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(1)
SuuyARY

This thesis desaribes exXperiments cnrriod ous to
measurs zbsory i on coaificienty foy noleoulnp hydregzen
znd selesular sxygen in the Vacuumeultreviolet region

of the sreeirunm,

The Pirst four bends of the Lymen aystes {n bydregen
{?Géﬁnii}ﬁgé were ilaves izated using o 4 % Ere, neape
normal inocidence monoshross Sop having 8 hHaest regelution
af ﬁ«fg@ This Lnstrusent was Titted with an argon 4ise
tharze lasp and photoeleatyric detection methoas rers wsed,
The dizitel &atawh&ndlinﬁ Bystec cevelioned for the experie-

went is deseribed ip detail,

‘n equivalent widih method of analysie e used and
frow the mesasured ebsorpiten &aﬁ?fieﬁanﬁu, tbsolute values
e’ eross~sections for the rotational lives 4n the bands

#ere obtained,

ibhsorption Sross-sectlons oy the ehunsan=iunge bund
“ystem in molesular oxygen | (2«0) io {20=0) bande sovering
the “sveie nzth reglaon @?aauzaaaﬁ} vere measmred using s
similar experinsntal arrangenent %o that dezorited above,
Yodil'lostions mede %o the Gets hendlinge Water to improve
the acouraey of the raw dats zre desorided, The gkt

Beurce uvsed was an A.C, dlaghargs in hyérogen sng



(11)

Photoelectric detectors were again enployed.

Gsedillator strengths for the bsnds were calculated
from the neasured integrateg asb2orption ccefficients
and are compered with those vbtainea ty other suthors,
5 oowparison is al so made between ‘ranock-Condon factors
obtained from the dterived s8elllator strengths in this

thesis and verious theoretical caleulations,
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“'nee the beginning of the twenticth century,

there han been sonciderable b erogt in he subicet of
melvoular ‘rectruceocyy 4in the Yeeouum ultrsviclet reglon
of the speotrume 4t the start, the work wep srimerily
stimulated By = depire g sktain inforretion about ¢he
structures ¢ the rolecvies concerned but more recently

8 lzrge smcunt of interest hae been shewn in the spplicas
tian of meleoularp fpectra Lv the Plelds of atuospheric

vhysies and astrophyeles.

This thesis presents n brief hisztorical ioview of
the field o vaouum Bltraviclet smectroseopy snd & syge
nary of the theosrstical dovelopment of the subfeot. 4
tectinique for the measurement of sbsorntion cpeotra and
the subsequent analysies of the raw date tg ziven, and
the sbaolute esbmorption scefficlents for moleoulasr hy Arom
gen from 1060 X « 1130 % ane molecuiser oxygen from 1750 fe

2000 % obtained using this technique are sresented,

et

Zncrimental Vaouum Ultrovlolet Spectrasospy

“peotrsoscopy, in the fornm denerally resognined
today, beran in the 2ePly nineteenth sentury with
“raunholer's ok servations of the ebsorntion Iines ip

the 20lar spectrun {Fraunholer, 1817) and the Hosoovery
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in 1839 by “iepce and Paguerrs {(%eblette, 1930) of
photographic detection methods al loved investizations
te proceed into the ultraviolet rezion of the spectrun,
“bout 1862, “tokes usinz cuarts optios, a spark source
and fluorcacent detection methods, observed spectra to
ns Low as 12830% (tokees, 1880) snd this lower Llimit was
net surpassed until *he last few years of the nineteenth
sentury. Turinz this pericd, consfderable sdvances
were mede in the £leld of zavel vnrth pEssurenents, pro=-
bably the most notabdble centribution beinz mede by
Eewland in 1882 who invented the conoave diffragtion

grating (Bewleond, 1882),

The £irast experiments in the vegsuuns ultraviolet
reglon of the spectrum were made by Zahunmann (Lyman,
1928) who in the years hetween 1890 and 1903 ocolleoted
2 w&at'auaant of infermetion regarding ¢this region, Ne
is tobe partloularly resenmbered for the development of
the first vacuum ultraviolet spectrograph end the inven-
tion of the “shumann photographic plrte., Tt has since
been shown that using the YACuum speotrozraph, which
empioyed fluorite optics, “chumann was akle %o reach n
limit of approxisately 1267% (Tauney, 1962). It seems

a Fittinz tribute to the zreat work of this piloneer :that
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8n sxcellent review of hig *or%k hns been written by
Lymen {1322} whe, in 1904, by repliseing the fluorite
prism by & concave grating, was inetrumental in axtende
tng the low wavelength 1imi: te approximately 5008, 1n
the following yrors until sbout 1330, uyman wes
extrenely active in thiv Pield sng excellient reviews

of his snd many other workers reaults up to this time

huve been publi shed by Tousey {1962) =na Boyce (1941},

fince 4930, sonsideratle sdvenges have been nade
in r'ields slosely relested to vaeuus ultraviolet EPE Q.
troseopy, in prrtioulsrg areting efficlencies 8nd speo=
trozraph feslgn, voouunm technology, ultraviol et light
tources and photoeleotric deteotors, teviews of work
in these £ slas heve been ziven by “atenabe {1958) ang
“amson (49673, “pectrographic messursmmte have proe
gressed slong with the tevelopments mentionecd sbove,
end in vartieculsmr m large number of high resolution
Beasureuents heve been made Tor o veriety of guases (eegzs
Tilforé et 21, 1965, “ersberg mné Yoewe, 1959 gnd Yonfils,
1965}. These high re solution dchsurenents have contrie
buted grently to the knowledge of energy levels ang
solegular eonstants for moleoules, In ®ontrast to this,

there have been very few determinstiong o abaolute
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absorption coefficients for B22¢8s ibsocluta abscrption
Sross-sections of gases have ®ide aporlications to
ztmospheric s na Astrophysieal problems and also nay

be used to provide additional information thout molee
sular structure, rop these reseons, it was decided to
obtain messurements of sbsolute tross~sections for polee
sular hyérozen end zolegulay oxvzen in reglions shere

very little previous work of this king has been ntteapted,

The results of ithe experiment on moleeulsy hydrogen
Rre presented as osoillator etrengths (see Chapter 2)
Yer the rotational lines of the ripst four bsnée in the
Lyman series npd o brief disoussion on hor thess may Le
applied to interstellar absorption Beasurements is ziven,
The oseiilstor strengths for the banda are alsec iresent ed

and eompared xith the theoretical Predlctionas.

“sciliator strengths Bre ol 80 presented for the
chumann=iynge bangd 8y «tem in moleoulisr Oxygen and thege
are uszed to determine the variation of the electreonic

trensition moment wiip inter~puclesr gepsration,
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To enable the dats sbtained from observed mole~
ouler spectrs to Le uzed ap 8 tool for studying the
structure of Boleeules, it is heoessary to postulste
theoretical models for the moleoules snd to investi-
gate the types or spestra exrected on the basic of these
wodelsse A3 the two geses ol Interest t¢go this thesis
are distomio, this oh rpter will present & sumsary of
the cevelopment of sodels for dietomic molecules, The

notation used will be basically that of Hersberg (1950},

241 Imission and ‘bsorntion ¢f “adlstion

For emission or tbsorntion of radiation by motter
to ceour, there must be ap intersgticn btetween the
elictromrgnetic £ield of the rotiation snd the matter
iavolved. The frequencies of the emitted or absorbed
rrdiation are determined hy the elzenvalues for the
Sehrodinser cauation for the ty sten concerned g ad the
probabilities of the transitions eauged by the radietion
ére determined by the elgenfunctions of the zstates
involved in the trexnsitions, 7¥¢ i, rossible to think
of the intersetion of el:etronagretie radistion (of
#avelength sroster ‘han - Tev hupireg enzatroms! with
a 8ysiem B2 the interaction sl th the clegtrio “ipale

mowent for the systen 2f nae this intersction i EPProxie
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nately flve orders of srenitude grzater than ansgnotic
ipele interactions which ave in furn eproxipately
three orders of magnitude groater then electrie aunde
ruple interretions sné magwdie quadruple interactions
sre weaker 8$1ll,  {Soody, 1564, “elghton, 4953}, This
srproach has lead 4o the Lepe Tellowed tranzitions® heing
epplied to sleoirie dinole transitions, all other bvpes
of {rznsitions keing Areuzed Yogether unfer the bLern
"fortidder trzusitions” even though « fintte probabllity

exists for their LECUrrence,

The intersity of =» éipole trensition 41 between two
etates n sud m 43 proportional 4o the zquare of the netw
rix element of the dipole moment for the zystens thet
is the probebility is Froportional %o the :bhsolute square

of the guantity

o e 1—.-’ t;“&g‘;&?— — PEPE A

vhere dr is a volume element of configuration pace, and
’a and @‘ are the wave~funetions for the twe ataten
involved in the transitions “The integration 15 teken
over the whole of configuration space and the staer denctes

the coaplex oconjugate,
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The rel«tions betweern the matrix olement and the
“instein vtoericients {An' = the Tiastein transition
probablitty or Spontenecus enission, snd Emz = the
Finstein Frobability fop sbhsorp ticn) sre siven by wave
Wechanics for the cpse 0 dlpole radistion &8 (*wrzberg,
1950;

& 3
A 6#‘# "nu {?; nn ‘ ®

{2.142)
ns 3!&

Sn?
Bn. = e 'Rn‘l‘ {2.1.}}
3nte
Theze foraulse only apply in the G&se of non-dezencrate
levels and the APpropriste reolations for degencrate

levels will be introduced where iecessary {n the fallowe

ing chapters,

ft can be 8een, therefore, that if experimental
auerntitics are weesured % ieh sre related to the Pinstein
tracsition probebilis es iy “auations (2.4.,2) and (2,1.3)
then thesge »8y be compared 3L th theorationy quanti ties
sittained an the bsals of some tiolesular wmodel and thus

provide n test of the wmodel,

2a2 ﬁiatomic ‘olecules

“hen a 44 stomie molecule {2 considered in an el -
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meniery manner, it mey be thought of ax two steticnary
stomie nuclei seperated Crom ecach other aud bound by

6 eloud of al ectrons in verious orbitels sround the
muelels s hae been found for stoms {(Mersbers, 13u4)

we ®ould expeet to Cing é¢iffersnt electronie etates for

& noleeule, depending on whieh srbiteals sre agoupied by
the clectrons., Fozever s diatomie aclecule 4isx not sas
siwple a8 1¢ Bay perform two Gypes of notion, Firstly,
it mey rotate us o whole about an axis through the sentre
of gravity of ¢the 2ystexk Gnd perpendiculesr to the line
Joining the nuclel; ang seoondly, the two nucl el nay
perfora vibvrations aienmg the inter-puclear axis, Thus

& distomic molecule is seen to be considerably more gome
pileeted than an atom, 2nd g mocdel of @ diatomic moleocule
would need to teke into considerstion al} ef’ the sbove
Testures if it i3 to aceount for the observed moleculay

specira,

ZeZe1 Seggratign of the ‘ave Tquation

The totel shergy o a wolecule Lz made up of
the potential epdg kinetio wnergies of the slectrons in
the sy stem and the potential snd sinetie ¢nergies of the
nucliei, snd Lf the Buclei are consicered as Staticonary,

it 2an be secen that the electronic enersy {the sum of
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the poteatisl sna kKinetie énergies for the electrons)
#1131 be decendent on the iaternuciear distance,
Towerer, the nuclei are ngt stationary ang she #ffect
of thelr notion aust Le écneideyed, “ecause of the
large ratio of duclear mags o slectron REz8; the ¢l eow
trons #ill zove mueh BOre rapidly than ¢he suolel, mg
the electronig enerszy can be thought of g & tLak ing
valucs corresponding to the Bomentary positions ¢f the
nuclei, Following this “rgument through, 4t sen be
teen that 1f the nuslel Bove, work must he supplied fop
the change in el eatronie Mergy 23 well ns the #0O rk
whioch iz done sgainst the Coulomp rerulsion of the
auolel, sad ﬁhcrarora@ the potential enersy under whose
influence ihe nuciel perform their vibrations ‘e the
sum of the ¢l estronic Mmergy sp the Couloak potential
e the nuolei, “he curves which shor the variation of
this potential Mmerzgy with ianternuclesy distance are

¢slled potential SUrves,

“he above 1. .gpeas ilncicating the potentlale undep
whiek the nucled vibrste R8Y &l ao be derived fron ¢
meantum-mechanioal &pprosch in which the Sehredinger
2quation for ¢ ¢latomic molecule RAy Le written

{erzberg, 1350},
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9 /B@ 2%y a2y 1 fa't ety o2,
- ¥ \n.;. & ——; 4 --u;- 4 L s mw.:. + n-u-; + at:m:: +*
ni 8:1 ayi asi k ¥y B:k ayk S'k

8%°

& oeems (Em?) - 0 (202.101}
h’

vhere the sleotrons have coordinates Xys Yy 5, and meas
®} snd the nuclei h-ve coordina tes X Yo 'k &end mass
Ek‘ If, a5 an epprozimate solution to equation

(2.2.1.4) the separsted wave function

¢ = vg(.a.xi,ri,5£.¢.o)&'r(...xk.ykﬁtk....)
(24201.2)

it used} where Ve is the solution of the equation

%y Be*n i
(e L) b e (O, B e
fkax; | } e (B%°ev Jvg = 0 (202.1.3)

and L ie the solution of the ecuation

1 8% . 8ot
3 R Ou-n.!; L X R ‘; i {F‘E'&-v j’ - 0
k ¥ ox? A = -
k k
(2.201.4)

then the wave egustion (2e24149) 18 setisfled provided
that vﬁ only varies slowly with internuclesr distance,

That this is true in s majority of ecases has been shown
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by Porus and Oppenheimer {1927},  2quation (2e241.3) is
geen to be the cguatior of the eleotrons #oving in the
Fleld of the fixeq hucliei with » potential energy V

and equation (2.2’1.k i the equation of the nuelei
moving under the influence or o potential x®¢ angd ? is
the Couvlomb potential o the nuciei, and so there igs
uffioient Juastificetion for using go¢ * Vn 88 the potw=

entlal energy for the nuclear motion,

for a ziven electronie ttate, the wminimup of the
potential curve (the function r®* + ?n} is considered as
the ¢l cotronte tnergy of the state F. and the excess of
energy of the moleoule over E. EBey be considered as the
Sum of the vibraticnal wpa rotational encrgiea, Fy and
Er respectively, Thus the total energy of the moleoule

may te written aas

E o g‘ » B+ ¥ {2425145)

It 1s common Eraotice %o express thip equation in wavee
number units (the ¥ave=numbers asre X resscd as an”% and
are 10° times the reoiprosal of the wave length in ang-
ztroms) and the quantities are called Tepn Values, Thus

equation (2.2,1,%) becone s

S T, + 6+ F {2424146)
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2422 Yibrationmal nergy
The si=nlest way o reprezenting the vibrae

tions o' a “4iatomic Rolecule is the model of two ntoms

hermenic oscillstor, The potentigl energy for gsuch a

syaten is given by (Hersberg, 1950)

U m Eﬂ’# wosax’ (2-2¢2@1}

shere u i{s the reduced mass of the molecule, x is %he
change in Lot er~-nuclesy 4 satance fyrom he equilibrium
position amd Lp— is the fregueney of 9soillation, The
potential curve ziven by equation (2:2.2:1) 15 seen to be
% psrabola, Then this potential funetion is substituted
in the wave-couation, satisfactory solutions ere only

found for values of energy given by {Hersbarg, 1250)
E(V) P mv@.o(v*%) (2-2»202}

where v can only take values 08919253 vues o A harnonie
sscillator, therefore, sives equidistant energy levels
which do not fi4 the ghaervationa, excent near the

¢quilibriun position or the potentig] curve,

However, the harmonie oscillator would not be
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expeoted to give o g0¢d representation of the energy
levels zince the pareboliec potentt al Surve is not
vealistic for the cotential in shiek thae vibrstions

of the moleouls seeure 1 typioml potential surve would
have a shape siailer to that shown in ¢ qure fels ‘Uhen
the stoms are Par spart, the fnergy of the syetem s
Just the sux op the wergien of the two stome, = nd so
&t large inter-pueleay distances, r, the potential
funotion 1s expectec to reach ¢ Sonstent value, vwor
stable states, as the ctoms approsch ®aoh other there
1s a swall sttraction, incrensing with @ecr&aaing'rﬁ
and the potential function reaches & sintmum veluye at
the equilibriunm separation r = FPoe Forr«rp ot the
value of' the potential function should »rige rapidly

because s the repuleion of the twe nuclei,

is a Pirst fpproximntion to the ourve shown in
flaure 2.1, & cudbie term may be sdded to the harmonie

eselilator potential tnd we obteln
U = f(r - re}? = i"(r - r'e)’ (20?0?@3)

where g is mueh smaller than P, This funetion 1is shown
is figure 262y and 1s one tpe of jpeteniial curve whioh
c&n be obtained if ap anfisrmonic oscillator is uged teo

represent the moleeule, 7f the “shrodinger equation is



dissociation limit

Fe r

Fig. 2.1 Typical potential curve for diatomic molecules
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- Potential curve for a cubic harmonic oscillator

(after Herzberg 1950)

Fig. 2.2
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Ro® s0lved with equstion (2. 2.2.3) as the potentinl
Tunction {possibvly Wit h bizher terms ig (r - r, )

presentj, the OREYEY levels cbtained are

E{v) = houe{v+§)-heu‘xﬁ(v+%}'+hcw.y.(r+i}’...
{2‘;3’.20&-)

where uﬁ,ngg and “.Te "€ oonstants of the molecule
eoncerned (ngyg X <c Uy &nd w_ and “, X, are
usuzlly positive), The separation o7 these energy
levels is slowly deoreasing with inereasing ¥y end if
the funotion #(y} Bay be adequately represented by g
gusdratio in (r = p 3, then the diescoiation energy
for the molesule is glven by (Yersberg, 1950}

w &

ﬂ@- = "‘”“"“"‘“!"‘" {2‘02'295)

&a'x‘

Jegause the simple potentinl funotions deserived
80 'ar do not describe the energy levels very agoup-
stely, many more ¢ocnplicated sathemstical expressions
have beep Iroposed g3 approximetions to the true poten-
tisl curve (Hyllﬂrnas, 1935, 1935, Loolidge ot a1, 1938,
fulbert and Airsohfelder, 19L1, Horse, 1929 ete).  Cne
of the simplest of these potentisls is that froposed by
Morse (1929) anéd this hes been the most sommonly used,

¥Yorse put forward the potential
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Ulrer,) = Pg (18~ T Tgiy (2,2.2.6)

“his potentinl 1s phown Lo Pigure 2.3 and has a shape
very aimiler %o that shown in i zure 2,1, the ex-ooted
vetential, Ag the internuclerr édisrence becomes large,
the value of ﬁ(r-ra) srpproaches O, the ¢issoeiation
energy ref-rred to the minimum o the potential curveg
and the function ecuals 2ere &t the equilibriuas posie
tion Te? “ne alight il sadvent sge of this potential ig
that for very small r, U(r—wﬁ) slthoush becoming larce
does not approach infinity es it must for sorract
potential, but this ig not of wrime impertence, The
érzat sdvantage of equation (242¢2.6) i thst the
cehrodinger equation w4 th this s the potential energy

function Bey be solved shalytically yielding term

values
, T h B
G(v) = tff-‘~ (ved) o o (vap)?
NewRop 08s®

(2.2.2.7)

with no higher terms in (v 4 §) veeurring. Tf this
expression is compared with the ters values chtained
for the sanharwnonie oscillator, the constant £ may bte

written in terws of the apeotroscople vonstants as

ﬁ = e () f?.?o?.a)



dissociation Llimit

e | r

Fig. 2.3 Morse potential curve
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This sanme relationship is found to hold when the coefw
flolents of (v 4+ £} ana (v 2 )7 sre eonsldered, and
8¢ 1t is possible #o defing the Yorse constent s in

terms of the speetroseopsic constanta,

For most nolecules, the “orse potential i. a zood
rerresentation of the bottom half of the &rue retential
(eeggs for the * state of rolesulmy oxygen, the forae
rotential is goos fuw-mppraximntely the first roup
vibrational levels) an¢ for sone states {t¢ nay be even

better thagn thia,

‘s well ag the sbovenenttonea tnalytic vouresentae
tions, tsehninues have plse been developed fopr deriving
numeriocsl rotential curves., Considerable work has been
done on the hydrogen molesule by ¥olos and Wolntewios
{1955, 1966, 1968} whe heve uzed » variotional approach
t¢ produce potentials, znd » technigue ror devel oping
potentiel curves rrog the observed ene rgy lovels was
Gilven by ¥lein {1932) ans Frdberg (1931), The “lein sna
¥ydberg method hLas been re-investizated by Sces (19L7)
iRd meny other workers {Tervain, 1960, Tendersiice et &1,
1960, Fllmore, 1365, ete.), amd a discuzsion of ihe POt
esntials developed for the molecules of interesgt to this

thesis will e given in the 8P propriate chapters,
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2e2607 Fotaticnal fnerzy
“he sieplecst way of oonsiderius the rote~
tionel energy of a tiztomic ~olecule 15 %0 negiect the
nolesule®s vibrations and think of the #oleoule ag two
point like atoms nt “a0h end af g rigld, magsless red}
thet 15, ag » rigid rotator., Vaing thisg wodel, Hergberg
{1250) has shown th ot the re sulting rotational ters

values are given by

FIT) @ BI(Jaq) f2.2.341)
rhere ! u ., is called the rotational Constant, mnd
8r?oT
[ is the moment of inertim of the 555 L@,

A more reslistic model 13 one whick considers the
rotaticn zhen the nuelel sre allowed to move aleng the
internuciear axis, that i, ® aonerizig rotator, and for
such a model, Tunham (1930) ang Fekeris (193%) have
shown that the retational terwm velucs for & g iven vib-

retiensl level ey bBe written

FV(J) ® BI(J41) = 37 (544} (ZaZe3e2)

L

where © is a sanztant fnd 18 usually less then 10“#%.
“hiz model, horever, stil]l Gonciders the rotetion of the
system snd the nuclezr motions cs two ceporate functions,

and a gore reslistic model wawuld be one whioh ellows the
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two motious to scour aimultaneausly. Such & wodwl
#ould ba the vibreting rotetor, “sing this &p proach,
¥llersss {1935) hes zh own thet sinee the period of
viurst'on is szall cospared with the puriod of rotae=
tion, it is porsible ¢o use a mean value of 7 in
Bquation (2.2,3.2) for the rotational constast in the

vibrational stgte undep eonzideration; this being

E = B - i ’{V’-k;%} * cww (2@2;303}

£

whara a. %< B snd 3‘ is the rotational constant scorres-

"
ponding to she equilibriun scparation of the nuolei.

Aallerly, it is possible to wrlie
Pe = Dy ¢ £ (ve}) {242, 3.1)

whe re ﬁ' £< “.. Thia ﬁ@ 1s not to bve oconfuned with the
diasocletion ‘nergy wsed 1in equation {Q.E.E.ﬁ)g it hes

been ret ained becouse of the convent ional asonenoistur ¢,

Using this model ef the vibrating rotator, and
taking ints Gonsideration equatlon f2.2.2.h§, the ternm

values £or the vibrating rotator &Te

. £ :
T L) e
¥

- wE(v+%}ﬁmaxa(v+%}‘+u.3‘(v0§}’.-;

1)

P

g
R oA

+ Sv»}’(.}'-fxﬁj - %J'(J*”' (232~3-§)
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fouation (2,2,4,6) may then be used to give the woye
nuabers of thae tpeotral lines Gorresponding o the
treasitions between two different electronic states
(if interactions between rotation end &l eotronic mote

ions ore neglected) ng

Vs TVePr (Ta“-%’"} + (6'(v) - G”(v))+(F"{J)~WY”{J)}

=V Ve + V. fZ-ﬁQBoS)

where the sin:le srime letters refer to the upper state,

end the doubie prime le tters to the lower state,

“ better model again for the molceoule whieh 2aly
produces sl izht changes in the rotational ters values,
le the symmetrie top model, This zodel, which hns been
desoribed by “ennison (1926}, ronig ana “abl {4927) and
others, tekes into considerstion the mwoment of inertis
of the el cotrons about the line Joining the nuclel, =nd
thus introduces the Guzeantum aumber 4, Thig iz the guan-
tum number of the enguler momentum of the eleetrons
ebout the internucleer exis. Using the wanetriec top
model, it is possibdble to predict the trensitions expented

tetween two glectyonie levels,

for two given electronte levels, the term Ve =

T.' = T‘", is a constant, and ss there zre pne selretion
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rule restrictions en the vibrationel cuantum number Vs
the vibrational @ntribvution to the transition energy

is ziven by

w Yty l: x t{ype . lye, AR T
vy = w, (v *ﬁ}*H‘X@ (woisdy ey, (visd) |
(24243.7)
Ll £ 2.0 YN nln, L1 LEE" L R AY |
= fu' {v™sd) WX {w*ai) LR (v"e4)3]

The selcetion rules on J for the symnetric top are

fﬂwrzbergg 1%50)

S = T - gm Cy 1 2f A ¢ 0 ror 2t least one state

G m It = g g 4 9 if A w O fop both atates,

and the observed sl ectrum woulsg therefore be excected to
consist of twog gp three series of linee, whose wave
numbersg nre given by

for 40 m +9 V =2 vy 4 ?v'(J + 1) - F'"fJ}

for 6J =« 0O

<
i

Vg « :’?’"{J} - F'"(J} (2¢2§:}.8)

for 47 o =1 3 p o Ve % Fv‘(J 1) - ?v”{ﬁ}

3 ¥ v
vhere vy » ot Ve

These series are called the Hy Ny snd » branches of
the speotrum reapectively. an txample of these series
1z gziven in figure 2.4, The krensitions shown are

betreen the retstionel levels of twg vibratiocnal Ststes



o o

L A - B

~nN

Fig. 2.4

P, Q, R, series for diatomic molecules
(after Herzberg 1950)




e

in two different slectronic states. Tor this perticular
Base, A = 1 fop the upper stete and A o 0 for the lower

gtate {'y . 1} transition),

twe different elsetronic states are sonsidered {neglec-
ting the rotaticnal stpucture for the present), thap
there are three main cases %0 be deslt with as far ps
transition intensities zre Soncerned, These thres cases
are shown in figure 2.5, 1In figure 2,5a, the einimuns of
the two potentia curves of the slectronic states nocur
5t approximstely the same internuclesr fistence, and in
figures 2,5b ana 2.56, the minimum of the uprer ocurve
lies at iregressively larger values of the internuclear
distance, Thoge three seses zive rlos t9 tho three dige
tinet types of intensity distributien ror sbeerption ug
room temperature {that ig anly the lowest vibrational
level in the zround state Ls populated), snd the digtrie
butions may ve explained by the “renckeCondon Frinoiple

(Franex, 1925, Gondon, 1328),

franck's basic idea (developed mathemntically by
Condon} was that » trensition From a level in the lower

state to a level direotly above 1t in the upper state



(a) Ui | (b U ic)

o

- e e e

r r r

Fig. 2.5 Potential curves explaining absorption intensity by Franck-Condon principle

(after Herzberg 1950)
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(a5 rerresented by the line AB {p figure 2.5} is the
nost probable trensition and therefore gives rise te
the most intente tands, The basis of this idea s that
the nuolei sre massive 8nd move zlowly compared with
the slectrons, The positions of ihe nuclel are theree
fore slmost sonstant during & trunsition, This simple
approach will explain aliproxime tely the thpee cbeerved
intensity distributions shown ipn fizure 2.6 for the

three cases in figure 2,5,

4 more ascoirate &pprosoh 1s that ziven by Tondon
(1928} using weve meohenlos. It was stated in seati on
2.1 that the Probabllity of o trovsition between two
steates (having total =avefunctions ¢#' and ¢") is Propore
tional to the shsplute square of the astriz clement of
the zleetric moment. That is proportional to the

quantity

Re fev» yonar (243.1)

where * is the electrie moment for the system, It hss
been shown (Hersbderg, 1950) that Totation of the molecule
nay be negleoted, If the wavefunstion is unow separsted
into ¢lectronie wand vibrational Trevefunctions, the
electric moment teparated into ealeectron dependent and

nuolei depe ndent parts, snd use is mée sf the crtho=



(a)

(b)

Intensity

(c)

EERRTNTEES

YV (cml)

Fig. 2.6 Three types of absorption intensity distribution (after Herzberg 1950)
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gonality reletionship for the el eotronic vavefunctions,
Hersberg (1950) has shown that equation (2,3,9) may de

uwritten
,tnr Y Ggn,
R = gvtywar;ncr.*t:ar‘ (2.3.2)

where 9; and 9; are the vibretional wavefunctions and
pé and t: are the eleotronic ®avefunctions for the two
states anad K. is the eleotron dependent pare of the

elactrie nonent,

The seoond integral in 2quation (2,3.2) is the

elestronie tranaition monent
'
By w fu gty nar, (2.3,3)

and if the assumption is made that E‘ iz slowly varying
with r, then 1t Bay bde replaced by the nverage value

F;, and we mey write

Tk -~
R' v - '!%‘ r’éf:,dl‘ (2@505)

The transition Probebility ang therefore the Sntene
sity 1s proportiscnal te R"" (oo seotion ,1) and thus
the square of the intezral in equation (243.4) 1a Yep-
resentative of the intensity of o diven iransition,

This integral ;s called the "overlap integrsl” and the
absolute square of the overlep integral i: cplled the
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Franek=Condon feotor, Urgne That 1s
Tyrye = 1[o205er]e (2.3.5)

The transition for whigh the ‘ranokeCondon factor
13 & meximum, {s the nost intense band in the series,
FPigure 2,7 shows an example of this vhers the naximun
overlap for absorption st room temperature coours for
v' w2, The v = valus at vhioch the maximum overlap
ooours osn thus de sesn to fdepend wpon the relative
squilibrivs internuclenr édistences for the states, and
upon the shapes of the potenticl curves, The sinmilarity
betwoan the #avé-necchanical approach and Tranck's "vertie
osl transition” spproacsh Ls ensily seen since the wavew
funotions for all v - values (spart from v = 0) have a
maximum on the left-hand 1imk of the potential surve
(see figure 2.7). Tt is not surprising that the two
approaches zive similay results, as the large mass of
the nuclei ia precisely the faot which sllows the wave=

equation to be separated,

The intensity distribution of the rotationsl lines
within & ziven band is tsaentially deterained by the
thermal diastridution of the molsoules in the rotational
levels of the i{mitial stete of the transition, This is
& Boltzman distribution and is sodified by the statistical



Fig. 2.7 Franck-Condon principle according to Wave Mechanics

(after Herzberg 1950)
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wolzhts of the levels Soncerneds The ztetistical welghts
snd degensrnoies sre di sounged by Hersberg (19%0) whe
#ives the expression for the fraetion of the Roisoules

in & ziven level aa

f2l*%1}0!§{*§'($“@1)5"h0/k?}
§”(23“4?)a39{~ﬁ'(3'm$)%”ho/¥?]

46 0

(24 5.6)

Aotuslly, the transition Probability depends slightly on
the rotational quantum nusber for the final ttate, and
this say be mogounted for zhen only P and @ branches
“e0ur by usimg the following ex;ression for N
(J't&”#%)txﬁ{a&”{@”wi)k*hG/kT]

N ow . (2.5.7)
z“(a'*;*¢1}.xp[a3~(a*¢1)a*hojkwg
J

whare I* and J' refer to the initlal 2nd final steages
rescectively, and 3% is tha rotationsl constant for the
initial stste. The Sransition strengtha sre salse
influenced by the selestioen rules for the states pone
sorned, =aé the ¢ffest of thess "ill be dlsocussed where

nesessary Cor the molecules of interest to ¢this thesis,

T™he foregoing eections have presemted the develope=
sent of sodels for s Aiatonin nolecule and the validisy

of these models should he ehecked by eomparing the



prediocted speotral 1ine positions, intenaitien eto. with
the observed data, une oy of abtalaing absolute @xverie
mentel iniensities i 10 measure the abacrption intene

s1tics over s piven band aystenm,

2¢4  secillator Strengths

..

A kpnowledze of the tbsolute intensitleg of s glven
band systen way be obhtailned from exrerime atel nbsorption
data, where the quentity usually measured is I, , the
ebeorption coeffioient 2% s given frequeney v, snd defined
by

I, » IPekrix (2eket)

vhere Ty and If are the light intersities before and
sfter trensmi sion through » lenzth of zas x st 0 92
and 1 atmosphere Pregaure, If ‘x i susll, and 10 is
essumed constant oveyr the tand, the Light sbsorbed by
the transitions between the two levels n and g is given

by

En. " ;r ' O \ - i
abs (yely jdy o vox! b dy (2ek.2)
" bhand band

Using eqguation (2,4.2) 1t mey be shown {"srzhersg,
1950} that the int egrated asbsorption coel'ficlient {ex orfe

mental! nay be reicted to the trsoretical gquantity 308
2



[ -
the matrix eleasent of the dipole moment, by
Ew’y
% v & ——-B8 xnlﬂn“{' {24403}
the

where Ng L8 the numbar of atewms in she state m, sad -

is the frequenay of the transition,

The sseillator strenzth for s given transition
reprecents the ratio of ihg zusntun theorsilenl 4o the

claszsical value of the tranaition strength, and ey be

given in terms of 2% ., {Condon =nd Thortley, 1%35)
B7® nev ,
o - ha ,Rm!‘? (2eiiak)
3het

where a and ¢ are the asss end charge o the electron.

The ex e¢rimental results sre frequently siven os

osoillator strengths

ze? : \
B ee— o Gy 1\ Zebneb)

p 3
e X
-]

tnu

If & i3 the Praotion or zolecules in the initial state,

end d, is Loschzidt's number, we zay write By = eily und

if we also use the sutstitution
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"o av « === [k, an (244.5)
7 ,

where & 1s the #avelength in 2agstrome; aouation

(f.fgfh nay be vpitten

. bLed(3
F el fkkaz
3 L

(2b47}

By ueking use of this result, we can therefore

€xpress the ubsirved intesgrated absorpiion in terns of

the Afmensionlecs tuantity o, the osoillator tfrength,

¥hich allews the expericental date o be #e8ily oomparcd

with the theoretioal predietions,



CHARTRR %

SUrYes of Growth
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To meke an ideal wtudy of line spectra, the bande
pass of the di spersing ins trume nt teing used should be
very =uah smaller thasn the aidths of the lines being
observed. Tf thi: ig the cnce, then the line shapes
sbsrrved with the instrument will be trye shapea, Howe
éver, irn the vaouusm ultraviclet vegion of the spectrun,
this is not usual ly truej that ip true linc widths are
sonsiderably smaller thap the bandepass or the Cioperse
ing instrument, The conditions under whioh the ExXcerie
menta for this thesis were performed proved mo exeeption,.
“hen this 1s the e4ne, messurements of ‘he trensmission
¢f vadiation by & zas show signi”ioant depsrtures fron
deer's law (abﬁarptian Froportionsl %o Soncentration),
This san ¢2sily be seen if we consider a strong line
which completely extinguishes at the line centre., 72
this is observed with en instrument whoge band=pass is
large compared with the line width, some Iransmission
will atill bde recorded when the instrument i: centred
on the line centre, This does not #ive B true weasure
of the tranamission ot the particular wevelength, and
the way in which the measzured tran-mission derarts fron
Beer's Law is €ependent on the relationshipy between

instrument bandepase and line width,



o1 Xeuivslen: Eidth
Tne wey of vereoning this Ciffioulsy {a teo
experine ntally sessure & guantity which L2 not dependw

ent on ipztrument bandeprss; susk o guent ity ig the
Tauivelent Width of 4 line, TIf we consi’?er o zingle
absorption line of , v & yet, unspe cified shape, the
ehsorptlon ot g prrticular frequency v san be vritten
LR

Ay foTy = f=exp(eiy a) (3e141)

shere T, 13 the trensnission and % 48 the ebsorption
opelficient at » frequency ¥, gnd » is the ancunt of
absorbing materisl, 34inoe the tbsorption oomes from a
single line, then the integral of oequation (3¢1410) over
21l freguencies is Tinite, an? i1 galled the "quivalent

“1dth of the line He Thet 1s
> - ]

oo
{a) = fsww - f [1eexp(eyy a) Jav {34142}
‘o !
If certain aonditions zre irposed on en exporiment,
it i# possible to show that the equivalent width is »
funetion whick is indepenient of the instrument resolye
tion Functlon, Thesze oonditions, whioh are usuelly med

in an experdizent nret
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s Thet the Lnetrument used to mespure the
abarption hags 8 resclution shape function
®hieh 1s independent or the spectral setting
of the instrument sna represent od by the
function ¢(ver'), whe re the instrument i: sst

2t & fregueney w',

3

o Thet the intencity of the redietion dnetdept
en the inztrument ip consztent over the funstion
$(ve2') Lo that the veiistion incident on the
sbsording spterigl 4 determined kv the fupoe

tion ¢(vept),

nlder these condltions, the measured transmission at a
frooueney ¥' %5 piven by

o8

[ $twev)m, aw

I3y = =2 (3.4,3)
[ $vmrt) av

‘

L]

where Ty 1g the true transmission st the Prequensy v,

If the funotion ¢{p=p’) 1, chosen suoh that

o0
r
f

4

4 ${vey )iy « { Plrevt)ap' » 4 (3.1.4)

3
B *

¢ -]

then the equation (3, 1.3) may bs rritten as
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o
Il = {@Cv«u')nu (3e1.5)
o

“he a; varent equivalent sidth, "'(a), 1z then given

by
o no
(e} = [0t 000 o F(1=mg 0wt (3.1,6)
o o

which, by using ecuation {3, 1:5), may de written

L ey
' (a) = .fdw{wf glvev )T dv]  (3.4,7)
e o

If the normelisation of the instrument shape function in

equation {3.%eh) iz now tend, we gan urite

- ] o oy
“(a) o [ a1 g(vartyavat ${v=v 1)1, ay )

(+] L+ ] o

R o3
f 3
= f Wl (1=7 Jé(ver*)ay

) 4]
W o

[ avt| & g(vavt)aw
‘o e

o0 .
.| ave, | ¢{vmp? ap!
o o

and sgein maklng use of equation (3. 14k) we can write
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W'ia) = rﬂyﬁ& s @{a) (3*108}
@
Therefore, unier the ahove conditione, which are
usueally met exrerimentally, &he fqulvalen: width {s g
guantity whioh 43 independent of ithe inztrusent resoluw

tions

Tt ecen 23150 be seen thge "{(a) iz the widtn oo &
sompletely sbzorving rectasgulayr line having the same
absoryticn 2res s the lins VaLeY egnsiderstion. The
way in which the equivalent wmicdth “({a)} varies with the
anount of aLa:rbing saterial #iy ie called the Curve of

Growth.

oy

82 Small
In general, the ahupe of o Surve of zrowth will
depend on Lhe shape function of the absorbing line, but
it cen be shown (Goody, 1244, Taddad, 1267) that fur one
rerticuler regiovu, ihe Beasured igtograted sbsorstion L

indegendent ¢f the line shape. This seouws if a << 1,

If % 18 written s Sef{v=vy), where % is the line
strensth and f(vevy) defines the ntaorption line shape

and is normalised suoh that



e
o

f f’(”“vnﬁﬂ("'ﬁe} r 1 {3,2,1)
&

then provided that ke a x¢ 1y we can say
Wia) = 3a {3e242)
(v00dy, 1964, Asddac, 1967)

Infortunately, when ks <« s it s d4rfioult to messure
*{a) as 2% 15 swall and 1t s therefore usually neces~
“ary %o inow the shepe of the surve of xrowth spart fros

the region where ko << 1,

3«3 loppler Tines

The naturel profile of 8 srectrel line is Lorentsian
{nce scctlon 3,4} whose half Treguenoy width at half peak

intensity ie ziven by

a, = 1/hwy (343.1)

where ¥ %3 the life-time of the excited state of the
molegule, ifowaver, at ths tesperatures eroountered in

the laboratory, the shave of & speotral line 1is dominated
(nt low pressurcs) by its width due to Toppler broadening,
2néd 1t 18 not necessary to dlseuss ithe surve of srowth

for anatursl line ahaves,
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The lins shay s resulting frop 7

eroler broadening

of o line contreé at Prequensy v, {osused by the thermal

motion of the moleeuisms) may be revrecent 24 by ihe

function [Socdwy, 4944)

’/ ‘B= ‘m% '%’
Pvavg) o | axp(=mo® (vevy )? /2kTw8 ) {(3.3,2)
\2*&?@5/

#here & is the mass of the wilecule, 7 iz the sbsolute

tenperature and & is Doltsmann’e constant, Leppler linecs

Bove s widsh (hals® s=1dth st 1/e zeak intensst v7) given by

Ve kaT-,%

8 \m

a {3.5053

Tt 3an be shown that 417 the ahape of a line is somplotely

deteraiced by Toppler Erondening, then the squival ent

@ildth of the 1line is given by (Goody, 1964)

i—~ &5y “n -
¥ o Yo wnngwi + E(w1)® e | { 5e50h)
s 4 nlv
ﬁa;
Where w - y “}“s'r"

008y has developed sn ssyevtotis sxpansion for large w

ziven by

§ e De2386 01335
- au&(wnn ¥ Lﬁ -

- ses | » 05)
3™ (f«mf)” J -
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.

Fauetione (3,3,4) und {3,3.5) then silow us to plot
the surve or zresth for o lipe oo fonuler profile,

>

end thie 15 shown in i rure 3,4, This trestgpent has

teer disoussed by wany authers {@ege “truve anda “lvey,

18334, Yan deyr Told, 19315,

3eb  Pressurs Broadening

Jnder eonditions dsual iy met in the laboratory, 14
L& necessary tc take regsure broadening effects on the
line shepe into tonsideration. The line profiile deterw
#ined s0lely by pressure Proclening (eollision offects)
is found (Breene, 1957) to be given by the Lorents

preills

(3ebet)

x‘{v-v@} = N

4 &,
L 2SI L

2
L
where @, 13 the half width at hals peak intensity of the
linee The line profile for r*hich & eurve or srewth ig
needed Ls therefore s conbined Torpler-lorents profile,
Thiz line ig too evmpleox for analyticsal aclution, and
numerical methods must he erployed {Ven der Held, 19331,

Toneds, 1968}, the £inal behaviour of & belnz shown in

#
figure 3.2 where ¢ is equal tu ¥ ;£ o
B

in flgures 3.1 and 325 the linear region coourring
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Fig. 3.2 Doppler-Lorentz curve of growth
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at low values of sbsorbing materisl a2, iz the resgion
vhere the z2mall shsorution approximstion i: valid., This
spproximation iz seen to ke wvalid (that is %(a) & a)
until *(r} is appreximately squal to the Doppler width
of the line,

Je5 Zxperimentai Cruves of Growth

Ueing the ex orimental systes decerided in thapter

by the equiveient width of the P4 1ine of the (3-0) band
in the Lyman system of nolecular hydrogen waa messured
28 » funotion of yressure in the shaorption cell, aud
the resulting ourve of growth is yresentec in flgure 3.3,
It cen be swen thet up to pre ssures =~ijs+2 torr, the curve
is bssgically that of a Doppler line, Thie line has been
found tc have a2 strength 7 = 44 (atmoa;aa.?“q € {#naddad,
1967) sné using the asymptotis expansion {equation
3+3e8), retaining fir:st order terms in “nw enly) a
Feppler width of G, = 3'90552 is obtained, If cguation

(% 35.3) is econverted into wavelength units, one obtains

s ,2kT. )
e
A, e woon | o ¥ {3,6.1)
' e(g;/

and this cquation yields a value of Q-Oeﬁﬁsﬁ for the

Doppler width of 8 line in the Lyman series of moleoular
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hydrogen at 298 Q“. ‘hus the experimental and the
theoretical widths are in Eosvd agreemcnt, quivalent
vidths measured at higher ressures (in the pressure
brecdened region) care used to caloulete a8 pressure
troadening coeffiol ent Y for this line, <efined en the
assusmption thet in the pressure Lroadened reglony the
vldth ef a line iz direotly prorortional te the pressure,
The pressure broadening coeffici ent is defined 2g the
constent <f troportl onality, and For this iine ir given

as (Yeddng, 1967)

Yy = 67 x 10”5 2/ tory (34562}

i

in the gxreriment on roleoular oxygen (sre chapter
59 the resolut lon of the instrusent was sot zufficioent

te sllow the triplet structure of the totationsl lines

to be resolved. The oh served speoctra fp e ared as though
there was only @ single F and = single ¥ breneh present,
Becouse of 4thix resolution effect, the nomenclature "line"

®will be teken %o mean s aroup of three true lines,

As 8 preliminery excroise to the molecular oxyzen
experinent, an adtenpt uwos made 4o zeasure & ocurve of
grouth for an oxygen "line®, Torever, the reaults of

this experinent were not very eréouregingy sonsideradle
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inconsiatenoy srising in similer neasurements usde over
the zame filne”, zné guite 17 ferent behsvioura of v
with pressure vere dbtalned Lif aA4ffepant "lineg™ were
tonsidered, The remsons fsr this are probabdly two=Iold,
Tiratly and zmore importantly,; the "lines” of the
Sehunsan~tunge #ystonm were not re solved with the insirye
mont resolution being used (0°2% - 0432), 4 the lower
pressure end of the ourve of srowth ip partloulsr, this
everlapning of "lines™, as well =s the very bad statise
tlos &n sris region,; made it very Mrfieult o easign @
def'inite nree %o o pivan *Line”. “eoondly, the separs-
tion of the lines comprising the Sripiets varies fron
triplet to triplet; and even within 2 siven t¥iplet, the
#eporstion of the lover wavelength Pelir of lines i» not
the zams as thet 5f the higher vavelensth pailr {Prix and
Hersberg, 19%L)}. Ag ithe 85 pressure 1z relsed and ihe
lines begin %o overlap, significant offects will bhe
noticed in the ecurve of srowth (e.z, as the region
betwoen tweo everlapping lines beoomes strong encugh %o
ceuse extinetion of the incident *udilation, the plope

ef the varve of zrowth will change as there are now only
two lime "wimea ¥ abserbing rediatlon instend of ihe
original four). However, becsuge of +he ALl Perent line

separetions involved, these effeets will coccur st
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differert pressures for i farent “lines”, snd the
gf'fecte for a elrgle "lipen 2oy be nssked beonyse
there sro teo AP lerent sepevatlong fnvolved in one
"line*, These Urficultics caused by lizs geparaticns
will only ve slgnificent a4t hizh pressurce where the

srasgure LYvaadeped width of the lines im of the seme

Créer z: theip generations,

Becrune o the diffieuity “Xrvevieneed in obteining
2urves of growth fop o single "line” 14 moleoulny sxygen,
& ourve of srowth wes neasur eod for the safority of the
(12 = 0} band, thus allowinz more agcurate areas to ha
shtsined ag the statistical arvors TEre sveragzed out
over the hand., The ourve of growth ohtained in thi: way

Ls shown in £1zure 3,4,

the twe exporinental surves of srowth deseribed
rhove for noleoulsy erygen sud hydrogen hove Loen used
to detorzine the ren-p of velue s of the fguivalent =i dth
% uhioh best suited the sxperimental conditions LY T
eribed in chapters 4 and 30 letails of ihe teternining
fectors in esch experinent are given in the appropriste

chapters,
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In this ochapter 87e presented the results of an
sxperiment desisned to Beasure the atsorpytiocn in the
hyman bands of moleesulsy dyirozen between 10607 and
1130% (B '2;*— % 'E;). This »ork wes carried sut

£

usinzg & 1 setyre Beer-norsal incidesse vaduun ultra-
viciet monoehrozctor with e reseolution af &*E?. The
equivalent =idthecurve of frowth spprosch wes uzed in
this work, s=ud the bvasic mrinciples of the method heve
been presented in the yreviouvs shapter, ! ceserirtion
of the experimentsl appuretus is ziven, snd sinoe :he
low percentsge absurstiosns rzguired Wy the curve of
growth wethod necessitated the beilding of a dizital
deta~handiing systenm, &his iz also described in some
detall, 7Phe results of the experimant sre Eresdented
8 waelllsteor strengths for tne imalividuel reintiansl
lines, and sl 20 2s band osolllator strenztha, These
vesults snd their relstion te theoretical gquantities

are then dlscussed,

bet ;i£!i23£w£32£35£ﬂi_3.

The first exseriments perforased oun wmolesular
hyirozen in the nltraviolet reglion were by “ohumann
(1304, 1903}, who by uEing £ VaGuUR spectrogrsph with

fluorite apties was able to observe tihe sregetrur ax
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far as 125?%. Later, !yman was sbie to extend the
renze of the speetrur to approximstely soof {Lyman,
1928} as wes dleous sed in chapter 4, Turine th e
development pericd o veeuur ultraviolet sre stroscopy,
the Yund gy stems of hydrogen in this region were stude
led by & larze number arf workers {ferner, 1526, Kori,
1327, Dieke mnd Topfiel a, 1527, Yopfierd, 41334, Peutler,

19354, 1935, Teutler ot @le 992%%, angd sthers) ang nttencts

REre made to mnalyse thoe ch served mectrum,

The f4ir3t detailed study of the ultreviclet Sprecw
trus %ses carried osut by Tanaka (4944) whe cerformed g
vibrational sngd rotational rualyeie for the Lyman a2pd
ferner bund sy stems. Other rotetionnl mialyses heve
since been made on these band srztems by Hereberz and
towe (1953, “ersberg snd onfils (1940), Yanfils {13418,
13619, 1965; snd Mamioke {18544, 195hb, 1255 with the
result thet the line nesitions ‘nd s8800lated snectroe

saopic eonatants are now “nown quite zocurstely,

“epagurementa o shaolute ebsorntion coefficients
¥ere not mede until 1952 (Lee ans Telessler, 1952 who
messured the absorstion at mbout 40 wavelengths in the
tontinuue region. Laster gbsor: tion messurements have

2lsc been mmde by funch et =1, (1952), Cook mnnd Vetzmer



43

(1954} and %ilkinscsn «nd Syrax {1965}, The latter

WOr2ers give ne detsils on the observed line tirengtha.

i3

“he sbvious lsek of absor tion coefficicats for
the band systems of hydro zen cocurring st lower wayvse
lengths than 11307 hes therefore heen the meln reason
for performing %he rresent sxperiment, Tn this ehapter,
reference is slso mede te &n experiment performed by
Tesser, "rocks eud Lewrevce (1968}, which w=as somuleted
efter the one decseribed in this thesis. Their BXNE P
“ent wes designed 4o memsure the cbaclute oseillator
etreugths for the sert of the Lyman bend grstem ovoure

ring below the lithiur fluoride cut-eff at 1050%,

Le2 Theoretigal zalgulationsg

The hydrggen #olecule, beocause of its extrene
siaplisity, has been studlied by a isrse azumber of
theaoris ts over the jears. 4a cagn be imagined, the
queitum nechanicel caloulations for this ayaten have
resched & high dezree of a0cureey, snd may be used for
Somperison with “axperimentel results. foourste potegw
tial energy surves for the two ztates involved in the
Lysan Lasnas (% '3: and X'Z;) have bean caloule ted by
“olos and Volniewliex (1965, 1966, 1968) and vartous

other outhors have caloul sted vidrati onal mnéd rotational
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levels ane¢ spectroscoptic Coustants for thease states
whioh asgree well ¥with the Exserimental valyes

{Ealniewte:, 1966, Moll ape Terl, 1986, Cashion, 1966),

‘s wall as thege potenti sl cuprye @alaulativns,
Hicholls (12686b) ue 4 ¢rloulsted the “ranck «london
factors for the Lymarn systom besed ou n Horge potential
(see section 2¢242}. Michollr used *he vibraticmal snad
rotational Sonstants derived by Tersbarg and Towe 51§593¢
frangk~Condon factor s besed on an °, .3, potentiel have
recertly been caloul:ted by Zpindler (49¢6) and Zare
{killer and Lrauss, 1967),ané these valueg gy tabulated
by iicsser, Irooks apd Lawrence (19568) were usca for

theoretical Somparisonsg,

Bent 285 & 1 metre Resrenorsal incidence vasuumr ultrae
vielet soanning monos hroms tor*, This imtrument wap
equipped =ith s 1200 lines R8T AR, grating shloh was
blazed st 1200% tnd had » dl sversion in Plret ordey of
8433 Per =me The best attsinable resolution with thig

incstrument was approximntel y 6'139 flthourh in this

pea—, 0 . o,

* YaePherson vodel 225
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partioular experiment this resolution was dever uged
beoause 4 g AArvOow eutrance and oxit slite Recensary
to schieve it (@ppraximvtely 10 microns} proved too
severe s restriction om the flux tvailable Fronm the
inzirument, The "Tavelength" emerging from the manow
Chreostor axit slit was cblie o he scanned continuously
el ther by hand oy by & synchroneus motor, the goanning
speeds svatlsble beins varieble between DNe2s¥ per woin,

ang 20002 Y min,

Por thin exzeriaeat, g Hinterrecer t¥pe Sischarge
lanp was used ap & light souroce. In srder te mroduos
dontinuum radiation in the regiopn & interest, 4his ianmp
wes operated with irgen at & high rressure (approxiactely
200 torr} in a Gondeunsed di soharge “otes Decause of the
high lamp Pressure, it vas Bt oeunary tc use o éifferen~
tial puzping arrangement between :he laxp and ¢the nonge
chromator, and this enabled the pressure in the nachine
to be kept below 1077 gorp, dow aver, severs slogging of
the entrance slits wap experienced (caused by aluminium
oxide from the tleotrodes of the lemp), and the lanpy was
eventually medified so that 1¢ could be anerated with s
Lithiva fluoride window Letween {t ana the monochroastor,
¥ith this snode of operation it was Woeszary ¢to punp the

588 avey I'rom the luap with s shell meohanical pRap.
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A sehematic of the lasp ia shown in Plagure Lo,

Tigure L.2 :hows & cobems tic diagram of the
experinental sy stem used. Yhe radiation ceerzing from
the exit 81it of the moncchromator was monitored by =
sodium ssiyollete co=ted wire grid, “hen sxposed to
gltravicle t rrdiation, sodium mlyoilate fluoresces in
the visidle rsgion of the Bpeotrum, and this fluore-
scent redistion in this case *ae viewad by an ¥,M¥.7.
type 9%4L5 Photomultipiier tube vie & perspex light
pipe. 411 photomultipliers used in this experiment
were cperated with their cathodes Bt nerative high
voltage (epproximately =~15007), snd electrostatic
shields were plased around the tutes end sonnected te
cathode potentisl, The eleotrostatic shields helped
to decreage ‘he noice levels of Lt he tubes, The photow
multipliers wers housed in metal light-tight containers
which were water cocled to hely lower and statilise

their dark surrents,

The sbporption eell, whieh ves situsted inmedintely
#fter the "beag-splitting® system, conslsted of a 50 cme
long, 6" éfameter Goppor tube, sealed at the enirence end
by & 3/b" dlamster iithium {luoride vindiew., The far ond

of the oell was sealed by 8 &" gl ase plate sosted vu the
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inside with godtunm saiycilste, s=nd the flucresoent
radistion coming from tuis plate was viewed by another
Ecllels type 55143 ghotomultiplier, tonnected to the
6ell by meaus of g gate valve, was a %* gil diffueion
pump smé liquiad sir trap Laoked by a nmechanioal Pump,
and this sysator enabled the ebsorption celi to he
eévaguated to approximetely 10’5 torr when roguired,

The presasure of the tbsorking gas was seasured with o
differential capacitance Ranometer¥, snd the tezpersture
of the gas in the cell wnz 2130 wonitorad threughout the

sxzerinment,

When absorntion Reasurenents were to he made, the
o8ll was isolated from the punping sy stex ana hydrosen
wes admitted until the reqguired pressure was attained,
The hydrogen used was stanc ard commercisgl grade gag and
this was purifieeg by pessing 1t through a2n array of
pailadium diffusion tubes which @uld be hivated with a
tantaslus strip heater, This gartioular £111inz teeche
nique was very relisble cnc 2llowed filling retes of up

€o 100 litre topr Per anlnute,

heb  Data=iandiing Tystes

i3 the regults of this @experiment vere ¢ be ange

lysed by ithe curve of growth method, it wes necessary

¥ ¥KS Berytrom type 77Mein,
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to measure guite small &zounts of adsorption (see
shapter 3 and section be5i, ond this required the
desizn wna sonstruction of a deta~handling aysten

#hich would sllow the statistical fluctuations preas=

ent in the detegtor sigsnals to be sveraged out, Twe
Rain 0 urces of randon noise were present in the experie
ments the randon thermal emiszsion from the photewsathods
of the photomsultiplier tubes, sad the randoms flustus~
tions in the 1ight¢ output from the laap,

To achieve the ireraging proocecs, the photomultie
pPliers signals were red into 2z analogue to digital
sonverter (A:0.C.}. This 4.0.C. was & sont {nuously
operating device, wnd details of the operution and eire
cults have Geen glven by Heddad (1967)e "he mezmory unit
used for acounulation of the outputs of the 44 DuC. was o
400 ¢channel rultishannel snalyser* yced in time node
whiokh provides the squivalent of 400 soslers which may
he addresped aequentially. The signals from the iwe
detsctors are fed into two dec. anplifiers apd the sne-
logue output slgnals from the ssplifiers are then
switched alternately into the fePeCay the sutput of

whish is then {ed inte the multi-ghannel sanlyser, 4

* RIDL model %4-12B
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synchronous "eloek" was built to control the switehing
of the inpute to the feloCe and alse to eontrol the
channel of the snalyser into whieh ¢he dlgital signals
are being fed, During a norsal absor; tion scan, the
sequence o' events ia 5g followsg at the same time as
the wevelength drive of the monochromator is started,
the snalogue mutput of the arplifier on deteator 4 ia
switched %o the input of the :, 0.C, “nd the output of
the A.0.C. 1a fed into channel 0 of the analyssr, ifter
8 given time interval (varisble between 1/2000 min, ana
¢ mins) & pulse from the “elock" switches the output of
the asplifier on deteator 2 to the input of the i,D.C.
end simultaneously switehes the 4, 0.0, cutput inte ochan=
nel 1 of the analyser, When the sane time interval has
sgeln elapsed, & "elcek® pulse Bwitches detector 4 baek
to the 2,0,.0C, input s the 2.7.0C, sutput into ohannel

2 of the eneslyser, and so on until %he 400 channels of
the snalyser have all been s ddressed, The data stored
in the anelyser conalists, therefore, of ¢wo interlaced

speotra, ons from oaseh detector,

The integration of the rhotomultipliier gignals over
the time cpent in sach éhannel of the analyser provides
& means by shish sny short period fluotuations may hLe

aversged out (esg. the thersal fluctuations of the
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Photomultipliers} and if the above cyole is repeated
severel tises, adding the new date on to the old, for
tha aanme savelengthk region and Same pressure, ithen the
longer period fluctustions Bay alasc be averaged cut
(eege the lamp fluctuetions). ‘iny long ters asin
drifts are sl so Everaged out by this pProvess as long

&8 the time tekern for » Single scan is smaller than the
period of the drift, This data~handling syster will
therefore anllew the determination of sven very small
smounts of absorption, the only requirenent being that
the spectral region ia scanned snough times to nske the
atatistical fluotuations small ¢oapared with the 8bsorpe™
tion being measured, The sircuit details of the datgw

handling system sre given in Appendix 1,

A sy stem was also deslzned wné built (mee Heddad,
1967) whioch enabled the memory of the anzlyser to be
transferred on to punched oerds in & fors sultable for

snalysis by somputer,

be5 Feasurements of ibgorption
Before the absclute sbsorption neasurements wers

talen, it wes bRoezaary 4o deternine the gositions and
spproximste strengths of 11 the lines whose nbeolute

strengths were 25 be veapured, The transmission speotra
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used for identification purposes were taken at high

588 pressures (up ¢o 3C per ocent sbsorption} with an
instrument resolution of aproximately @'22, and a
Eyploal transmission curve iz shown in figure L,3%, To
obtain these spectra, a 108 reglon of the speetrum was
scanned by the Bonochromator, the detector cutputs being
atored in sll 400 channels of the analyser, with ¢he
ebaorption cell evecusted, This procedure was then
repested with the cell filled to s 8iven pressure of
hydrogen, asd then repe ated again with the cell evacuated
to allow for eny érifts in gain of the system over the

&0 minut es required to reoord each spectre, The fata
ffaa 6ach acan was recorded on Punched cards and a simple
Somputer program wes used %o obtain values of sbscrbance
for all the accessible lines in the iyman series, The
wavelength data of Hersberg md Howe (1959) was used to
identify the lines cbserved in the zbhove manner,. It was
5180 noticed during the ansalysis of these "high pressure®
speatra that there was no light enmited from the AYREOR
diseharge ilam: in the region 1066% to 1069% becsuse of

& zelf-absorption line which esours in this region,

The spectra from whioh th e absolute line strengths
were obteined were recorded in s slightly different way

slnce it wasn necessary to obtain these spectra using a
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very amall percentage absorttion (see c¢hapter 3% and
later in tnis sestion), & 5? reglon of the spectrum

*¥as all that was reeorded at the one time, Thia pors
tion of the spectrum waa resorded in the first 200
channels of ihe analyvaer with the shsorption cell evace
uated, snd it was then racorded in the last 200 channels
with hydrozen in the cell, The cell was then once nmore
sveounted and anotheyp mestrim added on to the first

200 channels, £11led with hydrogen zmd = Turther cpecw
trupe added on %o the lest 200 channels and so an, until
the fluctuations in the Bp eotra were reduged to LPPTOXie
mately 1/10th, of the peak absorption being measured at
the time. Baekgrouns levels Prom each deteotor wore
recorded In the last 50 channels of caoch bloek of 200
channels, anéd wers subtraocted Crom the signal levels 1in

the finsl ssialysis,

There are three regilons of the gurve of growth for
& line (ohepter 3) shere seaningful ceasurements of the
absolute line strength may te made, The Lirst of these
is the "pressure brosdened reglon” shere the line aa
essentially a Lorents shape encé the shbaorpticer zrows
lineariy with pressure, flowever, ihe clope of the curve
¢f grewth in thic region glves a messure of the gueantity

(ya)% {nes Haddad, 1567 and shapter 3) snd Lt 1s
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therefore necessary %o make some essuzption about %the
preseure broacening eoefficlent Y in order to cetermine
8 value for 8, The nesond region ias the first lineer
reglon of the ourve of grozth where the sbeorption i»
inderendent of the line shape, horever, the peroentage
cbeorptions whieh heve to be zeasured tc sllow the
lincar spproxisation to be uzed sre prohibitively smell
$o0 ensble this teohnlque to de or &ny use in this pare
tieular sxperiment, {This reglon of the ourve of growth
¥as used in the experiment on moleoular oxygenl!s The
third reglon, thut uaed in this experizent, requires a
knowledge of ths curve of growts for & line, Iif the
curve of growth for s line ia Enown, 1t is theoretically
possible to obitain the truye strength of the line from
this curve, In mriioular, if the pressurs st whioh the
absorption 18 measured is such that the line shape will
be predominantly Doppler, then figure Je1 may be used to
find the strength of the line, The values of #, the
equivalent sidth of the line, ere all either mer sured
sxperimentally or able to be caloul~ted, snd therefore,
the only unkpnown is 2, the strength of the lina, whish
ey then be obtained fyrom the zZraph. The nost obvious
portion of the ourve in figure 3.1 to use for motusl

Boasureaents 15 where the surve is cdianging most rapidly,
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and therefore, it was decided to take all the absorpe
tion measurements at pressures so that W/aD was
approximately equal to 3, This is seen to be a gone
promise between a value of %/an which gives an average
absorption too small to be Bmeasured accurately, and a
value which lies in the region where a small error in
the measured equivalent width oan give a lerge error

in the line strength,

Within a given band, the observed line strength
for each individual rotational transition is Pro-

portional to the fraction (see seotion 2.3)

Yoor (3%3'42) exp {-:"(J"+1)n"hc/krj
§1YJ"(J'¢J"+1) exp [=7'"(3"%+1)B *ho/kr]

(445.1)

vhere J'' and J' refer to the initial and final states
respectively, B'Y 1a the rotational constant for the
initial state and Y:qg is a factor dependent on the
nuelear spin which gives rise in moleocular hydrogen

to the ortho and para varieties of the molecule. The
velue of Y,4y was taken as 3 for odd J'' apa 1 for
even J'* (Hersberg 1950), This fraction, as was
mentioned in section 2.3, takes into ¢onsideration

the statisztiocal weight of the initiel stete, and also

the dependence on the final state of the transition.

In those cases where two non~overlapping lines
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were not resolved because of the instrument resolution
(eegs most of the (0 - 0) band), the measured egquivalent
wldth for the combination was distributed between the
two lines acoording to the Traction (L.5.1) for the
appropriate transitions. It was also found that the

R+ lines in the (2 ~ 0) and (3 - 0) bands wers so
strong that it was not possible to obtain W/aD equal

to 3 even with the smallest layer thiocknesses available
for this experiment. The strengths of these lines

were obtained by using the high pressure data which

was used for line 1d¢nt1ficatinn, and by somparing

the lines with those produced by other similar transi-
tions. These high pressure estimates of line strengths
are not as scourate as the other measurements and are
2180 rather higher than expected from the theoretisal
distribution. The values obtained for these two lines
were therefore omitted in the final asnalysis of band

oscillator strengths.

Figure 4.4 shows the measured line strengths for
the lines of the (0 - 0), (1 - 0), (2 - 0) and (3 - 0)
bands in the Lyman systea of moleoular hyd}ogan. The
distribution of line intenaities within a given band
¥a3 caloulated from equation (4.5.1) using

B'' = 59.303 on™* (Hersberg 1950). This is shown in

figure 4.5 where the 3, line hes Yeen omitted and the
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remaining band strength has been normaliszed to have

the value unity,

Figure 4.5 alao contains the observed intensity
distribution of the lines in the (2 = 0) band, where
onoe again, the Ry line has been omitted and the total
band strength has been normalised as before, The
egreement between the observed and expected values
is seen to be good exoept for the Ry line. A statis~
tical snalysis on the errors involved for each line
was ocarried out (see section 4«8) and the probebility
that the observed vealue for the R, line is a good
seasurenent was seen to be very small (ses section 4.8).
A similar comparison for lines in the (0 - 0) and
(1 = 0) bands showed that all the lines agree, within
the errors, with their expected values, and if the
high pressure estimate of the Ry line in the (3 = 0)
band is omitted, the distribution for this band also

agrees with the expeoted values,

Le6 Line Oscillator Strengths

Using squation (Z2.4.7), it is posaible to eXpress
the messured line strengths S =fkaax in terms of the
oscillator strengths for the transitions. Thus we may

write
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fa= L2203 ngﬂx. (#:5.1}

where
£ is the opeiliatop strength for the line,
5 18 the mmssured line strength,
A ls the wavelength nf the %rtuaition; and
& i3 the frection of woleoules in » partieuisy
initisl state, The ropulstion of the rotational levelg
in the zround vibr:tianal-@lo@tronic level wee cesumed
0 be that glven by the Noltsman dstridution with »
nodifioation saused by the spin of the nwolel, T¢ wee
assused thet the gas was at 25 % and that the nuelear
epin faotors were piven by {Hersherg, 1950)
325 & 1) for caa g
8y = . . (he6,2}
28 ¢ 4} fox even J
'he valuss of - caloulated 4n ¢his wnanner ave piven irn
Table Let for the first € rotational levels of the ground

stete,

TABLE ko1

J By ]

0 (] O+132
) 9 0562
2 5 O+145
3 24 +08&
& 2 GO0k
5 35 3*001




Using theses values of 4, the measured line
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strengths were used to caloulate esoillator strengths

for all the measured lines, and these values are given

in Table 4,.2.

It 18 estimated that the statistical

errors on the oscillator strengihs are $ 50 per cent,

TABLE Le2

Oscillator Strengths for some Rotetional Lines in the

Absorption Sgeetrgn of Y¥olegular Hxagaggg

Band Line

(0=0) Ro
Ry
Ry
Ry
Ras
Pq
Py
Ps
Py

(1-0) Re

Vavelength (%)

1108,130
1108.636
1110,126
1112.598
1116.048
1110,066
1112,502
1115,911
1120.238

1092.,196
1092.732
1094 . 294
1096.729
1100,182
1104.596
1094.054
10964443
1099.798
1104.111

Strength

67.7
228.8
53‘0
35.8
3e25
169.5
35‘9
58,0
2.8

361
2167
L4644
9
20
0.58
1470.6
76
i01
Jed

£x10°%

1.75
1.18
1.57
l.41
2.75
0.88
1.00
2.27
2034

9.63
11.51
14.17

3.69
17.36

2.00

7080

2,31

4.08

2493



Table L.2 (cont,)

Band Line

(2-0) R

Ry
Re
Rs
Re
Rs
Pe
Py
Py
Py

(3=0) Re

&
L1

Rs
Re
R»
Ras
Rs
Py
Py
Py
Pa

Wavelength (%)

1077.136
1077.687
1079.200
108l1.672
1085,09%
1089.458
1078.928
1081.267
1084.559
1088,797

1062.871
1063.422
1064.517
1067.350
1070.712
1074.989
1064.607
1066.892
1070.113
107k 4261

high pressure estimates

ses seotion 4.8

584

Strength £x10°

348 955
4943 27.02
220.6 6492
197 8.22
6l.4** 54,8

1.6 5.67
712.1 .88
235 7+ 34
157 6.51

8.4 Telehs
k37 12.3

7000+ 39.3
310 9.98
9 8.24
3.8 12.65
1192 6.67
91 3.88
1k 12.74
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Le7 isirophys$ cal ipplications

Tt has been suggeated (¥eidad, 1967} that el ec=
tronic transitions of the type studied in this thesies
are uselul for perforaming = quantitative study of the
distribution, abundance and rhysical somdi tion of
moleocular hydrogen in inter stellar space, Any experie
ments to do this must cbviously he performed from
rockets or satellitez, and two such prozrammes have
been suggested (Varsarsky, 13656, kogerson, 1963). in
investization of the gpeotrum of & ty pleal B2 star
(korton, 1965} has shown thai the best wavelength region
for obaerving interstellar abeorption is from 40907 to
11052, which is the region ocoupied by the {4 =~ ) band

in the Lyman zeries of molecular hydrosen.

Raddad [1967) has calouls ted the equivalent «idths
exppoted for the lines of the (1 - 0) band en the basis
of the oseillator strengths presented in inble L2,

‘hese caloulations have been carried sut for nolsoulay
hydrogen concentrations of 10'*, 10'%, 40'7, 10'® poile-
eules per amg, and gas tesmperatures of 7% °K, 100 ®x end
125 °H, and predict that an inatrument having a resolu~
tion of up to 1*5? would be able to detest the absorption,
Heddad {1967) has also shown L het if a high resolution

instrusent (~0+1%) is uced to sessure the guantity
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ﬁP; M gﬂ;

¥(1 - 0)

where WP,, WR‘ and w(l - 0) are the equivalent widths
of the Ps, R lines and the (1 = O) band, then this
quantity changes by a factor of 5 over the temperature
renge 75 °K to 125 °K for o molecular hydrogen concen~
tration of 10°' molecules per om®, A messure of this
quantity would therefore provide an estimate of the

temperature of the interstellar gan,

Band Ospills Stre
The osoillator strengths for the individual
rotational lines presented in seotion 4.6 nay be

written as
f = !‘..f'.fr (lnﬁ.l)

where f. is 2 term involving the electronio transition
moment and the transition energy. The factors f' are
the Franck-Condon factors for the transition (see
seotion 2.3) and the rotational factors £ are
detersined by the degeneracies of the rotational levels
involved and may be written as (Hersberg 1950)

f = ~£;:~3-£ R Branoch

2 2% 4+ 12
(4.8,2)

L |
= ﬂﬂmm P Branch

2% 4+ 1
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The product ra fv is normally called the band osoeillator

strenzth,

If the line oscillator strengths from tadble 4,2
are used in conjunction with the £, vslues (equation
4.8.2), them 4t will be seen that 9 or 10 independent
estimates of the osoillator strength for saoh band
%ay be obtained. As mentionsd in section 4.5, the
high pressure estima%es of the Ry lines in the {2 -~ 0)
and (3 ~ 0) bands have been omitted from further
caloulations, When the independent measursments for
#ach band are averaged and a root mean square deviation
for the observed points is caloulated, then it is seen
that the agreement betwsen the individual values and
the mean is consistent within the linits of the
statistiocal errors for the (0 - 0), (1 - 0) and (3 - 0)
bands. For thess three bands, the final value for
the band oseillator straeangth is therefore given as the
wean of the independent neasurementa with the appropriste
statistical error. The one bana where the agreement

vas not closs, was the (2 - 0) band,

For the (2 - 0) band, if we include the Rs line,
the mean value for f, f' is 24.7 with an R.M.S,
deviation of 26, The value obteined from just the R,
line is seen to be 98.6 which 41a nearly 3 standard
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deviations from the mean and, as auch, is a very
doudbtful aeasurement, If the Rs line is omitted 1in
the onlculetion of the mean, a value of 13,5 is
obtained having an E.}M.S. deviation of 3,0, znd on
the basis of these figures, the velue fronm the Ry
line lies further than 25 atandard deviations from
the mean, Beagyuse of the reason given above, it

was assumed that the measurement of the Rs line was
in error and it has been omitted from further oaloculstions.
No definite experimentsl resson for this large dig-
orepancy has baen found but it is quite posasible that
the lamp intensity changed on one of the asoans a0r083
the R4 line. This effect had been noticed saveral
times during the experiment and was caused by material
sputtered from the eleotrodes of the lamp adhering to

the monoochromator #8lits,.

The values of the hand osolllator strengths
obtained by the above method are given in ocolumn 2 of
Table ko3. The errors quoted are the most probable
srrors for the mean obtained from the standard
deviations. This error was found to agres well with
the expected error oaloulated from the statistical
fluctuations on the raw date, the errors involved in

the pressure measurements being negligidle.
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TABLE hed
Band Ougi;l;gog S;raggggg

Band Present Results Geiger and Topschowsky Dalgarno

(expt) 257 (expt and Allison
£207% (theor)
0=0 0.0033 + 0,0002 0.0018 0.0016
1-0 0.014 2 0,002 0.0071 0.0057
2=-0 0,014 + 0.001 0.014 0.011
3=0 0,018 2 0.002 0.017 0.017

The values presented in coluamn 3 of table 4.3 are
those obtained from the electron scattering experiment
of Geiger and Topschowsky (Hesser et sl 1968) and
tabulated by Dalgarno and Allison (1968). The error
estimate of £257% placed on these results is that given
by Hesser ot al (1968). Column 4 of table 4e3 shows
the theoretioal values for band oscillator atrengths
presented by Dalgarno and Allison (1968). These values
are expedted to be more accurate than the previous
"constant dipole moment" csloulations (Nioholls 1965,
Spindler 1966). The rresent resultas are seen to bhe
consistent with these other experimental and theoretiocal
values for the (2 =~ 0) and (3 - 0) bande, dut differ
by a factor of 2 for the (0 - 0) and (1 ~ 0) bands.
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It is interesting to note thet 4f several lines
in the (0 = 0) 2nd (1 - 0) bands are omitted from the
caloulations (e.g. the P3, Rs, Py lines in ths (0 = o)
band), the everage band oscillator strength is found
to agree well with the other measurements. Howsever,
there seems to be no justificetion for omltting these
neasurements, as the line strengths are statistically
in agreement with the thaor§t1031 distridbution, and no
experimental reason can be found for not using then.
It 1s pleasing to find the agreement for the (2 = 0)
end (3 = 0) bands but in view of the abave discussion,
it seems to be necessary to repeat the sxperiment in
order to obtain better ostimates of the band escillator
strengths, This experiment is planned for this
laboratory together with a measurement of hizher b;n&l

in the Lyman series,

It should be noted that the values obtained for
band oscillator strengths in this thesis differ
considarably from those obtained from the same basio
data and presented by Hadded et al (1968). The values
given by Haddad were obtained by numerioally integrating
line astrengths over each band and not by oaloulating
individual line oscillator strengths. The method used
by Haddad did not make obvious the rather high values
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obtained for some individual lines and also severely
weighted the final answer in favour of the strong
lines near the band heads. It is therefore felt that
the analysis of the data in this thesis presents nore
accurate values for band osoillator atrengths than

those previously published.
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Eoleoular cxygen becomes » strong zbsorber of
ultraviolet radistion below 20002, the speotral region
17008 %o 2000% being ocooupied by the Sehumann=Tupge
band system whigh then develops into the strongly
absorbing Tchumen ne*unge continuum whieh reaches a
zaximum st spproximstely 1425%, “his thesis presents
seoillator satrengthe for the Sohumann~funge band tystes,
(2 =0} to (20 - 0} bands, cbtained using low pressures

of ovzygen and an tquivalent width method of analysis,

The B ”z; « X ’z; transition in moleoular oxygen
glve rice to the Sohumann~-iunge system and for absorpw
tion st room tenperature, only the transitions froa the
loweat vidrational level in the ground state need be
Sonsidered. Both the initial sng final states in this
transition are Eriplet states, snd the combination would
normally give riss to three P branohes and three ©
branches of simil:y intensities, =2nd six weak satellite
branches (Hersberg, 19%0), However, moleoculer oxygen
has xero nueleer spin, and every al ternate triplet in

eaoh branoh is Blaaing,

The first observations of the ZchumenneRunge band

Y stex were maie dy Schumann (Sehumann, 1903) who
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observed g strongly absorbing band strueture from
20008 to 1850% with his vaauum spectrograph employing
Tluorspar eptios, The rotational ttrycture of the
band systex was resolved by Curry and Yersberg (1934)
2nd Lnauss snd Sallerd (1935} ama subseguent rotstionel
tnalyses sere carried out by these workers. intansbe,
Inn end Zelikofr (1953) measured sbsorpticn ccefficients
betwesen 1@503 enéd 1900% using photoel eetric detection
methods, and Brix and Hersbterg (1954) with nueh better
resolution ond lower ressures of oxygen than wrevious
workers reosolved the sriplet splitting and extended the

rotationsl cnalysis to the (24 - 8} vand,

Using pPhotographic technigues and smoderesie resclu=
tiom, Pitohburn sud Mesale (1953, 19s4) oaloulated
oseillator strengths frow thelr ssasured absorption
coelficients using an anslysis whieh took ageount of
line widths and instrument resolution. Pund intensities
have slso been measured by Tilkinson and Xulliken (1957)
who found re-disscciation broadening ccosurring at the
(12 = 0) band, Bethke (1959) made use of 1ine Lroaden-
ing to overcome the prodles of instrument reselution,

He pressure brozdened the rotational lines with argon,
end measured integrated absorpéion intensities for sagh

band, The pre~dissociation observed by ¥ilkinson snd
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Hulliken (1957) has been re-investizated by “arrell
{1959) mnd Heddle 51360), both experimenters finding
pre~iigscciation st ourring at muoch lower vibrational
cuentum aumbers, “asurenents of sbaorptien -1 3o £ ¥ 10
fents in the “ohusenn=zunze eontinvun heve sl oe been
made by several workers (0ei. Yetzger ang ‘ook, 196L,
snd Coldstein and Hastrup, 1966)s  Trrevieus measure~
aents have been caprricd out et Adelaide on the Sohumenne
iunge and other s/ gtens in gsoleoulsr exyzen but these
have been limited to oxygen layer thiocknesses likely ¢o
bs encountered in the upper stmosphere (Haddad, 1947,
Blske et 21. 139556},

The present measurements were nade with an {nstru-
sent resolution of G-}ﬁ vhlieh allowed g najority of the
rotational structure to be resolved, and under gondie
tlons of smell attenuation (204 per cent et the line
centres), The me asyred integrated adsorction under
these conditions gave o dircet memsure of the absorpe

tion coefficiente {pee chapter 3},

5.2 ¥

erilantal APran

The apparatus used for this experinent was basioe
#lly the oame an thet used in the experiment om molecular

hydrozen (see szeotion L, 3}, Unoe again, the 1 metre



vacuun ultraviolet zosnning monochromator, the same
ebsorntion cell end the photomultipiiers were used,
A sohenatio of the expe rimentsl gy stem is ghown in

Pigure Sels

The lizht source used for this exseriment was
egain of the interreger type; but ung sperated withe
out & window betwaer ¢ e lamp 2nd the monoehremetor,
This was possible beasuse the gas preossure in the lamp
was only 5«10 torr, and the pumping speed of the mone
sehromator vacuunp systes wes suffiolent to enable 4he
nachine prespure 20 bLe kept below 10"5 torr unier cperge
ting conditions. 7o produes eontinuum rediation 4n the
region of interest (41700% - 2000%) the lanp was opersted
at pressure orf Gpproximetely 5 topr of hydrogzen, rnd »
13KV, 50 apee #.0. voltage was applied asorcse the elegw
trodes. As was the osze in the moieocular hydrogen
exprriment, 1t was not praoticable W operate the mone-
ohrometor at its best sttailnable resolution (0+1%)
because of the limited £lux available frow the lanp,

anéd for this experisent, the resolution used was 0-3%,

For the exveriment,mcdicel grade oxyegen was pupie
f'ied by passing it through s thistle trep immersed in
a freesing sixture of ehlorofors end oarhon tetrachioride

{frosen with liquié sir’ ang then sdmitted to the oell



monochromator
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address 1 multichannel A
advance analyser | | card
clock punch

Fig. 5.1 Schematie of the experimental system
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by means of » noedls velve., The £&8& preszure in the
cell was agaln measyred #lth the A1fferential 6ap agie
tance manometer, snd she teouracy of the pressure

neasurements s 4isoussed in seetion 548

The case of rereatabllity of 2 givern set of
experimentsl conditions with the systen desoribed
2bove #as extrexely useful for the nultiple soanning

teohnique used in the experimant (see seotion Sele)e

5¢3 Lata Regording

Iz view of the low sttenum tions to be meesured,
{see seetion 5.b) the logie of the data reoording
gystem used ia this experiment was slmilar to that usead
in the moleoular hydrogen experiment and descrided in
ssction L.ke, That $8. the snalogue siznals from the
detectors are sonvertad %o diz1¢al fors snd fed into
the sppropri ste ohannels sf a 400 channel multiechannel
=nalyser wontrolled by an “sddress~advanee” slook
synshronous with the 50 ¢,p.8, maine voltage, Yowever,
in he new ay stem the two “ewlett-Fackerd D.C. arplie-
flers and the "homeemsds" analozus to Aigital oconverter
vere repleaoed by ¢ commercial integrating digital wvolte
meter (Dynamoo ¥odel D 2008} and a1l the =ssociated

electronics were desizned sround inteprated circuits
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instead of direrste Gomzonents. This hed the advante
#ge Of consldershly iaproving the Gtebllity of ‘he
system (the 41 gital voltueter is stable tac within Ge02
per ceat per monthl, waking tke amaintenance ¢sgler and
saving spaoe. The :nalogus silgnele from the detectors
were switched alternztely to the innut of the digital
voltaeter whioh sanpled the Laput 50/3 “imes per seoond,
taking & %50 m.seo0s. per smmple, on oommend frop the
sontrol unit, Proviaion wes wsde for far snalogus
inputs to be zwitohed to the di g tal voltemeter, :=nd alse
for four digital inputs te be Ped via the sontrol unit
into the multiohannel anslyser. Pigure 5.1 iives »
blook diagras of the oireuits and & detailed girouit

iz ghown in Appendix 7T,

As mentioned in section bob, the main reason for
usinz the digital systes was 5 al low Bultiple soanning
of wavelength regions in order %o sveraze the fMuotuge
tions in the output reeords There fluatustions were
ageln present for this experiment with msgnitude son~
parable to the :ttenustion being measured, and therefors,
in general, multiple tonnning was used, The unit dege
eribed in seotion L,b fop trens ferring the aontents of
the memory of the snalyser to punch cerds wap sgain

used for ¢hiz experiment,
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Seb  Zrogedure
It was intended that the technioue for this

exzeriment would LY e similar to that decoribed in ses-
tion L.5, that isx te ob tein & curye of groeweh for s
#lngle line and use this to intervret the results for
the other lines, ‘everal cttempt s »cre made to sbtein
& curve of srowth for *Lines® fae@u&lly iriplets as
discuessd in sectlon %5} in molecuiar oxygen, but these
#were unsucoezaful., lessons for this have been siven in

section 3.5,

It was shown in seetion 322 that the relstionaship
between “(a), the experimentsl integrated absorption,
and &, the amount gr ~os0rbing saterisl, is lineap
until %(a) is Spproximately equal to the sctual width
of the susording line. For small wvalues of the ubsorbe
ing wmeterial e, the 'ctual wldth of o line is doain: ted
by the Toppler width of the 1ine whioh is given dy
cquation (3.5.,1). iZpplying this eguation %o woleeular
9xyzen st room tespersture (293 “X)g & Doppler width
of 2, & a¢oﬁasﬁ wAs obtalned for ihe wavelength ranze

of intereat,

This means, therefore, thet the linecar relationship

between W(a) snd & wiil 9rly be a true statement of faot
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if e L2 sept small encugh 20 thet #(a) is less than
0+0023%., s mentiemed previously (seotion 5.1, the
best ettainable resolution of the aonochromaior was
2¢3% beceuse of the limited flux availeble irou 4ihe
light source. If the instrument resolution shape is
sasumed to be triungular, with & full width at half
raximum of 0-;3, then the peak abscrption of s single
line mus® be kept lezs than 0¢0023/0380+%& per oent,
if the zbove linear relntionsh ip is to remain trus,
However, with an in:trusent m s6lution of Otjf, it i»
not roseitle to resolve the triplet structure of the
rotational lines in the JehunanneFunge band sy stem,
The se lines ;r- sufficiently separeted from cach other
8 28 not to overlap %o any srest pxtent adt low bnr o=
sures; md the measured sbsorption from & "lins” aay
therafore be conald ered as the sum of the absorption
‘ros three individusl lines, %hen this is 4sken inte
aooount, the requiresent for ¢ linesr relationship

betwesn “(a) and & sow bDedcmes

#(a) ¢ 0000238 x 3 & 0400698  (5.4.1)

end this allews & maxisuz pesk ebsorpiion for a "line"

of 2+4 per cent,
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‘¢ a cheek on the velilédity of this cssumpti on,
the danteprated sbeorption of the rajority sf the
(12 ~ 0} band ves meesured as a funétion «f the prese
sure in the cell, The resultes heve been plotted in
Tlgure 3.4, snd the point lutel led *1init of iinear
reglon™ zorrsspomis to the pressure 2t which the sbsorpe
tion froz the stronsest "line” Pirst excoeded 294 per
cents The requirewment the¢ the peak shsorption for s
“line” must be less then 2k per cent-for linenrity
between “(a) 2nd & %o be true Lhus seene %o be 5 wvalid

ariterion.

The approximate positions En? releotive intensities
of the "lines” in the (2 = 0) through to (20 « O) panas
of the "chumannefun-e tystem were obtained from akaorpe
tlon measurements mnde nt relatively high wessures of
oxygen {0¢2 = 200 toprr! rroduoling peak abscrptions of
1% = 15 per cent when en instrument reselution of Os2¥
was uped. With this relatively lurge zksorption, the
fluctustions of the detsctor sutputs, caused prisarily
by lsmp fluotustions zpd noirce levelz 4in the deteators,
were of no real sgnificance and {¢ WA not neceassyy
to use multiple soenning to obtain asccurate resulis,
The zpootra for ¢his pert of the experiment vere reoorded

in all LOO ehanneis of thy analyser {the last 10 channels
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being used to reocrd the background count of the
cetectors) rezresenting a 102 region of the spectrunm,
Alsc, ns this wes enly a preliminary investization of
the bands, speatra #ith the tbaorption ceil sveouated,
to cheek the gains or the system, wers not recorded,
The data taken in the above manner &8 analysed very
orudely =nd uged to provide estimates of the Prossures
needed in the sbsorption cell to produse pesk abaorpe-
tiona € 2+L pey sent for the main strorption messuree
ment. in example of the transsission data obtained in

this way is shown in figure 5,2,

The sain shsorptlion Benaurenents were taken with an
instrument resolution of @-33 and the pressure in the
absorption cell was varied between 006 snd 60 torr
depending on the strength of the line telng measured,
The multiohannel snal yser was used as two sets of 200
scalers, the data cbtained for a Siven wavelength reglon
with the cell svacuated being stored in one half of the
Remory, snd that cbtained for ihe bume wavelengih region
with the cell containing oxygen in the other helf, The
last ten channels of eash set o 200 were used to resord
the background gount rates for the two fetestors, and in
the final melysia, these values were subtrested from

the appropri ate chan nel s,
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fash set of 200 chennels represented g 52 wayew
length region end succeasive séans over the reszion
were asdded to each other in the seguence cell rull,
eell zvacuated, call full; ete. until the statistical
fluotuations in the record were less than 9+2 per cent.
¥ach individusl soan tocok approximately ten minutes to
sonmplete and it waa ususlly neseczsary to scan s given
52 reglon for periods of 3 = 5 hours in orfer %o reduce
the flustuations %o the required level. The contents
of the snalyser memory were then trams ferred on to puneh

cards snd the snalysis was carried out by ocomputer,

3¢5 Ziscussion

Values for the transmission were ob tained svery
1/20K vy taking the ratic of the twe detectors when the
eell was full (allowiag for background wwunts) snd dive
iding it by the zveraze value of this ratic when the
eell wes evacusted. Fquations (3.9.2) and (3.2.2) ware
then used te caloulate absorption soeffiolents (es seen
by an lnstrument resslution @ 0+3%) from this trans-
misgion data and the sbsorption cell pressure, Thess

results are plotted im figure 5,83,

The wavelength data obhiained By Erix and Tersberg

{1954 ) apd Ynauss end Eallard {1935} was used to
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identify the observed rotationsi lines and to deter-
mine the wavelength range covered by esch band, This
WRE & necessary proecedure as the waveiength ccale on
the sonochromator wes not absolute. The band strengths
vere cbtained by integrating the absorption coeffice
ients for esoh band from the band hesd to the lest

obaerved traznsition,

The total strength o & hLend is distribut ed
between the rotational 1linss sesording to the statis-
tioal weights of the initial states of the transitions =
that is the line strengths in this case are proporti onal

to the fracticn {Yersberg, 19%0)

(£'e&"e1)oxp[=K"(K"41) B no/kT] |
;ai(x'm'n)em[uxﬂ(xui )n'ho/w]j

(5.541)

where £' snd 5" are the total angular mosentums without
spin of the inttial :néd final states respegtively, 1"
is the rotational conetsnt for the initial state and k

is the Boltsman®s constant,

fince ezquation (5,5.1) was used to correot the
observed portions of some of the bands for the unobe
servod lines, the exyerinentally observed 2istribution

of line strengths for the major part of the (12 =« 0)



band was compored with that rredicted by equation
(5.5 1), This dstridbution of intensities wmus o8l ou~
lated for o tempersture of 293 °F with a value for

B* u 1243777 cm™’ (Hersberg, 1950) and is szhown in
figure S5uks The sreas of the ret¢tancles resresent
the theorsticel line strengths for t¢the lines shown
and their total sres is uormalised to Lg egual to the
neasured integrated strength of the band up to anéd

inoluding the P,, line,

It osn be seen rrow f1igurs 5+¢3 that the observed
Beotions of the bends (2 -~ 0) through to (8 = a) do
0ot overlap each sther., The weakest band for whish
date was recorded was the (2 = 0) band; end in this
band the weakeat transition observed (for the remain=
ing trensitions the ¢ro ss~-szection was too soall to
Permit eoonomicel scasurevent) wes the Ryy "1ine"., The
range of integrastion for this bhand therefore sovered
61 per cent of the tetal (2 - G) band, ¥or the bands
(3 ~ 0) through to (& - 0}, the last observed iransie
tion waas the F,, "line%, and the range of integration
therefors oovered approximately 38 per cent of the
bands. The integrated strengths for these bande were
sorrected for the unodbserved portions using equation

(5e5.1)a
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The vreneinine bonds, {9 « 0 thrauveh to (20 - 0)
Cveriap coch other, and a sl lghtly 10 rerest pragedure
TRE NEQELLETY {or these napfe, For ithe beade (9 - %)
te {16 « D} the seosures integroted streansthe From band

end head provide m zood e suremont of the
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total Land cirenpth since the ares lost by an 1ncornulete
‘ptesration (spproximately 10 per cent of the totel sres)
i# sained from the syerlep of the nelghbeurine bund, Thip
12 sx sllowable aprroximation np fhe band strengths in
this region do not ohomge repidly. The remeining ksnde,
{17 = 0} through %o {20 = O) Beve & much grecter dezree
of ovirisp, =nd rlthoush the arpe basic procedure ouse
iincd ebove 1a uzed for deternining band etrengthe, a
Rush larger uncertsinty is [ lused on ‘he Assignment of
individual band sirengths, The fntegrated hand strengths
nre glven in Teble B.4 for the abserved rerion of the
bend syatem. The standang deviation for ener individual

meagurenent Ls aleo siven in Table 5,4,

Pra<dissooilation ocourrins 2t Lhe {42 = 2) band
¥ia susorved by ilkinsen snd “uliiken (1957) and &lso
be Bethke {1359), shich the former workers sttribute
L5 B Bgu 3tate intersecting tle left 1iak of the pote

satial ourve for the 7 ’ﬁ: states This sreedissseiation



DABLE 5.1

Eand Integrated Band integrated
T gy slasenes)
2a0 0+025 ¢ 0°004 12«0 276 & 1¢7
30 B+44L0 & 0+006 130 2748 ¢ 1.7
b0 De65 # D3 1h= 2748 & 1.7
S5=Q 2+L3 & Qe10 15«0 2842 & 347
G=0 373 & Ge1s 160 2L+5 & 240
7-0 67 & Gezy 17=C 23%L ¢ 2%
B0 9495 2 Gepp ¥ o 1500 ¢ 3.8
Bl P20 # 05 19«0 124G & 542
10-0 1642 & Qo7 20=~0 9*9 ¢ 3.0

11-0 71} 4 13



7%

wes aloc studied by Carroll (1953) who founa stronsg
pre~dissccistion at the (1 - G) bend ané porsldly weak
pre=disscciation ot the {12 = 0) band, ané¢ #¥eddle {1960)
who found gvidence of rre~dissociation goourring ¢t the
{3 « 0) vend, Carroll (1959) postulated several states
whieh may soccunt for hig Rersurements, one of whioch was
similer to that proposed by “tlkinson snd ulliken (1957).
Yost of the observetions of pre~dissociation have relied
on the appsrent intensity inorease, hecsuse of more dife
fuse lines (Hersberg, 1950), whieh veocurs for the vanda
&% whioch pre~dissocistion tskes pleoe. This type of
reasoning is not spplicable o the present set of
Beemurements cince they have sll zeen ob teined with

very small oxygen presswes {leyer thieknesses) snd

thus fall iato the "lineay region of the ourve of srowth"”
shere the messured sbhoorption is i ndependont of the line
profile, as long as the line ®¥1dth is small compered to
the instrument resolution, is wuld be expested, there-
fore, nc apparent intensity increase rss notices far any
bande in the present set of repults, and it was therefors
not possible to obtain eny info rmation regerding pree

41 ssoo it on,

For the complete band system the estimsted standard
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deviations of the integrated bana strengthas were + 4
per cent, and this is the only source of error for the
bands (2 - 0} through to (10 - 4)., For the remaining
bands the pressure in the absorption eell was lower
(0.06 torr) and the uncertainty in the pressure ueasure-
ments was up to % 4 per cent, thus inoreasinz the total
standard deviations. The bands (17 - 0) to (20 = 0)
have 2 much larger deviation (£20 - 30 per cent) and
this was a result of the severs overlap of the bands

mentioned in section 5,.5.

57 Osoillgtor Straggthg

As was pointed out in section 2.4y 1t is oconmon
praotice to presant the measuread absolute band
abaorption coeffioients in torms of band oscillator

strengtha f'171q by means of the equation

f 4 11 = £2203 { k, 4
v v cﬂ.’ .
band

where { kxdl is the measured integrated absorption
Jbanﬂ

coaff'iclient.
The absorption coefficients presented in seotion
5.5 were measured at room temperature and so &, the

fraction of molecules in the initial state ocen be
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taken as unity since alwost all the molecules will
be in the v = o vibrational level of the ground state,.
The osoillator strengths obtained for the (2 - 9) to

(20 = 0) vibrational bands are presented in Table 5.2.

Prior to the present results, there have been
only 3 publieations &iving oscillator strengths for
the Schumann-Runge system. Thease were made by Ditehburn

and Heddle (1954), Bethke (1959) and Helmanmn (19¢6).,

Ditohburn and Heddle, using photographioc teohe
niques and a moderate resolution instrument, measured
absorption coefficients for the (0 = 0) to (20 = 0)
bands of the Schumann-Runge tystem and then used an
analysis which took acoount of line widths and
instrument resolution to obtain osoillator strengths
for these transitions. The oscillator strengths they
cbtained are given in Table 5.2, Bethke (1959), used
the results of Ditochburn and Heddle %o caloulate a
value for fuc, the eleotronio absorption csocillator
strength for the transition, and obtained valuea whioch
were sbout 30 times larger than expected fron

theoretical considerations.

Bethke subsequently made nmeasurewments on the

band system using s vacuum ultraviolet greting

spectrometer with a resolution of 0,48, The teshnique
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‘ﬁf’ Rra.ﬁ' ‘-‘.g

Fand Gs0illator Ozoillistor Useillator
“trenxth Strength Strength
{present resultg! {Rethke) i”itehbnrn.
and Yeddle:
2.0 2469 » 1p™0 2¢3 o 40~8 1448 + 7076
2% 1e54 o 40™7 Tei o 1070 Ge35 o 1078
heQ 7e41 = 10”7 2476 « 1077 2476 « 40~3
50 2260 « 1076 7028 « 10”7 5065 . 4573
5=0 5040 « 30™8 1473 « 15™8 1037 . f0=0
T Be1s o 4076 3066 » 4075 BeR% o ep™h
=0 1222 » 5077 §+75 » 4578 509 « 10
90 1950 « 40™7 1207 « 4073 Soi o 107H
10=0 2405 « 1077 1486 » 9077 geab « jo~h
11=0 274 « 1077 pe46 « 1073 Jekd o 1073
120 5958 « 10™3 2e81 « 4075 1034 = 40~
130 36E » 4073 3097 » 40~5 LeOL o+ 107k
14=0 3e65 » 20™3 Regh » 410" Behz o jo~b
1 Bl 2e77 10™9 X026 » 10‘5 2075 » 1077
16-0 3031 « 49”5 3996 + 105 5055 « 1073
170 3016 » 1072 2054 » 19%% 63 .« 15=3
18-0 2003 « 40”5 £e33 o« 4073
19-0 1o7% » 1072 7458 + 10~3
20-0 1435 « 9075 LRI
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he used was exasotly the opposite of the equivalent
width approach used in the present work, He pressurs
broadensd the oxygen with argon to such an extent that
the rotational structure of the bands was smoothed out,
thus making his instrument resoclution small compared
with the width of the bands. This procedure allowed
him to obtein band integrated absorption coeffiocients.
The oxygen partial pressures used by Bethke were very
large sompared with the pressures used in the present
work - for the weak bands, he found it necessaxry to
raise the oxygen partlal pressure above one atuzoaphere,
The values obtained by Bethke are presented in Table
5¢2 and these can be seen to be about 100 times lesas

than those published by 2itohburn and Heddle (1954).

The present results are seen to agree with those
of Bethke much hetter than with Ditohburn and Heddle
although on closer investigation there is seen to be
& faotor of 2 or 3 discrepancy between the two sets of

results, partisularly for the (3 - 0) = (8 « 0) bands.

The (2 = 0) to (8 =~ O) bands of the present results
did not overlap each other and tonsequently their
analysis was carried out slightly differently from
the remalning bands (see seoction 5,5). This was first

considered as a possible reason for the disorepanay.
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However, the types of errors which may have appeared
in the analysis would only produce, at mozt, a 15 per
¢ent correction tu the final answer and this is not
larze enough to bring the two aets of results into
agreement, Other possible sources of errors in the
present results have been discussed in sestion 5.6 but
again, the possible correotions socurring froem them do

not resclve the disorepancy,

Since Bethke's (1959) results were obtained at
¥very high pressures, distortion effects on the
moleoules because of this may have had an influence on
the results. Bethke's analysis technique used axtrs-
polation procedures to eliminste effects of charge
distortion and formation of %o, molecules™ and there
appears to e no reason to doudbt the validity of this
approach. However, the present results obtained without
the uncertainty of high pressure effects should provide

a more certain estimate of the band oscillator strengths,

While experimenting with isotope effects for the
oxygen molecule, Halmann (1966) measured ossillator
strengths for the Sehumann~Runge banda using an experi-
mental srrangement and snalysis teohnique identical to
Bethke {1959). The results obtained agree well with

those of Bethke within the experimental errors but
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this measurement does not make the present results
less valid cs the same possible sources of errer can
be found in Halmann's (1966) high pressure measurements

a8 in those of Bethke (1959).

Other measurements of absorption coefficients for
the v'' 5 o transitions of the Schumann~Runge bands
have been made by Watanabe et al (1958) and Blake et al
(1966) but in both thess experiments, the resclution was
not sufficient %o sallow the rotational structure to be
resolved and oscillator strenzthe oan not be saloulated
from theme The absorption coefficients so obtained
are very dependent on the pressure at which they were
measured, and the instrument resolution used. Baocause
of this, no direct comparison san be made with the

present results.

Trenoar and Wurster (1960) have used shook~tube
techniques ¢{o measure absorption coefficients for the

higher vt

bands and vibrational transition probability
measurements for these higher bands have also been
nmeasured by Hébert and Wicholls (1961) in emission.
These two sets of results are mot direotly comparadle
to the present oscillator strengths dut their relatione

ship to thess will be discussed in Chapter 5.



CHAPTER 6,

flectronioc Tramsiticn Yoment
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In ¢his shapter, the theory used in deriving
values for the clectronic trensition zoment fron the
axverimental oseillatoy strengtha is teveloped, nnd
the sy in whioh the Fecextrolid epprosch can be used
to study the varistion of the eleectronio trensition
moment with internuclear 4i stence iz shown, 7o be
able to use this approsch i+ is necessary to have KO0Ur~-
aﬁelﬁranuk-ﬁondon Cactors for the transitions of the
“oleocule in question, snd this in turn reguires soourste
potential=~enerzy curves. Yherefore, the development of
various poiential curves and the “ranck-~Condon factors
derived frow thesz is Glsous sed with partiocular refocrence
to the oxygen moleoule. he formulse derived in the
¢srly portion of this chapter &re then vsed to obtain
absolute values for the verlation of the elwotronie

transition moment #ith internucliear i stance,

Get Theory of ~lectronic Transi tion foments

To be &sble to use the oscillator strensths obtainesd
in the previous Chavter aes 8 fcol foy studying the cleoge
ronio trancition sozent, it 1 heoessary tc¢ find »
relutionship between the se two quantities, Yor a dise
tomic molecule with Jecensrate staten, enuntion (2eh.h’

may Le written (Rersberg, 1550) sop absorption ns



8o vev_, ., o
r"vn = Mﬂ”'_"‘"”!“!" Rv kg l’ {6.'?&1)
3he”

#here fv,v, is the ocscillntor strengih for the transie

-

tion v" » ¢

IRV"”" s the transition probability summed over
the degencrate levels,

Vytgn is the wevee-numier s/ the transition,

& 13 the degeneracy of the state involved,

] iz the slectron xass,

e is the sleectronic Sherge, and

o is the veloocity of iizkt in & vaouum,

Touation (8.149) may them be written ‘Herzbesrg, 1950,
section 2,4} as
Ea¥nov_, .

s : R }
= e !wv, &fr,vvnarf

P 2

‘viy? (5."92}

where ¥+ ond ¥,» #re the wave-functions of the upper and
lower vibrationsl levels respectively, znd the «lectronic
transition moment

where +,+ ©nd Vo 2re the clectronic wave-functions of
the two states, &1& is the slement o sonfizuration space

of the vleotrons, ¥ is the curt of the clectric noment
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depending on the el cotrons and r 48 the internuclesr

sepsration,

Until recently, ‘he eprroxization aprlied teo
ecuation [§.1.2) wer €6 rasume that ?Q{rﬁ hed simest
Lo dependence on v, and to sxtract a8 *versaze value of

?‘(r}.Thia approsch leeads to the scuation

Ev’movy'v®
fyres ® m";;":& IF‘{r)l”{f"fv”ﬁrl' (6e144)
L J

This epproximation now 2llows the use of the Preangke

Condon factors
qv'v" el ‘f&v.s’!’v“dl‘“a o (V"'ﬁ}t (611.53

ené¢ establishes a relationship betweon the experimental
osoillator strencths t','ﬂ #né the theoretical Frangke

tondon factors o This reistionship {equation

uv’.'.!“.
6e1ok) haa been used {seotion 6.4) to allow the preaent
osellletor streniths %c be sompared with the ‘rencie

Condon {actors of Jarmain (1363a, 1563b),

iowever, one would expeot a varietion of the glege-
tronic transition with internuclear sene ration ns the
wave~{unctions nvre, in general, dependent onp » {%ioholls,

1956}, and some sttempts have been made to take this into
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asaguns {a,q. ¥ates, 17L%2), 2 more racent developuent
in this 1013 has Leen made Ry Fraser, Tarzaln and
Tisholls {¥rassr, 1954, Tigholia and Tarmain, 1955,

‘ieholls, 1955),

In perforsing their =any oaloulstions of “rancie
Condon fastors, Nigcholls snd farmain hove caleulated

the intsgrals

(’V'g!’?‘”} = .{’71 ”"?ﬁ dy (50'“&)
and (e, rPy") o frv, r’vv, ar {(Beial)

snd notioed the prope réy
(vtore™)/ (vt , 9"} « (v*ar22") /(v ,rv") (6.1.8)

Fraser {1954} has studied the val1dity of the eountion
(etyrv}/{vt,v®) = {7',r“v”}/§V',rn'1?“}

(4.149)
and ooneludes that an Bpper limit of n approxinstely

equal %o 10 is to be cxpeoted for this rel n$ienship,

The quentity rv.'w, the recentroid, whiok nay be
thought of as an eversze value of r for e ziven transie

“lon v'e v, wey do'ined ty Nicholls smé Jerzein (1956)
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Anin

as Torgr ® (v',rv")/(w!,v") (641,10}

A further ecquality was put forward by "reser {(195L4)
which was based on the valldity of equation (6.1,9)
snd the definition, eqguation (5.1.10), znd this equale

ity may be written
(v',2(rlv") = f(;;,'")‘(v',v”) (641411)

This cquation 1s valid ;rovided thet FI{r) 15 expressible
40 & polynosial 1in ¢ whose Povers do not excced about

10,

Fouation (S.1.91) 13 extrezely ussful in a study
of the eleoironic transition moment , ﬁa(r}, ss thig
quantity i3 not expeoted %o have & dexendence on r to
higher powers then shout 2 (Rersberg, 1450), This

approach allows us to write ecuation {6e142) as

)q'@v, (6.9412)

where Eﬁ(?%,'") is the eleotronic transition moment at
the r-centroid of the v'c y treneition, Tieholls and
Tarmsin (1966} have slso shown that a lincar rela«tione
ship exists between ;§,', and w',v, and we may therefore

wri te n@(?v,v“) a8 ﬁ.(vv,?,).
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In order to use the experimentsl cseillator
etrengths and the thesretical "ranck=Condon faotoras
{Jnreain 1953b) for the "ehumenn=funze transitions in
mol eaular oxygen, equation (6,112} uay be written as
“elow where &, the degercracy, is squal to 3 (Frix end
Tersberg, 1954},

£ ke

} = . . (6s9s13)
Q? fopn ﬁ" Iﬁv?,v"

X
Ro(vv°v”

The elestronic transition mement ls usually expressed
in stomie units, ani so it 48 desirable to write zoua~
tion {641.13) 1in n £ orm wh ich 8lloxs ensy celouistion in
these unitss The atonmic unit of nicotric moment is the
praduot of the clectron charge (e) snd the “ohr radius
(a0)s and 8o equation (6.1.13) is ¥ritten in atomic units
as

She® 1

} = Zxter . . (6.1,14)
Ay 1 ﬁw‘navv,', e® 2}

&;(v

L
In this equation, fv@v” and Qyeqn &re dizensionless.
Dow ap = h¥/)\a® net {(6o1e18)

therefore equation (6.1,14) besomes

N fv ”ﬁ 9 2# '.‘
ryns ® ¢ ¢ we—enewe {atomic units)

’ (51416

Hﬁ(v'
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If use is now made of the sxpressions
Sy = 20%ned /Y o 1346 ov (8e1417)

& né Tytyn = hov {561.18)

L AR AL

for the total encrgy of the ground stats of the hydrogen
atom, and the snergy of the v" - v' transition respecw
tively, we can write tae elsctronic traneition noment

in atomic units as

?:(”¢wra) o (fv'v”qu'v“}‘fggﬁfﬁv’v”) (6x1413)

542 Totenti sl Curves

i

48 was shown in the previous section, the cxnerie
zental measurenments Bay be wed to determine the rsrise
tion of %the electronie transition mowent previded ihat
the Francketondon faetors for the bands are known, To
ealoulste these "rancke Conden {aotors 1¢ is neceagsry
£0 propose potential eneryy ourves for the steates ign
question, end from thuue curves, th¢ wave~funetion for
the appropri ate vibrationsl levels ere conputed, To
obtain pocurate "ranck= Condon f;ntc?n, it ie therefnre
necessary to heve a zatisfactory potential surve to

begin with,
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Aa was seen in section 2:242, many snalytie SXLros=
sions far the potential surves of distomic molecules
have hYeen nut foreard, one of tha most satisfactory
belng thet proyosed by ¥orse (1929) who sug zested the

potential be represented by the pXpression
{Ti{rure} - ua(i_"“ﬁ(!“"l"}’)l (6.2-")

where the notation is oy glven in seotion 2,2.2, Thia
Yorze Tunction is a very 20 0d represeniation of the et -3 20
ential ocurve in 2he region of the equllidbrium position
for most molecules (Hersberg, 1950) and as suoh zay be
used to give reli:ble values for the cnergles and wayegw
funetions of the Pirst few vibrational levels. Since at
room fexpersture, sll tha moleoules may be sonsidered as
beins in the v w ¢ vibrational level of the greund stste,
it is therefore possible to use the VYorse fumstion to
represent the ground state for this analysis, However,
for the B ’3z state of noleoular oxygen, the Merse
function is not & pariisularly gocd representation
{Micholls, 1960) and morse sophistiosted spproximations

to the "%true” ourve must be found,

‘any other mnalytic =xpressions for the potential
turve hive been proposed (Mylleraas, 1335, Tooltdze

¢t als 1933, flulbert snd Hirsehfelder, 1944 etos) but
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Eore sucoess, partienlerly mith the recent scossslbility
0 advelronic Gomputers, hus been shteined wiih auaerie
cal technliouwesr for sbtalning sotential surves, One of
the sest siqnilicunt zdvances in this fel2 waz made by
Eydberg (1334) and «lein (1912} whe put Torward 3 nethod
fueblling the olaassical turning points of a potential
Gu.ve Lo be @xpressed in terss of the vibrati onsl guane
tus cumber v, This was » somi=ol nssicel procedure whioh
Used se & starting point the observed cnergy levels for
the states in question. Heesn (1247} reinvesiizated the
fpprosch of Hydberg snd *lein, snc developed sn snalytic
melivd besed on the same iéea, The basic technique of
these three ¥orxers, with various wodiflecetions, is one
ol the aott used methods for sbtaining numerical curves,

It ia senerai iy referved to ag the Te¥aRle method.

~ome of the nore rasens esl culetions applying thls
method 4o the B ’E; ztates of molocular PXyzen hinve been
perrormed by Vsndlerslice »t al, {4940) "ingh snd Tain
{1962}, Termaln {49f0, 196%a 1943, Ticharis and
Ferrow (196LY, Z“4ntor and Pattine (19657 and “ilnore
(196-), ALl 6f these esloulstt ons awploy various
approvimstions to the orisinsl eoustions of “ges which
hawve been censigned Yo mike the crloulations sinpler,

enc as such, there recent eelculs+lans were guly thouxght
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to apply rigorously to certain sections of the potenw
tial ourves (e.5. meer the ecullibrdunm pesition, or
netr the di ssoctstion ldiwit ). Howewer, it is renere
ally scerpted now that noat of these caioulations are
Zccurate over A major portion of the wurves, OFf thege
oal oulutions, only thet of “dchards end Rerrow (49:¢k)
‘oes not roquire the known encrgy levels to Le represw
ented by en analytice functiaon, nlthough Pichards enéd
tavrow state that theiy rrooedure is only soonomicai
for the hizher vibrationsl levels., The curves of
Yanderaslioe et ale., Singh and Yein and Jermain show

an snomalous inoreass in the position of the left hand
turning point above v = 15 which i3 not epparent in the
ather curves, and this is explained by Richerds and
farrow (1964) ae bein: brouzht sbout by ths type of
Yunction uveed o renresent the enargy levels. The method
of Jarmein {1960) fe ususlly raferred %o s s the “lein=
“unham method as it »as davel oped fromX ein's origzinal
sonations sad Jarmain Pound it eaulvalent fo an esyiier

procedure wsed by Tunham (1932),

Hel Zranck=Gopéon Fagtors

Uatil very recently, most of the Tranck~Condon

factors avallable wers those which had been derived
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using waveefunctiona ob*ained “rom o Vorse or medify -4
“orze rotential, The mejor siventese in ueing o Yorsee
type potential is that the wave~funstions obtained in
solving the fohrodinger scuation are apalytic functions,
and this grestly sinplifies %he irecess of computing
sverlep lnteprals. £ somplete summary up to 1965 eof
the sublished “ranckeCfondon frotors Jor a large suzber
of molecules in glven in » review article by “pindler
{1965}. In particular for moleculsr exygen, the lorge
number of yspers published by Yraser, Jarmain and
“ioholls {¥raser and Jeraain, 1953, Tarmain and ¥raser,
1953, Fraser, 1354, Visholls, 194%5s etads) as weil as
sreviding wesults whioh sllow covioarisop between th sory
and experiment, have comtributed signif'i eantly to the
development of the subiset 23 m whole. One example of
this is the epsroximation, by using 2 mean value for
the conatsnt in the lorase “¥pression, whioh sllows snge
lytic intesrstion of the sv=prlap iutezrals (Traser,
1954, "reser and Tormain, 1953, fermpin snd ‘reser,
19553)s FranckeCondon feetore based on Yoyse potentials
for a number of zoleoulez 2né theirp isoctopes have been
celoul=ted by "almann snd Leulioht (4966 eto.) Cor use
in their study of irotope «ffeeta, = né “acks {1964} snd

Childe (494L) nave =1 so published Horee-tyne potential
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Francik~Londen faetors Tor seversl moleeculea,

The B ’E; stats of wolesular oxygen [the upper
stute involved in the ~chumsnneiunze trsnsiticna) is
not partioulariy weil ™mraezented by a3 Yor:se potential
and the Pranckelondon factors derived from this votenw
tial are only “"indicative of trenis”, ror exenple, itha
franck-Condon factops osl culnted “rom m Morie potential,
#ith constentis es given by the spectrosaepie fonstants,
fora an increasing sories with lneressing vibhrational
quantux number v' (with v o 6} (eug. Flsholls, 1360}
whereas *he experizmental results pradict s saxisuz
trensition probebility SBeurring st v' x 15 fﬁaﬁhxa,
13579 snd the present resultoie A mediflcstion put for=
warc by Ozy oas it $lemann LIS64Y was %o Use the axperiw
Rental value fur the dlssoclation ilialt of the upper
state in the Vorce celeuletions, iunstead af the one
rredicted by the tpretrogeopis conptonts whieh 1
Eprroxizatealy iwice the bservyed velue. This modifica-
tion hod the desired result of preducing & meximum in
the “rauckelondon arrsy at v' = 7y but Lhe sbsolute
velues o2f the results were coneldersbly snmaller tuan

those expeoted,

"he 2xyger ~cleoule ia rsther sbnorzal sinee it
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hos 2 yather large internuclesyr separation betwcen the
cguilibrium positions of the two states involved in

the Schussnn=unge transitions, the equilibrium poaie
tien ¢f the zround stete being considerably less than
that of the upper state, Necasuse of this, it mizhe¢ be
expected that the ineressing series of "ranckeCondon
faotors obtained by Ficholls (1260} were correot in
form, Howrver, the "true” potential of the B ’E; state
12 very amuch Lroader tham the “orce potentisl near the
4l ssociation limit, whioch neans that the wave-Luncti ong
ter the higher vibrational levels are "spreed® over a
muoh larser vegion, This implics that the nzgnitude

of the wave~funstion in the reglom of the leftwhand
1inb of the surve 1s smeller thenm thet of the Yorse
wave-lume tions, and since this iz where the meximunm
"overisp” with the sround state ¥eve~function coours,
the corresponding “ransk-Conden fsctors will be dimine
isheds Thus a maximum in the “ranok~Condon dd=tridution
mizht be expecteds The maximunm sosurring in the results
of Ury snd Gittlemann (1964} bears out £iis argument os
their procedure of lowerinz the value of &he dissociaw
%ion limit used in the Yorse botentizl hes the same
cffect baaically as brondening the potential well near
the tup,
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fecently, the pvailability o eleatronic computers
hes =mde practicsdble the cal oulstion of "rancke-Condon
factors besed on ¥, E.l. and other numerical notentisl
curvess Jarmain (1960) sugrested shnt if vorse pot=
entials were fitted tc various portione of ¢ numerical
potential, then the ¥orse turves could be used to calw
culate wave~functions for the vibrotionsl levels, but
this teehnique hag noet been used 28 yet ¢o celoulate

Franok-Condon factors for moleculay 354 3.

Cther appreaches using numerical potential eurves
have been applied ¢o other molecules (Zare, 1965, fatn,
1964) but for ihe chumsnan-fungze system, *he only availe
sble Franckelonden factors based on n numerioal potw
ential sre those of Jermain {19632, 1963b), These
velues have been based on the XKlein~"unhen potential
developed by Jarmain (1980}, and +he wave=ilunctions
were somputed using the method o Numerov {1933), The
wave~Cunctions for the :round pt-te were derived Trom a
Horse potentlial whioch 45 & goocd represantation of the
ground state potential {ace section §.2). These Franske
“ondon sctors are the best avallable o the preczent tinme
for the v" & 0 progression of the Sohuman ne¥unse band

aysteng
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Sed Lomparison of Theory ané _Xperiment

& puick means of conpsring thesretlesl "ranche

“onden factors alth expsrimental cseillstor ctrenzths
is svelleble if' uee is made of +he epproximation which
lead to cqustion (64444}, This epproximeticn aeglects
uny effents due to the cleotronic trapsition rozent,
end otitributes all the veristicn ip the trensiticn pro-
bebility to the woariastion in the Franckelondon faotor
dlstribution, That is, the Franek=Conden nctors nay
be theught of s gziving the mananer in vhioch the totesl
osoillstor strengt: for the B ’Ege-x 382 transition s

divided smonast the bends, That 4a we ney write

fv'ﬁ " Eaﬁ'%v'é (Gehet]

2

where I . 1s the total ozeillstor strength for the elec~
tronle 4rensition. If & velue of Pas ® 00162 (iinddse,
1967} is uzed in confunction with the Franck=Condon
faotors of Tarmein (1953s, 1963b) & set of "theoretiocal”
vseillator strengths for the band gyetem is obtained,
Firure Se1 shows & coaparisen of these "theoretioal"
oscillator estrengths snd the experimontal values vhtainsd
in the present works The asgreement between sxperiment
and theory is secen to b s remarkably good, particulerly

for the tranaitions to the higher values of v'. This
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Fig. 6.1 Comparison of experimental and "theoretical" oscillator strengths
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sppreach is alss useful in that 1t can glve an ides

of the agecursey of thae sotential curve used in obtai ne
ing the Yranck~Sonden factors. The sverlap intexral is
largely controiled by the mmgnitude of the ground state
wave=Tunstion at the elaspical turning point of the el ) A
ential ourve for the uprer ctate, snd if & Yoyase WEVEw
funotion is usad for 4his wave-Tuncticn, the Franeke
Condon factors are sees to be extremely dependent on

the position of the UPPOY ztante potential curve. In
fact, if the insice ¢dge of* the retential curve usesd

by Jarmain were moved towards the zround state by as
litile aa Qﬂﬂigs then the megnituds of the ground state
v¥ave-runction usar the olassios) turning point of the

¥' » 8 level would be inorsased by about a factor of
twoe Thus the agreement between the two sets of results
shown in fisure 6.9 i3 ssen ic be culte zood even for
the lower lyingz transitions. Tt 4a interestinz to note
that if the ¥reneckeCondon factors given by Hicholls
{1960} are used in equation (6.4.1), the oscillator
gtrengths obtained nre Yery close to the experiwental
On6s up to about v' w 5, ond the potential used by
Nieholls is displaced from that umes by Tarmain (4950)
st the v' « 8 level by roughly 0s01%, This displecement

fey in the Lighd of the sbove frgument, spproximately
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thet reguired to bring the experimentel and "theoretical”

regulis Into agreement,

is =ug shown in seotion ety it is possidle to uge
the experimental cseillator strenzths %0 paloulste
values oV the electronio transition voment &@ #t the
r-centroids of the tranaitions Q?v,?,}, provided the
"ranck~london rsotors for the hannd aystem are Lnown,
“ince an acourste vet of Franck=ondon Umotors for ihe
‘shumanneiunge band system have LHeep salouleted by
Tarnain (1963a, 19635, ses the shove disouasion}, these
values snd the experimental bané cmeilistor strengtha
were used in eguation (8.1.99) to cbtein the electronic
crensition noment a: s funotion of the Eave-anumber of
the transitions The values are rresented in Table 6.9
and 2lsd in figure %.2. Yor coupleteness, the osclllae
tor strengths obteined by Pethke {1259) have been used
to saloulete valuwes for the cleotronic tranzition momant
by the same procedure, =nd these are =iso preaented in
Teble 5.1 and flgure 5.2, Picure 5.9 44 soen to point
sut ¢clesrly the disorspancy betwoen the resent results
snd these of Bethke (1959) which was discussed in

anapter A,

darr (1964) has used the results of Bethke {1959},
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TS-EM" 6.1

Sand ‘ave numier () 5 {w) R (v}
(om=¥) Fresent results ngfhk§
(eonl o0}
2wt &7 4 163 4051
3=0 51352 194 1+32
L0 55570 128 14414
B} 5256 % 282 Teil
G- 53423 2«37 fe48
70 53659 233 1+5&
fu 85159 2+19 163
pae 5462k 1+96 1+56
10=0 55053 189 155
14«0 55442 186 1465
12«0 587&5 184 1453
120 56086 172 1450
1h=0 56340 1469 1+58
15«0 56551 174 182
16=0 56720 173 1249
{1 7=0 56852 1+83 1+76
18-9 56955 1+61
19«0 57930 1+89
20=0 57083 171



)'k\'m I
OF apgLane
Ditehburn and Heddle (1953, 1954) ana ¥atanabe, Inn

f

and Zelikeff (1953) to obtain the variation of the
eleotronic transition moment with wave nunmber for the
v'' = 0 bana prozression and the associated continuum
using Pranck-~Condon factors from a Yorss potentinl,

He suggests that the continuity of Re over the dlissoce
iation 1imit found with Bathke's results indicates that
they are nore consistent with the vhotodisascciation
neasurements than are the results of Uitohburn =nd
Heddle. The discontinuity of the alope of Re at the
dissoociation 1imit was aittributed to the inadequacy

of the ¥orse potential for the upper state asbove v' = 3.

Harr (1964) has slso compared the variation of R,
derived I'rom Bethke's results {using K.K.R. Franocke
Condon factors) with that derived from the higher v'!
@bsorption work of Treanor and Vurster (1960) and’
emlission work of Hébert and NHicholls (1961) (using
Horse Franck-Condon factors)., To show this mere
clearly he shows a figure in which Re is displayed as
¢ function of internuelesr separstion r, ocoveriug the
range r = 1.23 to 1.83. The data over most of this
region is very sparse and the errors associanted with
the points are quite large (up to 307) but Marr has

tentatively suggested o linear varistion of Re with r,

decreasing to higher r values. Since the publication



off this ligure, R.K.R, Franck~Condon feetors for at
least some 0 the bands studied by Tresnor snd Wurster
end Hévert and Nicholls have been published (Warris
et al 1969) but these 4o not appear to differ by nore
than 107 from the Yorse values. Consequently, the
rarietion of R, with r for these bands derived by Marr

is 8till expected to be quite acourate.

48 was mentioned earlier in this section, the
variation of Ra derived from the present results differs
from that derived from Bethke's resulis by up to a
factor of two (see fig. 6,2) but, in view of the errors
associated with these and the higher v'' values, one
could still tentatively draw & linear varistion of Re
with r as was done by Marr, the only possible difference
being that the absolute velue of Re may be slightiy
highers In view of the sparseness of date in this
region and the errors involved in the measured values,
2ll one can say is that the v'' = 0 band system and
the higher v'' band systems zive values for R, which
agree within 2 faotor of two and &8s such are not
inconsistent with each other. To obtein an scourate
representation of the way in which Re varies with r,
it will probably be necessary to provide more data
for other v'' band systems in the region r = 1.3% to

1,88,



L similar procedure was follwed by Jarmain and
Nicholils (1564}, who used Franck-Condon factors
sbtained {rom a Xlein-lunham potential %o predict
the variation of the electrsnic transitiocn moment
#ith wave aumber, Their reasuits, asbtained Trom the
absorption coefficients of %ethke {1959) for the band
system, suggest sontinuity of Re and its slope at the
dissoointion linit, but 2 definite statement can not
»e made as there is no information for R. in the
limiting oases as the disasociation iimit is approachad
from highsr or lower wave-numbers. Jarmain and Nicholls
{1964 ) have also tentatively assigned the dip in Ra
from v' = 11 to v' = 16 to the predissooiation obseryved

strongly at v' = 11 by Wilkinson and Hulliken (1957).

Figure 5.2 shows that the electronic transition
moment variation derived "rom thes nresent results
approaches that derived from Bethke's results for
v' 3 11, and the present results will therefore give
continuity of RB with the continuum results of Jarmain
and Hieholila (1964), However, continuity of slope is
not guite as obvious, but this does not seem %o be very
serious as the Franock-Condon facto s near the dissocw

letion linmit are poesibly less acourate than those for

lower transitions. It is also obvious from figure 6.2
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that the dip obtained between v = 11 and v' = 16 when
Lethke's results are used is not apparent when the
caloulations are periormed on the present results. AS
mentioned previously, Carroll {1959} Found strong pra=
dissociastion ocourring st v = L, the effect Leocoming
weaker towards higher v' values, Because of this, one
i1s tempted to explain the structure sround v' = 4 which
is observed in the Ra values inferred from the present
results, by this phenomena. However, there appears to
te no justification for this =8 the ocurve derived from

the present results is quite smooth.

The Alscussion presented above indiocates that
before o definite statement san be made about the
structure of the variastion of the elsctronic transi-
tion moment with wave number, detailed investigations
are necessary in several fields, In partioular, more
acourate nsoillator strengths are required for the band
8ystem snd the continuum, more jetails are required
about the predissocciation phenomens and related topios,
and wore acocurate Franock-london faotors are required in

the neigzhbourhood of the dissociation limit.

Using the experimental technigues desceribed im this

thesals, it would be possible to obtain more soourate

oscillator strengths, but it is feared that the time
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required ¢ perforr the experiment under the existing
conditicns would become prohibltively large. This can
be overcome by using = more inteunse Light source or &
dispersing instrument having beiter resolution, or bothj;
and it{ is thought that &n experiment incorporating these
features will eventually produce oscillator strengths

of the cesired accuraey.



10k,

tlrouits for Yoleculer iyérozen
Zstsclandling “ystem

The block Al:zgrem of the clroults used in this
data-handling system is shown in figure I{aj, and the
detailed individual sircuits are shown 4n the flgures

t(»), (o), {a) ané¢ (e).

ihe synchronous “olook” deserived in secticn Leb,
conslate of & Full or half wave rectifier cireult (proe
viding & 1006’8 or %00 & wavelnpn' vhose subtput Ly used
to fire & “chmidt trigger anc e moncstable muitivibretor,
The wonostable wutput Is thex fed inte = ¢ividing netvork
i bluery dividing &tsges, The dividing BLULEE 2re GOne
trolled by series gates 2o thet the initiel 500 o/mine or
3000 ¢/min, from the moncstable may be divided sa shown
Lu figure T(ai hy 3,6,30,60.,.600C. Phe sutput of the
dividing network ("elock pudees®) are fed directly o
the sddrves sdvance input of the pultiechennel mneiyser
snd via & biesteble Lo twe reed releys with zold yl ted
cembsects (the ewitoh S), The siveult for the switoh is

shusn in figure I[f),
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i v )
! oy ')’\ : — 1 — 'H.O\/' i .
Iy wi 1% < ook

| | [

|

l

.r AVt N

I .

J . o Ouf}-vf‘

| .

|

| > .0\1

| ~loV

: F{g.I(b) ™" "The input eircuit for the clock including the Sehmift ., '
d trigger and monostable-circuits.

N 0y

(oK 1A Tk

/pooll,[,l oK ] F'}-q

AN/
,_‘ {Ja’o phd

2%

n})of W‘ﬂ

s gak
A x

Gate Vo Haoc.ﬁ ' ' K QoK

| i l‘, . S o,m7 \g'lk i . . ) .
- ' ‘ ' NF -

v v v ' -0y
ANJIHE  ANBq ANIOIZA  2Njeg  INIEITA

-
5 . L.
LT »

pSp.

Y OU{'/NJL

B F:Lg I(c) The series gate.and output monostable circuit



/
—] }"_'WW"" nput +ioV
L k2 : éun' : L Sk
; : 3¢ 6] f J_ T 3xoaii’
. ) ) 000 WF = { '
[ O'Wlf-F : o.w,ﬂF I a)*k“
ALK AdK
2K and N
< | axawms i L RRAN3AL | awugiA.
3 | ! .
, g
K , T !
OAY I gl N 000 pid { ]

ro - 0| Kl ML ¥
J . 2

Fig. I(d)  The circuit for the divide by 3 "binarvy”v

Fo]

o) ' i il

I O‘QOlFF SebK .
‘——x}"‘VV\N‘—O fn};v‘i‘

. 0A4]

Rl e i . ' . 10K &000}}4..'“'»‘:;.':‘

L
. L]
t
) s ST TR L S oo AR A

Fig. I(e) The divide by 5 coﬁfiguration




AR

Lk
Fig. I(f)

Swdckm‘, P\,J;g

o j."lgo'} [ ) }-—-——o jn}m'f L] 'f"iwfl

000l pif Ly

J .
’/l‘r‘w\*/F\J 470}»&{ 1 1

24K AL

The sw1tch1ng circuits for the .inputs to. the -

) 1? ' R ‘ “.1
. )

lo Anu{aaug ')v btﬁ;h“ C"\MM. .' .

‘ All dodes  AN1ID] ] R S
A” AN'\SH"LOIS 2’\/3“” v -

analogue to. dlgltal converter }

; 1




105,

The start, stop sne Teset operations of the systen
&re controlled by relays and ap inhibit voltace is
epplied to the multiohannel enelycer when the systen is
in the stop mode, The reget control 1s used to ol ear
all the binaries -nd to et the switeh & in g pre=

deternined joasition,
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LEETX IT

Girouits for ¥olceulsr Oxyzen

Date~andline ‘vstem

“2 ®5s sentlonsd in ohapter 5y the dste-handling
system wssd {or the molegular 2xygen gxperinent was a
nore recent versiocn of the cne daeveloped for Lhe nole~
euliar hydrosen experiment which i described in ippendix
fe The loglo of operetiosm of the mew sy stem 48 identical
to thet Zescribed in sppendix T for the hydrogen system
and the elecironics was only re-designed %o oconserve space,
$o produce greater reliability ond to 2llov rcester nainten=
ance., ‘11 theze Pscturs were aghievad By the use of
integrated siroults and vrinted cireuit boards, and the
ability %o connect digital sigasls {e. . countar sutputs
o the multichennel analyssr on ¢ommand wes also ingore
porsted in the grstems 7The suly ethey smajor difference
betwesn the systema was the abllity of the more recent

version ¢ handle four indepencent inputs,

4 detailed oireuit Por the aysten is given in ligure
ile JFalrehild industrial integrated ol rouits were used

throughout the counting and 2 sting unite,
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fn “rperizental letermineticn of the Cseillotor
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of Yoleeuler "ydrvogzen",

Golly Vadded, L.l Lokan, AeT.%, Farwer and 7.7,
verver, J. Cuant. Ivect, fediet, Transfer, g,

1193 [136¢&},
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‘unie bBand Uystem in Oxygen",

bedoly Farmer, %, "ablan, B, k. Lewls, 2.9, Lokan
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§;, 1 ?59 &?6&'}'

A Dipital “ata~Hundling Svstex for “goording Vaeuunm
Titrsviolet hsorstion ipeotra®,
Tels TLokan, T, 0, "added, i.7,7, “armer, Y. ¥ablan,

BeRu Lewls and " 6. YaGavs Tn preparation,
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