each other as well as the experi-
mental values. However the scareity of experimental data does not yet
allow determinations of the effoct of these other interactions.

Using his derived value for the electronic transition moment,
Learnor predicted the variation of vibrational transition probability
with the change of rotational quantun mumber for lines within each band

with v',v® & L, for valuos of J up to 25.
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2.6, The Band Oseillator Strength

The relation between oscillator strength £,y and vibrational
transition probability p .,s 1s easily obtained by combining (2.2),

(2.3)5 (2.11) and (2.17) to give the well-known relation

OAQ
_ _ 8%n Sguam :
fJOJW - Bhez Vv g“ pvﬂvﬂ 000.(2.26),

Putting Fvgvg; = %”—-—' vV Pyoqn s and since g“‘= 2J% + 1, we have

he?

= F JAQ /(2J1+ 1) 0900(2027)‘

fJ g vyt Ju/‘_

wherse Fv"v“ may be considered a constant over a given band, neglecting
vibration-rotation interaction and the variation of frequency over the
band. The latter is reasonable since the frequency range is small
compared to the mean frequency of the band. The band oscillator strength

is then defined by

Fyoge _ JW

f - Z f T emrv——— "o e 2028 -

vivh Je  J%Jw (2JN+1) Je JUAE ( )
From (2.18) we see that

Toogn = Fyogn or UF_, . respectively ....(2.29),‘

depending on whether one follows the usual normalisation rule, or that
of Dieke and Crosswhite, 1914-8021

The effeoct of vibration-rotation interaction can be included by
incorporating the correction factor TJC Ji in (2.27), so that we have,

following Dieke and Crosswhite, that
1 SJW
£o...= ., 5;~£gﬁF T 0665<2630)§

Jogu voyh 27% + 1 Jege
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whore f_, , now refers to the rotationless molecule, for which Ty, ;q

is defined as unity. This value fv"v‘

entation of the strength of the transition.

. 15 the most meaningful repres-

If the quantity (2J% + 1) quJ“ %; Sja?j\‘\‘; is plotted against J%,
ono obtains a curve whose departure from a straight horizontal line
gives TJg Jee The band oscillator strength for the rotationless molecule
is determined by extrapolating the curve back to zero rotation.

Learner, 1961,529 1962918 calculated and tabulated values of 'I‘Jv %
for lines in all the main branches of the (0,0) band, up to J = 30,

using his empirical value for the electronic transition moment.



L7«
CHAPTER ITI

THEORETICAL (B) - THE HOOK METHOD .

3.1+, Dispersion Theory

The early investigators of the phenomenon of dispersion found
that the refractive index F increases slowly as the wavelength ) of
the incident light decreases. The refractive irdox and its rate of
change varied not only with A, but also with dispersing medium.
Cauchy derived a relation between F and ) on the olastic solid theory

of the ether. He obtained

F=a+bA2+danl+ /a0 +..... coee(3:1),
which gives F in terms of Ly, and four or more constants a; by, dy £ eceoy
for F slowly increasing as A decroasos,; and having no discontimuities,
as in Fig. (3.1), which is typical of "nommal dispersion®.

Lo Roux,; Christiansen, and others, found that in the neighbourhood
of absorption lines tho disporsion phenomenon was as shown in Fig.
(3.2), different from that shown by 2 glass prism. The first striking
damonstration of this ®anomalous dispersion® was given by Wood, 1904955
who used a “prism® of sodium vapour to form an anomalous spectrum along
the slit of 2 prism spectrograph. The spectrum formed in the spectro-
graph traced out the familiar anomalous dispersion curve for the
sodium D lines.

The Cauchy formula (3.1) is obviouslyinadequate to describe
the anomalous dispersion phenocmencn, but is found to give satisfactory

values for the case of normal dispsrsion; i.e. in the spectral region

well away from any abzorption lines.
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To account for the sudden change in F near an absorption
line of wavelength A,, Sellmeier derived the equation
F2 _ 1= aa2/(A2 - ) eeoa(3:2).

Since most spectra consist of many absorption lines, this becomes

F2 .1 =5 a2/0% - 1)) veoe(3:3),
J
suming over all the absorption lines. At A = ?\j, this gives

infinite values for Fy, and in ordeor to obtain a finite valuc of F

for all Ay a frictional torm was introduced, giving

F2 .1 =13 a2/02 - 22+ b33 vooo(3ult).
J

The derivation of this form is not rigorous in the light of the more
developed electron theory of matter. Drude and Voigt led theo way to
a now deduction, and wore followed by Lorentz, who derived an

oxpression for F from Haxwell®s eoquations, finally giving

R
F2 - 1 — 5_"”_(_)- E 2_ % 6000(305),
moj @f - 0%+ inw

for low density media whose magnetic permiability is unity (the
latter is true for nearly all transparent media), where

A = mmbor of oscillators per unit volume with

frequency (.bj,

o = alectronic charge, m = electronic mass,
W = frequoncy for which F is calculated,
Kj = gj/m, whereo g5 = damping force.

This is equivalont to having a medium with N particlos per unit

volumo, each with f’j- oscillators ,‘F’f' froquoncy O J ; 80 that ﬁfJ = Nf;,s
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Since the absorption is small at the edge of an absorption line,

Xj(,a << o)§ - wz, and (3.5) can be written as

le? 5
FZ a1 = LrNe 5 2.) . voes(3e6).
J

Substituting W= —2-;\19 (¢ = valocity of light, A = wavelength corres-

ponding to frequency w), and since for a gas F = 1, we have

2.2
2 £.5
i = ..N_e,._z T e 1.-5-2- ...0(307),
2tme™ j A° - }\j

A1]1 the absorption wavelengths of a given medium can be included by
considering all transitions from level j to levels k (k > j)y for

cach j, giving, in rogions of small absorptions

2 .2
2 Nofy =hyes d
Fewil = o NI -klzlz{&.al—(g.. 00'0(3.8)’

zme? § x>j A% - 2y

whore Nj = nmumber of particles per unit volume in state J.
In the region of an isolatod absorption line, only the ono
transition under tha summation has a siglﬁficant affoct, and A o )\kjg

. 2 2
so that AT - ).kj ‘ﬁ‘zkkj(k - kkj)iﬂ and

| 3
o2  Nihe iy

F~1= .000(309)
lme® ) - Mes ’
which may be written as
F-e1=CHN: £ 'i\g—']“ \‘
- J ki - Me }
2 / 0000(3610)‘.
whereo © 0= Wl {/
lrmc? '

5

Classically, the oscillator . stréngth fx; 18 & whola mmber by
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definition, but quantum mechanically and also in practice; this is not
the case, and usually £ < 1.

In the quantum mechanical treatment it is seen that expression
(3+8) is only true in the case of weak excitation of the gas. Ladenburg,
1921,56 and Kramers, 19214-957 showed that when the upper levels are
approciably populated; a "negative dispersion® term has to be inecluded,
giving

02 T 5 Mﬁzé_ﬁ&), (3.11)

2mmc? i k>j A2 - xﬁj gy PRIy

whore gj and g, are tho statistical weights of the levels j and k

Faeil-=

respectively, and Ny is the population of tho upper levol k.

Yhoreas before wo had A 5 = Nfy and more gonerally

'X/l‘{j = Njfkj 0050(3.12)’

WO now have

}

: N
J\‘f‘ H'fkj(l - &k ) = N. ....(3-13),

kj 7] Bk Iy 573"
N
wheore ij =(1s §-i ﬁ}f ) is the negativo disporsion term resulting

8k 5
from induced emission. Foi woak oxcitation, as in this oxparimont,

N, <K Nj’ and the offcet of tho nogative dispersion torm is negligible.

3.2, The Puccianti Mothod

Pucecianti, 1901,31+ 19011—935 made use of relation (3.9) in his
method of focussing zero order horizontal fringes from a Jamin~type
interfeorometor onto the slit of a stigmatic spoctrograph. For any

given wavelongth; the distancc butween fringes is oqual along the haight
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of the slit, and the path difference A between the interfering beams
is given by

A= by (b 2¢ constant) esoe(3e1l),
vhere y is measured along the slit fram a point such that y = 0, when
A = 0. (In fact b varies very slowly with )\, decreasing with decreasing Aa)

Considering only points of maximum intensity, we have

A= nh (n = an integer) eooe(3.15),
From (3.14) and (3.15), we have

by = n\ coeo(3:16),
for a bright fringe.

If one of the interfering beams is passed through a thickness 4
of gas with refractive indox F, a path difference (F - 1){ is created,
so from (3.16) we have

by - (F- 1) =mn\
or by - G(NZ =n\ ‘t
where G(A) =F - 1 j oo (3017).

For the zero order fringe, n = 0, and by = G{N)¥, giving

= :‘% G‘()\) ~¢ conste. G( >‘) 0090(3018)9

for this fringe.

Since b o£ const., we see that all the fringes trace out anomalous
dispersion curves in the spectrograph, if G(A) is given by (3.9). Away
from an absorption line the fringes are nearly horizontal, but near

ono they trace out hyporbolic cuives.
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3«3, The Roschdestwensky Modification

Obtaining the f-value from the hyperbolic curve by a complete
parameterisation or even using a small number of selected points is a
long and involved process liable to errors and difficult to check.
Roschdestwensky, 1912, 32 1921933 simplified the relation betweon f-values
and experimontal observation by introducing a planc parallel glass plate
into the path of the second beam in the interferometer.

Let the thickness of the glass plate be ‘e*, and its refractive
index F* (F* > 1, and is a function of A3 F=1= r(2)). Replacing p (= by)
by the more general function ¢(y;\) for white light, equation (3.17)
becomes

oysd) - A(NE = nx
giving for the case with the glass plate,
7N - GO+ 2(MNL* = m eeee(3:19),

Near the absorption line; sharp maxima and minima are observed,
as in Fig. (3.3), the hitherto nearly horizontal fringes now being
high order inclined fringes, giving rise to symmetrically placed hooks
close to the absorption line.

The position of the maxima and minima are given by %‘% =0, so
that 49 = 92 ¥ o+ 99 = 9.‘2 at these poinus. Differentiating with respect

dv dydxn  9rx 9
to A, we have

d
('.pyoyo + -a-;% n G’ole + 1‘92.* = na 0000(3120),
o,
where Py = 3;'(;) s and theo dash denctes differentiation with respect to A.

Thus for A = A, whore A donotos the position of a hook and ¥°* = 0,
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wo have . X
'.'.(3°21)L‘
whoro K= n -£*r" - o?

Comparing (3.21) with (3.9) differentiated with respect to A,

j.e. F¥ = - Eﬁﬂcﬁ% eeee(3.22),

wo soo that

~ 3
A= xk.t\/feﬁjfl_sj_)‘.lsj eeee(3.23).
J K

Thus, for an isolated line, the hooks lie syrmetrically about }‘kj’

¥.2

) =-1_;.,a .
Njfycsé v 'A-g]g eoee(3e20),
3

Theo hook separation is easily oblained by measurements on photo-
graphs of the fringe pattern, and it will be shown that K may bo doter-
mined by moasuring the slope of fringcs at Ao, mear My but well outsido
the region of anomalous dispersion.

Suppose that in moving from A, to A, + A\, one passes An fringos
(observed at constant height y), noar tho region of anomalous dispersion
due to )‘k,j" From (3.19) we have two equations corresponding to A, and
Ao + Ady namely

o(hg) - £6(2) + £¥r(%) = g ee0e(3:25)

and oo + 80 = L6(a, + M) + L¥r(3, + a0)
= (n+ m).(x, + AN oooe(3426).

Using the Taylor eoxpansiony, and noglecting tormms higher than tho first
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ordesr, we have, subtracting (3.25) from (3.26),

@ AN ~ £GTAN + £*7Ah = nmAX + A An + Anp veeo(3:27).

Now G is in a region where it is very nsarly constant, so on the
left hand side of (3.27), the second term is negligible compared to the
sum of the other two. On the right hand side of (3.27); AnA\ may be
neglected as the product of two small quantities. Thus we have

i ?

AMn - £*r° - (pv) = - hoAn, giving, since Aoqukj, and X=n « £%r° ~ ¢'s

*

that

= 2;: kj 0105(3028)’

showing that ¥ is obtained by measuring the slope of the undistorted
fringes near each }‘kj in turn.

We have fram (3.24), and expressing C in terms of its constituents,

that
Kal.
Nf, t; ”°§‘“——§3 vose(3:29),
g )‘Ej

B
—hl =y voes(3.30).

From (3.29) we see that the product (Njfkjé), which is the
nunber of classical oscillators of frequency wkj per unit cross-

section, is given in terms of the constants my ¢y my e, the wavelength



57+

?\kj, and the quantities K and k3 which are easily obtained from

measurements on the spectrogram.

3elte Application to a Number of Close Lines

In the application of the hook method to atomic spectra, it
has rarely been nscessary to consider more than two or three close
lines. In the general case; as required for molecular spectra, the
effect of an absorption 1line on the hook separations of other lines
close to it may not be negligible, and has been treated briefly by
Roschdestwensky and Penkin, 1941 .:5 8 For an arbitrary number r of
close lines, (3.30) may bo oxtended to show that a hook occurrs at
oach of the 2r roots of the equation
S . B veee(3.31),

71 (=22
where,; as before

-Bj = (N:E'-e)j (Z':;:-igzg}-

If 8 13 and 623. reprosent the distances from the contre of the j"th

Do

substitution of cach measured 8 combined with the knovm line separations

line to the two hooks belonging to it (so that 815 * 8 3= 4

€ into oquation (3.31) gives 2r equations for the doterminations of
the p j"s if all the hooks are measuroable. For this particular
oxperiment, the formulae can be simplified to decal with two eoxtreme
cases, as follows.

If the linocs are more than about é—f\ apart, far onough for hooks
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to appear between them in this experiment (where Nf& 'V10139 A~ 3000 :&)9

8 15 = 8 . within the errors of measurament (about 10%). ZEquation (3.31)
J
can then be approximated by
£ B
-—-% = 1= % —71-5 eses(3.32),
85 kt3 €3k

k" Using as a first approximation for §,, the

where £jk = '!A j- A
fisolated line® wvalue lﬁk = 61?; = (%—; s and substituting in equation
(3¢32), a second approximation 28 5 may be obtained for each s in turn.
This procedure is repeated until the necessary accuracy ({% - n'iel/nﬁ
< 1%) is obtained. The calculation is tedious, since in this experiment
the hook separation of each line is influenced by more than 1% by all
othor lines within about 2 ?k. of it, and was therefore prograrmed for
the IB1 7090 computer at Imperial College.

The other extreme caseis that of a pair of lines ‘o close to
have hooks between them. This pair is first treated separately from a1l
other lines. If the lines are designated a and b, and are distant §,

and &, rospectively from the nearest hook, equation (3.31) leads to the

simultaneous equations

—%+-—=«-—-——-——=Bb 5 = 1
8% (&ab + 6,)
o)
Pg By
+o— = 1
2

2
(ﬁab + 5b) 6b
Irom which Ba and Bb are obtained to the necessary accuracy, again
using the computer, programmed now for this particular case. In nearly

all the pairs of lines falling into this category, one of the lines
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was a satelliteo, whose f-valuo was fv-;- that of. the main lino investigated,
and the correction to the B-value of the main line was only =~ 5h.

Thus in practice, the final nBa value of only one of these lines; say a,
was nearly always roquired, and the ®isolated line®™ & a value (= ng—i)

is then fed into the computer programme for the provious case; so

that B, can be corrected for the influence of all other (relatively
distant) lines.



CHAPIER IV

EXPERTMENTAL (A) - THE MACH-ZEHNDER INTERFEROMETER

Lei. Introduction

Fig. (4.1) gives an outline of the experimental system, and a
general view of the apparatus is shown in FPlate 1.

The OH o be investigated was produced in adequate concentrations
by dissociating water vapour in an alumina reaction tube, heatad up to
nearly 2000°K in a molybdemum wound, tubular alumina furnace. The water
vapour was introduced in the fom of saturated oxygen, by bubbling oxygen
slowly through about 8 om of water, before passing it through the reaction
tubo.

Tho anomalous disporsion adjacont to a nmunber of absorption lines
in the (0,0) and (1,0) bands in the AT - X277 band systam of OH was
observed by means of interference fringes produced by a Hach-Zohndeor
interferometor. 4 parallel boam of light fram a source of contimuous
radiation was passed through the interforometer, and the horizontal
interference fringes produced wore focussed on the slit of a stigmatic
spaclirograph, where they wore photographed, having undergone dispersion.
The reaction tube and a similar compensating tube were placed one in each
arm of the interferomoter.

Each item of the experimental system will be dascribed in detail
- the Mach-Zehndor interfercmeoter in this chaptor, and the rest of tho

system in theo next.
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.2, Theoory of tha Intorforomeoter

The original determinations of f-values using tha. hook method
wore made with a Jamin interferometer. Later workers, for example
Ostrovskii and Penkin, 1961,,3 6,37 and Pery-Thorne and Chamberlain, 196359
have made use of a Mach.Zehnder interferometer -~ IMach, 1892;;60 Zehnder,
1891,% - which is related to tho Jamin and Michelson instruments.
Whereas with the Jamin, the separation of the two beams is limited by
the thicknsss of the interferometer plates, with the Mach-Zehnder, the
interfering beams can be widely separsiudg also much thimmer (and
consequently cheaper) plates may be used. A disadvantage of the Mach-
Zehnder is that there are many more degrees of freedom in the movement
of the plates, making adjustment more difficult. In this exporiment a
Mach-Zehnder interferometer was used in a Jamin-type arrangement, with
horizontal fringes located at infinity.

The instrument consists of two beam splitters Py, Pu, and two planoc
mirrors Po, P3. Py and P) are ideally two idontical plates made of a
homogeneous transmitting mateorial, polished optically flat both for
transmission as woll as reflection at the surfaces, and partially
aluminised on one surface to give oqual transmission and reflection at
L5° incidence. P2 and P3 are two plates polished optically flat and
completoly aluminised on one side. The platos are placeod at tho corners
of a rectangle, as shown in Fig. (4.2), and at 45° to the sides. Py,
may be moved along the direction of the line joining P2 and PLL' Rays
of light fram a small source £ are amplitude divided at P1 into two

beams of approximatoly equal intensity, By, and B13. B12 is totally



P
A 5 >
¢ \V ’ Bia
S L
Y B
& Baa

Fige(Le2): The Mach-Zehnder Interferometer
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reflacted at P2

reflected from PB,‘ in two “double®? baams emsrging from Pua The two

LI . ]
along BZLL’ and recombines at PIJ( with BBLL” totally

beams B2Lg,9 834 which recombine at PLL are coherent, and hence inteference
fringes may be formed. The interferencs is usually obgserved in the
recombined beam travelling towards T, while the light in the other beam
is lost. Since the mirrors are arranged at the corners of a roctangle,’
the geometrical path lengths of the two interfering beams botween the
plates are equal.

In the Jamin-type arrangement, the light from S is rendered
parallel by the optical system L, and may be viewsd through the telescope
T, focussed at infinity. If all the plates are exactly parallel to each
other, then the correspording rays in each beam are parallel ard make
oqual angles with the (identical) beoam splitters, and hence have oqual
path lengths inside them, as wéll as in the space botweon tham. Thon
the optical path longths of tho two recombining compononts of all the
rays from S are oqual and the components interfore constructively at PLLg
giving emergent rays of eoqual intensity, so that the fieold of view of tho
tolescope is one of uniform brightness.

Iif PLL is now rotated through a suwall angle about a horizontal
axis parallel to its surfaceos, and P3 is similarly rotated to keep it
parallel to PIL’ thon tho rocombining beams cmorging from Pu~ara still
parallol to cach other. Now the optical path lengths of cach pair of
corrosponding rays are no longer equal. This is so bocause oach component
passcs through only one of tho beam splitters, and now does so at a

differont angle from the other, making the path lengths inside P1 and P’+
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difforent, although ths path lengths in the space betwsen them are still
equals Pu’may be traversed slightly in the horizontal direction towards
or away from P29 to equalise the optical path lengths ecowvered by each
pair of correspording rays that lie in a horizontal plane in the space
between PP, and P5P) (and thus make particuiar angles with Py and P“).
The rays of light from a given point in S are made parallel by L,
and make particular angles with the beam splitters. Parallel rays in a
given direction are focussed at a particular point in the primary image
plane of T, so that each point in this plane corresponds to a point in
the plane of the source S. Rays travelling in different directions in
a horizontal plane between PP, and P3P4 come from points along a
particular horizontal line in S, and are focussed at points along a
particular horizontal line in the image plane of T. From the discussion
in the provious paragraph, we see that each point along this line
corrosponds to 2 zero path difference between the two interforing beams,
and the linc is therofore a zeoro order bright fringe. Rays that are
focussod at points along another horizontal lino in the image plane of
T make different angles with the beoam splitters, and so the interfering
canpoaents have unequal optical path lengths, the differaence increasing
for lines farther and farthor away from the zoro ordor fringe. Thus a
pattorn of dark and bright horizontal fringes is sot up in the imago

of S in T.
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La3, Modifications to the Interferometer

The interferometer used in this experiment was basically that
designed and described in detail by Chambedain, 196202 subject to o
primary and one secondary modification.. The primary modifications
wore:

(1) that the glass beam splitters be replaced by specirosil

ones,

and (2) that the separation of the two beams be increased from about
8 em to about 27 cm so as to accommodate the furnace
described in 5.3,

The spectrosil beam splitters were, like the glass ones, 2% in
diamoter, 5/8% thick, and flat to within a tenth of a wavelength (now
at 3000 .3.). They were aluminised oa ono surface so as to give equal
intensities for the transmitted and reflected components at 3000 i and
at 45° incidonce.

The increased height, and thus weight, nocessitated by the second
of thesc primary modifications carries with it an increased suscoptibility
to vibrations. To counteract this, a socondary modification was made in
the design. The £% brass stalks by means of which the interferometer
carriages wero preoviously mounted on the optical bench saddles werc
disponsed with, and the carriages wero bolted directly on to the saddles.
Plato 2 shows a detail of ono of the modifiod carriagos.

As before, two long horizontal lengths of “Handy Angle®™ connected
the two interforometer carriages to onsure complete rigidity of tho

interforomoter as a whole. In this casa; thoy wore clamped half way up
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the interferometer carriages, since the bulk of the furnace was an

obstruction in the upper half of the interfercmeter.

Lelo Adjustment of the Interferomster

In this interferometer the adjustment 1s made as sasy as possiblsg,
in that all degress m‘ freedom are independent, i.e. the two axes of
rotation of each plate are perpendicular to each other; and aliso lie
ir the reflecting surfaces of the plates.

The height of the table carrying the interferometer was altered
so that, with the interferometer carriages mounted on the optical benchy
the lower plates P1 and P3 wers at the same height as the spectrograph
slit S - see Fig. (L.3a).

The peintolite P was first placed at the plateholder end of the
spectrograph, and its height adjusted until it could be seen centrally
in the grating when viewed through S, shortened to about 2 mn in heoight
and opened as wide as it would go (1% mm). The table was now moved
sideways, and the height of Py altered slightly, in order that the patch
of light emerging from the slit be seen centrally through Py

P was now placed direc"cly in frant of S; and aligned so as to be
seen centrally in the grating when viewed through the spectrograph. P
was now on the spectrograph axis. A small circular aperture A was placed
between P and P19 so that the patch of light passing through A foll
contrally on Pyj. Now A was also on the spevtrograph axis. The aligmment
of the table and the hoight of P3 were now altered slightly, so that the

patch of light from A fell centrally on Py as well as on Py. The
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position of the table was then marked out on the floor, as had been
that of the spectrograph.

The positions of P, and P) were adjusted so that they were
vertically above, and at the same distance fram, P; and P3 rospectively.
A lens L was introduced betwesen P; and 4, at its foeal distance from 4,
so that the resulting parallel beam of 1light fell centrally on P1 and
P.. P

3 1
from it fell centrally on P,. A long 1/ 4 thick plane mirror strip M

was rotated about its two axes until the patch of light reflected

was clami:ed vertically behind Py and P,, ard tilted so tha’p the light
reaching it from Py was reflected back and imaged exactly on &, Now P2
was rotated so that the reflected image due to the light reflected in
it fulfilled the same condition. P1 and P2 were row parallel and ¥ was
removade

Orly a very small adjustment was now required in the height of PL|.
for the pateh of light from P, to pass centrally through it. P3 was
| then rotated so that the patch of light from Py, reflected on to Pl» fell
centrally on it, the patches of light fram both beams now overlapping
exactly in the reflecting surface of PLV’ The light fram PLp was then
viewed through a telescope T focussed at infinity, and the two images
of A formed in it were made to coincide by rotating Pu‘o The interferomster
is now in approximate adjustment with P1 and P, accurately parallel, and
P3 and Pj accurately parallel and approximatoly parallel to P1 and Pz.

If P is replaced by an approximately monochromatic source, such as

a low pressure mercury arc, interference fringes may be seen across the

image of A seen in the telescope.
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The interforometer is now. lined up on the axis of the spectrograph,
and the rest of the optical systam was then aligned as described in 5.2.

The fine adjustments to the interferometer were carried out by
replacing P with a high pvessure mercury arc ME/D, once the whole optical
system had bsen aligned, and viewing the fringes formed by the interfero-
meter through T now placed behind P;, as in Fig. (4.3b). The fringes
were sharpened and made horizontal by rotations of Py and P, about their
horizontal and inclined axes. The fringe spacing was altered by rotations
about the horizontal axes to give initially about 5 fringes in the field
of view, which is the magnified image of the aperture A.

At first fringes of high contrast were visible, but these became
less clear as the arc heated up, owiné to the pressure broadening of the
mercury lines and the incroase in the brightness of the continuum.
Visibility was restored mainly by adjusting the horizontal traverse of Py
so as to equate the path lengths of the interfering beams and thus obtain
zero order fringes, making the necessary subsequent adjustments to the
tilt of on If the visibility of the fringes was lost before the inter-
forometer was adjustsd for zero order fringes, the arc was cooled by
directing at it a stream of cold air from an electric air blower until
the visibility was restored; and the process continued as before. It was
ultimasly possible to maintain the visibility of the'fringes when the lamp
was very hot and at its full operating pressure of 12 atmospheres; when
44e zero order adjustment and white light fringes had been oblained.
Owing to the large rmumber of wavelengths present in the source, the

fringes bocome multi-coloured, and fade away rapidly from the strong
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sharp central zero order fringe, making the path length equalization
very critical.

The furnace and compensating tube were installed and accurately
aligned with the upper and lower beams respectively. The windows on the
tubes were arranged perpendicular to the beams and as closely parallel
to each other as possible. Like the interferometer piates; their surfaces
had been polished flat to within a tenth of a wavelength, and arranged so
that their slight wedge angles ( ~ a fringe across their diameter)
cancelled each other in each tube. Only a very slight adjustment to the
traverse of P1 and the tilt of P, was required in order to recover the
zero order adjustment of the system.

For the purpose of adjusting the interferometer, the focal lengths
of the lenses L2 and L3 ~ seso Fig. (4o1) ~ woere taken as their values in
visible 1light (5500 3). For the actual experiments involving hook photo-
graphs, their values at 3100 A and 2850 A - for the (0,0) and (1.0) bards
respectively - were taken, and their positions altered accordingly, by the
necessary 2 em or so along the optical axis. (The focal lengths of each-
lens at 3100 & and 2850 K were determined as follows. Light from an iron
arc was condensed on to a horizontal slit aperture, 2 rm wide, and the
lons was used to form an enlarged image of the illuminated aperture on
the vertical slit of a medium quartz spectrograph, at a fixed object-
image distance Q, « Spectrograms were taken for varying object-image
distances dv The height of the spectrum (for each value of d) varies
with wavelengfhg having a minimum with sharp upper and lower extremes

at the wavelength region in focus. The focal length at the required
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wavelength was obtained from ¢ and the value of d corresponding to the
spectrogram for which this wavelength was in focus.) Also, the fringe
spacing was altered to give about 2 horizontal fringes in the visible
fiold of view, so that 4 or 5 fringes crossed each vertical line in the
spectrogram at 3000 .ZL., A spectrosil plate C; polished to the same
specifications as the windows, was inserted in the lowexr beam, with its
plane perpendicular to the beam, in order tc produce the required high
order fringes with maximum contrast, and the aperture A was now focused

on S, by means of LBo Two plate thicknesses 3 mm and 5 mm were used.

Le5. Experimental Precautions

Once the interferometer had been adjusted to ferm visible inter-
ference fringes, it was found that these suffered from two different types
of instability. The first was a slow €It across lhe field of view due
to thermal disturbances (air currents etc.), and the second was a
comparatively high frequency oscillation due to vibrational disturbances.

The vibrational disturbances were safeguarded against by ensuring
that the interferometer was completely isolated from any other part of
the apparatus or its supporting framework. The opticai bench was also
screwed to the table through tough foam rubber, but this was not very
successful, and since vibrational disturbances were carried by the floor
of the laboratory, all rotary pumps on the same floor were switched off
before exposures were taken.

The thermal drift of the fringes was more difficult to eliminate.

First the interferometer mounts were completely closed up with cardboard,
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leaving holeg only for the beamsof light to enter and leave by. Next
the horizontal paths between the interferometer plates and the reaction
atnd compahsating tubes were enclosed by lhollow cardboard cylinders. The
Junction with the interferometer was made by means of loose folds of
soft tissue paper to eliminate transmission of wvibrational disturbances
from the rest of the system to the interferometer. The arranganent up
to this stage is shown in Plate 3. It was furthemmore necessary to
screenthe furnace from the rest of the systam with sections of metal
(1/16% aluminium) sheeting. The compensating tube was also wound round
with strips of 1/6yw copper foil. Fimally, the “closed-up® interfercmeter
mounts and the enclosed path between them and the twe tubes up to the
water coclers were covered over with rectangular cardboard houses; as |
may be seen in Plate 1; which gives an overall view of the apparatus.

The fringe pattern was now found to be stable for periods of up to
half an hour in the isolated laboratory, but was still gensitive to even
the very small atmospheric disturbances produced by people moving about
in other parts of the laboratory (even ten or more yards away). This
was due to the presence of the hot furnace producing quite large thermmal
differentials in the atmosphere round the interferometer. It was thus
necessary to obtain spectrograms of the fringe pattern overnight. The
control of the furnace temperature to * %4°K was found %o be satisfactory
from the point of view of fringe stability.

It was found necessary to stop down the cicss section of the
interferometer beams to about 1 oem in diameter in order to maintain a

su.fficiéntly high fringe contrast when the furnase was running, on
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account of the non-unifcrmity of the temperature - see section 5.7 - and
hence the optical density of the gaseous mixturs, over the cross-section
of the reaction tube near its ends. This resulted in exposure times

of about 3 minutes.

The stability of the basic adjusiment of the interferometer was
good in view of the fairly simple construction. The interferometer
remained in adjustment over long periods, forming white light fringes of
high contrast after only a minimum of adju‘s’cment to the plates in the
mount nearest the spectrograph. The final fine adjustments were made
only after the water heating system had reached equilibrium - see 5.4.

When the final adjustments to the interferometer had been made,
the high pressure mercury lamp was replaced by the xenon arce

| It was now necessary for the experimenter to have access to the
plateholder end of the spectrograph, both to open and close the slit,
and #lso to rack the platoholder down so that about 6 exposures could
be made on the same plate, In ordor to minimise atmospheric disturbances,
the experimenter sat at the plateholder end of the spectrograph continuously
during exposures, and a cardboard screen was placed between this end and
the interferometer. Even after allowing a half hour irterval to pass
before taking any exposures,; only one or two of the 6 exposures on each

plateo were measurable. -
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CHAPTER V

EXPERIMENTAL, (B) - THE RFMATNDER OF THE SYSTEM

5.1, The Background Source

The requirement is a source of continuum both as strong and as
free from emission lines as possible, in the regions 3050 -~ 3175 ZX
and 2800 -~ 2900 ZX. A previous worker on anomalous dispersion in this
laboratory, Chamberlain, 1962962 investigated a nunber of very high
pressure gas arcs made available by A.E.I. Ltd.

The gas arcs investigated by Chamberlain were:

(2) GAE 6 (high pressure xenon arc operating at 18
atmospheres), AC 15 amps;

(b) . XBU (linear xenon arc), AC 25 amps;

(¢) MEX/D (xoncn/mercury arc), AC 15 amps.
Ho found that the GAE 6 was clearly the brightest source of the three,
over the whole of the spectral range imvestigated, 3000 - 7000 A.

The author found that the more recently available higher powered
lamp, the XE/D (high pressure xenon arc), 25 amps, was more intense
than the GAE 6 by about a factor of two at 3100 Ao Comparisons wore
made between the new XE/D, the Osram ME/D (high pressure mercury arc)

4 ampsy, and the anode crater of a horizontal carbon arc carrying 10 ampse.
The XE/D was found to bo significantly stronger than both these other
sources. Morcover, since the XE/D operates at a very high pressure, the
three or four emission lines in the relevant regions appqared only as
very wide ripples superimposed on the continuum, while in the case of

the carbon arc about twenty strong lines are evident. Furthermore,
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the carbon arc was found to be inconvenient to use, requiring alwost
continucus attention during operation.

Chamberlain had also discussed the difficulties imveolved in
using a flash tubs in conjunction with the interferomster; on account
of the considerable acoustic disturbances produced by the discharge of
the corndenser bank driving the flash tube. Moreover other workers,
experimenting with both flash tubes and the ¥E/D in this laboratory,
have indicated that there is no significant increase in intensity of
tho flash tube over the XE/D in the range relevant to this experiment.
Consequently the XE/D lamp was used as the source of continuum in this

experiment.

5.2, The Optical System

This is shown in Fige (5.1). Tho high pressure xentn arc source
at X was imaged on a circular aperture i by a short focal length quartz
lons L1 (f =12 ems, diameter = 5 ams). A was situated in the focal
plane of a high quaiity spectrosil lens L2 (f = 20 ems, diameter =
2.5 ams), and the parallel beam of light from Lz was passed through the
interferometer I, used in a Jamin-type arrangeament. After passing
through the interferometer I; the beam was focussed on the spectrograph
slit S by means of a further high quality spoctrosil lens L3 (f = U0 ams,
diameter = 2.5 ams), the overall magnification of A being approximately 2.

A1l threo lensos were plano-convex, and arranged, as shown, to
minimise aberrations. Moreover, the surfaces of L2 and L3 wore polished

accurate to /b of a waveleongth in green light. It may have been possible
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to reduce chromatic aberration by replacing L. by a concave mirror, and

2
re-aligning ths xenon airc, L1 and A accordingly, and even more by also
replacing L31 by an achromatic doublet.  “hilec having zero chrematic
aberration however, a concave mirror has low astigmatism only for small
angles of incidence; for which ths xenon arc would necessarily be very
close to the interferometer. Preliminary investigations showed that
the draught round the hot arc produced instabilities in the interference
fringss, so a lens had to be used as coliimator. Moreover, it would
not have been possible to obtain a sufficiently high quality achromat
in the time available. The variation of focal length with wavelength
for both lenses was found to be sufficiently slox:r for one setting for
cach lens to suffice for all the required lines in each of the two bands
investigated, (0,0) and (1,0), on account of the small wavelength range
(~ 140 1) over the length of the plate.

The diameter of the stop A was fairly critical. The fringes aro
most clearly defined for a very small source, so a small aperture is
desirable. However, in this casey; the hoight of the field in the
spoctrograph is small, and can contain only a fow fringos in the vortical
diroction, and consequently only a fow hooks for cach linc. 4 diameter
of 3.5 mm was chosen as optﬂnumo

The 1lining up of an optical system with so many components is
todiousy but it is of the utmost importance. A veory small misaligmment
could necossitato an increaso in exposure timos by a factor of 2, and
in this oxperiment, on account of long term fringe instability, time is

at a premium. In  chaptor IV, -  tho lining up of the interferometor



on the spectrograph axis is describad. The procedure for the aligmment
of the rest of the optical system is as follows. A pointolite at X

was lined up on the axis of the gpectrograph. Next the aperiture A was
adjusted, so that the patch of light passing beyond it fell centrally
on the spectrograph grating. Now L4 was adjusted so that an enlarged
image of the source was projected symmetrically onto As Next L2 and L3

were aligned in turn.

5¢3: The Spectrograph

A stigmatic instrument of high dispersion and moderate resolving
power is required, in order that the anomalous dispersion be clearly
visible, and the hook separations accurately measured. Preliminary
trials on a stigmatised concave grating spectrograph proved unsatisfactory.
However, a new plane grating Littrow spectroaph designed and built for
this purpose was very satisfactory.

The instrumant first tried was a 21 £t concave grating in an Eagle
mounting., The grating was a Bausch and Lomb replica, with 1200 lines [ming
and a reciprocal dispersion of + Afmm in the second order. The instrument
was operated at £/ in tho second order at 3100 L. It was stigmatised
by means of & weak spectrosil cylcindrical lens (3/ L dioi)tre) placed
inside the spectrograph, about 1 metre from the slit. Whilst this device

had proved satisfactory in the first order of the red and near infra-red,
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it led to too much loss of definition at 3100 K, and had to be abandonad.
This was due to the difficulty of polishing the surfaces of the cylindrical
lens to the required accuracy of 1/ L, wavelength in the green.

A plane grating, 3 metre, /25, spectosil lensed Littrow spectro-
graph, was therefore designed for use in this experiment. It was
designed to make use of a 2160 lines/mm Bausch and Lomb replica plane
grating, with a 128 mm ruled width and a 102 mm groove length. Tho
spectrograph was built in the workshop of the Physics Department at
Tmperial College, and the basic features are shown in Plates 4, 5 and 6.

The blaze wavelength of the grating was 5000 .‘Z\. in the first order,
so that the visible wavelength range is best observed in the 1st order,
and the quartz ultra-violet in the 2nd order. The theoretical recip-
rocal dispersion of the instrument is ~ 1 A/mm in the first order,
and ~ % ,K in the second, so that the wavelength range covered (in the
250 mm long plateholder) is ~ 250 A and ~ 125 & respectively. Both
ranges covered; in the visible as well as the ultra-violet, where the
refractive index of quartz varies comparatively quickly with wavelength,
are small enough for a simple (as opposed to an achromatic) levns to
suffice, togeother with one value for the radius of curvature of the
platoholder {(~ 2/3 x the focal length of the lens). The shape of the
lens was chosen to be plano-convex, sinco it is this shape that occurs
at tho minimum of the plot of coma against lens bending. The lens was
also arranged with its curved face nearest the grating, sc that the
angles made by each ray with both surfaces were as nearly equal as

possible;, to minimise the aberration for the lens. The lens was made
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of spectrosil, from a blank 5% in diameter and 4% thick, and was ground
to give a focal length of 3 metres in the green. Both surfaces were
polishad accurate to 1/ & vavelength in the green.

The measured reciprocal dispersion of the instrument was 0.53 Afvm
in the second order at 3100 .7\., the dispersion being adequate for accurate
_ hook measurements. The resolving power was found to be rather bette;'
than 100 000, campared with the theoretical valuo of 275.000. The
resolving power was not imnvestigated more precisely, as a value of
100 000 was judged adequate for this experiment. (A later worker found
that the resolving power of the instrument was rather better than 175 000.)

A 90° totally reflecting prism was used, and this was made of
spectrosil, and was 2.5 cn long, the width of both perpendicular faces
baing 1.25 ane The slit was a Hilger and Watts single stage slit

(F 1497).

S5l The Gas Systean

This is shown schematically in Fige (5.2). Commercial oxygen is
bubbled slowly, at a rate of about 2 bubbles/sec, through about 8 an of
distilled water in the bubbler A and the saturated oxygen is then led
into the heated reaction tube B at one end, and out free to the atmos-
phere at the other ehd,, having passed very slowly through the whole length
of B. Both ends of the reaction tube are cocled by passing water through
the brass water jackets C and C° stuck on with silicone rubber; in order
that the ends of the reaction tube may bo convenientiy closed by

gpoctresil windows prossed on to silicone rubber (Edwards High Vacuum,
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Type VIT 1146) “O% rings by brass rings D and D'. In order to obtain

the maximun coneentration of OH radicals in the reacticn tube, in order
that the hook separations be most clearly visible and accuratsly msasured,
the ratio of hydrogen to oxygen nuclei present must be 121 (Bonhoeffer
and Reichardt, 192863). This requires a ratio of 231 of water vapour

to oxygen molecules in the gaseous mixture before it enters the reaction
tubey corresponding to a saturated vapour pressure of water at about
88°C.

In order to fulfil this requirement, it is necessary not only to
heat the water in the bubbler, but also to make sure that the gaseous
mixture does not come into contact with any surface cocler than the hot
wator in the bubbler; before it passes out of B, This was fulfilled as
follows. Hot water from the mains supply at about 50°C was heated to
botween 8 and 100°C in the vessel E, before being passed through C* and
C. This same hot wator was used to heoat both the bubbler, and the lead
L from the bubbler to the reaction tube, as shown in Fig. (5.3). The
hot water was passed through lead piping, wound tightly round L many times
in close contact so as to form a sheath round it, and also wound loosely
round the bubbler; before it was led away to the drains. The bubbler
was stood in a water bath Wy, and the lead piping vas ovenly spaceod from
the bottom to the top of the bubblor, so as to maintain a unifomm
tanporature in the bathe Tho whole system comprising the water bath,
the top of tho bubbler; and the heated lead to the reaction tube, was
lagged with asbestos wool. A suitably cut cardboard dise was fitted

around the neck of the bubbler to take the weight of the asbostos wool
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aboveo tho water in tho bath, the cardboard itself being supported by
the rim of the water bath. A small slot in the cardboard disc enabled
a morcury in glass themomeoteor to be inserted into the water to measure
its tompeorature.

The vessel E was mado of pyrox in order to withstand temporature
gradients and was heated by three strip heaters; such as are used for
heating the mercury in diffusion pumps, running parallel off a variable
voltage. This vassel was also lagged with asbestos wool, and the wvolitago
was slowly raised to its desired value over a period of one to two hourse.
Tho water heating system reached equilibrium about 2 to 3 hours after the
wator hoater was first turned on. Tho tamperaturo of tho wator in the
bath W was tho same before and after stirring indicating that the
tomperature of the wator was unifom ovor the volume of the bath. The
system was so heated and lagged, that in equilibrium the temperature of
the wator in tho bubhler must of a certainty have boon identical with
that of the wator in the bath. Tho speckosil windows of the reaction
tube wore hoated by tho radiation fram the very hot (~~ 2000°K) zono
at tho centre of the reaction tube, and were too hot to allow conden-
sation of the water vapour on thaun. The ends of the reoaction tube werc
also hotter than the water coolers, evon when those werc passing hot
wator.

It was thus possible to heat the water in the bubbler up to
about. 90°C, without producing any loss of wator vapour through condon-

sation before tho gascous mixturo escaped into the atwmosphera.
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5.5, The Furnace

Preliminary calculations showed that, in order to obtain a
sufficiently high density of OH radicals from dissociation of water
vapour, it was necessary to heat the water vapour up to temperatures of
about 1800°K, A variety of methods of obtaining these temperatures
were considered before 1t was decided to use an alumina tube furnace,
wound with molybdenum strip. Commercially available recrystallised
alumina tubes can withstand temperatures up to about 2000°K, when the
alumina begins to soften,; although care must be taken when heating above
about 1100°X;, when alumina undergoes a change of crystal structure. The
melting pont of molybdenum is 2890°K, but it begins to oxidise above
about 500°K, and needs to operate in a reducing atmosphere above this
temperature if it is not to oxidise and burn out, the oxides of molyb-
denum being volatile.

The furnace dosign used in this experiment is showm in Fig. (5.4).
A is a "purox impervious rocrystallised alumina® tube 75 an long,
internal diameter 5.1 am, and wall thickness 0.4 am.

M is the molybdenun strip 3 mm wide, and 1 mm thick, wound
tightly round the tube A. Molybdemum is a very tough, springy metal,
and it was obtained in strips rather than as wire so as to make the
bending easier. Great care was necessary when winding the molybdenum
strip round the tube. The windings were retained at each end by means
of two bands S and S of molybdenum, 3 to 4 an wide and & mm thick,
clamped round them and crewed tight; the loose ends of the narrow

molybdenmun strip being led out between the screws as shown in the figure.
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The wirding spacing is maintained by sproading a layer of alumina
canent about & em thick over the windings, having previously wotted
the tubeo. The cement was made up by adding water to alumina powder
(lMorgan®s ®Pure Alumina 961%) and mxing well until the mixture acquired
a creamy texture. The cement was left to dry oveornight.

Tho winding spacing over both outer thirds of the wound longth
were uniform and oqual, with a gap of about 1 mm betwoen the turns.

The spacing over tho central third was also unifomm, but greater than for
tho outer thirds, with about 5 mm botween turns, so that the mmbor of
turns/cm over the central region was about half that over both outer
regionse This was done in order to increase the length of the *hot
zono® of the furnace, where the tamperature is loss than 50°K lower than
the maximun temperature. Preoliminary investigations with uniform
winding spacing over the whole length, showed that the temperature
profile for this condition had a sharpor peak. Altering the spacing,

as deoscribed above; gave a more flat-toppeds; boll shaped curve, with a
®hot zone® about 1% times as long, as showm in Fig. (5.5).

Noarly the whole length of tho furnace tube is encased in a
cylindrical metal caso, 60 cm long, and 40 an in diametor,; the cylin-
drical steel sheeting C enclosing tho volume botweoen the steol end
platos, D and D', Tho spacing of the end plates is maintained by moans
of six rods, R, 3/8% in diameter, with nuts N screwed on to oxort
pressure on tho outsides of the plates. '

X and Y aro two cylindrical sindanyo plugs insulating the brass

scrow tominals of the hoating section from the metal casing. Two
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extra lengths of molybdenum strip are wound round once undor the
molybdeormm bands at each end of tho heating elament, so that the leads
from hore to the terminals consist of three strands of molybdomum
strip in order to maintain them at a comparatively low temperature.
Tho leads aro insulatod by running a continuous chain of porcelain
beads ovor tham, before securing them between two nuts scrowed on to
tho inner end of each terminal, T1 and T2°

L1 and Lz are two hollow loops of fine wire gauze wrapped round
perforatod motal tubing comnected to metal tubes, G1 and G29 loading
out through the end plates D and D°. They are each supported by threo
othor metal rods screwed into the end plates D and D'. Forming gas,
a mixture of hydrogen and nitrogen, is led in through Gy s diffuses out
through L19 and passos through the space surrounding the molybdenum
strip, maintaining a reducing atmosphore round it, beforo diffusing
into Lz and passing out through G2 into theo atmosphores.

The small gap between the alumina tube A and ecach of the end
piates is sealed as follows. Two stoel discs H; about 1 am thick,
12 em in diamoter, each with a contre hole to take tho tube A; and with
a saucer-like curvature on one side, are slid Qver A, with theoir curved
onds facing each othor. One of them partly fits into a shallow hole
in the end plato, about 1/& can deep. The other,; outor disc fits into a
similar hole in a small ond plate E (or E') about 16 am in diamcter and
1 on thick. The cavity betwoen the inner, curved faces of the discs H
is "overfilled® with ®hallite twist™ (graphito impregnated asbestos

string), well coated with silicone grease. The discs are thon pressed
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together by pressing the cuter end plate E on to them by means of nuts
being uniformly tightened on to six threaded rods running through E
and screwed into D. The greased hallite twist is then forced round A
at the ends; forming a seal. Both ends are treatud in this way.

The cavity bounded by the end plates, the cylindrical casing,
and the alumina tube, is filled with calcined alumina (furnace grade,
- 120 + 300 mesh) as thermal insulation. This is introduced through
two holes in one of the end plates symetrically placed about the
alumina tube and about 4 cm in diameter. The powder is packed tight by
banging the side C of the furnace with a rubber bung stuck on the end
of a metal rod. When the furnace is packed tight with alumina powder,
holding about 11/ L cut of ity the two filling holes are closed by means
of two discs screwed down over tham.

Now all possible leaks in the furnace casing at the junétions of
C and D and D', points of contact botweon A and D, D%, X, ¥, N etc.,
arc sealed by painting silicone rubber over them.

The furnaco was mounted on a stand constructed from lengths of
“Handy Angle“. The height of the furnace was adjusted so that the
upper beam of the interferometer passed centrally through the reaction

tube.

5«é6o Tamperature Control

The recrystallised alumina reaction tube R (84 cam long, 3¢9 an
inside diameter, 4.7 cam outside diameter) was placed inside the furnace

tube (75 an long,; 5.1 om inside diameter) symmetrically with regard to
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length. The tubes were a fairly close fit with about L mn cleaxr
along their uppermost lengths.

The power to heat the furnace was supplied and controlled as
shown in Fig. (5.6). R is the reaction tube, inside the furnace tube
A, wound with molybdenum strip M. Power from the 240 v AC mains is
taken through a (10 amp) ®Troidac® variable transformsr C, and a 2:1
(3 kw) step down transformer B, and is fed into M. G is an ammeter
to measure the current through the furnace. D is a 5 ohm resistor
bypassing the mercury switch S, operated by the temperature controller
T (Smith®s Series 5 Mechanical Proportional Controller). Both T and S
are powered from the mains, as shown, and T obtains its information
from tho controlling thermocouple J.

The controlling thermocouple (55 Pt and Rh / 20% Pt and Rh) is
oncased in recrystallised alumina sheaths and 'positioned alorg the
uppermost gap between the alumina tubes, with its junction about 1/ 3
of the way along the total longth of the reaction tube. Each arm of
tho thermocouplo was joined to a copper wire leading to T, at a
chocolato box® commector stuck on the top of one of the water coolers
with silicone rubbor.

The temperature of the thermcouple junction can be read directly
off Ty and this temporature can be maintained below or equal to a cortain
constant value by sotting tho position of a controlling pointer; Py
along tho tomperature scale. If the power fod in is such that tho
temporature at the junction excoeds the temporature set by the marker,

the mercury switch is turned off. Tho bypass resistor is used to maintain
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a current approximately half that with the switch on, so that tho
furnace tamporature does rot fall off too rapidly. Its value of 5 chm
is choson sinco the resistance of the furnace windings at average
oporating conditions is about 5 ohm. In practice P oscillates slowly
about its mean value, with a period of about 10 sec, and with an
amplitude that can be varied up to about 70° at 1500°K. With this
controlling system, the temperature of the themmocouple junction could
bs maintained constant to * 3° of the temperature marked out by P at

its lowest extreme.

5e7. Temperature Calibration

The temperature measurements inside the reaction tube were made
by means of two reference thermcouples (both 5° Rh and Pt / 20% Rh and
Pt) which remained permanently inside tho tube in fixed positions. The
hot junction of ono was at the middle point of the tube’s length, and
that of the other was about 1/3 of the way along. Both thermocouples
were encased in recrystalilsed alumina sheathsy, and lay on the bottom
of the tube. The temperature at any point inside the furnace, corres-
ponding to any pair of fixed temperatures given by the roforence thermo-
couples, was measured by means of a thermocouple that could be slid '
along the whole longth of the tube. This thermmocouprle, also clothed
with recrystallised alumina sheoaths; was fixed inside a narrow rocrystal-
lised alumina tube, closed at one end and just wide enough to tako it,
with tho hot junction in contact with the closed end of the narrow tubo.

During tho calibration experiment, one of the spectrosil windows was
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replaced by a brass disc fitted with an Edwards High Vacuum seal adapted
to allow this alumina tube to slido in and out of the reaction tube.
The tubo was long enough to reach about 6 or 7 cm past the middle
point of the reastion tube.
The two arms of the calibrating thermocouple are commected to
two copper leads at a “chocolate box™ comnection just outside the
open end of the sliding alumina tube. These go to one of three pairs
of termminals in a slide wire bridge. In reading off the temperaturs
from the tables upplied by the manufacturers, due allowance was made
for the s.am.f. at the effective cold junction temperature at the
"chocolate box®™ comnoction, which was about 10°C above room temperature.
The reference thermocounles led out to opposite ends of the
reaction tube. The two arms of each of these thermocuples were soldered
on to two stout copper wire terminals, sticking up about 3 an above
the floor of each water cooler; leading out of each of these through a
copper tube, and insulated from each other and from the walls of this
tube by silicone rubbor which also holds them in place. Copper wire
leads were soldered on to the outeor ends of these torminals, and led
to tho remaining two pairs of terminals on the slide wire bridge. The
tamperature at tho offective cold junctions of the reference thormo-
couples, the innor ends of the terminals through the water coolors, was
measured in a subsidiary experiment, positioning the hot junction of a
thermocouple about + am above the floor of ono of the wator coolers,
and lecading the two arms diroctly to the slide wire bridge. The

temporature was measurod at varying temperatures of the wator circulating
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through the coolers, and was found to be about 23°C hotter than this
water. Due allowance was made for this in reading off the temperatures
of the reference thermocouples.

The temperature was measursd at 2 om intervals along tha axis of
the reaction tube. Preliminary measurements with a uniformly wound
furnace tube gave the fairly sharp peaksd temperature profile given by
the dotted line in Fig. (5.5). In the case of the experimental non-
uniformly wound furnace tube desribed earlier, the bell-shaped profile
given by the full line in Fig. (5.5) was obtained.

The temperature profile was measured at varying rates of passing
oxygen through the bubbler, from zero to about twice as fast as the
exporimental conditions of about 2 bubbles/sec. The only noticeable
offoct was a slight displacement of the profile in the diraction of the
gas flow. No alteration of the length of the hot zone was observed. 4t
the middle point of the reaction tube, whore the profile reachod a
mazimum, the temperature was found to be constant to t 1°C over 2 langth
of about 5 an. Tho shift of the temperature profile was less than 2 o
oven for the highest bubbling rato. The only factor determining tho
offoctive temperature profile was soen to be the tomperature given by
tho themmocouple at the middle part of the reaction tube.

The tanporature at off-axis points, both vertical and horizontal,
was also investigated. Ovor the contral third of the roaction tubes the
tanpeoraturo at these points was the same as that at the axis. Over the
outeor thirds of the reaction tube, the temperature on either side ofy

and above the axis, was found to be highor than that at the axis,
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while the temperature below the axis was lower.

The slight effect of the calibrating system on the temperature
distribution inside the reaction tube was estimated, and allowed for, by
observing the effect on the reference thermocouples as the sliding
alumina tube was moved along the axis of the reaction tube. The effect
. was to raise the temperature of the reference thermocouples by about
5 to 10°K as the erd of the sliding tube avproached the thermoccuple
Junction.

The temperature profile along the axis of the reaction tube was
calibrated for three different maximum temperatures given by Ti' These
were 1770°K, 1820°K and 1920°K., The five maximum temperatures at which
photographs were taken and hook separations measured, were 1820°K,
1865°K, 1890°K, 1920°K and 1955°K. The temperature profiles under those
conditions for which the maximum temperaturos wore 1865°K and 1890°K
were obtained by interpolation, and that for which the maximum
temperaturo was 1955°K was obtained by extrapolation. Tho errors in
interpolation and oxtrapolation were ostimated to be less than T 1°K

over the significant tamperature range.
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CHAPTER VI

CSCILLATCR STRENGTH RESULTS

6.1. Introduction

Interference fringes displaying anomalous dispersion near
lines in the (0,0) and (1,0) bands weras photographed in the second
order spectruﬁ on Zenith plates, using a spectrograph slit width of
20u. Zenith plates cut off at 5200 K are thus sufficient in themsslves
to eliminate the first order spectrum at 6000 i. They are also fairly
fast, but still sufficiently firs-geeined to allow the hook separations
to be measured with reasonable accuracy. A photograph of these fringes
showing books near lines in the (0,0) band, may be seen in Plate 7.

The 18 lines labelled (by their branch designation and K® values) are
those whose f-values were obtained and presented in Table 6.1 (the
orror indicates the experimental scatter only).

Photographs of hooks for the (0,0) band were taken at 5 different
tanperaturé settings of the furnace. At each of these furnace settings,
photographs were taken with two different thicknesses of plate in the
compensating beam for each of two bubhler temperatures. Thus 20 good
exposures were obtained for the (0,0) band.

The hook separations and the gradients of the fringes were measured
on a Zeiss comparator. The hook sepération for each line on a given
plate was taken as the mean of measurements mede on the three or four
hooks present in the vertical field of view. Lines whose hook separations

wero less than 0.2 mm wore judged to have errors greator than the 10%
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limit acceptable for the (0,0) band. The reason for the comparatively
large errors in the measurements of these small hook separations is
that the hooks are measured in a region of rapidly changing intensity
when they are very close to the line. Since the f.value is proportional
to the square of the hook separation, and since 20 plates were measured,
the random error in these f-value determinations is less than 20/J20 7
(about 4i1).

About 50 sets of hooks could be measured on each photograph of
the (0,0) band, but only 18 lines (for which K® & 10) had hook separ-
ations >0.2 mm on all 20 plates, and the remainder were used only in
applying the correction procedure described in section 3.4. At K = 10,
the vibration-rotation interaction effect predicted by Learner, 1962, 18
is about 6 to 7, and should therefore be detectable.

The hooks for the (1,0) band were weaker and adequately measurable
on only 8 plates, takenat the two highest temperature settings. About
25 sets of hooks were measured, of which 12 fulfilled the criterion of
being > 0.2 mm. The errors in the f-values of lines in the (1,0) band,
given in Table 6.2, are thus considerably larger than those for the
(0,0) bard.

The spread of results for the (0,0) band was exemined in some
detail. The experimental scatter of the f-values of each of the 18 lines
obtained from all 20 plates corresponds to a2 standard deviation of
about 17 to 18f. This compares reasonably with the estimated error of
less than about 10% for the measurements of the hook separations a

(£ « az). However, through the random scatter of the f-values of
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Table 6.2. Absolute fuvalues in the (1,0) Band.

fJVJ“ X 10“’

N S S 2o e St

I ‘ 4.3 1 0.3 L9 * 0.6 -

5 - 5.5 % 0.8 -

6 3.9 + 0.3 - -

7 - - -

8 - - 4.8t 0.4
9 - - 5.7 £ 0.5
K2 P2 Q Ry

5 5.0 £ 0.7 7y £ 0.6 5.2 F 0.iy
6 holy & 0.5 - -

7 - 50? ;’: 008 -

8 - - 5.0 + 0.3
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different lines on a given plate, it could be seen that from some
plates the f.values came out consistently high, while from cthers they
cameo out consistently low, and from two or three plates the scatter was
so large that there was no consigstency in the magrnitude of the f-valuesz
of different lines. The systematic deviation frem plate to plate was
investigated with regard to furnace selting and bubbler temperature,
and there was no correlation with either. It could possibly be dus to
random orrors in the measurement of the maximum temperature of the

A£L

furnace, from exposure to exposure, or to a systematic subjective error
in the measurements of the plates. Measurements on the same lines on
different days provide some evidence that the hook separations can be

systematically over- or under-estimated from day to day, and hence from

plate to plate.

6.2. Population Density of tho Absorbing Levels

Measurements of the hook separations and fringe gradients give

values of the produet (nfﬂ,)JOJW = (nt) for each line, as may be

Julyogu
seen from equation (3.29), where (nfi)J" is the population density por
unit cross section of the beam; for the lower level of the transition
whose f-value is fjojme In order to obtain the absolute f-values of the
transition it is necessary to evaluate the quantity (ne_)JoJ“n This
was dono by calculating an,the population density per unit volume, -

for points at 2 em intervals along the axis of the reaction tube, and

integrating over the length of the tube.
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Ny doponds on the particular rotational level invelved; the ratio
of the donsities of hydrogon and oxygen nuclel wnich is dotermined by the
initial water vapour pressurc; the total pressure of the mixture of gases
in the reaction tube; the equilibrium constants for each particular
local tomperature; arnd the temperature explicitly. The caleulation

was programmed for the IBI 7090 computer.

There are four revorsible molecule-.atom dissociation reactions

involved, namely

Hy0 e~ H+H+0,

0 2 00

OH = O0+H
and H, < H+H

The equilibrium constants for these reactions were computed from the
data of the NASA Tables of McBride et al, 1963.%% The valucs given by
these tables for each reaction at 1000°K, 1500°K, 1800°K and 2000°K

wors taken and substituted in the expression
log Ky = 4; log T - BT + C4T° + By - D; /(45758 T),

whoro Aj, Byjs C; and Ei are constants for each reaction, Dy beoing the
dissociation energy of the molecule concerned. Since Dy is known, the
four equations obtained (one for each T) for each reaction ave
sufficiont to evaluate the constants Ay Byy C; and Ej. Now those
constants are substituted in the uxpression for log K; to give the
values of the equilibriﬁm constant at all other tempeoratures

1000 & T < 2000°K.
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The only significant uncertainty in these equilibrium constants
was that pfoduced in Kny by the uncertainty in the dissociation energy

of OH, The value given for D, in the tables was Dyy = 101.36 £ 0.3

H
Keal/mol, from Barrowm. &5 The partial pressure of OH9POH was found by
an iterative process for each local temperature and converted to a
local population density, for each initial water vapour pressure.

Fige (6.1) shows the variation of pgoy with bubbler temperature and
hydrogen/oxygen ratio for a local temperatuve of 1900°K. It will be
seen that the OH density does indeed peak for a hydrogen/oxygen miclear
ratio of about 1.0, as given by Bonhoeffer and Reichardt, 1928,°3
Fig. (6.2) shows the variation of Pox with Ty for a bubbler temperature
of 85°C.

The population density of the relevant rotational level of

Ny
the V® = O vibrational state of the X277 state was then computed from the
vibraticarl - and rotational partition functions, Qvib and Qrot
respectively, and the Baltmsann factory, using the data of Dieke and
Crosswhite, 191.;.8921 Finally ng, was integrated over the central 50
of the tube®s length, for which T >» 1000°K. In practice; only the
central 30 am; for which T > 1600°K, contributes appreciably to the
integral. Over the relevant temperature range 1600 to 1950°K; Qs
varies from 1.0l to 1.07, and Qu,¢ is almost exactly 1% below the
approximate value given by UKT/B, where the factor 4 takes into account

both spin- and A .. doubling. Thus we have
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(n€) 50 = [ n a0
caea(6o1),

-Egu/kT

. _ 273 . (29" + 1)e
th =

= Pge = Por T M Qyip 3-96KT/B

where Ny, is Loschmidt®’s nmumber.

It must be noted that the uncertainty in the dissociation
energy of OH only leads to an uncertainty in the absolute f-values
of the lines. The relative f-values of lines in the (1,0) and (0,0)
bands arising from the same lower level are independent of this
uncertainty and also of the temperature calibration. The relative
fovalues of lines within cach band and arising from different iowor
levels depond only on the temperature calibration, which determines

the Boltzmann factors.

6.3. Vibration-Rotation Interaction in the (0,0) Band

As shown in (2.30), the vibration.rotation interaction offoct
may be represented by a correoction factor TJons given by

1 GI5AT
JVJW v 2{]‘“ + 1

Tyogna

As a first approximation, it may be reasonably assumed that TJan is

proportional to the rotational energy. The interaction is theon best

T PJupai

K®(X® + 1) (the latter is moro convenient in this case), to give a

shown by plotting (2J% + 1)fye5n/{ ) against J7(J% + 1) or

straight line.



115,

In order to show any variation of f with K move clearly, the
f-values wers “plate-normalised® as foilows;, and the normali.sed f-values
plotted. The “plate strength® was defired as the sum S = T f;,;y Over
all 18 lines accurately measured, and the mean value Srng for all 20
plates, was obtained. MNow the fovalues of the 18 lines on each plate
were multiplied by Sm/S. This procedurs eliminated the subjective
systematic errors referred to in the previous section and any errors
in the absolute population density, and reduced the length of the error
linos by about 30%, while leaving the mean absolute value of f,,
unohanged.

Fig. (6.3) shows a plot of (2J% + DfJ“J“’/(%P Sgu‘lﬁ;) against
K®(K®+1), using the normalised f-values, and covering values of K% from
2 to 10. Tho differences botweon the f-values of different branch types
for a givon K" wore smaller than the oxporimental error, so the throe
branches Pyy Q1 and ng for which accurate f-values were obtained, were
plotted together. Each point on the plot is thus the mean of 20, 40 or
60 measurorents, depending on whether f-valuss from 1, 2 or 3 branches
wore obtained for tho particular value of K®. The ghxmight lino fitted
to the points by the least squares method has a slope of - (4.3 T o1.l)
x 10~%. This corresponds to a decrease in effective vibrational
transition probability (i.e. in Tjegu) 0f (7.1 ¥ 2.3)% botweon K¥ =1
and K* = 10, which is in good agreement with Learner®s predictions,
1962018 Tt will bo soon in the next chapter, however, that this

agreement is largely coincidental.
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6.4 Absolute Oscillator 3trength of the (0,0) Band

Tha absclute oscillator strength of the (0,0) band for the
rotationless molecule is detsrmned by taking the intorcept of the
straight line in Fig. (6.3) at K% = 1, i.e. K*(X® + 1) = 2, The value
so obtained is f_, = (14.8 £ 0.2) x 10~%, where the error of a little
more than 1% is a measure of the experimental scatter only. The sams
intercept and error were obtained from the straight lins given by the
original (un-normalised) f-values. The subjective contribution observed
in the scatter of the plate strengths S may reasonably be assumed to be
a random phanomenon; and is therefore taken as included in tnis error
margine

In order to evaluate possible systematic errors it is necessary to
obtain an expression for Pow? in terms of the equilibrium constants and
the initial partial pressure P of water vapour introduced to the furnace,
for use together with equation (6.1). The equilibrium constants are

defined as follows:
. 2 —
Y0 = P R / Pao » o =Py P / Poys

and KO2 = pg / p02 s Where Pys Pgs pHZO and p02 are the partial
pressures of atomic hydrogen; atomic oxygen, water vapour and molecular

oxygen respectively. Thus we have

_ Hbo
Pon = Kok

which may be writlen as

0oos(6a2),
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At the relatively low temperatures of this experiment, theore is very
]
little dissociation of H,0 and 0,, with Pops Fos Py and pH2 < 5x 10~
atmospheres. Thus we write Py g P, and since the total gas pressure
2
is 1 atmosphere, we have Py, = (1 = P)o Equation (6.3) may thus be

written in the approximate form

1ty
Ko K
H 1 1
p.. = 2 02 P?(1 - P) /y
OH X
OH

4

0090(604’)l

This expression is found to be accurate to better than 1% for the

conditions of this exporiment. Fig. (6.1) shows the dependence of Pog

on P (at constant temperature, T = 1900°K), and Fig. (6.2) shows the

dependence of Pog on T (at consfant P) through the oquilibrium constants.
The uncertainty of 0.3% in the dissociation energy of OH leads

to a corresponding uncertainty of' 8% in KOH’ and hence in Poye 25 renarked

in section 6.1. Another source of potential systematic error is the

uncertainty of ¥ 55 in the calilration of the thermocouples used to

measure the furnace tamperature. Consideration of equations (6.1) and

('6014,) shows that this results in a 3} uncertainty in ngpe, almost

ontirely due to the dependence of Py on T shown in Fige (6:2). Combining

all tho errors togothers; we have the final result

- =l
fo= (14.8 F 1.3) x 10~%,
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6+5. Absolute Oscillator Strength of the (1,0) Baud

The (1,0) band is significantly wezker than ths (0,0) band, and
only the strongest lines in sach branch, for which K¥ ~ 5, were
measurable with reasonable accurasy. Morcover, since only 8 adequate
exposures were obtained for the (1,0) band, the random errors in the
f-values are relatirely large, ~- 20%. The vibration-rotation inver-
action effect for this band is theoretisally rather smaller than for the
(0,0) band, the effect at K ~- 5 being only about 1%, which is negligille
compared to the expsrimental scatter. Vibration-rotation interaction
has therefore bsen neglected in the calculation of fi09 %\a\é‘dc-‘/‘:s obtained
from each f;,5: in Table (6.2) by applying equation (2.30) with Tyoge
= 1. The mean for all lines is flO = (8.9 t 1.5) x 10~%¥, the error
being a measure of the experimentul scatter only. Combining this with
the potential systematic errors described in the previous section, we
have the final vesult f,) = (8.9 % 1.7) x 10"¥, This is the first
absolute measurement of the f-value of the (1,0) band, as far as the
author is aware.

The two values of in and foo obtained in this experiment give
flO/foo = 0.60 + 0.1. This is independent of population density
calculations as well as the temperature calibration, as shown in
section 6.1. This value of f1g/f _ is incompatible with Learner’s
19621% calculations (£10/f,, = 0.23 % 0.03), and it is this disagroement
that leads to the recalculations of the vibration-rotation interaction

cffect in the noxt chapter.
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CHAPTER VIT

DISCUSSION OF RESULTS

7+1. Comparison of f with Previous leasurements

Table 1.1 sumarises the published values of foo to datoa.
In 1963 Golden et a18 wore able to conclude that only Dyne's, 1958911
results wore inconsistent with a value of 8 x 10~ % 15, but the
spread of values obtained since thon, includingthe one presented here,
has boecome surprisingly large, the incompatibility of the most rocont
detorminationsSs 14515, 16 being particularly strange.

1 suffers from the

The work of Oldsnberg and Riek36’7 and Dyne
effects of incomplete resolution. Both rYeport unexpectedly high values
for the observed widths of lhe absuiption lines, with the strongsr
lines yielding anomalously low results. Kostkowski and Bass, 1956917
have discussed the effects of incomplete resolution vuantitatively,
and have shown that it yields erroneously low results for the f-values.
The error margin on Carrington’s 195912 result overlaps that obtained
for the present work, leaving just the most recent four determinations
to be accounted for.

Lifetimo methods of determining f-values are potentially the
most reliable, since no calculations of population densities are roquired.
Bonnot and Dalby, 1964,1° dotemmined the lifetime of the A%y - X2
transition of OH; the transition beoing isolated by means of a filtor

having maximum transmission at 3150 R and a half-width of 200 A. ¥hilo
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they report that the dominant feature in the spoctrum of theo source
was tho (0,0) band (band hoad 3064 1), tho (1,1) and (2,2) bands are
not resolved from the (0,0) band, and the poak transmission of the
filter occurs at the region of maximum intensity of tho (1,1) band
(bard head 3122 A). This lack of resolution results in two possible
sourcas of error. First, the transition probabilities of the (1,1)
and (2,2) bands are about 75} and 50% that of the (0,0) band, as given
by Dieke and Crosswhite, 1949,% and they thus have longer lifetimes
than the (0,0) band., The apparent lifetime measured in an experimental
system which does not isolate the (0,0) band from these other bands
is therafore erroneously long, leading to an incorrectly low value for
the f-value of the (0,0) band. Bennett and Dalby estimated that, under
the conditions of excitation and observation in their experiment, the
error to be expected on this account was small compared to the errors
from other sources. This is difficult to check. Secondly, it is
possible that the v' > 1 levels of the A% *state may be populated
by the “pre-association® process

o(3p) + B(%8) — 0H(%) — oH(Z™)
described by Gaydon and Wolfhard, 1951966 This proecsss is the more
probable at the low pressures with which Bennet and Dalby conducted
their experiments, since the rate of removal of the free atoms depends
on the froquency of collisions and the effective collision 1ifo may
bc comparable with the radiative life, thus lengthening the apparant
lifetime of radiation from the (1,1) and (2,2) bands, further decreasing

the apparent transition probability of tho (0;0) band. In addition,
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the (090) band itself may be affacted by a procsss described by
Douglas, 1966,67 who has recently discussed in some detail anomalously
long radiative lifetimes arising from the mixing of the levels of two
electronic statess In this case, the mixing would be betwsen levels
of the %* and % states.

The calculation of the population density in the line absorption
experiment of Golden et al, 1963,8 is independent of the discociation
energy of OH, but the fuvalue determinations are, according to the
authors, subject to other passible systematic errors, any of which
would leond to a result that was too low rather than too high. Only
those aspects concerning the population density of OH will be examined
here. The OH in their experiment was produced by the very fast atom-
moleculo reaction H + NOy,—= OH + NO. This is followsl, however; by
the two decay reactions 20H — H,0 +0 and O + OH—> O2 + He The
effectivo rate of decay of OH for a stoichiometric mixture of H and
NO2 is about 13 times smaller than the rate of production, and may be
reduced by introducing an excoss of B over 0, in the initial mixture.
With a 20-fold excess of H over NO29 the authors claimed that the
creative process was about 250 times fastor than the decay process,
and that their exporiment was made under conditions where the creative
process could be considerod as having gowe to completion, while the
docay processes had not yst made appreciable inroads on the OH concent-
ration. However; a close examination of their results shows a decroaso
of about 11% in tho f-value as the NOZ/H ratio was increased by a

factor of 2.5, fram 1y 28 to 1/11. This dotectable variation in the
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f-value indicates that the decay procsss has in fact made significant
inroads in ths OH concentiraticn. That the OH decay was not detectable
as a function of time was probably due to the decay process beginming
before the creation process had reached completion, giving a growth
and decay curve with a flat topped maximum in a plot of OH population
against time. It is also possible that the theoretical population
density of OH was further fallen short of, on account of incomplete
mixing of H and NOy. The fact that the OE population was lower than
the calculated value could possibly account for the whole of the
.di.screpancy between their f-value and the one presented in this thesis.
Watson®s 196414 extra-ordinarily high result has been discussed
by Watson and Ferguson, 1965968 with special regard for vibration-
rotation interaction, but no reason for the discrepancy is suggested.

16

The value obtained by Bird and Schott, 1965,"° is nearest to
that obtained hare. Although the experimental scatter in their results
was only about 2%, the authors did not have such high confidence in
thoir results, being faced with the recent determinations of Golden
ot al;, and Benneott and Dalby. In fact, the difference betwcen their
rosult and that of the author is only about 155, just above the sum
of the probable errors of the two determinations.

The presont work has also beon carefully examined for systamatic
errors additional to thoso discussed in seciion 6.4. Tho most likely
source is incomplete saturation of the oxygen after passing through

tho water in the bubbler. This would result in an erroneously low

f-value if it woro significant. In tho range of bubblor bath
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temperature coverod in this experiment, 75°C to 91°C, Pon is fairly
insensitive to changes in P, as may be seen from Fig. (6.1). Indeed,
such a range involves increasing P by a factor of nearly 2, while
Poi inereases by only 20 o

In any case, a systematic variation of much more than about 35
between the f-values obtained for bubbler temperatures -~ 80°C and
A 90°C would have been detectable with ths accuracy of the experi-

ment, and no such systematic behaviour was noticeable.

7.2+ Comparison of f10 with Previous Results

No absolute values of fy, exist for comparison, but ths author
is sware of two experimental values that may be obtained for the
ratio £y4/f,,- Dieke and Crosswhite, 1949,%2 abtained the value 0.48
for pio/poo, whero the p's refer to the band strengths. It will be
recalled; from chapter II, that the relations between the oscillator
strength for the band f s u, the vibrational transition probability
or band strength Doyt and Einstein transition probability Aqucc,
is given by fv"v“ < VP and A oqu % VBPV‘V"" To convert the
ratio for pio/poo to one for fio/foo9 one must multiply each p_; o
by the average frequency vyeue of the transition, or divide it by

the average wavelongth A Taking Aqg = 2830 4 and Moo = 3100 f&.g

'\)‘ng""
we obtain the ratio f£;,/f,, = 0.53 with a probable error of & iy
which is in good agreement with the value of 0.60 * 0.1 presented

hore. Measurements on the intensities of weak (and optically thin)
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lines given in the atlas compiled by Broida and Bass, 1953923 ueing
the corrcetiontof Lalos; Corrucini andBroila, 1958, 69 and an estimated
temperature of 3100°K, lead to a value of Ayq/A = 0.4k % 0.05. On
dividing by the v? factors, one has f1o/foo = 037 £ 0.05. This
value is liable to error on account of the uncertainty in the
temperature determination.

Taken together, the three expurimental results give an
average value of fyq/f , = 0.50 * 0.07 (or pl;)/Poo = 0.45). The
results of this oxporiment may therefore be taken as providing
confimmation of Dieke and Crosswhite’s value of P10/Poo = Q.48
rather than tho “smoothed® values of 0,27 and 0.23 preented by

Stuler, 1950,2 and Nicholls, 195627 respectivoly.

7¢3. Tho Electronic Transition lMoment for Vibrational Interaction

The confirmmation that this experiment gives to Dieke and

Crosswhite'’s 194922 exporimental ratio of P10/Poo casts doubt on

the validity of the exponont in Learnor®s 196218 dotermination of

tho olectronic transition moment. The exponent had been obtained by
fitting theoretical valucs of pqu“/p 06 to the experimental ratios
that had been smoothed by Nicholls, 1956.25 Nichollf®s valuve for
P10/Po o 1s incompatiblo with tho results of this experiment, conso-
quontly a new value for the clectronic transition moment has now bomn
obtained by fitting thooretical values to tho experimontal ratios

/p__ obtained by Dicke and Crosswhite, 1949.%2 Calculations

P Q0

vuvu
of the effeoctive rolative vibrational transition probabilitios



126.

pqu“/poo for lines in the 25 - 2T band system were made using
Learner°518952 method of numerical integration of Morse-Pekeris wave
funstions. Learner's programe designed for running on a Ferranti
Merwvury computer, then with the University of London Computer Unit,
was modified by the writer to run on the IEI 7090 computer at the
Imporial College Computer Unit. The accuracy of the wave functions
was checked with regard to orthonoimality and the sum rule 5’ Qg it
= 5“ Yrogn = 1 for the Franck-Condon factors. The results of these

checks are shown in Tables 7.1 and 7.2 » The stactroscopic constants

used in the computations were taken from the data of Herman and

70
Hornback, 1953. The exponential fomm Re(r) = "8 justified by
Loarner18952 was again chosen for this purpose; and the value of the

exponent was determined using a least squares criterion.

In Fig. (7.1) the standard deoviation between experimental and
theoretical relative band strengths pv’v“/poo is plotted against the
value of the exponent, a. The theoretical band strengths weore calculated
for q lines at J = 103, for which the transitions are most intense at
the reported tamperature of observation (3000°K), and were weightod
according to the intensities at 3000°K. Tho unsmoothad cxperimontal
data are seen to he fitted extremely well by an electronic transition
moment of 0_5.97r° The orror in a may be assessed as £ 0.15. The
standard doviation for this value corresponds to less than 3% of the
intonsity of the (0,0) band, and is of theo order ofvwhat may reoasonably
be expected in photoelectric intensity measurements of this kind.

Both the deviation at the minimum of the curve and the sharpness of
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Table 7-1. Orthonomality of Wave Functions.

OH X27 State, J = -/2

APV Pytpys 9%
0,0 0.999 992
1,1 04999 9n1
2,2 0.999 709
3,3 0.998 796
byl 0.992 945

For a1l v© # v&, f\bvg\t/vu ar < 1x 1070

Tabie 7+2. OH Franck-Condon Factors: AZY" - X2 (J = 10%)

N\ T —s3 0 1 2 3 L

vo

4 0 0.8979 0.0978 0.0043 0.0001 0,0000
1 0,0936 0,688 0,2015 0.0160 0.000%
2 0.0078 0.1823 0.4706 0.2982 0.0380

0.0006 0.0274 0.2491 0.266L 0.3622

=W

0.0001 0.0036 0.0597 0.2815 0,095l
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the minimum itself are much improved compared to the fit to the
snoothed data (given by the dotted lins), and provide further
confirmation that the smoothing must be rejected.

Fig. (7.2) shows the dependence of each pvgvﬁ/‘p 0o On the velus
of the exponent a. A value for a one paramster transition moment
may be derived from the ratios of the pquu"s of any two bands. The
ratio fy45/f o = 0.6 ¥ 041 froa this experiment gives a value p1o/Pgo
= 0.55 % 0.1 leading to a value of a = 6.9 t 1.1. In emission the
ratio of the intensities of the (2,0) and (2,1) bands is independent
of temperature. From measurements of lines in these bands givern by
Bass and Broida, 1953923 and using the corrections of Lalos, Corrucini
and Broida, 1958,57 the value a = 5.1 % 0.8 is obtazined. If the
theoretical band strengths are wolghted equally rather than weighted
according to intensity, then the value a = 5.83 * 0.3 is obtained.
A weighted mean of all four values of a derived above gives
Re(r) - o"(5’97 * 0012)r°

Fig. (7.2) also shows that, given an exponential transition
moment, the band strengths of most of the bands in the system relative
to that of the (0,0) band pass through a minimum, as the exponent is
varied from 0 to 8. It is therefore possible to fit these bands, the
(0,1) aud (0,0) sequences withAv = - 1 and O respectively, with either
of two values of the exponent, and it is the (1,0) sequence, whose
band strengths relative to the (0,0) band increase contimously with
the exponent, that fixos which of the two is correct. The smoothing

process carried out by Kicholls, 1956925 and mentioned in section 2.5
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was based on the r-centrolid approximation. This approach assumes
that the electronic transition moment is a slowly varying tunction of
ry, and hence picks out the lower, and incorrect, of the two possible
values of the exponent that satisfy the ratio pv"v“/poo for most of
the bands in the systeam.

The form of the alettronic transition moment derived hero is
again (see section 2.5) obtained from the variation of band strengths
within the system; and conssquently takes into account the breakdown
of the Born-Oppenheimer approximation with regard to electronic and
vibrational motion. It is therefore suitable to refer to it as the

vibrational element in the electronic transition moment, anddenote

it by Rov(r) = g2+977,

7ele The Electronic Transition Moment and Rotationsl Coupling

18,52

In section 2.5 it was mentloned that Learner usod is

value of Ra(r) = R

for the electronic transition moment to
calculate the variation of transition probability with rotational
quantun nmuiber. Conversely, the variation of f-value with J or K
may be used to derive a valus for the exponent a in Ra( r) = "2,
A decrease of 7.1 T 2L in the f-value of the (0,0) band between
K* = 1 and K* = 10 was obtained experimentally and presented in
section 6.3. This decrease is close to that calculated by Learner18952
and corresponds to 2 value of a = 2.67 £ 0.9. The value of 5.97 *
0.12 for the exponent corresponds to a decrease of 14 ¥ 0.3} over the

same range of K%, and is clearly incompatible with the experimental
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result.

The electronic transition moment may be amsmined from the point
of view of its effect on rotational temperature determinations. The
fact that the effective f-value of the (0,0) band decreases with
increasing J means that the rotational temperature measurements, whether
by a log plot or by theiso-intensity method, would lead to an erroneously
laow values Learner18952 has calculated and plotted the corrections AT
to be added to the rotational temperatures so detemmined, up to T =
‘3000°K, for Re(r) = e-2°5 ¥, Consider the temporatures derived for the
outer cone of a stoichiometric ay.ucoyleomoe flane treated by Broida
and Shuler, 1957.7° The rotational tamperaturc obtained was T,
= 2980°K, while the calculated adiabatic temperature was T_ji.patie
= 3320°K, and the reversal temperature measured by iron spectrum line
roversal was TFe = 3200°K. The corrected rotational temperatures
obtainod using Re(r) = ¢=2+677 ang o0 97x are 3260°K and 3560°K respec-
tively. The value of 9'2‘67r leads to a temperature very closo to
Togiabatic 214 Tpes while the value o277 1oads to 2 temperature
that differs by ~ 300°K. The temperature measurements of Zimman
and Bogdan, 1961@31 axc also consistent with an electronic transition
noment of ¢~2°7T pui not e=9+97,

The disagreement between the two transition monents obtained
from tho vibration-rotation interaction results and the distribution
of the band strengths of the vibrational bands in the system may be
accounted for if one postulatos that the transition moment may be

gildtinto two olemonts. The valuo R_(r) = ¢™2*?7F obtainad in the
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previous section accounts for ths breakdown of the Born-Oppenheimer
approximation with regard to the electronic and vibrational motions.

It has also been shown, in ssction 2.3, that there is an interaction
between the electromic and rotational motions of the OH radical., This
intevaction may besgplit into two parts, one concerned with the

angular part of the eigenfunction, the other with the radial part.

The interaction in the angular part manifests itself in the familiar
spin decoupling phenomenon, where the woupling between olectron spin

and orbitel motion decreases with increasing J, The offeet on the

energy levels is the chango of multiplet splititing with increasing
rotation, as the coupling scheme changes fram being near case (a) to
noar case (b), and the effect on intensity caleculations requirus one

to replace the Horl-London formulae, 1925942 by thoss of Hill and Van
Vlieck, 1928}*9 The radial part of the intoraction corresponds to the
centrifugal distortion of the rotating molecule, and it is the further
effect on the intensitios of this distortion that needs to bo considored.
It seans roasonable; as a first stepin the understanding of this intor-
action, to assume that the interaction between the electronic and
rotational motions may be accountod for in the expression for the total
olectronic transition moment RovJ(r)9 by a rotational elament that is
dependent on rotational energy, writing RevJ(r) = Rev(r) x Roy {J(J+1)} o
For tho OH(0,0) band, the oxperimental data are consistent with values
Roo(T) = o=2*97C ana Royalr) = 0-2.671'9 giving ROJ{J(J-i-i)} = 04-3,3014.
It is postulated that tho rotational olament R_;{J(J+1)} is an oxpon-

ontial function of rotational eneorgy as well as internuclear distance for
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the simple reasons that the data do not justify the fitting of a
function with more than one parameter and that the exponential form is
the most convenient single parameter function. Thus we have R oJ J(J+1)}
= o) o RevJ(r) = g0 97T ebJ(JH), where bJ(J+1) is equivalent
to (3+30 T 1.0)r.

The relation between the radial and rotational forms of the
exponent in the rotational element of the electronic transition moment
may be obtained by considering the centrifugal distortion of the
rotating molecule. Fig. (7.3) shows the radial part of the v =0
eigenfunctions for various rotational states of the CH growid state
X2f. Tt shows that the dominant effect of increasing rotation is an
outward shift of an otherwise mainly unaltered functlon. The position
of the contre of graviiy of the radial part of the eigenfunction is
ralated to ‘the effective B value Baff' The rotational energy of the

molecule may be reprusented to a good approximation by

2
Ey = By J(J+1) - D J%(J+1) \
12 ‘) vone(741),
where I re——
S 82 }
as glven by Harzber,c:r,-..3 v This may bs rewritten as
T =B J(J+1), where B = _b? (7+2)
..AJ - ei-f 9 af 3] Off -én-é——-é *06e » ’
T\ ofr

where ropep is the effective internuclear separation for the rotating
molecule. Thus we have B off = dE J/d{J(J+1)} s so that by combining

(7.1) and (7.2), we have
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Bpe = By - 2D J(J+1) essal(7:3).

Thus we obtain

NIH

r

. 2 1
- (-—-—-\; (B, -2.DJ(J+1)] .

82/ v
Then, provided that 2D J (J+1) /Bv << 1, which is valid for J less

than about 15, we have

() 6 Dyl

r =
= r {1 + DJ(J+1) /B }
Thus
ropr ™ To = To Dy J(3+1) /B, enoel7alt)s

- r
e(reff re) - consts 6 5, and boing here concerned with relative

«30r
transition probabilities it can be seen that e3 3 is equivalent
bI( J+1) i
b'= 3.30r, D, /B, eeos(75).

As a first approximation if we use the mean values of ry B and D for
the constants at v = 0 for the two electronic states, we obtain

ry D /B, = 1.095x 107% and b= 3.62 x 107%,
In practice the best fit to the experimental data, using an electronic
transition moment of the form e~2°97F e)bJ('Hi), has b = (3.60 ¥ 1.0)
x 10=4,

18,52

Learner®s calculation of J dependent vibrational transition

4
probabilities Pyoyn Were made for Re(r) = g(2.5 % 0.5)7 and these,
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together with the temperature cormeutions presented, are nearly
correct for the (0,0) band, for which the effective value of Ra(r)
obtained in this experiment was R( r) = e"(z' 6720.9) r s

Table (7.32) gives relative J dependent vibraltional transition

probabilities

(¥) o 5.971-4-3.,60::10“”J ( J+1)\g, (r) dr
]

Pvuvc:(J) = "f\;fvchAo vJEAS

for all bands with v® and v¥ € 5, using Morse-Pekeris wave functions,
normalised so that the value for Py(13) for the (0,0) band is set
equal to 1.000.

It is not possible, with the present shortage of adequate data,
to determine if the electronic transition moment should include a
third torm to account for electronic-vibrational-rotational interaction,
in addition to the two terms Rev(r) and R QJ{J(JH)} accounting for
electronic-vibrational and electronic-rotational interaction respec-
tively. That this results in a small change in eigenvalue does not
nocessarily mean that there will be a correspondingly small change
in the transition probability, as discussed in section 2.5. There
is thus a need for further accurate measurements of the variation of
relative effective vibrational transition probabilities with rotational
and vibrational quantum numbers, over the whole band system.

It should bs noted that the calculations are not able to
distinguish between the two spin states of the molecule for each
J value., Accounting for the different spin states in tho exprossions

for the wave functions may indeed lead to different values for the
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"Table T.3 Relative J-~Dependent Transitio:n,Probabilities in OH '(pv'v"/pco)
oo 9 A 2 S S,
an P Q R P Q R P Q R P Q R P Q R
13 | 1.000 0.996 0,990 0,017 0,06 0,015 0,002 0,002 0,002 307+ 3x074 2x107 4107 4x1077 3x107°
105 | 0.941 0.917 0.800  0.018 0,013 0,009 0,002 0,002 0,002  3x07% 31107 ox1074  6x1077 4x1077 3x107°
155 | 0.864 0.830 0.794  0.016 0,010 0,006 0,002 0.002 0,001  4x107% 3x107 ox1074  7x107 521077 3x1077
205 | 0.761 0.720 0.678 0.013 0,007 0.003 0,002 0,002 - 0,001 4x10'4 2x16'4' 1;:10'4 9x10 © 5x10 ° 3x10
255 | 0.640 0.595 0.550 0,010 0,004 0,001  0.002 0,001 7x07% 4z107™¢ 2n0™ 1x107 1x0°4 11077 3x07°
13 | 0.449 0.450 0.453  0.780 0.775 0,765  0.025 0,024 0.022 0,005 0.005 0.004 8x10~4 x04 n07t
105 | 0.430 0.439 0.447  0.725 0.688 0.647 0,026 0,019 0.013 0,005 0,004 0.003  0.001 7104 snot
155 | 0.413 0.423 0.433 | 0.645 0.593 0.539 0,022 0,014 0,007 0,005 0,004 0,003 -{.0.001 1074 gx107¢
205 | 0.390 0.400 0.407 - 0.537 0.476 0,415  0.017 0.008 0.003 0,005 0.003 '0.002 0,001 6x10% 4x107%
25 | 0.360 0.366 0.368  0.411 0.347 0.285  0.011 0.003 3x20°% 0.004 0.002 0.001  0.001 6x10™% 3x107%
13 | 0.144 0.146 0.148  0.685 0.685 0.686 0,586 0,579 0.567 0,028 0,026 0.024 0,007 0.00T 0,006
108 | 0.144 0,154 0.165  0.646 0.646 0.644 - 0.533 0.488 0.440 0,028 0,019 0.012 = 0,008 0,006 0,004
155 | 0.149 0.163 0.178  0.602 0,508 0.588  0.452 0.392 0.332 0,023 0,013 0,006 0,007 0.005 0,003
205 | 0,158 0.175 0,192 0,538 0.524 0.502  0.344 0,278 0,215 0,015 0,006 0,001 ~ 0.006 0.00% 0,002
255 | 0.168 0.185 0,201 0,450 0.421 0,383 0.223 0,161 0,108 ° 0,008 0,002 2110°  0.004 0,002 0,001
13 | 0.043 0.043 0.045  0.339 0.342 0.346 0,751 0.749 0.745  0.422 0.414 0,402 0,027 0,025 0,023
105 | 0.046 0.051 0.058  0.335 0.352 0.369  0.692 0.674 0.651 0,371 0.325 0,277 0,026 0.017 0,010 -
155 | 0.053 0.061 0,071  0.338 0.358 0,378  0.614 0,582 0,542 0,293 0,234 0,179 0,020 0,010 0.004 .
205 | 0.065 0,077 0.091  0.339 0.356 0.368  0.500 0.449 0,390 0,192 0,134 0.085 0,012 0.004 6x104 .
255 | 0.084 0.100 0,116 0,323 0,326 0.317  0.346 0,280 0.212 0,091 0.049 0,020  0.005 8x107* 211072
13 | 0.013 0.013 0.014 0,139 0.141 0.144  0.508 0,511 0.515 0,698 0.693 0.684  0.289 0.281 0,270
10| 0.015 0.018 0.021  0.148 0.163 0,180  0.492 0.504 0.514  0.619 0.582 0,537  0.242 0,199 0.157
153 | 0,020 0.025 0.031 0,167 0,169 0,213  0.473 0.480 0.479° 0,509 0.450 0,385 0,170 0,120 0,078
203 [ 0.030 0.039 0,049 0.196 0.221 0.244 0.427 0.413 0.385 0,351 0,276 0,202 0.086 0.046 0,019
253 | 0,050 0,063 0,078 0,221 0.236 0.239 0,319 0.271 0.211  0.165 0,098 0,047 = 0,02} 0,005 621077

138.
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transiticn probabilities, but in this experiment the values obtained
for the Qys Qz and P1 branches were all equal to within the experimental

arrol.

7¢5. Thermometric lolecules

The effect of the J dependence of the effective vibrational
transition probability is to increase the uncertainty of rotational
tamperature determinations. A molecule suitable for accurate measuro-
ments of the rotational temperature requires two very similar electronic
states, so that the change of overlap integral with J is 2 minimum; a
high dissociation energy and hence high binding force and low centri-
fugal distortion; and a slowly varying total electronic transition
moment. It is reasonable to suppose that Re(r) should change more
slowly for transitions that are not forbidden in the separated atoms.
It has also been suggested that Re( r) varies more slowly for parallel
{AA = 0) than for perpendicular (AA # 0) transitions.

Vory few of the commnon thermometric molecules satisfy all the
conditions listed above. The C, Swan system satisfios many of the
conditions, but requires higher resolution than the hydride on account
of the higher mass, and hence lower B value, leading to a narrowor
soparation of the spectrum lines. Tho OH radical does not fulfil any
of the conditions, and the temperature corrections referred to hero

18,52 may well represent an upper limit to

and prosented by Learner
the uncertainty to be expected in thermometry with the group of moleo-
cules CH, Cz, CH, OH, MgH, and NH. The other molecules quoted partly
satisfy the requirements while OH does not, but the whole field does

call for a thorough investigation.
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