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ties. The. spactra were recorded using a 2 m high-preséure I

ABSTRACT bow T ff

¥ 7
Induced Infrared absorption spectra of hydrogéh In the fundamental and
second overlone regions and of deuterium in the fundamental and first and

secénd overtone reglons were investigated over a wide rafige. of gas densi—

* absorption call which was modified by the addition of a vacuum |acket to

e
allow the cell td be cooled by Immersion in liquid nitrogen. Many of the

spectra ‘were recorded with a data sys-
tem designed specifically for this purpose. This device transmitted the data

10 one of the larger computers on campus for further T-ws.

The U to a, change ‘of 4

In the rotational quantum number which ocour In thg- high wavenumber wing

of the hydrogen fundamental band were studied at a temperature of 77 K

over a density range 500 - 900 amagat and an snalysis of. the absorption

profiles was uh{ud out. 3

In the fundamental band of deuterium. the weak S ,+ S type double
transiions arising fiom the anisotropy of the polarizabllity were studled at 77
K. lnducaé. spectra of ﬂouluvfum in the first overtone realon‘,wara studled at
77. 201 and 295 K at gas denslties In the range 100 - 450 amagat. The
spectrum appears to have no contribution from the short-range electron
overlap Interaction. and the observed ané theorelically predicted Intensities

temperature *



M
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for the Individusl componerity of the spectrum are not In good agreement.

However. an . -“improvement factor . proposed for _the avallable theorstical

le moment of deuterium produces good

rione reglon were aiso studied at 77 K for
densities In ‘li{a range 500 - 850 amgat. A um:ﬂcn ‘nénmny of the
halfwidth of the spectral.lines as ‘8 function of dénsity Was observed for the -
ransitions of the maln band as well as for ‘the. 8 + § tranhiods for densi-

" tles greater than'300 amagat at 77 K. i \‘ F .
Induced spectra of ‘both hydrogen and deuterium In the o
4 regions were. recorded @ 77 K at densities In the rangs 500 - 930 amagat.
In these spectra there Is clear evidence of the comrlhun;m from lr!e'snorl-
range- overlap Interaction. Transitions of the S+ S type were also observed
- In the region_of the, 3-0 band of hydrogen. -in the spectral region of the
3-0 bands the agreement Dbetween Ih.I observed |Intensiles and the

-
corresponding -theoretically calculsted values was rather poor.
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NTRODUCTION .

CHAPTER 1

1. Intuction mechansms in molacyar Collsons

Symmamc diatomlc molscules’ ke hydrogen and ‘deuterium have -no
permanent electric dipole monients In -thelr groung slecionic atates.. ‘and
therefore do ot have -aliowed molacular abserption spectra in the Infrarad.

Short-lived “dipole moments can be Induced In such molecuies, however, by

collisions with other molecules glving rise to “collision-induced absorption".

The dipole moments ‘so_Induced may be modulated by the Internal rotation,

vibration “and yelative translational motion of the colliding moleciles. The

Induced dipole moments can Interact with the electromagnetic field from an

appropriate radiation source. and the colliding molecules -absorb radlation in
the spectral reglons corresponding fo vibration—rotation. pure rotation and
translation. The Interacting molecules may be Identical’ as In the present
work where aspst;ls of ‘the Vibration-rotation collision Induced  spectra have
been studied In both hydrogen and deuterium,

of I also  known as

p 2 was first In . " oxygen and
nitrogen In thelr fundamental vibrational regions by Crawford et al. (1949).
The collision’ Induced absorplon spectrum of the fundamental vibrational
bang of gaseous hydrogen was firat observed by Welsh ot al.- (1949 and
that of gaseous deuterium was obsened by Regdy and Cho 1965 adF&om
temperature, and by Wlllﬂab! and Welsh (1965 at températyres leaen 2‘4

and 77 K- Welsh (1972) has u(ven a detalled review of the work done until

1971, A comprehensive bibliography of work In collision “Induced absorption’

-1




‘reglon at low temperatures. Recently, “Sliy

a2 - E

has bgen complied by Rich. and McKellar (1975). For ‘more recent - work, the

reader Is referred, to Reddy et al. (1977). .Sen et al. (1980), Reddy et al.

'0980). Birbaum et “al. (1982), Penney ot al (1982 and the - references

therein. ’ . 3
The collision Induced firsi overtons absorplion . band of hydrogen has
been  observed * by ‘Welsh et al <195, lr:-(ha case of hydro‘gw the
observed spectrum ‘was found 1o_consist ot .a pure -overtone ‘band ‘In which
one ‘molecule of the coliding pair makes a vlnfauonuo transition- from v = 0
W o=2 ‘and e double vibrational band in which esch malecule ‘o the”
pair simutanecusly’ makes the vansiion v =10 to v’ gl Absorption In .
the ilrst overtone reglon of hydrogen’ was . further ‘Investigated by Hare and
Welsh - (1058 at very high .densllies at room temperature. Walanabe & al.’

(671>, Watanabe (1971 and McKellar and Welsh (T971) Investigated this

Glo et &l (1981 have made
messurements In the same  regi oddy and Kuo (1971) cbserved the'
collision-induced anso_rpilon of deuterium in the ﬂrsl._ovgnnne &l room tem-—
perature. ) helh

Herzberg  (1952) ob;;waa cams’(on-lndqcad' absorption ov‘nydrég;n I‘n
the second overtons. reglon. “This absorption has hs‘Bn lD!ln_[" to ‘consist of a
pure second overtone band In which one of “the colliding _ molecules’ mekes
a vibrational transiion from v .= 0 fo vi= 3. and:a double vibrational band
In which one molecule makes “a transilon from v = 0 to v’ = 2. wille its-
periner simultangously mekes & tensition from v'x © fo v¢ = 1. A quanta-
te measurement of the absorplion - spactrum of the nydrngen so:ond over—

tone region at 85 K was made by McKellar and Welsh (1971).




- broad Q

Lo o 7 e T P
.".Collislon Induced ~spectra have & number of. striking fealures not seen

In ‘otner| types of spectra. Perhaps the' most striking: featire Is ‘the very

2 G P .
broad” fines assocldted . with  collislon Induced absorption. due to the short
Interaction time of the colliding molecules. Because of the Maxwelllan distri~
bution  of. lhn‘velacltles of the colliding molecules. thers ‘is a characteristi-

cally’ esymmslrlc nneahaps usancllled with -the Individual lines (Chisolm’ and

Wslsh 1954), Colﬂslnn Induced. spactru exhibit not -only single lmr\slllons ln

which one’ of ’the coliiing molscules ‘changes s ' vibration-ralation’ energy

state, bul also dnuble transitions In -which' both molecules .may simultane— ‘
k_ ously Change  thelr vibration-rotation energy. statss. - ‘

The 'theory of collision induced abs;}rptlbn was’ given by Van ‘Kranendonk :
(857, 1956, 1950). The . dipole momunﬁnducaa in a pait “of “colliing

. mlecules was reprosentad by the eponeritial ~4% mndel ‘I which the

Indiced dipole . moment lrlaes 1r0m -two effects, Ihe uynrlap 0' the al!c'mn

clouds f the _ callding mo[acnlea and the. polarlmllon of . one molecule by
&

.the quiadrupolg flld- of ‘another. The contribution 15t dipole - mqmom.

resulling fiom " the short-range slectron overlap Interaction I usually called
e “overlap contribution” 19 °the induced dipote moment. The overiap contri—
butlon 1o the Induced dipole |moment dacreases exvonemlutly with lnter—
molecularseparation. - R. The avurlap coniribution - gives rise mulnly “o'the
overiap 4 =0 mnslnang, J “being the rotational - quaitum * pumber:
The overlsp contribuiion 1o the o trum has a characteristic “dp" In the Q
branch at"the _position” of the cprraspnnﬂlng tree=molecular wansition. This
effect  was ‘explained by ‘Van Kranendonk 1968 < as an Intercaiisionat

Interference  effect, The Intensity of the overlap contribution relative to the
. \
Is stronply on




The quadrupole Interaction of the -colliding molecules is a relatively long
. range effect, and .the resulting Induced dipole moment Is usually called the
“+quadrupolar - contribution® to the ‘Induced dipdle moment. The quadrupolar

contribution 1o the "dipole moment ‘Is anlsotropic, and varles jas R4

gives rise to relatively less broad O J = -2, -Q AJ =0 and S
(AJ = 2) transitions., Both single and double transitions may occur. The
total polarizability conisists of an Isotropic part denoted by a and an aniso-
tropic: part denoted by 7y. The anisotropic part of the polarizabliity is
responsibié for the \& S type double transitions, and: also makes a small
“contribution. to the other quadrupolar- transitions. Thus, -In the exponentlal “~4

model the total induced dipole moment Is the sum of the .overlap and qua-

drupolar conributions. e .
« The N -4 model considers only interac—
tions: that-Is the effects of the -range and long-rang

* which can induce ,a dipole ‘moment n & coliging pair o molecules. A
* number of refinements have been made 10 the orlginal theory. The effacis
of Intercollisional nterference' in the overlap component of the spectrum
have bean dotalled by Van Kranendonk (1968) and Lewls and Van Kranen-
donk (1971,1972). An anisotropic contribution to the overiap componeit In
“the S lines of the collisloninduced band of hydrogen In H, ~ He. mixtures
was treated by Poll et al. (1975, Add)tlonuily‘ values ierr the hydrogen dnd

and ‘matrlx_elements have been calculated

" by ‘Birnbaum and' Poll (1969, Poll agrn, and. Poll and Wolnlewicz (1978).

The theory has been extendad to Include multipole Induction, principally hex--

adecapole nduction by Karl ‘et al.. 1975),




gt

A The theory of colilsion Induced absorption ‘described In the previous

i
references deals for the most part with binary colllsions, and describes the."*

behavior of systems at low gas densities. At higher densities, ternary and
higher order collisions -may become, Important. De Remigls et al. (1971)
observed a narrowing of the quadrupole-induced transltions as a function .of
density In the fundamental band of hydfogen’ in H, - Ar mixtires at high
7 densities. Simiiar effects were observed in other H, - rare gas \mix(ure_s by
Mactaggart and Welsh (1972 and Mactaggart et al. (197%). This pressure
narrowing effect has been explained by Zaldl and Van Kranendonk (1971) &s
"“a diftusional- effect. .Rsc/s;uly van Nostrand (1983), In this laboratory, -has
found a sImII;r effect lc} transitions Ing the first overtone of hydrogen In the
pure gas. and thls work presents similar results for deuterium. This effect s
interesting In the' pure gas because It may allow the calculation of the

self-diffusion of the ‘gas,
In" addition to the overlap and q;mdrupolar Induction mechanisms_dipoles

-can also be Induced In the “colliding molecules by higher order multipole

flelds, notably- the olar field. The i Induction” contri-
butes & ferm which varles as R° ‘to the total Induced dipole’ moment. It

glves rise to U (& J = 4 transitions.

1.2.. Expressions for. the absolute Intensilles I mulllpole Tnduction

*he P aw) -at v em™™ for & sample
of materlal with optical path length I' s defined as
_ [Io rw] o
. q(,v) =.0/MDIn T . an

" where !a(vl Is “the Intensity of radiation Incident on the sample, and /(») Is




1§ 8
the Intensity of radlation which is transmitted through the sample. It Is
convenlent to define the Integrated absorption cosfficlent J"a(v;dv for
collision-induced- spectra. This Integrated absorption coefficlent can be

. expanded .as a power serles in density as B
Jatrdy = a0® + ayp’ + ... a.2

where u, and e avs the *binary and ternary absorption coefficients. respec-

. llvs)y The'"depe of the k. on the square
of the density. at low -densities, Is a characteristic property of Gallsion

Induced absorption.

For comparlson with ‘theory. we define the Integrated absorption as

J‘#dv “The Integratd can be y for cer-

tain mechanisms which give rise 1o collision-induced spectra: specifically the

P of the spectrum, where &

dipole Is Induced In one molecule by the multipole field (quadrupole fleld,

hexadecapole fleld, etc) of is collision partner. The binary Integrated

absorption for a given molecular transition. in ‘the case of .multipole-induced

absorption, can be calculated theoretically from the expression given by Poll

1977) and Karl et al. (1975) which can be w;ltten as

-m _ 2 a [$2] :
& = a/p _|' .3
32 . :
L et 25
=2 no.DJL)(L" g X ) a.4

where -
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In lh‘. above. m denotes a pGHICI'l\IIr molecular transition. the subscripts 1
and, 2 refer to the two Interacting molecules. llo Is. the number ﬂ'en!l’ly 'Ul
the gas at NTP, e is the ohurva of an electron. e Is -the first Bohr
radius. the nulnmlu cwLy om are the Clebsch-Gordan -coefficients. the

matrix. elements invoiving Q are the matrix elements for L-pole Indncnons

. (M matrix elements Invon}m a are the polmzablllly matrix elements, g Is'

the. pair correlation function for the gas and x = R/ay where R Is the
Intermolecular separation. The gquantities PJ are the Bolzmann factors and

are defined as *

-1, ] .
Pz gJ(zln)exp - an

where Z Is a normullutlon umor such that ): P =1L E 5] Is the energy

corrnponulnu to mlnllonnl state J. and the ﬂ‘l ara the nuclear statistical

weights for the rotational states. For Nyuroqam VJ . 3 for J even, odd

respectively: and for deuterium. g, = 6, 3 for J even. odd. respectively.
A g

L
due to the py of the This “.contrtt is given by
e

In Eq. (1.5). the term Y" Is |ncnmu;;m9 account for the contribution

(McKellar and Welsh, 1971) - -
‘ %
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The term Y/ ls small compared to the term )(L" but accounts completely

for transitions of type Sy Wy + 8y, Wy

For H, and D, at the present experimental temperatures. only the v

0 state of the ground electronic state Is populated. In the present work
2

spectra of In the fundamental, first and second

overtone regions those .ot hydrogen In. the fundamental and second overtone
regions have been Investigated. In the hydrogen fundamental band the

effect of the’ @=a _has been For

all other spectra the quadrupolar (L = 2) transitions afo of, primary concern.
In the sacond overtone bands of hydrogen and deuterium there s consider-.
able. contrbution to the Intensity from the short-range, overiap Induction. A
computer program was written . to calculate the Intefsities for the L-pole
induced contribution to the bands: this program Is listed In Appendix A.

Our primary Interest Is In the Integrated absorption for elther a particu-
lar translion. or an “entlre band. We must thersfore sum all possible contri-
butlons 1o obtain the Intensity of the Uansltlo:\ or the band. For a single
transition. there may be a "cyclic term* (see Foll. 1971) which is arrived at
by Interchanging the subscripts 1 and 2.In Eq. (1.5). The program listed. in
“Appendix A accomplishes this by generating all possible Inltial states and.




#

g, T8 h
combining all-terms with equivalent Initial and final states. In the case of
transitions with Av = 0 and AJ, = 0, or AJ,. = 0, one molecule may make
X ) b
only ‘an orlentational transition, which practically Involves no change In

energy. Such transitions are summed together In the program.
2 9 progra

13, Uneshapes

A number of empirical lineshapes have been used 0% dpscribe
quadrupole-indiced transiions: Chisholm and Welsh, (1954 observed that the
_Intensitles of the low- and high- wavenumber wings of collision Induced

lines obey the Boltzmann relation
- +
@ W, o) = o +4V) exp-(he AVAT)

where v, Is the wavenumber of the free-molecular transition.” @(y -Av)

m

+ g
and a'(v, +AV). are the at Vo = BV

and v, + Av respectively. Kiss and Welsh (1959) found that the dispersion

:ll;mshlve fitted the high wavenumber wing” of the S, line ‘of hydrogen;
“excopt at the exrame high wavenumber “ing where i gave 0o large an
Intensity.  Hunt and. Welsh (1964 combined these observations and used the
foliowing *Boltzmann-modified dispersion liieshape® for the colllslon-‘lnduced»

components In the anaiysls of the fundamental band of hydrogen:
¥ © . 5

aty = —1 av30

1+ @y

a v = @ /vexpehcavary . Av<o

where o' and a” are as defined previously, and av”ls defined such. that’

Ay = iv=y, 1.
n ©
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Following Van “Kranendonk (1968). Mactaggart and Weish (1973 used
the "symmetrized® lineshape as follows
' a
' ® 1
5 A X
0 Vv aym? | 1 SPChCBVAT

a®
This llnesv;ape also 3‘093_ not fit the observed profiles well in the snr;me
high wavehumber wing. Reddy et BI.‘ (1980) Included a .(AV/B‘)4 term to
account for the coniribution of the quadrupolar wing In the région of the

hydrogen U ons In the band.. To Improve

the fit in.the high wavenumber wing. we use the ‘modified - symmetrized
. 2 " ! B

lineshape® (Lewls. 1983)

-m

B"

x 1 ae
S lAv/ﬂzlz = mv/a,)' T + exp(-hc AV/KT) d

where &' Is the value for the Integrated absorption as caiculated from Eq.
(1.4). the subscript n Is 1°and 2 for quadrupolar and hexadecapolar induc- -
tion respectively. and m denotes the particular molecular transition:
4v = v - v where v, s the wavenumber of the transition. m for e
free molecule. The term A, is a normalization factor for the lineshape used.

We find that the .modified lineshape fits the observed spectra cons(laei—

Y] :
ably better In the high wavenumber tall of the quadrupole-induced transi-

tions. We attribute little significance to the term Av/b‘ . other than that*
the lineshape represented by Expresslon (1.9) Is a higher order runan/&r

function approximation to the true lineshape than Expressigp (1.8). The

parameter 0, Is not constant for varying densities, and 0, ‘s sually two to

four times larger than 0, This term Is particularly useful when analysing




i

#

-11 - |
-
the weaker transitions In the high wavenumber tall of the main quadrupolar

spectrum; 6.g.. the-S + S type transitions In the fundamental and first over=

tone bands: and the U transitions In the fundamental band.

For the overlap transitions. Levine and Birnbaum (1967) have prop;sea
a lineshape for ‘the translational spectrum arising from the short-range over-
lap Interaction. Thelr model used- a Gaussian-type dipole moment, and
assumed  straight-line paths for the colliding molecules. The resulling,

“lineshape. called the Levine-Birnbaum lineshape. Is given as:

2 v H an o

24V 28, § 0 :
Agx [ B2 Ky (1 - x ~ .10
o [ 5, l 270, [ .H(“/oc)z S’exp( he BV/KTY

where K, Is a Bessel function of the Second kind, order 2. This lineshape
has been shown (Mactaggart and Welsh. 1973, Reddy et al. 197]) to ade:
" quately describe the overlap conribution to the.hydrogen fundamental band.
For the overlap transitions. theoretical absolute values' for' the Integrated
* absorption & ‘are not avallable: . however. relative values can be calculated.
assuming that there Is no J-dependence of the matrix elements, from the

Boltzmann factors alone.

Birnbaum and Cohen.(1976), using an empirical dipole” moment correla—

tlon_function, derived the lollowlng lineshape:

pogy) TN

1 + ’(EﬂcAv11)2

ve _.x.,[ ]m[
2.1/2 2.12

z = urpliteredvr™l” 172 + (h/@mkTNC]

where K, is a first order Bessel function of the second kind, 7, and 7,



are characteristic times In e ‘dipole. mament .correlation “function. 7, snd

T2

moments of the lineshape for translational spectra.

can be ‘chosen to produce a Torrect classical value for the first two

his lineshape ca

applied to both ,pwlap and quudrupelnr transitions, - but does not. ucq?um
for the dip In the overlap lranslllons due ' the lme;canmonn Inlerﬂsmnce.‘
effect mentioned earller.  Goorvich et al, (19871 compared _this llnsshaps
with a modified form of the Boltzmann-modified dispersion Ilneviha‘ps in the
fundamental band of gaseous hyl:!ragan for temperatires in the range 100 -
273 K and foind that both lineshapes produced -equally good fits to 'the
‘exporimental profiles.  Silvagglo et al. (1981 used fthis lineshape In_ the

. analysis of the first overtone collislon-Induced spectrum of hydrogen.

As ; earlier. the spectra of. hydro-
gen in the fundamental and second overtone regions and of deuterium In
‘the fundamental and first and second overtone reglons were recorded over
a wide range.of high gas densiies. Chapter 2 of this thesis describes the
apparatus and the experimental techniques used In this work. In particular,
the detalls of*the modifications made to an existing 2 m high-pressure
16w-temperature absorption cell and of a microprocessor-controlied data
acquisition system speclally designed for the present., work are Included In
this chapter.

Chapter 3 presents & .of the u-

trafsilions_occurring in the extreme high wavenumber wing of - the hydrogen
fundamental band at 77 K. New data were collected over a higher range of
densities than had been used In earller experiments (Sen et al. 1980), ‘and

an Improved analysis was performed.
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Chapter. 4 :m-u: the dm analysis of-the S + S Iypn transitions in the

mnuuman\nr vang of a-utnrlum at 77 K. These relatively weak double transi-

tions occur as a result of the anisotropy of the polarizabllity of the deu-
terium molecule:

in the case ol

these are

with stronger - lrlmmom due 1o the Isotroplc. polarizablily. and. cannot be
directly observed as Indiidusl compnnum.-. in the gaseous yhusu 8t.77 K.

Chapter 5 presents an analysis of the absorption profiles of ‘tne Inﬂuceﬂ

spaclra of deuterium Oblalnnd in the first Dvenunu reglon ‘for gas densities -

in the range 100 i~ 450 amagul ‘at .77,y 207 and '295 K It Is “found  that

there Is no overlap contribution to "tne lmemuy,

o bund in agreement
with a similar observation In " Ihe flul ovarlone blrld of nydrnq

1t is aiso
found that the observed and msoreucnlly calculated lmonsltles ol thé Indlvl-
dual components of

the spectrum’ are not In qooa agreement.  An
/ -

“Improvement factor* proposed for the avallable theoretical matrix elements of

the quadrupole moment of deuterium gives good agreement between the

observed and calculated profiles. Chapter 5 also presents the absorption

profiles of the S + S type transitions at 77 K occurring In the high

wavenumber wing of the main components of the band. and their analys|s.
A distinct_narrowing of the halfwidth of the quadrupolar lines as the density

Increases beyond about 300 amagat was observed.

Induced spectra of both of hydrogen and deuterium In the. second over-

tone at gas densies In the range 500 - 930 amagat at

77 K are
presented, In chapter 6, The observed Qe and °R

ma with_the assocl-

ated dip In the Q@ branches of the spectra of hydrogen and. deuterium n‘mf

givep a positive, Indication of the coniribution ‘of ‘the_overiep InnerActlon to,

the. Intansity. An analysis of the absorption profiies

as atiempted but the
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‘ agreement between tha observed and’ calculated Intensities wes found to be
| S i it

\..




. CHAPTER 2
a $

AND

2.1. Introduction

Spectra of the collision-Induced Infrared absorption of H, and 02 were

2
* recorded ‘over a wide range of densities. up to- 930 amagat. and at three

temperatures, 77, 196 and 295 K. A 2 m high-pressure. low-temperature

absorption cell, two Infrared recording sp , and a

controlled data .acquisitidn system were used to record the experimental
| &

data. Spectra In the lum}Pmsmﬂl. frst and second overtarie réglons of D,

and in the fundamental and second overtone reglons of H, were recorded.

2
A description of the apparatus and the exp s
In this chapter. .
22. The 2 m Absorption Cell
“Initial experiments were using & wpe 2 m

absorption call which was orlginally designed for use* at. room temperature
“and pressures 1o 1000 atm (Reddy &nd Kuo, 1971) and subsequentlys modi--

Mled for use at low temperatures (see for example Prasad, 1976). This

modification enclosed the cell ‘In a double-walled stalnless steel Jacket In

which the space between thé walls was fllled with vermicuilte which acted

as an lnsuilll% material. This “absorption cell was used without further

modification for ‘some deuterium first overtone experiments. Unfortunately. the
cohsumption of liquid nitrogen, when used &s a coolant. was unacceptably

high. Extensive modifications were therefore made to the cell, replacing the

vermiculite filled Insulating jacket by a stalnless " steel vacuum |acket, as

shown schematically In Fig. 2.1.

=g
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\ Jacket.  The outer. jacket ar\d/ple:fe/cnnslsled primarly of flanges Fy. F,

Figure 2.2 ‘shows *a cross sectional view of one end of the cell after

P
these The_ high-p

Pt cell ‘A was

from & type- 303" staliless steel cylinder. 2 f long and 7.62 -om - dlame=
ter, with a- 2,54 cm hole' bored through its centre. A polished stainless
steel light guide L with a .rquungxllar cross sectional aperturs 0.50 cm' x
1.00 cm was |nse'nau Intor “the oo;'e to ensure vgood «runsm(s.slim of radiation
“ihrough the ce»/m the course- of these: modifications...the light.gulde shown

n ng/ze was shortened by, approximately 5 cm from. Its ullglﬂal tength o

~allow the extension of the window sests idgther ot ” ‘the cooied raglon of
B ) i

the cell. A 1.00 cm thick sapphire window W, o attached” with General

- Electric RTV-108 silicone adhesive’sealant 10" & stalnless steel window seat

having a clrcular aperture of 1.00 om. The window seat' S was pressed
: ! DI
firmly agalnst  an Invar O-ring by a Stalnless steel remnlng block R, “‘which

was .held In place by elght /8 in. Allen head_steel cap scraws threaded -

intothe face of tho_plgh-pressyse nell This produced a, satisfactory hlqh .

pressure seal at all «empsmu/ss . g
/

A typc 312 sulnless S!Bll r\Ul N, about 7.62 cm In. dltmeter and 1.5
cm )Dng was— (hreadud Jﬂ(o ‘the ‘ends ol the.cell. A solid sialnless . steel

flangs” F and a stainiess stoel cone G wore weided 1o, this’ nut, a3 Hlus=

mucnlne sQ!ews thl:h hald the ouler ]ncksl end plece In plucs A 102 cm

diameter stalnless ‘steel - bellows B, " was welded (o the atulnless s(eal cone

1o allow for relative" expansion and contradlion o The Gell:'and the vacuum

2
and Fy. und DBJIOWS/B . apprqxlmnlely 165 cm In dlameter, all -of stainless .

slagl(/‘rhvs end- pléce wus anuéhed o' the. outer ]acksl by elgm 4 - 20

i
¥
j
i
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screws and nuts by flanges Fy and F,. Flanges F, and F, were. held

together' by eight 10 = 24 machine screws. An RTV silicone rubber O-ring
type seal was formed betweén Fy-and F,. Attached to F, was a short
stainless steel tube and another flange. Fy. Flange Fy was sealed with a
neoprene O-ring to the flange FB of an end cap made of Delrin wnlch was ,
normally evacuated |hraugh ‘vacuum port V, to prevent condensation.on win-
dow Wj. A sapphire window W,. 508 cm In diamster and. 0.30 cm. thick
was sealed to the end of the plastic end ‘cap by a Plexiglas ring. P. Heat-

Ing tapes were wrapped around the end’ of the cell near flange' F, to kesp

"the O-ring seal from freezing. = Chamber |.was normally evacuated through

a vacuum port V :‘qqowﬁ In"Fig.  2.12. Chamber Il was filed with a caq}u
usually' liquid nitrogen, “through an opening In"'the central séc:iun of the,
Jackets o ang J,. as shown_ In Fig. 2.1. A gas Ihlet to me:‘eell was’ pro-
vided Vhy means oi a1.27 om Aminco fitting.

Photagraphs of the assambled cell. a view of ons end of the"cell ‘and *
a view of the Iniernal structure of ane of ‘the autor Jacket $nd ploces dur-
ing assembly are shown In Fig. 2.3 (), (& and (¢) respectively.

The to the-.absg cell

reduced . the con-

sumption of liquid nitrogen coolant. allowing the experiments to be -carried

out more sconnmliuny and for longéer perlods or'mme. Algo. virtually the
|

L)
entire length of the high” pressure coll was n contact with, the coolant, pro-

ducing a more uniform tamperature n the call- Ca

23. ‘The Gas Handling System
‘ " H 1] ‘
Since many of e experiments required high .pressures to., bo
developed; up to 12,000 psi at liquid ‘nitrogen temperatures, two large ‘stain=




& T . Fiva gpie

Elgure 2.3 _ Photographs of of the high-| pressure lmv-ca-perawre &
cell used i the experiments.

g (a) An overall view of the' cell.

=" (b) A view of one end of the cell (under construction)
P showing the cell body and the inner jacket.
(c) One'end of the completed cell; showing the window

nount and the Delrin end cap. |
; b
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less steel reservoirs, each with a volume of about 0.5 litre were constructed
to act as thermal compressors. Gas from a cylinder at room temperature
and typically at about 1500 psi was aiternately cooled to 77 K and warmed
to room tempersture In & series of reservolrs to generate the required
pressures. A typical gas handling system Is lllustrated In Fig. 24. T, Is a
thermal compressor In which the first stage of compression was done. Gas
from one of the cylinders was allowed to enter T, after passing through &
copper coll. with both the copper coll and T, Immersed in liquid nitrogen.
Thé copper coll thus acted as a trap for any Impurities In the gas. T, was
then closed off .from the oylinder.and allowsd to warm. The gas from T,

was then allowsd 1o enter one -of the large reservoirs, R, or R,. which

- ‘were also Immersed In liquid nitrogen. This process was repeated untll suf-

ficlent gas was collected In the reservoirs. One of the large reservairs was
then warmed. and the gas.allowed to enter the other (cold) reservair. This
process could be repeated several” times. If necessary. reservolrs R, lnd‘
R, could be opened to the cell Independently. The_gas In-the reservolr ‘at
the' lower pressure was consumed first. and then sealed off. Gas was then
taken from the higher pressure reservoir. T? vlll a. high pressure, ID;

volume thermal compressor. used to develop the highest pressures. This

*'technique was . advantageous when developing high pressures with a limited

quantity of deuterium, and was much simpler than other techniques such as

using an oll compressor.

In Fig. 24, G,, G, and Gy were Bourdon tube pressure gauges.
o e '%a 3

manufactured by Ashcroft. They were calibrated against mirrored test gauges.

which In ‘turn were calibrated with a dead-welght pressure gauge. Gauges

B
with ranges ‘0.~ 5000 psl. 0 - 10,000 psl and O =~ 20,000 psi were

3

s
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normally used., All fitings except those of the copper .coll and. the gas
cylinder were Aminco stainiess steel fittings, rated for pressures up to
60.000 psl. N :

For the experiments at 77 K. tho ‘levelof liquid nitrogen surrounding
the high pressure call was malntained automatically by & Rochefort Liquid
Nitrogen Level Gontrallar which operated an ASCO &8 in. solenold valve on
a liquid nitrogen line from a 200 litre contalner. Pressure was maintained In

the container by a compressed air line in the laboratory.

The ‘ultra high purity" grade hydrogen and “chemical ‘purlty”

terlum used In the experiments were supplied by’ Matheson of\Canada Ltd.

24. Removal of Water Vapor From the Optical Path i

Since some of the spectra of Interest were In spectral reglons of

strong water vapor absorption, It was necessary to remove as much of the

atmospheric water vapor as possible from the fight path between the source
and. the optical detector. This was accomplished by enciosing the light
source and Its assoclated optics In an airtight Plexiglas box. This box was
then atiached to one end of the absorption cell by an airtight rubber " seal.
The spectrometer was placed In a similar box attached to the other end of
the absorption cell. Dry nitrogen evaporating from a 200 lire container of

liquid nitrogen was continually flushed through these boxes, and allowed to

escape through one-way valves attached to each box This arrangement typi-

cally reduced the Inlensity of water Vapor absorplion to a stable and

acceptable level over a period of 8-5 days.
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25. The Spectrometers and Optics.
“The optical arrangement, shown schematically -In Fig. 25, was the same

for all experiments. In all the experiments except those In the deuterlum
fundamental band. the light source L was a 600 W. General Electrlc FFJ
Quartziine lamp, houssd In & water cooled brass Jackst and positioned close
to the end of the absorption cell. The lamp was operated at a voltage
betwean 60 - 90 V. depending on the spectral reglon. The voltage applied
fo the lamp was controlled by & Vrlac auotransiormer which was con-
nected lo an ac. voltage regulator. For the experiments In the deuterium
fundamental band, the light source” was & globar (sllicon carbide rod) held
in a water cooled metal housing and operated at a constant temperature of
1500 K. Power was.supplied,to the globar ffom a Source Radlation Con-
troller Model 10. supplled by Warner and Swansey Co.. Flushing, N. Y.
Radlation from the light source, L. was focused onto the ‘enl.rancs window of
i-thec-cell A using & 15 cm dlameter V4 aluminized concave spherical mirror

= M,. Light-which passed through the absorption cell was -focused by another

similar mirror, My. onlo the entrance siit of the spectrometer S. ‘The spec-

trometer ‘was Inclined ai an‘angle of approximately 30 degrees to the axis

of the call. »

Two different spectrometers and_detectors were used for the: experi-

ments. For the H, second overtons experiments, a Perkin-Elmer model

112G double pass grating was used, This contained"
a grating.. ruled with 300 lines/mm., blazed at an angle of 26°45'. A

type A758 tube (PMT) was placed directly behind

the exit slit of the . Inside the ¢ box. The' PMT

was mounted in a magnetic shiéld supplied by Hamamatsu and modified to
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fit Inside the spectrometer. A small light-tight box was constructed of brass
shimstock to fit around the exit siit of the spectrometer and the PMT hous—
Ing 1o keep stray light o & minimum. All- such objecti which were placed
Inside the spectrometer housing were_paintedh flat black to reduce scattered
light. A hole was bored In the cover ‘of the spectrometer to sllow the base
of the PMT .W protrude so that electrical connections could readlly be
* made. This opening was made light-tight by & rubbar gasket. .

All other experiments wers performed with a’ modified Perkin-Eimer
modsl 112 double pass spectromeier using . Iithium.luoridg prism and .an’

uncooled lead .sulphide detector.

2.6. The Signal Recording System

ctronics for the . signal

Figure 2.6 shows a block. dlagram of the
racording system. After passing through the cell, the radiation which entered
the spectrometer was dispersed by a dispersing elemént (prism or grating).
This radiation was then chopped by a 260 Hz wning fork chopper. reflected
back to the dispersing slement again, and was finally focused on the exit
siit of the specomeier. he radiation passing through the exit st was
sither focused on a FbS detector by sppropriste optics or allowed fo fall
directly on a photomultiplier tube which was housed Immediately behind the
exit siit. See Prasad. 1976 for a further description) The detector produced
an output signal proportional to the Intensity of the radiation Incident on It.
This signal was first amplified by a preamplifier and then by a lock-in
amplifier. A reference signal was supplled to the lock-in amplifier. from ‘the

ase component * of.

power supply for the tuning fork chopper. and the In:

the Input signal was amplified.
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For the H, second overtons experiments. the signal from the
Hamamatsu type R758 PMT. was amplified by a Princeton Applies Research
model 184 current sensitve preamplifier and a PAR model 124A lock-in

amplifier. For the experiments In the D, fundamental reglon a liquid nitro=

2
gen .cooled 'PbS detector was used: for ail other experiments. a PbS detec—
tor.. operated-at room temperature, was ,used: with both PbS detectors, a
Brower Laboratorles model 261 preamplifer and a Browsr model LI-100
lock-in amplifier wers used to amplfy the signal. The remalning equipment
was the same for all experiments. » e

A decade divider was required to atienuate the oufput of the lock-in
amplifier © - 10 Vo 8 rangs acceptable to the analog—to-digital, con-
verter (ADC). The ADG ‘acospted sn Input of 0 - 2 V. and produced ‘a
decimal number in the range O - 4000 as output The siip chart recorder
was a Hewlet-Packard model 7132A. The data from the deuterlum first
overtons  experimenits and the D, tundamental S+8 experiments  were
analyzed completely from the chart.recorder traces. Data from other exper-
ments, however. were analyzed with the microprocessor controlled ADG sys-
tem. g

Figure 27 shows a block dlagram of the microprocessor-controlled ADG
system. This- system " was designed by the author to eliminate the time-
consuming steps Involved In manually reducing the experimental data and
entering I Into the computer for analysls. The system was designed to Imi-
tate the operation of the chart recorder. The ADC samples and digitizes the
output of the lock—in ‘amplifier at 0.5 second’ intervals, and _sends the digital
Gutput 1o one of the large computers on campus, normally the VAX 11-780
system of the Computer Sclence Department,

|

|
1
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The microcomputer Itself, which Is based on the INTEL 8085 micropro-
cossor. was supplled In kit form. by Netronlcs R&D, Lid. I'incorporates -the
‘standard® S~100 microcomputer’ bus, and therelore’ it is Felativaiy v‘ slra‘l’gm‘-‘
forward process to add_additional ‘compong’nh to the microcomputer system.

The microcomputer contains an Interpreter for the BASIC language; thus any

_programming ~required to control periphecal devices”_could be uone. in aAs'lc

D convs"ner manulnnlured by National samlcdﬂduclqv Corpoullon e

amploys- 8 -pulse modumlon taghnique, whICH averages the. input_voltige’. Sver

ma cnnverslon time. Tna ADC'Is capable” of psr!ormlng at me me,!af Tive
conversions  per second, and comlnunny pen ims cnnversmns at this _rate

Internally. When the mlcmcomumr roqulres o value fromihe. ADC,: . mit

walt untll the currem conversmn Is cnmplet : lhls value ls men pmvldud n

the oulput from the: ADC. . Thefo s, iherefors, an uncertainy “of. up m o«z

second helwesn the time a. vulua |! I‘Bqueslﬂd and lhs ime ||\ Is vﬂ"ﬂ.da
avallable 1o the ml_crocompumr, The clock Input to the -ADC Is derived by
AsIg; 158% GG, 1, e mlcmyra;em: ‘clock ( 3072 MHz). and
dviding this frequency by 10 toobtain a ‘6144 KMz 5Ium|| with & 50% duty
cycle. The output of the ADC Is a 4 nlgn decimal ‘number In the range O -
4000. The reference saltigelfor e ADG 5 set At 2000V g0 the Tesolition
of the ADG Is 05 mv. The ouput fro the ADG must b read one digit at
a time, and each dight cari be uooromd sspumaly s

S"\CU the control Nncllunuraqulud for lha ADC are. GOMP'QX‘ the ADC
s contolied by another progummubsq dovice: the INTEL 0255 Paralel. Porl-

pheral imertace (PPD. This dovics conlqlns tyo" 8=bit Inpgfouput ports . and

one 6=t pm, all i ally b T of thase- ports

he ADC used .in the . present. work “Is _the monnl-ADcam alnnle cmp_' 3

S e e cais S
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are’ used ‘o control the operation of the ADG and provide other functions. :

The Intel 8253 counter/timer -provides the critical timing signals for the

data acquisition system. This device contains three programmable

counter/timers, which can be Individually programmed to operate-In any of

five modes. In the present application, countér 0 was programmed "to pro-
diice. a square wave output with a trequency of (724) x the input frequency.

The Input frequency was half the crystal-coritrolled clock 1re\|uancy of tne

microcomputer of 3.072 MHz. or 1.536 MHz: Counter 0 therefore produced

an output. frequency of ‘64 KHz. This routput was connected as the Input”td
counter 1, which was programmed to produce  a slngn.a pulse output when-
aver 32,000 Input pulses had been recelved: thus it produced a single out-
put pulse each hAIf second. This ouput puise was sent S»racuy to the *start
gonversion* input of the ADCS711, @nd caused the ADG to raspond with a
“conversion complete™ signal .at the| end of the curfent conversion cycle. The
*conversion complete® signal was sknt o the 8255 PPI, and was continually
monitored by the r;\lcrocampuler. When'this signal wes detected _by. the
mlgrocar}.pmsr. It read the data from the ADcsm and sent the result. to
the main computer, Tho cutput of counter 1 was also used es an Input to
counter 2. Caumer 2 was Inltilized at the beginning of each ‘race. and
merely kept a repcrd of the number of half second Intervals from me_ start
of the trace. The value .of counlsr 2 was read whenever tha ADC was read,
and’ lts valus was also ‘sent to the main Gomputér.

In order m compum two traces, It was’ nacussary 16 . provide some

'ralevsnc‘.e vasulon comrmion 1o both traces. This Was nccompllahaa by attach=

Ing' a thin brass disc with eight equally spaced radial siots milled In It to

the drive shaft of the spectrometer. A TIL138 optical switch assembly.




consisting of a light-gmitting diode (LEDY and . phototransisior In a single
plastic_hovaing” separated by @ 0.318 cm alr gap. was attached to'the body
of the spectrometer so that ‘uqm from 'the LED was blocked by the bada
. disc. When the disc rotated to a point where light could pass through one
of s slits, the phototransistor was turned on. The  output of the transistor
.was connected to the Input of a Schmitt trigger inverter. and then fo. one
of the inputs of the 8255 PPL. An experiment was started by positioning the
spectrometer drive shaft so that no light from the LED could pass ‘through a
sl In the brass. disc;_the spectrometer drive was then engaged. The micro-
computer continually sampled the output of the phototransistor, and when the
phototransistor was found In the "on" state, the m[crapracessor‘ started the
timers which ‘contfolled the sampling of the ADC. It was found that this
technique worked qulte well. with trace 10 trace ‘re_glstr_anon usually within
0.5 Becand.. v adalion, a sharp referance fine “from. elinér a_mercury ,or
néon lamp was recorded, t6 pmvlde‘ a reference position on the slrl;: chart
rocord, © ) . .
Appendix A contains a copy of the BASIC program which codtrolled ine

ADC: system. oo

) 2.7. Spectral dgtion and

The spectrometers were callbrated In~ the reglons of Interest with the
standard wavenumber measurements of the mercury emisslon lines lzﬂ!ﬂel et
al. 1970) and the absorpiion lines of the water vapor spectrum zHurvlpnraZs.
1953 and Plyer et al. 1955). For the callbration of the H'2 second i';’vunona

reglon,” standard wavelengths of neon and argon lines were used (C. R..C.

Handbook of Chemistry and Physics..and the A, P.  Handbook of Physics).



sa3=

For -the " of the D, reglon, lines of water

vapor-IUPC Tables of Wavenumbers for Callbration of Spectrometers. 1977).

HCN. CH‘. HCI. and HBr (Rao et _ak. 1966) were used. A polynomial least

squares fit of the obsarved wavenumbers against chart positions was per-
formed. Polynomials up to fifth order were required for calibration of the
prism instrument.  For the grating Instrument, a first order polynomial fit of
wavelength agalnst chart position was found to be adequate.

For data recorded by the microprocessor controlled data acquisition
system. the quantity Ill(loll) was caiculated io_r each point by taking the
logarithm of the r-(l;: of the Intensity [, transmitted by the evacuated cell
1o the intensity, / .!;dntmlnod by the cell filled with the exparlmanial gas at
a given density. Bnckqauund traces, with the cell .evacuated, were ncovgsﬂ
at the beginning and end of each set of experiments. The' initial and final
background traces were compared. and. If there were significant discrepan-
cles the data were discarded. Additionally. the quantlty InUp/I) was calcu-

lated using the Initial and final traces separately. 1o ensure that the results

were consistent. When +the data .were recorded using only the chart

recorder. the - quantlty ‘loéwtlu/ll was cbtained directly from the chart
recorder trace for each experiment. usiig @ standard logarithmic scale.

Thesu measurements were made at Intervals determined by superimposing on

_‘the chart recorder trace a calibration chart with lines at fixed lnllrvnls of 5

em™' or 10 cm™", depending on the :pmrul roglon. N S
In botn cases, the absorption coefliclant ) = CVbin U/, where 1 s

the optical path length of the cell. i




-34-

28, Isothermal Data and Denslty Caiculation 5

The isothermal data required to caiculate densities for hydrogen and

i dauls.rlum at 201 and 295 K were obtained by I v Interpolation of the
data published by Michels et al. (1959) at temperatures 200 K and 225 K,
and 275 K and 300 K, respectively. To obtain densities for pressures which
“Were not tabulated. a leaét-squares polynomial was fited to the tabulated
data, and the resulting expression used- lto calculate the density at other
pressures within the range of the tabulated data. For hydrogen at 77 K and
for mgn densities, the data tabulated by McCarthy et al. (1981) was used.
For ﬂamarlum at 77 K and ﬂsnslﬂea graullr than. 200 lmuul!. no
Isothermal data were avallable. Hownvlr, if the pressure difference between
Hy
resulting graph was found to be virtually independent of temperature. Figure

and D, at & given denslty was plotted as @ function of -density. the

28 shows such @ graph with data at several temperawres. The data used
was obtained from the data of Michels et al. (1959). Since no points wers
avallable at 77 K. an experiment was performed to measure the density of
D,
This single point is aiso plotted -in” Fig. 2.

at a pressure near the maximum density used in these experiments.

This graph can ‘therefors be

used to relate the denslty of deuterium to that of hydrogen at any tempera-

ture from 77 K 10400 K. and ‘very likely over a more extended temperature

-range. . For our purposes. this graph allowed the* calculation of deuterium

densities from the avallable data for hydroger
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. CHAPTER 8 BN
ABSORPTION SPECTRA OF THE U BRANCH YRAN‘SITIONS OF THE FUNDA-

MENTAL BAND OF NORMAL H2 AT 77 K

8.1 Introduction

The - ption of the band of gaseous
hydrogen has been the subject of numerous a‘xperlmam\ and theoratical
Investigations for. more than three decades. References, to" the earller work
on this band are given In Chapter L[Tne Induced electric dipole moment In
a palr of colliding molecules Is a mjncllon of the Intermolecular separation
R and the rélative orlontation of auch molecule with respect to A, As men-
loned In” Chapter. 1. the dipols moment Induced In one” molecule by coli~
“slon with another can be represent 0 & the sum of several terms.. In the
Indiiced fundamental band of hidrogen. a short ranga averiap term. long
range _quudrupnia‘r_ term and an Intermediate range hexadecapolar term con-

“tribute 16 the Intenslty. ' Thus the total Induced dipole’ moment can be writ-

ten as - |
e |

. |
Hipg® = a6 87+ cA™ 4 oR7® an

where A, B, C and D are constanis: Ae °"

Is _the short-range electron
overlap Inguced dipols moment, CA™* ‘Is the long-range quadrupole-induced,

f
ingle-dependent dipole  moment,) and” DA™® s’ the Intermediate-range

Ind g ! cht -dlpole moment. The first term gves
rse mainly t0jihe broad QU

second term gives rise to O(). QW) and SW) transiions with AJ = -
1. .

) “single transitions with AJ = 0. The

2,0 2 in the Induction the " Isotropic

o [ -36-.

|
|
|
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part of the polarizabliity contributes to the Intensity of the single iransitions
0y, ). Qu W * 0. §,, (). gnd the double transitions 0, () + @y, W),
Qu &) + QW) and bmw +8,,0). The anisotroplc part of the polari
zabiliy gives rise .to the double transitions S, &) + 5, &) and makes 'a
small contribition ‘to the ather quadrupolar transitions. The third ferm In Eq.
.1 gives cise to the’ rotational selection rule AJ = 0, % 2, + 4. The hex-
adecapoiar. U transitions (AJ = 4) of the form Uy W) and Q) + Uy @) In

the fundamental band of hydrogen have been observed In the gas by Glbbs

et al. (1974) and In the solid by Prasad et al. (1978). Reddy et al. (1980) '

studied ‘these transitions for densitles In tha‘rﬂngs 300 - 500 amagat for a

path length of 1949 cm at 77, K and -analysed the experimental profiles.

In Eq. (14) which gives the Integrated binary absorption fGF varlous

p the and
transitions correspond to L = 2 and L = 4 respectively. The U transitions
are In gensral much-weaker than the quadrupole-induced transitions. Tis
offect Is seen In the configurational Integral J, (g 1.6, which répresenis
the ‘average of the square of the L-pole Induced dipole moment. For L = 2
y s proportional to (ﬂola)S and for L = 4., Is proportional to :ao/ms,
0 being the Lennard-Jones. Intermolecular separation.

In the present work the: collislon-induced absorption” In the U branch of
the fundamental band of hydvuger; has been studied at gas densities In the
range 500 - 900 amagal. The experiment’ was performed with a modified
version of the 2 m absorption cell described in Chapter 2. and & Perkin-
Elmer model 112 double pass spectrometer equipped with an LIF prism and
an_uncooled PbS defector. The spectrometer slit width malntained at 85 um

gave a spectral resolution of about 7.5 cm™' at the position of the U, ()
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2]

liné, 5696 cm_'. This experiment aiso served as a test experiment for the

P of the ! data system - -

described In. Chapter 2.

32. Experimental absorption profiles

Figure 3.1 shows four absorption profiles at varlous densities * between
> funda-
mental band. The positions “of the -U; (). Uy + @, () .and Uy (). + Q, @

605 and 894 amagat in the reglon of the U transitions -for ‘the H,

transitions are marked on ‘the wavenumber axis. The absorption profiles
shown In the figure are taken- directy from the microprocessor-controlied
daia "acquisition system. ‘Normally three traces obtalned under Identical .con-

ditions were averaged. but no attempt was made to further smooffi or digi-

tally fliter the resultant profiles. Tfig clear “absorption peak 5740 om™1)

corresponds to the transitions U, () (5695.4 em™) and QM+ Uy
(67769 cm™') although from the analysis six components (see Tabla 3.1

are found to contribute to the Intensity of the absorption profiles at 77 K.

33. The profile analysls

‘The U transitions are “relatively- weak lines occurring on the high
wavenumber tail of the main H, colllsion-induced spectrum, conslsting  of
many relatively Intense components. The tall of these Intense componem‘s,_
was modeled by a single line with the lineshape (see Reddy et al.. 1980) :

am =2 @2
; Voot wway® + e

where a,. a, and ag are parameters to be fittéd. and Av = v-v

ﬁl m + Su('l)

the position of -the neares strong quadrupolar -component,
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" 6890.1" om
The linesbape adopted for the U transitions was the “symmetrized"
dispersion lineshape (see, for -example Mactaggart and Welsh, 1973), as fol-
fows: T
|
AEm
sA—
14+ (Av/e"

3.3

. 1
@, = T ¥ exp Cho Bw/AT)

where' ';’r." Is the. Intensity ‘of a particular hexadecapolar component" calcu-

- lated "Dr’ll Eq. (1.4). 5” Is. the characteristic halfwidth of the h!}aqscﬂpolﬂr
 component. - Av .= v-v, . where:v, Is the molecular wuvenumbar’“ln c‘mqv
of the particular hexadecapolar component. This lineshape .represents -an
_emplrlcal_ “broadening”. function “0! the theoretical value calculated from Eq.

Q4:; where A, Is defined so that the Integrated Ab's‘orptlnn
(l)pz)j'a;'(v)/vdv 1s:6qual to the quantlty .

In this’ analysls, we assume that all the hexadecapolar components have
the same haltwidth 0; (Poll. 1960) whlcl"n‘ s 1o be fited from the observed
profiles. - Also, although we cnicululs absolute Intensities for each hexade-

\ capolar component, we use only thelr Intensities relative: to the strongest U

vansition, U, () at 56954 om’

and leave the absolute .Intensity as an
adjustable parameler. The theoretical value of lﬁls parameter can réad(ly be
culculu(ed‘ for each d:enslly and compared with the oxpsrlmen;ul result.

‘The absolute and relative Intensities for the hexadecapolar transitions 01‘
the band at 77 K were calculated by the program given in Appendix A,

using the ‘matrix ‘elements of Karl et al. (1975) and thelr values are listed

in Table.3.1.




LT

TABLE 3. Calculated Intensitles for the H2 U-transitions at 77 K

. Absolute Relative

Transition Wavenumber intensity Intensity

: em™ em™! amagat™)

v, . sena 81958-10 68510400
Ug® + @, 53240 - 03516-11 78176-01
UO(U) - 3 Q] ) 5830.0 .3088e-11 .25818-01
u,m 5695.4 11960-09 10006401
Up + @, 57769 11612610 13486400
UpM ¥ @@ s5785.8° 53246-11 44510-01
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The experimental profiles were analysed using the non-linear least
squares lineshape program given In Appendix A, with the lineshape subrou-
tine given In Appendix A. There are five parameters to be fitted, three of

which characterize the high wavenumber wing of the main colllslon»lnduca’ﬂ

spectrum, to the 8. a, and ag In Eq.
(3.2)." and two ‘of which cor;espnnd to the haltwidth 8, and the' intensity A,
of the hexadecapolar lines from Eq. (5.3). The latter two characterize the.
hexadecapolar cnmpanénxs. ) ' i

A total of 15 profiles was analysed. at densities ranging from 500 -to
900 amagat. Figure 3.2 shows the relative intensities of each compopent In
a q}pleni observed profle; the agresment betwsen the observed ‘ane- fitted
profiles was very good. The characteristic halfwidth 0, obtained from the

profile analysis and the corresponding collision duration T) are presented in,

* Table 3.2. Also Included In -this table are the corresponding values obtained

by Reddy et.al. (1980). The values of the parameters a, and ag In Eq.

1 and 300 and 330 cm ' respectively

3.2 Vary between 200 and 230 cm”
for the profiles analysed. ; . .

THo Intagrated absorption coefficlent for the U, (1) transition was calcu-
lated Trom the" area”for the fitted profiles. A graph of _(l./pz)ja(v)dv agalnst

p was plotted In Flg 3.3. A straight line was fitted to these points, and the

binary and ternary absorp were the results are
summarized In Table 3.3 and compared with the results of Reddy et al.

(1980),
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Ho 77K ‘
U transitions
816 amagat

0.5
Uo () + Qi(l)
e
Zuon+ai0) 4 et saanaaa |
5600 6000 6400 6860
’ Wavenumber (Cm*)
Figure 3.2 Analysis of an absorption profile of the fundamental®

Jband of H, at 77 K with an absorption path length of
187.1 cm. The dots are the experm\enta] points; the Ly
solid curve is the fitted profile..
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'TABLE 3.2. Results of Profile’ Analysls of the H, U Transitions
. at 77 K -

= F
Hexadecapolar Collision o  References

half-width duration LN

s, ) Ty
em™ (ID_"s\) .
124 £ 2 43 \1 Present work
- - S
118 £°8 45 % .3 Reddy et al. (1980)

C e




S5~ -

. uojysuesy ,E; Y3 4o} d'A3tsuep 3suiebe ap(a)os(,9/1) 0 301d y gg ainbyy

Cu,ouESQ .
006 008 0O0L. 009 00§ O0OF 00 002. 00l - -

- (z-4060WD z-ms-Ol) p(yof )




wilie

-
. p——
; . (0861) 19 10 ApPoy (@
o - HIOM uesesd (®)
@ o 0s'0 . 90" ¥ 860 - 60" ¥ eel
@ s F el i o0s'0 20" ¥ 690 60" ¥ 860
(giBowe , wo' ¢ o) g0 gg-00 (g isbewn’ , wo o ouy
oz, s, oL,
7. Aioeyr 3 Juewiedx3

1ueye0s uondiosqy Aseuig




Zigie
Conclusions
The hexadecapolar U 'transitions In ‘normal hydrogen at 77 K were

dispersion lineshape function as &
“broadening” function for the Intensities calculated from the theory of Karl ‘et .

34.
analysed using the “symmetrized"
The hexadecapolar-induced halfwidth for this lineshape was

derived, and a value ‘obtained for the binary and fternary absorption coeffi-

al. (1975).
clonig, There Is. howsvar. & considerable discrepancy In botn the binary and

ternary coefficients derived from this éxperlmsm. and those of Reddy et al.
(1980). These earller results were obtained with lowsr ga; denslties of H2

than those used In the -present work, and'consequently the absorption spec-

tra were weaker. Also. the number of data points used In fitting each profile
was consldem;ly ,less, about 50 points In the previous work compared with
about 500 points In ma_‘presem work: In both cases, however, It should be
noted that for the cakcx:lallon of the ternary caeﬂlcl;ﬂl. a separate, Indivi-

|

dual component could not be. used; rather, a component derived from' the
-10 ot

précadlng analysis based on' the theory of Karl et al. .(1975) which Is valld

only for binary collisions was used. ' Therefore the value of the ternary

The absolute intensity of the u.I () transition calculated from Eq. (1.4
(Table 3.1). The corresponding experimental
Is (167 ¢ 016 x 10

absorption obtained from this analysis Is considered to be approximate.
2

1s 120 x 107'° em”™! amagar™
vulu; obtained from the - present work
am;qar_ . which exceeds the theoretical value by 40 % 15 percent. For the
the Value lqr the absolute, Intensity
amagat™=. The value obtalned experimentally was 0.53
amagat 2 (Reddy et -al., 1977) which exceeds the

S.l m
7 cm_l

1

Is 043 x 107
-7
£ 001 x 10 ©om

theoretical value by 23 + -2 percent.
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CHAPTER 4

ABSORPTION SPECTRA OF S + S TYPE TRANSITIONS IN THE FUNDAMENTAL .

BAND OF NORMAL D,

4.1. Introduction ]
Recently the collision-induced fundamental band’ of normal deuterlum in

the pure gas at 77, 196 and 298 K was studled in detall for a number of

- gas densities up t0-60 -amagat with.2 m- and -2.1-'m -absorption cells In this

laboratory by Penney et al. (1982).:The experimental absorption - profiles. were
analysed using the - Levine-Birnbaum lineshape €2 110) and a dispersion-
1 sl : ;

type line shape -proposed by Van Kranendonk (7968 for ‘the Intracollisional

part -and _ Intarcoll ‘part of the p-ind Q com-
ponents [ 01'WM”QI) 1. and the symmetrized ;ﬂspsrslan lineshape for . the
quadrupole-induced single [ O,(J), Q'Iquad“’ #0) anfl 5‘1 ) 1 and double [
O](!J) +:QpW> and QW) + S, ) transitions. Similar work on, the funda-
m;mtal‘b_and of ”2 and HD was also reported by Reddy et al. (1977) and
Reddy and. Prasad (977) respectively. Flgure”4.'| shows the’ absorption pro-
file of the fundamental psnd of deuterlum at a gas density of 37.8 amag;t
at 77K, from Penney et al. (1982, In the analysis of the absorption pro-
files In Fig. 4.1. transitions corresponding to J = 0, 1 and 2 were - taken
Into account, although the weaker (r;nsltlona with J = 2 are not shown in
the ' diagram for the sake of clarity. The main contribution to.the Intensity of

v . :
the .quadrupole-induced transitions in Fig. 4.1 arises from the -isotropic part

B s o &
of the ‘polarizabllity of the colliding molecules. However, as mentioned In

!
tively - weaker, double- transitions of the type §, ) + S« which occhr in

Chapter 1. the anisolropic part of ‘the polarizablllty gives rise to thg, rola-
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Normal
* Poth length : 194-9 cm
TITK *
odk 8,:378  omagat

|
1

0-4)

o
&

Logio (/1)

°
0

0

. ol G SO .50 S@
Wavenumber, v (cni')

Figure.4.1 Absorption profile of the collision-induced
“fundamental band of normal D,. The solid curve
is the experimental profile, the dashed curves"
represent the computed individual overlap and
quadrupole-induced components and the dots
represent -the sum of "these components, The
weaker components with J = 2 are not shown.

( From Penney et al., 1982 l..




2 trum at 77 K Is reasonebly well resoived (sse Sen et al..

the high ?:svsriumbor wing of m'o m;ln quadrupolar transitions shown In Fig.
41. A _detalled study of the doubie transitions S, W) + SyW) In gaseous
hydrogen has been recently reported by Sen et al. (1980).

In the absorption spectrum of normal -hydrogen, almost all transitions
arise from the Initial rotational levels J = 0 and J = 1. whereas in the
spectrum of 'normal dmrlum at 77 K transitions also a;lu from the level
J'= 2 with coniluuablu Intensity. In fact, lh‘- ratio- of the Intensities a! the
S1 M and S.I(?) components of normal hydrogen

a similer ratio_for 'norm

deuterlum Is 4.34.

population. of hyqusn In the J = 2 Invei‘ at 77 K and the Ilrﬁe vslue of

constant, the S m + 30(1) component In its uhsorptlon spec-

1980). However,
mc weak S, () + som transitions In  normal dau(er'lum at 77 K are
masked not only by the high wavenumber tall of the more intense transi-
tions of the main band Involving J =.0 and 1 but also transitions arising

from J = 2, as will be seen In the next section.

42. Experimental absorption profiles

’ln the present work, the absorption -profiles of the deuterium fundamen-
tal band In the reglon 3300 - 3700 cm | ‘ere recorded for densities In
the rlnqb 80 - 140 l';ﬂlyll at 77 K with the 2 m absorption cell. The
source of radiation 'w.‘s a globar held In a water cooled metal housing and
operated at a constant temperature of ' 1500 K. Detalls of the source. the
npsctromewr, the recording system and omor experimental conulderullnns are
dolcrlbed in Chapter 2. The spectrometer slit width maintained at 65 um

L -3

gave a ‘spectral resolution of about 3 cm ' &t 3345 cm .. the position of

at 77 K'Is 0.01 whereas

Because of ihe negligible




the 5, @ + S (0)‘xransltlon of D,.

Several absorption profiles w‘ara recorded at-varlous gas densities - In
the range 80 to 140 amagat. Absorption piofiles for ges densitles 7, 116
and 137 amagat In the spectral reglon 3300 - 3700 cm' are shown in
Fig. 42. The positions of four transitions of the type S, W) + S U with J
= 0.1 and 2 calculated from the molecular. constants -for the free D,

molecule (McKellar- and Oka, 1978) are shown along the wavenumber -axis.

Fi 4.2--8150--8hows—the —location—of—thi "
JUrEEE group

‘to the ftransitions s](e) and Q.I(J) + 50(2). Allnuuu'n there Is some evi-

dence of a broad peak at about 3580 cm”' In the absorption profile at 137

amagat, the structure of the varlous S.I W)+ sou) components s masked

. by the high wavenumber wing of -the “maln band. One of the aims of the

present work Is 1o extract the weak features af the S,W) + 8,U) transi-

tions from the relatively strong @ of - the main q P com=

ponents of the band.

4.3. The profile. analysis

At 77 K there are four principal components which  coniribute to the S
+ S type double transitions, The absblute and relalive Intensities for the S +
S ftype transitions were calculated by the program l;\ Appendix A, using the
matrix elements of the Tmsatmpy of the polarizability .°! Poll (179831. and the
quadrupolar matrix slements of Birnbaum and Poll (1969). Table 4.1 shows
the ‘relative and absolute Intensities of the important S + 5 vtypé transitions..
together with those of other relatively Intense transitions In the reglon.

The t;;;:evlmemnl profiles were. fitted to nll‘ of the quadrupolar lines:; the

Intensity was calculated for each line Inc!s]dlnq any contrlbution from the




2

- LS00+ Sl

e ¢ (1 + 8o
) » 10+ 8ol

v Wavenumber (cn’)

Figure 4.2 'Ah;orptinn profiles of the collision-
induced’ fundanental band of normal D.

in ‘the spectral regffh 3200 - 3700 't

. where there 15 significant contribution

& . from S 4'S type transitions. o \
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TABLE 4.1 Intensities of the In normal D2 at 77 K .
Absolute Relative i
Transition Wavenumber Intensity Intensity :
en™ tcm™" amagat®)
I
Q) @t SD (V] 8160.1 .994be-10 -2006e-02
6‘.‘ © 3166.4 .4856e-07 .1000e+01
Q'l @ t So (] 3166.4 .3343e-08 16745¢-01
D.. m + So © 8170.6 @ 1126e-07 .2271e+00
D) o + So © 8172.7 .1786e-07 . - .3604e+00
s, . 82785 .15480-07 . [31240+00- R
Q-I @ + so‘m 3284.8 . .1174e-08 12370601 i
QM + So ax 3289.0 - .3955e-08 .7979e-01 . . % -
01 o t SU ay 8201.1, .6275e-08 . 112866+00
o S.‘ @ : 3387.3 . .3585e-08 .7233e-01
‘01 @ + SO @ '3401.9 B .3062e-09 » .6179e~02
01 m + 6‘0 @ 8406.1 ,1031e-08 +2081e~01
01 o + So @ 8408.2 ® .1636e-08 .3307e-01
S.i @) 8492.1 .8774e-10 ' 1770e-02
SO o + S1 () 3345.4 .3054e-08 .6161e-01
- So o + S.‘ . 3457.6 .1005e-08 20288-01 -
Sﬂ m .+ 31 0) 3463.9 .1073e-08 .21646~01
So o t S.I @ 3566.3 .2456e-09 .49556-02
So M + 8, M 35761 .3532e-09 .7126e-02 N
SD @ t S' () 3581.0 o .2797e-09 .5643e-02
So m + 6‘1 @ 3684.8 .8627e-10 1741e-02 N
So @t S.I a 3693.2 . .9208e-10 .18580-02




-
_ anisotropy of the polarizablilty. This profile Enilxsls was carried vaul using
the non-linear least squares lineshape  program given in Appendix A. The
lineshape chosen Is & warlant of the *symmetrized" dispersion lineshape as
;Nan In Eq. (.9) and ro‘qulm three parameters: namely, an intensity and
two “halfwidth® parameters. 02 and 0, to be fitted. The analysis of a typi~
cal absorption profile Is shown In Fig. 4.3. The fit of the synthetic profile

to the observed profile was found to be satistactory.

= e gmali—shifts—0f-the~S—+~S~type—double" fromthe—positions—of

their free” molecular wavenumber In the funddmental band of hydrogen at 77

K were observed (see Sen et al. 1980 and van Nostrand. 1983). A’ simllar

it using: a lounh’, “shift*, ‘parameter corresponding to a shift from. the free
i molecular wavenumber v, for each transition was atiempted In the present
analysis. This “shift" parameter was added to all the free molecular -quadru-
polar wavenumbers. The results of this analysis showsd that the best fit was

obtained when & shift of 8 om™

+ 6om”| was used. However, there was
no significant Improvement In the quality of the fit to the experimental pro-
files whether or not the shift parameter was used. There appears. therefore.
to be no strong reason to conclude that these transitions are shifted from

their free -molecular positions. This conciusion Is supported by the analysis

of Penney et al. (1982) In thelr analysis of the fundamental band of deu-

terium. S

The ‘parameter 02 remained virtually .constant over the - entire density

range. with an averaga value of 414’ om™

. and -values varying from 39 -
i .

43 om ', The corresponding value for the maln band of deuterlum meas-

1

ured by Penney et al.(1982) is 37 + 1 em '. ‘The parameter o, varled

over. the range 59 ~71 cm™'. Table 42 shows the vaiues for 0, and 0, at
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D, 77K

137 gmaggat

e Experimental
—— Quadrupolar
-+ S+Stype
— Synthetic

- { 5,(2)
- 10,0+ sf2)

08

06

"Logyo (_L/kl)
o

02

3300 3500 3700

" 5110+ Sol0) S,(2)+5,
$(1) + Sol0) 80+ S :
500+ Sqll 50452,
v, Wavenumber (crri’)

Figure 4.3 Ana'!ys‘,is of the absorption profile of the fundamental
|band of normal Dz' The dots are the exper(men;a]
points. The positions of the ‘important transitions in
this spectral region ‘are indicated.
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TABLE 42  Experimental data for each profile '
Lo

Density 62 04 Awaf
@magad  em™" ) on

59.4 421 n.s .96106+01

64.2 424 68,3 . .10800+02

726 434 69.7 ' .1402+02

76.9 432 66.5 .15200+02

8.2 49— 615 — 1 7BEeoDe~————
87.9 426 68.4 .19656+02

Al 387 67.6 .22710402

101.7 a17 64.3 .25716402

106.9 38.6 65.0 .26226+02

112.4 410 61.7 . .33300+02

116.2 39.6 . 58.9 34670402

124.6 411 59.7 .40676+02

127.9 415 62.6 41520402

187.2 65.3 .48316+02

39.0
|

R ]
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®each denslty, together with the areas-for the S, (O + sérm component.

The Integrated -absorption coefficient. I adv  for  the vu;aslum
S,® + S @ was caiculated from the fitsd parameters for each experi-
mental profile. Figure 4.4 shows a graph of (1/p2)‘|'¢(v)¢’ against density,
P. A straight line was fitted to these points. and-a value caiculated for .me
binary and fernary absorption cosflicients. Resulls of this snalysis are
presented In Table 4.3 together with the value of the binary absorption &I.

calculated from the theory.

4.4. Conclusions. ’ f e ®

The S + S type double -transiions In normal deuterum at 77 K \Jv:;
found to contribute |Inn"|4:|nllvy to.me high wavenumber- tall of the deuterium
pressure~induced fundamental band, -l!r;ougn nearby lr;ncllbnu of .the main
band lrls’lnu from the rotational level J = 2 ;;lvi sufficlent intensity 'to_
obscurs the' direct observalion of any structurs for these componants.

It should be noted that the data used to calculate the Integrated

_ absorptions were derived from Eq. (1.4). which Is valld only for binary colii-

. tlons In  deuterlum are too well masked by nearby transitions to provide

. much more than a’qualltalive Indication of the behavior of such double

slons. Since this _model was used lo extract the Intensities for the S + 8§

type double transitions from'the broad siructure, it may well b expecm:{_
that some of the properties resulting from the analysis are strong funcﬂo;ln‘
of this ;nodcl. Thlx' Is particularly true of the ternary absorption coefficient
which Is found o be very small as would bs expected from a model con-

sldering only binary collisions. In any case. the S + S type double transi~

a 2

transitions. ’ - - =
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- e value calculated from Eq. 1.4) for the “binary Integrated absorption
‘for the S,@ + S;® wansiton Is 305 x 10 %om”'amagat’Z. Tne
corresponding valie oblained by extrapolating the messured values. to zeco
density is (4.1 % 02 x 10 cm 'amagat’2. While this extrapolation may

not be very accur: It is representative of the measured values from the

experiment. ‘The experimental value Is larger than the calculated value by 34
4 percent. For e quadrupolar contribution’ to the main part of the fundamen—
tal band, Penney et al. (1982) reported the value 1.8 x 107 cm ™ amagat >
for the binary Integrated absorption. which was 19 percent |arger than the .

theoretical valie.

-
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‘CHAPTER 5

ABSORPTION SPECTRA OF WL 02 IN THE FIRST OVERTONE REGION

51, Introduction,

‘The olliston-induced absorption spectrum of hydrogen in Its frst over
tone reglon, first observed by Welsh et al. (1951, has been studied o
room temperature and high densitles by Hare and Welsh (1958) and at low

tgmperatures by Watanabe. Hunt and Welsh (1971). Watanabe (1971) and

McKellar and Weish (1971). Slivaggio et al. (1981) have also studled this

spectrum at 15w gas densitles at 122, 273 and 275 K. Very recently In-our
laboratory van .Nostrand (1983) has studled this spectrum In considerable
detall ‘at temperatures In the range 77 - 295 K. In all the work reported

since 1971, profile analyses were carrled out for the observed profiles with

-varying degroes of success. However. the corresponding spep(rum of deu-

ferium has been lass well studied. The collsion-induced spectrum of deu-
terlum In Its first ‘overtone reglon was studied at room temperature by ‘Reddy
and Ko (1971 In both the pure gas and for binary mixtures with argon
and nitrogen; however. no profile analysis has been carried out for the
absorption profiles of the pure gas. : N

In the present chapter, the collision-induced absarption spectra of the
main. bard of deuterlum In its first overtone reglon at 77, 201, and 295 K
for a number of gas densities In the range wn to 450 amagat are
reportsd. Spectra of the reletvaly wesker. S +.§ wanshions In 1h6 the firs
overtone. region, rcorded for varlous gas densities In the range 500 = 850
amagat at 77 K are' also presented. . The absorption spectra have been

analysed with respect to the calculated Intensities from the theorstical matrix

SIGY &
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Figure 5.1 (a) Absorption profiles for the first overtone region of normal D2
with an absorption path length of 194.6 cm. at 77 K. The numbered
features are identified in Table 5.1.
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Figure 5.1 (b) Absorption profiles for the first overtone region of normal D,
with an absorption path Tength of 194.8cm. The numbered
; features are identified in Table 5.1. i
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Figure 5.1°(d) Absorption profiles for the first overtone region'

of normal H,.
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4
TABLE 5.1 Assignment of the Observed Absorption Peaks of the D,
) First Overtone* Reglon
i -
fln 3
i Peak . Wavenumber of observed Assignment
i no.
| -
| 77K T201 K 205 K
1 5575 . 5580 0,®, aluncﬁ’n
B | 2 5695. 5695 - 5705 0,@. Q,+0;®
’ b 3 5870 5850 5835 Q. QW40 W)
I . 4 5990 5980 - 5985 Q) +0, ()
' 5, 6165 " 6150 . ' 6160 QuW)+S, (D, Q, WI+5; :
6 6275 6260 6265 QWIS @, QWIS M
7 6380 6370 6365 QW48 (D). QW +S) (@

1

" M 77 K. a peak has developed at about 6045 cm |, due to the strong

SE(D) and OZU) +So(0) These to the

1

peak at 5980 cm ' at 201 and 295 K.
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elements for the quadrupole moment, the polarizablilty and anisotropic polar-
Izabllity for deuterium given by Poll (1983) and Kolos and Wolniewicz (1967).
A mo‘ﬂlﬂsd ‘symmetrized lineshape (Eq. i.Q) has been used for the quadru-
polar components. No evidence Is seen to Indicate the presence of an
electrori overlap contribution to the Intensity of the’ band. .

The apparatus used to obtain these spectra has be;n descvbbsd in
detall In Chapter 2. The experimental gas was contained In the 2 m high
prussdm low temperature absorpllon cell. The, source of Infrared rnalnuen
was a General Elacmc FFJ 600 W prolecnon lamp operated at appro’mmmy

300 W. " The spanlra were ‘recorded with a modified Perkin-Eimer model nz

o P equipped with an LIF prism. a 260 Hz

tuning fork chopper, and’ an uncooled PbS detector. ‘The spacirometer siit

width maintained at 35.um gave ‘a spactral rasuluuon of ‘about 8 cm | at

-1

5868 cm . the- position of the Q,(0) component of the first overtone band

of deuterlum.

N

52, Experimental absorption profiles of the main band

Three represpntative absorption profiles of normal ﬂaularl?lm for the
pure gas In the first overtone reglon at each of the temperatures 77, 201
and 295 K are shown In Figs. 51 (@), (b and (c) respectively. Observed
absorption peaks of the profiles In- these figures are marked with identfica-

tlon numbers and their measured wavenumbers together with the assignments

\

of the «u(xsmnni\ are listed In Table 5.1. The calculated wavenumbers .of .

varlous components contributing to the spectrum. obtained from the con-
stants for the free D, .molecule are listed In Appendix B. One Important

between the and first overtone bands

H
H
}
i
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of deuterlum should be. pointed out. The fundamental band of deuterlum

. contalns a dip In the Q branch with high-_and
. anirha Qp and Qp. the soparation betwean which varles linearly with den~
sny (500 for example Penney ot Bi.. 1982). This dip Is assoclated With the
elsctron overlap contribution to the. Induced dipole morment: also the overlap
components are In genersl broader than the quadrupolar components.” Thers
Is no evidence of dips or components with greater breadth In the Q
branches of the sbsorption profiles of D, In the first overtone region. .As
confirméd later by the profile analysls. there Is no evidence for the pres-
ence of an overlap contribution to.the intensities of the Q@ branches of the
collision-induced absorption of deuterium In ihe first overtone reglon. It can

be seen from Figs. 5.1 (a), (b) and (c) that the widths of the various com-

ponents are relatively broader at higher temperature. This Is because the -

relative transiational energy of the colliding pair Is large at higher tempera-

ture and hence the collision duration Is relatively small. For comparison, a
—_

typical .absorption profile.,of hydrogen In its first overtone reglon obtained at
77 K an Nostrand, 1989 is shown In Flg. 5.1 (3). It Is apparent from this
flgure that the varlous’ componants of the absorption profile of hydrogen are
better resolved than the corresponding components of »w deuterium profiles.
One of. the reasans for this Is that the rotational’ canstant of Hy ls about
twice that of DZ'

_The area of each of the experimental profiles was measured to deter-

-mine the Integrated absorption coefficients [atwidv as a function of density.

araphs of 1/ [atwidv against p are plotied In Fig. 5.2 (). ® and (©) °

for 77, 201 and 295 K respectively. and the binary and ternary coefficlents

obtained from the slopes and the ‘Intercepts respectively, (see Eq. 1.1) are
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tabufated In Table 5.2. Where appropriate, results of previous experiments

* are presented for .comparison. The ‘values calculated from the matrx ele-

ments of Poll (1983) for the binary “absorption coefiicient are “also Included

for comparlson: °
. /

" - P i
5:3. Profile analysis of the main band - -

Initially. attempts Were made to fii the obsarved profiles to a.synthetic
profile obtained using abslute intensiies caiculated from the matrix elements
of Kolgs and Wolniewicz (1967 and Poll (1983),-and the modified sym-

metrized lineshape (Eq. 1.9). ‘However, the fit between the observed and

o~
synlheﬂc proﬂles was rather poor, as seen In Fig. 53 for deuterium at 77

K. II was noticed that the intensities of - transitions Involvlng the vlhrutlnnul
state v = 2 were consistently 100 high relative to the oﬂ_\sr transitions. This
can be seen more chBurIy In Fig. 5.; (a), where the observed profile is
ploneu'\lggsghar with a aynlheflc profile calculated for the gas at the same
temperature and density, whirs the lineshape (Eq., 1.9) was used with

parameters 0, = 35 i ' and 0, = 120 cm ' as wil p6" shown  later,

these values are consistént “with the fited values—for these-parameters: A
similar discrepancy has -aiso béen observed In the hydrogen first overtone
band (see McKellar and Welsh, 1971, Watanabe. et al.. 1971, Watanabe,
1971 and van Nostrand, 1989). Figure 54 ® shows this offect In hydrogen.

In the hyurohan- und deuterlum fupdamental bands, a better ilt between
|he experimental and theoretical profiles Is’ oblulnau when ruluﬂva Inlenslllau
rather_than absolute Intensities are fitted to the observed proll!as. this aﬂac—
llvely permlu |h'0 lhaol"’:llcul and experimental profiles to differ by a conutam

multiplicative: factor which Is. in_fact, an additional parameter to” be fitted.
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Figure 5.3 A plot of the experimental and fitted profile for the DZ

first overtone region at 77 K. The relative intensities

* used in_the Fit are tabulated in Appendix B.
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Figure 5.4 (b)

Waverumber, v (em™)

A plot of the observed and theoretical profile
for collision-induced absorption in the first

overtone of Hy at 77 K. The parameter 8, as
1

. fixed at 48 r.m'l. and 64 was fixed at 160 cm . L
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The relative Intensities are usually normalized so that the most intense com:

ponent has a value of 1.0. For the first overtone spectrum, however, s
procedure does not produce-an adequate agreement between the fitted, or
*synthetic”, profiles and the experimental profiles. '
Watanabe (1971) has suggested that for the hydrogen first ovértone
spectrum this difference may be m;nl-lnca by a different density depen: nce
for the single and double transitions. This explanation does ‘not appear to
be consistent with our observations. however, because the double transitions
Involving the v =* 2 state; Le.. transitions -of the type Q,) + ?o“’l" and

$,4) + SyW) also appear to be _relatively too Intense. It therefore

appears that this discrepancy Is present In all transitions which Involve the
v = 2 vibrational state. It wus‘ therefore decided to decrease the Intensities
of all of the transitions Involving the v = 2 vibrational state by decreasing
all of the v = 2 quadrupolar matrix elements by a constant factor which we
will call an ‘Improvement factor* to Improve the fit, b-?ngnnA the observed
and the synthatic profiies.. An “Improvement factor of 0.68 was found 1o
give the best agreement between the observed and fitied profiles. at the

three experimental temperatures and over the range of -densities studied.

Typical fits to profiles at’each temperaturs are shown In Figs. 55 (a). (b

and (). This same 'lmprw-r;lenx factor* was also found to produce mo.
best agreement between the observed, and fitted profiles of hydrogen. as
can be seen In Flg. 55 (d for hydrogen at 77 K (van Nostrand, 1653).
Yha‘ fits of the calculated profiles to the ’experlr’nonul profiles are quite
insensitive to changes In the bpolarlubl!lvy‘mmrll m‘monlu for (hl v =2

transitions:.
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Figure S.5~(d) A plot of the observed and fitted ymfi:: for the
p first nver!tgne of Hyat 77°K. The fitted values
‘ ) v were calculated using relative bintensities calculated
with the same "improvement factor" as was used for

the Bz analysis.
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Appendix B gives the relative and absolute Intsnsities for the - com-
ponents of - the band at temperatures 77. 201 and 295 K with relative Inten-
sities greater than 0.01: components with relative Intensities as low as 0.001
were used In the anslysis. The relative Intensities for the transitions after
application of the “improvement factor' to the v = 2 quadrupolar matrix ele-

‘ments are aiso Included. The lster relative Intensities were used to generate

’ the synthetic profiles of Fig. 5.5 (a), () and (c). l

The lineshape parameters 02 and b‘ are listed In Table  5.3. for the
"protllo; at 77 K. The parameter 02 Is relatively constant over the un?e of
densitles studled. but shows a slight tendency to decrease as the density of
the gas Is Increased. There Is significant varlation In_the parameter o4
this pqr;melcv shows a tendency to increase with density. ' Figure 56 shows
“a plot of the parameter 8, sgainst the square root of temperature. In Kel-
vins. The straight - line n;uln-d from this plot gives the relation
0, = 42672, which compares favourably with the relation o, = 43072

found by Penney et al. (1982 for the fundamental band.

54. S+ S Type Transitons st 77 K . L

Two types of S8 + § lyp‘t nmlllon§ arise In the high wavenumber tail
of the first overtone nglon‘ of da‘murlum: one lydc In which one of the
molecules preforms ,Av = 2 vibrationai transition, the® other performa &
v = 0 wransition; In the other type, both molecules perform Av = 1 transi-
.fions. Simiiar 8 + 8 type transitions In the first ;)ve.nune’ myI;:n of hydrogen
have been studied Ahy van Nostrand (1983). As In the 'undlr'l\!lll’ll band. the
S + 8 type mnultlcm'ln .mo deuterlum overtone band fall on the ;:Ing of

other stronger quadrupolar transitions.




In the First Overtone Reglon
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Peetbial” of ;5 profiles was recorded for gas densiies in the .range 500,

. - 930 amagat. Figure 57 shows typical absorption profles ai densities au\
820 and 929 amagaf at 77 K. and Indicates the posiion of significant S +
—_ S type components In the region. At 77 K. there-are ten S + S type "
s components with- relative Intensities grester than 0.1 pirgmﬁ the most

, Intense quadrupolar transition In the range 6300 - 6750 cm . "bot th

are masked by the high wavenimber " tails” of nearby stronger ubir'oglc'quaf :
ﬂ(ﬂpﬂl!' (rlr‘|3|l|°|ll< Aﬂé’ﬂd'X B contains the .'ﬂ!'|vl Intensities of all lf.ﬂ- *
siions In the band, including the S_+ S type transitions. : iy X
The experimental pmllles were llmd 10 lll Dl the quadrupulnr lln ; the
Intensity calculated, 'nr each line Incluﬂld the :unlrlbullnn from the anisotro~

pic polarizabillty. The. lineshape’ chosen was the ‘modified symmetrized *

. 19).; The relatie Intensiies used In the fit wers. calculated
with the “Improvement factor* applied to the v = 2 quadrupolar matrix ele-
ments; when the *unimproved* matrix slements weré used the fit wes quite
poor. Figure 5.8 stm a Iyp{cel experimental and fited profile. and Indi- .

- cates the -rélative Intensity of -each component  Although the transions -

: & : 3
sol.l) # S!I.‘l) “are not Indicated in the diagrams since they do not occur

in the range 8300 - 6750 cm | S, + 5, ocours at azu'm“z._
they -wan taken .Inm account In the analysls. Yna appllcuﬂon ol the
“Improveiment  factor* decreases the cgptribution ul ‘these terms. The
Ilnnrfapu ‘parameters 0, and é.‘ In Eq 01.9) were Cl!vll!!ll.ﬂ for each pro-

- fle; the parameter 0, showed a conshtent tendency to decroase as the

defisity Incre:

The parameter u‘ varled signiffcantly. again showing a

tendency o' Increase with denslty. i
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Figure5.7 Absorption profiles for D2 in_the first overtone region at

77 K in. the range 6300 - 6750 cm™, yhere there is a

contribution due to S + S type transitions.
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4 regian. showing the contribuﬁon of the S + S type

trav\s1t|ons to the profile.




_‘mixiures at high denslty by De’ Remigis et al. (1971) and Mctaggal

The . Integrated _absorption cosfficlent, [q)dv wwas caloulated for the

$,(0 + §,(0 transition from the fitted parameters for each pro_ma.’ Flgure

59 shows a graph of (sz)fa(v)dv against p. A straight line .was fitted to
these polnts, and the values otl the ‘binary and ternay. coefticlents "obtained:
are presented In Table 54. Table 54 also compares . the value found for
the: binary integrated absorption enmuomaa 10.zero density with ‘the calcu-

lated value. EA T

55. Denslty dependence of the fineshape
As’ meiitioned earller, tendency for. the Haltwidth of the qunueupolar
lines to decrease with density was noted In both%the. main -band and the S

+ 8 {ransitions. This. narrowing effect has_been previously observed in ‘the:

bsorpti band of hydrogen In H, - nert gas

(1973). This effect was explained by Zaldi &nd Van Kranendonk (|9f1) s a
diffusional effect. The duration of a colllsion Is_effectively_incregsed by the

Interactions  with nelghbouring . molecules and  the™ lin

decreases. In all .cases. the halfwidth of the quadrupolar -lines’ remained .

constant for densities up to about 300 amagat, and then began to decredse

sharply. The line width at high densitles was predicted 15 be proportional to *

the dlffusion. constant. Rooemly‘ van_ Nostrand 1983, In this laboratory, has
observed a distinct  prassure nnlrcwlng of me hydrogen quadrupolar com-
ponents In the pure gas In the first overtone region at 77 K: a graph of
halfwidth against density for this ‘experimpnt (van Nostrand. 1983) is shown

In Fig. 510.

For the ‘déuterlim firit, overione, the halfwidths 0, resuiling from the ,

therefore ~
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Figure 5.10 A plot of the variation of ‘the halfwidth &, as a function of -dénsity for H,
?t 77 K.
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by-Lewls and Tjon (1978).

analysis_of the main first’ overtone band and the S+ 'S analysls discussed

above are together piottéd against density In Fig., 5.11. Over the ‘range of

‘ P
. densitles used In these experiments. ‘there Is a distiict decrease In the

abserved’ halfwidth of the  quadrupolar components” of the spectrum. The
decrease with density Is linear. over the range ‘of densities used in these
experiments. As noted, earller, thére s also a Consistent Incréase in the
gar;mem} 6, as the density iraaEgeT IS araraie W litle “effect on
the shape ‘of the ceniral part of the Ine. but has strong sfteict ongghe
far wings of the line. The fact that this . parameter consistently Increases
Implles that although the halfwidli of the, fines decresses wih deng, the
base width of ihe line Incresses wlm‘uens\ny‘ o Increase of the base

width of the line with density was predicted In colllslon-lna»ga}.ahuorpll'un
i ¥

3

56. Conclusions
There Is a slgr\mcam discrepancy between the observed and calculated
quadrupolar Intensities for both hydrogen and deuterium in ' the first overtone '

spectrum at the densitles studied. The quadrupole matrix ‘elements ‘used In

’ the calculation of the absolute Intensities, calculated by Karl and Poll (1967)

are In with the  expy Iniensities found by Fink

ot ai. 0965 for the pure quadrupolar spectrum of hydrogen, where
mu!aéulé; undergo collision-free absorption (see Karl and Poll, 1967 for a
comparison  of theory ‘unu experiment). It should be noted. however. that for
some of the V.= 1 quudrupclar.mmrlx elements the experimental results
produced values (Fink et -al., 1965) which were approximately 10 % less
then the corresponding theoretical values. Even this discrepancy. however.
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|
mental and theoretical profiles In the present study.

[ 7 slmcle “imprévement factor* appiled to the V = 2 quadrupolar mairix

|-

-~ 94 -

- Is ot suificlent to account for ‘the observey  diferances between the - exper=

slgments gives aqreemamh‘omm the observed and fitted profiles, NG

quantitative explanation for this factor ls available. It Is Interesting to note

that a simjar effect was observed at much fower densities, by: Mokellar and -

Wélsh 1971 and Watanabe (1971) Watanabe (1971) attributed lhls effect Iﬂ

\dmmm-densny dependence for single and double transitions.

| There Is no observable shift In the transiion wavenumbers  of the

colllsion-induced spactra’ In the pure gas. so It would' appear’ that the

effects. of the collision do not perturb the energy levels of the Interacting

molecules. This suggests that ttie observed reduction In Intensiy for the 2 —

£ D vibratlonal transition relatjve to transhtions where both moluculen undamo a

'I

0 vibrational transition Is due to the Intermolecular Interaction (Isall

TTO?B Is, however, a clear and consistent decrease In the halfwidth parame-

ter 0,

with denslty for densities greater than about 300 amagat. This Is

consistent with the observations of van Nostrand: (1983) In the hydrogen- first

o\‘mnone band. and with De Remigis et al. (1971 in the fundamental band

for hydrogen-argon mixtures. There Is also_some evidence that the base of

y
1

the line Is broadened as the density Increases.
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’ " CHAPTER, 6
j
ABSORPTION SPECTRA OF THE SECOND OVERTONE REGION OF NORMAL. H,
il /

\
AND D, * |

6.1.  Introduction

The collislon-induced abm")rpuon spectrum of hydrogen In the second
overtone reglon was first cbaa;rvsd in the laboratory by Herzberg (1952 who
photographed the band at a ‘bus pressure of 100 am at 77 K with 4_path
length of 80 m. He interpreted the spectrum as conslsting.of @ pure second
overtons band, in which one(“ of the two collding molesules makes a vibra-
tional transition Av = 3, ﬂ;ld a double VIDFB‘!OHBI D_ﬂnﬂ In * which’ ons

' | )
- molecule makes a vibrational transition Av = 2 while Its collision partnet

Yo simultaneously makes a vibrational transition Av = 1. Prior to this observa-

tlon In the laboratory. Herzberg (1951) Identifled a diffuse feature ‘at 8267 A

12,003 cm™ "), observed In the spectra of Uranus and Neptune by Kupler

(1949) as the pressure-induced 53(01 COIZZQSM of the 3 - 0 band of

the absorption spectrum of

Jhydrogen.  The first 0 s
hydrogen In I second overione region’ has been made by McKellar and
Welsh (1971). who recorded the spectra for gas densitles of about .87
amagat at 85 K with a -Path length of )31 m ‘and performed A protile
anelysis of the recorded spectra. No -Induced spectra of deuterium
In its secgnd overtone reglon has been reported prior to the present work.

In the present work, the collislon-induced absorption spectra of both
hydrogen and deuterium In the second overtone ‘reglons were recorded for
gas densities In the range. 500 - 930 amagat at 77 K with the 2'm

absorption cell. The observed absorption peaks In the spectra have been
# s 598 =




Interpreled  salisfactorly ard the binary and ternary absorption coefficients
have been derlved from the measured Integrated absorption. However. the

_profile analysis ‘carrled out with the avallable values of the matrix elements .

of the quadrupole moment. polarizablity and aniscropy ot the polarizablity

of hydrogen and deuterlum are far from satistactory.

A description of the apparatus used™ to record the spactra Is given In

Chapter 2. Normal' hydrogen- or deuferlum "gas was_ contained In the 2 'm

absorption cell immersed In liquid nmoge‘, For ‘the deuterlum -experiments,

a modsl 112 single=b P equipped

with a 260 Hz tuning fork chopper and an uncooled PbS dstector was used
together with the assoclated electronics to record the spectrum. The sit

width maintained at 35 um gave a spectral siit widh Of about 18 om '

at
8626 cm”. the posilon of the Q@ component of deuterlum. For the

hydrogen experiments, a Perkin Elmer model 112G single-beam double-pass

* spectrometer. equipped with a plane grating ‘with 300 grooves/mm and a

Mamamatsu' model R758 photomultiplier twbe together with- a Princeton

Applled” Research model 124A lock-in amplifier and assoclated electronics

were used 1o record the spactra. The siit width malntalned at 10 um  gava " -

a linear resolution of about 2 cm”' at 11782 cm', the position of the

OS(D) transition. The sensitivity of the PMT was several orders of magnitude

greater than that. of the PbS detector In this spectral region.

Experimental Absorption Profiles

Three typical absorption profiles of -normal ‘ hydrogen In. the pure gas, at
77 K ang at 647, 775 and 894 amagat. In the second overtone région are
shown in Fig. 6.1. A characteristic dp at 11775 on” '

* ‘ e

with its low- and
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Ligh-wavenumbsr: maxima @, i Qg respeciively and seven other distinct

I peaks are clearly seen n this figure. The occurrencs of +the dip In the Q

branch of the collision-Induced fundamental band of -hydrogen has been

interpreted ‘In tarms * of the (density=
ium which arisés from the: neqaﬂva correlatlons existing uetwean lhe
short-range, a;/erinp; dlpole moment Induced. In’ suecessive colilsions. me van
Ku‘nendonk. 1968, Mca(!i;gart and Welsh, 1973 and Reddy et al. 1977. The
presence of ‘the dip In the ‘Q bianch of the 3-0.band -of hydrogen Is a
vp;Blve Indication of ’lhu overlap ‘contribution to - the Intensity of the band.
The pasltions ‘O' the dlp and of the absotption peaks are ‘marked with lden—
]mcuuon numbers In- Fig. 6.1. Thelr 'measired *wavenumbers and- assign-

4 s
ments of the transitions are listed In Table 6.1. The calculated wavenumbers

" of various. transitions In the 3-0 bmd reglon of hydrogen. obtalned from the

constants of the free  hydrogen moleculs.are, listed In.Appendix- B: It may

be mem\o»ed that the absorptioh’ promaa"‘bv the" hydrogen ‘3=

show ﬂva peaks. The profiles rsponsu _here show three new psm s!

=)

12,945, 13,700 and 13,310 em - .In addition to the dip and the Essl)cluled

Qp -ang bﬁ maxima.  The peak at 12.345 em™! 1s atibuted to the transi-
on Qg ) + SqU. the one’ at 18,100 am” |
185, @ + §,() and-the 18310 peak Is assigned o S, (M + Sy (. t- s
dso apparont from the grofiles n Flg. 61 that the separation between the
% ang Qp maxima Incroases with Increasing denshy of thg gas. For the
prolie at 894 amagai,av,, bemsen the Qp and Qn maxima Is sbout 170
en”". The quadrupolar lines In the profies shown In Fig. 6.1 sppear fo be
somewhat narrower than the corresponding lines In the fundamental and first

overtone regions.  This Is attrbuted to the diffusional narowing whigh,

Is assigned to 8,1 45, (0,

bulnd 8t 85°K ,




TABLE 6.1

Assignment of the Observed Features in the "2
Second Overtone Regiop e e
S

Peak Wavenumber of Assignment,
no. observed peak o
e .
tem™ "y .
o
i nrs QW QgW) - :
2" 11793 . Q) overiap k X
3 12120 550, Qgl) +54(0)
(el 12227 QW Q). S .
By a & E .
5 12345 °s“”*§b“’ .
F .
6 - 12562 QW) +5,(0), Q) 45, (D)
7 "12760 L QI8N Q) 48 (D
8 13100 57 (0 45,0, 5, (1 +5,(0
9Lt a0 8y (e
' §
.
A
5 ¢
- : y
g4 3 ,
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occurs at the high. gas densities ‘used In the present experiment. S
The second overtone spectrum of deuterlum was recorded at 7 densities

In the range 500 to 950 amagat at a temperature of 77 K. Typical proflles

are ‘shown In Flg. 6.2. Although the features are less clearly resolved than .

In the hydrogen profiies, the electron overlap contribution to the Q branch

Is applranl and the Q, and Qp mexima can .be laummea The charac-

terlstic dip Is less obvious, but can be’ distinguished as well. Again, there

appears to bé ‘some ‘pressure narrowing but It Is less obvious In this. case

because the overall Intensity of the absorption Is smaller than ‘in the hydro-

« 5 3 N
gen profiles. The wavenumbers of the absorption peaks and an identification
of, the ‘more Intense components which contribute to the features are given

In Table 6.2.

‘
The area of each -experimenital profile was measured to determine the
\

“Integrated absorption coefficients [at»)dv as a function of density. Flgure

6.3 shows a graph of n/pz)futwdv @ a function of denshy for the hyaroy
gen proflies. A similar graph for ceuterium i shown If Fig. 64, In each
case, a stralght line was fitted to these polnls, and the resulting binary and
ternary cdeficlents are_tabulated in Table 6.3.

* Attempts were made 1o fit the observed profiles to the theoretical rela-
tve, Infahsitias! Galouistedfor. the quadrupolar and overlap components for
both r;yamgan and deuterium. In both cases It was found that the calculated
quadrupolar relativa Intensiies are quite different from the observed Intensi-
tles. This can readily be seen.in Flg. 6.5 where an observed profiie for
hydrogen Is plotted together with ‘thé corresponding quadrupole profile caicu-
latoil froff the: theoretiosl absdiute Intensitearassuming: & valiasofes om-)

for 8, and 100 em™' for 0, 'In Eq. 1. These assumed values are the

9
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TABLE 6.2 Assignment of the Observed Features in the D,
Second Overtone Reglon .
Peak Wavenumber of Assignment
no. observed. peak . s
tem™!
e 8630 Q{405 )
2 8680 Q, () +0,(2) 3
] 8790 < 8§30, S5(0), Qg1 +5,(0)
4 8860 QW+, (M. Qy (0 +Q, ()
. 5. 8880 Sy
[ /y AU -
7 # /w/ 0y 455 (0 QI 48 ()
8 . 9130 QW48 (1. @y 48, ()
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ones obtalned for the 2-0' band of H, at 77 % Gan Nostrand. 1983). The
positions and. calculdted relative Intensites of the Important componants are
also shown. A simllar proflie Is plotted for deuterlur In Fig. 6.6, whers Oy
=.20 cm™ ang'0, = 80 om™. It 1§ oted from Figs. 65 and 66 that
Mmilar ‘transitions In hydrogen and” deuterium appéar. to differ from the
observed. profiles i:y approxn;mmy the same factor.

“As. was the case for the first overione spectrum, the calculated ntansi-

ies “Involving the highest vibrational ievel appear to be too Intense. In this

case, howaver, no simple *Improvement factor* applied to the v = 3 quadru=

polar matrix elements results in an appreciable Improvement In the quallty of

“the fit to the experimental profiles. Even If the ‘Improvement factor" for the , *

v = 2 matrix elements found In the analysis ‘of the first overione profiles Is
“ retained, no satisfactory fit to the experimental profiles could-be obtalned.

‘6.3, Concluslons
The coliision Induced absorption  spectra - of tha .second_ovartone reglon

of hydrogen and deuterlum were ‘n;easuréa at 77 K. and over a’ range of
densities approaching the liquld density for both gases. ‘Al these high densi-

tles, at least. the theorstical absolute Intenslties for the ‘quadrupolar lines do

not agrée with the observed Intensities. The relative Intensities so calculated
“alsa do not-agree with experiment. and It. appears that there is no simple
relationship- between the t‘:hue}‘vsd and_ caléulated quadrupolar Intensities as

*. there.ls In the fundamertal and ifat overione spactra. )

The Individual lines appear to be narrower than the quadrupolar lines In

1

the first overtone reglon, having.a halfwidth 6, of about 35 cm . From the

shape of the lines, it appears that there Is significant pressure narrowing at
» : s
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5

these high densities. °
In the 3-0 band. there is definjte - evidence of an overlap contribution to

the second overtone spoctrum In both hydrogen and deuterium. In each
" case mére Is a characteristic dp and a significant intensity in the Q

branch of the spectrum. This dip is & characteristic of ‘the overlap transi-

tions, and is a result of % the

overlap contribution to both spectra cannot be satisfactorlly analyséd because

the quadrupolar and overlap components are Intermixed, and ‘the quadrupolar

cannot -be for. It Is therefors difficult to

ascertain whether thera are_similar problems with the relative Intansities® of

the overlap components.



Programs for data acquisition and analysls

of the experimental date:

P ds




"190 REM GET INITIAL DATA

PROGRAX TO LOG DATA FROM MICROPROCESSOR

110 REM DATA LOGGER

120 INPUT "INITIAL TRACE NO.";G

130 REM READ FILENAME,NO. OF POINTS,TEMP .
140 READ F$,H$,N,T,P -

150 PRINT "SWITCB TO VAX,' m“ PRESS’ RETURN" : INPUT As

160 GOSUB 1900
170 PRINT "sed ~f ed.file
180 GOSUB 1900

"SESHIDS (STRS(6),2)

200 PRINT H§

210 PRINT* 'uo. OF POINTS "
220 PRINT "TRACE NO. "; o L | 3
230 INPUT 'mssuu ;P \ e
235 PRINT "DENSITY “
240 PRINT "PATH LENGTH "
250 PRINT "TEMPERATURE "
260 REM INITIALIZE PPI
270 OUT 11,147

280 REM DISABLE ADG OUTRUT

290 QUT 10,255

300 REM SET UP TIMERS FOR § AVERAGE
310 0UT 7,54 : OUT 7,116

320 INPUT "BLOCK LIGHT FOR O AVERAGE"
330 REM START PAST. TIMER

340 OUT 4,24 : OUT 4,0

350 REM START 0.5 SEC TDER 7
360 OUT 5,0 : OUT 5,125 e
370 5=0 . ¢

380 FOR I = 1 T0 40 . : ra

390 GOSUB 1400

4008 =S +E A . 4
410 NEXT I y \ ook
420 § = INI(S/40+.5) LN
430 PRINT( "0 AVERAGE "jS '. . WS
440 INPUT'"START TRACE-PRESS QR";A$

500 REM WAIT FOR SIGNAL TO START SAMPLING ' .
510 WAIT 8,128 . i

520 0T 7,116 1 OUT 7,176

530 REM START 0.5 SEC. INTERVAL! TIMER

540 OUT 5,0 : OUT 5,125 ) .
550 %M SET UP wmrrxl FOR INTERVALS .




700 PRINT "COMMENT/2 LINES™

710 INPUT A$
720 INPUT A3

730 INPUT mnxm POSITION'

740 INPUT "

800 REM m DATA 1IN FILE

810 PRINT CHR$(4)
820 GOSUB 1900
830 REM START NEXT RUN

840 G = G+l
850.6OTO 170
900 DATA “file"

~910 DATA "TITLE" »
920 DATA 632
930.DATA 77
940 DATA 186.1
990 END

1400 REM READ ADC , RETURNS A

1420 oUT 7,64
1430 X=INP(5) : X=INP(5)

1‘70 IF XY THEN 1440

REM ONE INTERVAL HAS PASSED -

1 0 WATT 8,64
1520 oUT 10,0 .
1530 z-m(!)

540" A -m(zllG)‘ls
1550 OUT 10, 1

1560 Z=INP(8)

1570 B=z-INT(2/16)*16
1580 0UT 10,32

1590 Z=INP(8)

1600 C=2-INT(2/16)%16
1610 0UT 10,48

1620 Z=INB(8)

1630 n-z-Im‘(z/is)nG
1640 O

1650 L-Im(6)+256'1m(6)
"1660 K=64000-1,

1670 x-mwmlwﬂmpoo*n

1690 RE!

lmmn’mx. 3 SEC. TIME DELAY




- 1910 FOR J.= 1 TO 3000
'1920° NEXT J

1930 RETURN

1990 END
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PROGRANTO GALCULATE BELATIVE TNTENSTTIES FOR |
MULTIPOLE INDUCTION

calculate relative -and absolute intensities for normal D2
integer vh,vl,v2,di,djl,df2

'real*8 maxin,Jstar, 130

fmplicit real *8 (a-!

-z) .
real* B(5),D(5), n(s) v(s) ££(5),A(5,5),Q(5,5, 5)\gnml($,?,5)

real*8 x(5,5,5,5,5),x1(2000,7),p(2),eng(2)
character*30’ £nane
write (n *) "highest:vibrational state’

Te
write (o *) 'temperature 7 (remember decimal-point)’
read *

evuluate constant for absolute intensities
constant const = 8 * pik*3 k e kk 2 % n0%*2 / (3 ¥ h * c)

const 8.0 % 3.14159265%43 * 4.803250-10842 * 2.687e19%2
const ‘= const / (3.0.% 6.626196e-27 * 2.997925e10)°

to avoid overflow , we quote const in (Angstrom)**-5 ;
we divide the above by 10%*40

con

= 6.93328e-03 U :

evaluate multiplier for absolute intensities
the following values are assumed .

a0 , sigua are given in Angstroms

eps is in erg

rmass 1s the reduced mass of the interacting ‘pair m Ay

= 0.52917

- sigma = 2.928

eps = 5.11e-15
Tmass = 2.00

L 1s the order of ‘the inducing moment

L = 2 for quadrupole moment s
L = 4 for hexadecapole moment

urite (0,%) 'enter multipole order (2 = quad. , 4 = hex.)’
read *,L .

L=L/2+1 ®
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100

101

102°

103
104

110

10!

]

140
106

o
107

190

200
1 201

PR

abfact is the factor const * a0%*5 * J* , where J* is.
as & * pi * (L + 1) * fntegral(g(x) * x**-(24L + 2) dx)
The subroutine Jstar includes the factor 4 * pi * (L + 1)

abfact = const * a0*5 * Jstar(eps,a0,sigaa,rmass,t,L)

write (0, ') enter cutoff value for relative intensity'
read *,maxi:

'Eoﬂ-t (110)

vrite (0,*) 'enzer naze of matrix element Fle'
read (*,5) fi

ul is the no. of v levels in u{e input data
ol =4

open (unit =8,file = fname,status = 'old')
revind 8
format (' SPECTROSCOPIC CONSTANTS'///) + #
read (8,100

format' (' v .= ',12,4(2x,el5.8))

format (5£12.8

J11X,'D", 11X, "1, 11X, 'v')

do 110 vl = 0,nl

read (8,101) 1,B(v1+1),D(v141), n(vlol) JV(vI+)
continue
read (8,104)
format(/' polarizability utxlx elements'/)
read (8,105) 5
do 140 vl = 0 ,

read (8, 102) (l(vl+l §+1),3=0,4)
continue .
format(/' quadrupole matrix elements . N
read (8,106) s v
dnl70dj--l. s B2

do 160 v1 =

read (n 102) (9(A/ZHL1,VIH, $#1),§ = 0,4) .
continuve
read (8,104)

format (/' anisotropic polarizability matrix elements ~

chDde--L,L,Z
do 190'v1 = 0 &
read (8, m) (slmn(djllﬂl,vlﬂ 1), = 0,4)
continue
read (8,104)
continue R
format (‘enter qu.ampou V=2, iud.e factor. ',$)
d0205v1=1,



enooo

380.

391
392
39

&
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write (0,201) vl :
read *,£f(v1+1)
continue
d0225vl=1,n
doZZOdj--L.L 5 2
do 210 § =
q(dy/2aa, v1+1 »3H1) = £E(v1Hl) * q(dj/2+L1,v1+L _1+1)
continue
continue
continue

{onal partitional function ‘(rpf)
tistical weights for normal D2
\

y = 0.0
T =1.438832042 / t \ )
Bt

calculate Tot:
and effecti

“do :e& =0 ,A R

W= W (2 % 3+ 1) *exp(=termv1(B(1),D(1),H(1),V(1)yJ)*rt)
y=y+ (2% J+3) * exp(~ternvi(B(1),D(1),H(1),V(1),F+1)*rt)
continue
Tpf = 3.0 . ¥
bh .= lbhn: v !pf"l . .
= 2.0 * =
format (' nnml dnuterlull')
write (6,391) .
format ('quadrupolar fudge f.c:ou '8
write (6,392)
format (£9.2,$) .
do 390 vl = 1
write (6,393) ff(vlﬂ) b .
continue
format (/' temperature =.',£7.2)
write (6,394) ¢
ol =0

do 450 djl = -1 , L, 2
do 440°v1 = 0, n z
¥2 = nvl
do 430 j1 = max(-dj1,0)
eng(1) = termvi(B(1), n(x),nu) v(1), 1
‘el = uml(n(vm) D(vIH), H(vIH), V(v1+1) jmm)-

eng(l)
1f ( _0d(11,2) ~eq. 0 then

.1..
=1
end 1t
P() =g * (2% j1+1 s axp(-!ng(l)*rt) * hh
do 420 d)2 = -L, L ,
do 410 §2°= 0 , 4
eng(2) = termvl(B(1),D(1),H(1),V(1), 12)
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CRE
N e2'= termvl(B(v2+1),D(v2+1),H(v2+1),V(v2+1),12+d §2)-
. | eng(2) °
< 1f ("mod(42,2) .eq. 0 ) then
[ g=w ° .
. else " ‘
g= l N !
eod 1
. (1) =g * (2.0% 32+ 1. 0 )® exp(-ng(z)'rt)
g pp = p(1) * p(2) i
e %
c’ s anisotropic mmiuu‘u ¢ .
= .

tl=(q(d]1/2+L1,v1+1, J1+1)*banna(d J2/24L1 , v2+1, 241 ) )#*2
£2=(q(dj2/2+4L1,v241, 1241)-..-(411/2«.1 V141, ]141))4%2
g tel = (2.0/940) * ( tl +
b , t3mq(d31/24L1 ,v1+1 jhl)'q(dj!llﬂ.l v2+1, J241)
= ti=gamza(d1/24L1,visl jlﬂ)'u—-(lﬂnﬂ.l v2+1, §241)
tt2 = (4.0/15.0) * ( ¢ té )
* anis =.cg(jl1,L jl«rdjl)’q(]z |. 13«31)'( tel - ee2 )

.. .. isotropic calculation

iso = 0.0 & . !
. : 1f (432 \eq. 0) th
R § “lao'n (aagt/zit vm,Jm)--(vm 22
. 1so = iso * cg(J1,L,J1+d31) B
5 A 16 ) :

2z = anis + 1s0 .
if (vl .le. v2) them 7
iv.= vl 41 "
1d31 = d31/241
131 =31 +1 Y
1d32 = djz/z«n.l
, . 132 =2 +1 .
. else
= i iv = v2 +
id41 = d12/z+m ¢
Al =2+ 1 J
idg = ajl/zm . .
13 .
g § n - x(ldjl 1,191,142, 112) 7 ‘
X(1431,4v,131,4432,492) = g2 + 2 * pp
410° continue
ad consinue
430 continue . g
40 . continue " .
450 continue

c o .
e sum all v =0 transitioms with djl = 0, since the:
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x(L1,1,1 delZﬂ.l j2+l)-x(l.l 1,1,d42/2411, 3241) +

{

X(d§1/24L1,vh, J141,d32/241, 3241) = ¥ +

x(d12/2411,vh, 1241,d31/24L1, J14+1) = 0.0

djl/z-ﬂ.l VIHL, 141,d42/24L1, jzn)

if (x(d]l/lﬂ.l,vlﬂ 141, djl/z-ﬂ.l,jZH) «gt.y) then

c orientatignal transitions
c
chNdj!--L,l..I
d0 4% 2 =0,
do 480 31 = 1
1 x(L1,1,314,d§2/24L1,
x(L1,1,141, djl/lﬂ.l jzﬂ) = 0.0
480 continue
490  continue
500 continue "
e "
e collect {dentical terms when v = n/2
o
vh = 0/2
1f (vh * 2 4¢q. n) then .
vh = vh +
dnGdel--L,L,Z )
do 590 j1 = max(-dj1,0) ,-4
do 580 dj2 = -L , L, 2
. 28 = 51
if (dj] .eq. dj2) J2s = J1 +1
d0'570 32 = §2s , 4°
y = x(dj1/2+L1,vh, j1+1,d2/2+L1, §2+1)
1 x(d32/24L1,vh, 3241,d31/24L1, J141)
570 continue
580 continue
590  continue
600 continve
end if
find lization factor and
\ 2
absc = 0.0
y = 0.0 \
do 840 aj1 = -L , l.\,;‘z
d0 830 v1 = 0 ,
do 820 31 -m(-d 0) , 4
do 810 df2 = -L, L
dn 800 12 = max(-d2,0 ,
absc = absc + x
y= x(&:l/m.l VIHL, §141,d12/24L1, §2+1)
end 1f
800 continuer A\
810 continue \
820  continue i\
830 continue - N

840 continue

|
i
2




aval = 0 ; -
do 890 dj1 =L, L, 2 ) g
0 880 v1 = 0 , n &
V2 mn - vl o
do 870 J1 = max(~d§1,0) , 4 ' A
el = teravi(B(vl+1) ,D(v1+1),H(v1+1),V(v1+1), Jl+dj1)-
termvI(B(1) B(‘)J(l) '(1) )
do 860 df2
do 850 12 = -n(-djz 0) , 4
2 = termvi(B(v2+1),D(v241) T, V24, 24452
terav1(B(1),D(1),E(1),V(1), }
x1 = x(d§1/2411,v141, 3141, deIZﬂ.l 1241)
1F (1 /'y g maxin ) then .
nval = nval + 1
xl(nval,1)=dj1
xi(nval,2)mvi
xl(aval, 3)-11
4)=d

.x1(oval, 5)-]2

x1(nval,6)mel+e2

x1(nval,7)=xl . . 6
end 1if 3
e continue

continue
continue
continue

continue
format (' no. of vllu!l greater thll\ ',e10.3," = ',15/)
write (6,909) maxin,nv
format (' largest lhmlur_e intensity = ',el5.7) N
write (6,911) y
format (' integrated absorption coefficient = ',el5.7/)"
write (6,912) absc
format (' molecule molecule 2'/) .

-format (' 4l dvl 31 a2 g2 jZ'/)

“write (6,913)

920

write (6,914)
format (3x,615,2x,£12.3,2x,2¢15.8)
do 9204 = 1, nval :

dil = x1(1,0) 3

vl = x1(4,2)

J1 = x1(4,3)

d32 = x1(1,4) E :
.32 = x1(,5) 4

e = xl(1,6)

xl =x1(4,7)

=xl/ y

e

write (6, 9152 431,91, 31,842,v2 /32, e,xx,x1
continue
end
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double precision function termvl(B,D,H,V,J)

N=31*@G+D

termvl =B * jj - D % j] *% 2+ H % §j *% 3 47
return 3
end . "

" \
double precision function cg(1l,12,13)
evaluates squares of Clebsh-Gordan coefficients for ¥ = m = 0

integer 11,12,13
real*s c.r .

real t ’
1f (mod((11+12+13),2) .ne. 0) then
cg = 0.0

else
1f (((11-12+13).1¢.0).0r. ((11+12-13).1t.0) .or.
((-11+12413) .1¢.0)) then

cg = 0.0

else 4
e= (2, % 13+1) /(11 + 12413 +1.)
cg = c * t(11+12+13) / (t(11+12-13) *
t(11-12+13) * £(-11+12+13))

end if 3

end 1f

return - %

end

real Runction t(1)

t = fact(1/2)%*2 / fact(1)
return
end
real function fact(1)

integer 1,3
if (4

0) then

else
fact = 1.0
do 40 §= 1,1,
. fact = fact * " X
continue K
if
return
end

function to evaluate the integral JA
resl function Jstar(eps,a0,sigma,rmass,t,L) .
rasss is the reduced mass of the interacting pair , in AMU

. E




-
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3

signa 1s in eagsccias

eps is in e

real Jm-o m.ﬂ Jstar2, lambds &

a=2*

k=1. 380612e~16 erg/K et
k = 1.380622e-16

Lanbda 4 B¥2 % N/ (2 % rmass * eps * signak¥2)

laabda = 2. 6“092—-13 / (2.0 * rmass * eps * li.n"l)

pi = 3.1415926:

ts = zl(-p-l\n)

star0 = 0.0

Jetarl = 0.0

jetar2 = 0.0

hh= .005 5

do 50 x = 0.5 ,720.0 , bb :

V0 = 4.0 % (xkh-12 - xh-6) =2 5 )
V1= =24.0 % (2.0 * x#-13 = xk*-7)

V2 = 24,0 % (26.0 * x#*-14 - 7.0 * x#*-g) k3

v3 = =672,0.% (13.0 * x**-15 - 2.0 * x#4-9) X

vh = 2016.0 * (65.0 * x*-16 - 6.0 * x**-10)

80 = exp(~v0/ts

gl = g0 / (26. o~pxnzn:.»2) * (~(v242.0%1/x) + vl“Z/(ZAU‘ s))
2z = =(vh + 4.0%v3/x) Y

zz = zz +(0.0%V2W*2 +12, 0'v1'v3 +44 . 0Mv1*v2/x

+(2.0%v1/x)**2) /(30.0%ts)

2z = z2 =(11.08v24v1#82 +10.04v1%%3/x) /(30.0%es*42)
HUI%%4/(24.0% s *43)

82 = g0 / (192.0 * pit*i * cghtd) * 2z

vin0 = x#¥-n * g0 *

J8tar0 = fstar0 + vinO*hh

Jstarl = Jstarl + vinl*bh

Jstar2 = Jstar2 + vin2*hh

continte

Jstar = 4.0 * pi A(L+1) * (a0 / sigma)**(a-1)

jstar = jatar * (jstar0 + lambds * jstarl + lasbda**2 % jstar2)
return

end :
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PROGRAM TO FIT LINESHAPES TO OBSERVED SPECTRA

i //
" non—linear least squares fit to experimental profile of a*
synthetic quadrupolar and overlap spectrun

to do overlap spectrum only : .
. enter no quadrupolar lines
. set np: st

t6 do overlap and unshifted quadrupolar ; . ' .
> 1. set np=5 (=6 if a'l/vk*4 tafl is used)

S

to do quadrupolar spectrum only
© 1. enter no overlap lines
2. enter appropriate mo.-of parameters (2 or 3)

eceonnnnennnnonon

implicit real*8 (a-h,o-z)
real ¥8 ra(10),6d£(10,11),d£(10),a,epo,af,daf ,afot, afqt,*
common .q(zsu),uqmso),so(Sn),.afog ,u(lD),ufq(ZSO),afﬂ(50),
1° nlq,nlo,r,afqt,afot -
real*8 x(2000),y(2000)
‘integer v
character*20 calfil,obsfil,outfil
character*60 head
15  format (a20)
: v =4 .
'L a(l) = 0.0 !

a(2) = 1.0 ' I
a(3) = 1.0

" )
c read intensities (sq) and frequencies (sqf) of quad. lines
e

: write (0,%) 'enter-filename for calculated data'
y read (5,15) calfil

2 open (unit = 8,filé = calfil,e€atus = "uld")

rewind (8) - . » 4

© 51.  format (a60) .

R 52 format (' ‘temperature = ';£7.2)
53 format (' no. of values greater than ',el0i4,' = ,16)
- 55 format (3x,f 615 2x,£12.3,2x,2e15.8) ¢
do 561 =1,
. read (8,51) hud
56 continue
- read (§,52) t
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T=1.438832042d0/t
read (8, 53) cutoff »alq
do 60 1

read (B Sl) hemi

1q
read (8,55) 11,12,13,14,15,16, -qt(x).nq(x),n
qinten = qinten + xx
70 continue
71 format (/' quadrupolar 1m.nnd -burpuon - ',eu 7y

read latensities (s0) and frequencies (saf) for overlap

do 801 =1,5 ot
read (8,51,end = 100) head i
80 continue
read (8;53,end = 100) cutatt, o
read (8,51 ood = 100) ?
do 90 1 =
read (8, 55) u xz 13,14,15, 15,.5((1),-d(1)
90 continue
20, Eom
if (nlo veq. 0) v 4
100 contins

/.

np 1s the no. of parameters
the a(up) are the adjustable parameters, h is the fncresent,
eps is the allovable fractional error in the constsnts

111  format ('mo. of parameters *.8)

112 formst ('iacrement for derivative ',$)

113 format ('allovable fractional error *,$)

114  format ('a(’,11,') = ',$)
write (0,111) °
read *, 3 :
np = np + %
w:u- (o m)

wrm (o.m)
read *, o
do 120’1 =
vrite (0, 11y et - -
read *, a(1)
120 continue
do 130 4 = np+ 1,10
a(1)= 0.0
130 cont inue

read frequencies(x) and log(intensities ratios) (y) for the
experimental profile
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continve .
write (0,*) 'enter filename for observed data'

read (5,15,end = 990) obsfil

1€ ((obsf11 weq. 'none') .or. (obafil
open (unit = 9,file = obsfil,status =
rewind (9)

write.(0,%) 'enter output filename' -

read (5,15,end = 990) out£il

1f ((outf1l”.eq. 'none') .or. (outfll .eq. q')).o to 990 .
open (unit = 4,file = outfil,status = “new" b g ¥

/
q. 'a¥)) g0 £o 990
i MM

rewind (4) 3 -
write (4,%) 'data file for theoretical intensities. ',calfil” -
format(//1h,'increscat= ',£9.5,4x, error= ', £9.5/)

write (4,135) h,eps

101 format (léx,14)

110

10.2)
rature ', £10.2/3x, 'pre
',£10.2,/3x,'path length
format (" seqience error at line ',215)
read (9,101) 0

read (9,102) temp & Bk T .

write (4,105) temp,press ,d .

write (0,105) temp,press ,den

write (1,105) temp,press ,dens,

factor = path * dem“l ; -

do 1104 = S
read:(9, ') l-eq x(l).y(l)

if (iseq’ .oe.
write (0, 106) lleq, 2
!D to 100 -
end if >
y(l)-y(i)/:(l) . : .
continve
i1f (tesp . t) then
write (0,%) 'temperatures do not match' e L
go to 990
end 1if . -
kg=0 s
iam:(ll:x 'fitted parameters" /)-' . &
write(4,131) s 5
write (4,132) ki, (a(i),1i=v,up) : . .
vrite (0,132) ki, (a(1), 1=v,1p)
)

format (lh »12,3x,10g12. 5’ Ll - 0.

this fills the matrix to be solved
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do 300 kj=1,25 ioE
serr = 0.
do 1408 =1,n
call cal(x(i),af
aerr = aerr + ((y(l)—-f)*x(l))"z
140 continue
141  format (' standard error = ',el4.7/)
write (4,141) sqrt(aere)/(n-nptv—1)
write (0,141) sqrt(aerr)/(n-nptv—1) .
do 160 {=] N .

150.-

call cal(xd,af)

. do 170 gmv,np .
ha=a(§)*h ¢ e
a(3)=a(§)+ha
‘e

df(3)=(daf-af)/ba
170 continue
do 190 J-v,ny

do
sdf(3, Jj)‘ldf(.‘l JJ)"‘df(.‘l)‘ﬂf(J))
con
. n(j)-u(J)*‘(Y(i)"lf)"df(i)
190 contimue
200 continue
a routine to -nlv'. the :Mn lin. equations

do 210 k =
8d£(k, np+1) Ld ru(k)

210  continue

do 240 kev,up
k=it

s do 230 3=kk,up
if (.df(k k) veq. 0.1 D) then - -
write (0,%) 'matrix is singular'
write ('0,‘) 'satrix is singular’
X 990
it

. -df(k,j)-ldi(k 1)/Ml(k k)
do 220 {=v

»Dp
26k -z, 15 aui(s, )mede(t, 1)-sdE (1, 40k, )
220 _cont:
230 continue
240 =
4o 258 1mv,mp




~

. 300 continue
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rs(i)=sdf(1, npﬂ)
250 continue

here we add the correction terms just evaluated

do 260 i=v,np &
. a(d)=a(i)+ra(1)
260 continue
write (4,132) k,(a(i),i=v,0p) |
g 01 uz) k3, (a4), =v,up) .
© do 270 &
. if(dnbu(n(l)/n(!)) ‘g2 eps) g to 300 2
270 - contis 2
go to 301

301 continue , °
-aerr = 0.0
d03051=1,n
call cal(x(1),af)
aerr = aerr + ((y(1)-af)*x(1))**2 (
305 continue .
_write (4,141) sqre(aerr)/(nnphv-1)
write (0,141) sqrt(aerr)/(n-nptv-1)
write (1,132) kj,(a(4),1=v,np)\- .
write (1,141) sqrt(aerr)/(n-npiv-1)
vrite (4,309)

306 format(/// 2
3

write (l 306)
ax = x(1]

saf)
dff = 0.5 * (x(2) - x(1))
. Aiff = ay-af
serr = (ay - af)**2
areao = afot * dff
areaq = afqt * dff . E
areaf = af * dff Il
eay = ay * dff .
reavo = afot * ax * dff
areavq = afqt * ax * dff
areavf & af % ax * dff
‘areavy = ay * ax % dff
afotml = afot & 3
afqtal = afqt
. afal = af
aynl = ay .’
axal = ax
write (4,309) u,ly‘lx af*ax, dlﬂ'lx.lfot afqt

.309 - format (lh ,10£12.4)
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@03101=2,n
aex(h) L0 S
ay=y(1) o (BB 5
df£=0.5*%(ax—axal) -
call cal(ax,af) :
diff=ay-af
aerr=aerrtdi A1 £E
areao=areact(afot+afotal J*dff

+ areaqmareaqt(afqttafqtal)*dff

areaf=areaf+(aftafml)*
areay=areay+(ay+ayml )*dff
areavo=areavo+(afot*axtafotml*axml )*dff

_write (4,309) ax,ay*ax,af*ax, diff'u,niot,niqt 9 P

continue
aerr=sqrt(aerr)/(n-npfv-1)

-format (/al4,5el3.5)

write (4,312) 'areas ',areavy,areavf,
areavy-areavf ,areavo,areavq =
write (4,312) '1/(1*p*2)*area’,areavy/factor,areavf/factor,
(areavy-areavf)/factor,areavo/factor,areavq/factor
write (4,312) 'int abs !,areay,areaf,areay-areaf,
areao, area
write (4,312) 'int abs coeff '.uruy/hr.mr areaf/factor,
(lre-y-nruf)/llcl:or areao/factor ueq/fuct
vrite (4,
write (4, lil) aerr
write (4,71) qinten . .
8o to 2
stop
end

' | i
subroutine cal(xi,af)
inplicit real*8 (a-h,o-z)
double precision a,xt,af,afot,a:
common .q(250),qu(ZSO),sn(SD),uof(SO) a(10),a£q(250) ,afo(50),
nlq.nlq.r,nfqr.,-fo: . .

1ck=0

to 300 " N &
entry call(xi)
1ekel

overlap contribution
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400
401

850

851
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afot=0.d0 @
1f (alo .le. 0) go to 401

do 400 j=1,nlo . »

xt=xi-sof(]) wi®
roma(1)*s0(3)*over(xt,t,a(2),a(3))
afo(§)=rn
afot=afot+rn
continue
1£(ick .eq. 0) go to 850 B

*quadrupolar contribution

entry cal2(xi) <
afqt=0.d0 y L
1f (alq -le. 0) go to 221

do 220 j=1,nlq

xtexi-sqf(§) + a(7)

m = a(4) * sq(§) * quad(xt,r,a(5),a(6))

afq(§)=rn

o

220
221
1000

600

af=afot+afqt . 0
return
end

real*8 function quad(dv,r,al,a2)
implicit real*8 (.—
if (a2 . gt. 0.0) ¢
rn-l 0/(1.+(’dv/ul)"1+(dv/ll)“l)
else
m-l.O/(1.+(dv/11)**2)
end

q\ud - m/(x.wexp(»r-av))
return
end

real*8 function over(dv,r,al,a2)
inpllcit real*8 (a-h,0~z)

xt =
rn-(l--l /(1. +(xt/ll)“2))/(1'Nexp(‘t"!!))
xt=2.*xt/a2

routine to calculate mod. bessel fn of ‘the 2nd kind order2
xt=dabs (xt)

Lf(xt.gt.0.) go to 600
res=2.0000000

g0 to 250 -
1£(xt.gt.2.) go to 800  *
t=xt/3.75
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ai=l.¥
2659732‘:“3+ 0360760‘:*'100 0055313"(*‘12
.DZGSMSJ'K"H 00301532‘:"100-.000326[1‘(‘"ll

1

xr=xt/2.
abl=l.+. 15443144 kxr*2—. 672785794 xr*44-. 18156897 #xr*+6
2+

1= 3
1 xt**2*dlog(xr) *ail

abl=abl*2.
ab2=-ai*dlog(xr)-.57721566+.42278420%xr**2+. 230697 56*xr %4

+
1 .00000740%xr#**12 =
res=abltabZixth*2
8o to 250
800  xr=2./xt
abl=1,25331414+.
-007!0353*)«"“ 00325614’)::‘“5- 00065255‘1(:“’6
abl=2. *abléxt#*, Skdexp(~1.*xI
ab2=1.. 4 .07032356*!‘!"‘ 0
1+ +00251540%;
ab2eab2¥xt#41.S#dexp(~1.*xt)
res=abl+ab2
250 ro~ro*res
over = m
return
end
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850

851

220

21
1000
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SITIIM FOR U TRANSITIONS

subroutine cal(xi,af)
ioplicit real*8 (ah,o-2) o

double precision a,xt,af,afot,afqt,t

comon 8q(250),8q£(250), 50(03,80f (503, a(10) aq(250) ,afo(50),
nlq,nlo, rafqt,afot

afor=0.d0" i

quadrupolar contribution

entry cal2(xi)
afqt=0.d0 " - .
u(nlq Jle. 0) goto 22t - . .
5209 5

rl (l) /(. 0 +Hdx/a(5))**2 + (dx/a(6))**4)
do 220 j=1,nlq .
x:—u—wf(:l)h(lo)
xt=xi-sqf(})
™ = quad(r,xt,a(7),a(8),a(9))
n = a(7) * sq(§) * quad(xt,r,a(8),a(9))
afq(j)=rn
afqt=afqtin
continue
af= 1l + afqt
return
end

real*d function q\ud(dv,r.nl,lz)
implicit real*d (.—h,

if (a2 . gt, 0.0) ¢

i ru=1.0/(1. +(dv/.1)ﬂz+(dv/.z)m)
elbe

rn=1.0/(1.+(dv/ak)**2) | |
end 1f : g

" quad = tn/(1.tdexp(-r*dv))

return
end




for -quadrupolar transitions In the collision-induced

spectra studied In tirls’ work.
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TABLE B.1 Calculated Intensitles for D2 Transitions In the .

First Overtone Reglon at 77 K’

Transition Wavenumber Relative Absolute “Improved* .
! Intensity Intensity Relative
B 4 2 Intensity

em ) (cm "amagat ©)

02 @ ' 5689.4 0309 .2048e-10 T .0259
o) (2)&02(0) 5689.4 0058 .3937e-11 .0108
Q. (1)0-01 @ 58061 0172 +1142e-10 0312
Q.‘ (D)*01 @ 5808.2 0264 1747e-10 . 0477
QW) +Q, @ - 5856.0 .0560 .8770e-10 0551
QO IJ)'+02 Q) 5864.3 2470 .1635¢-09 2338
QD(") {Qz © 5868.5 0481 .-3184e-10 .0870
Q.I @ l*O] @ 5974.6 0060 .3959e-11 .0108
Q,M+q, @ 59788 0476 . .3155¢-10 N 0862
Q0+, @ 5980.9 ,0326 - ,2161e-10 0590
$,(+0, @ 5980.9 .0070 4666e-11 0127
Q +Q, @ 5983.0 10925 .6120e-10 1672
Q](ﬂ)"Q.l m 5985.1 1510 .9998e-10 " 2731
S2 (] 6035.0 1.0000 .6620e-09 8357
§,0+Q, @ 6035.0. 0313 , .2072e-10 0558
8§, (0+Q, (M 6043.4 1046 .6927e-10 .1831
SO ) 002 © 6047.5 1688 .1118e-09 3058
52 m 6141.1 v 3620 .2397e-09 3026
SO ('I)*Q2 @ 6153.5 0110, .7282e<11 0194
S.(0)+Q7 (2 ~6153.7 .1048 .6939e- .1895
8. (O)OQ.I m 6157.9 3547 ,23488—/9’3 : 6414
S’I o+ Q.I © 6160.0 5580 .36616-09 1.0000
50(1)‘0 a 6161.8 .0368 .24348-10 0843
8, (1)*02 ) 6166.0 .0598 .3927e-10 1073
S%'(V)'Se (0] 62141 0241 .1596e-10 0184
$,@ 6241.6 0961 .6361e-10 0803
sjm+Q, @ 6265.8 .0328 2170610 .0593
S.l m+Q, M 46270.0 1o .7348e-10 12007
Q-I (0)?31(1) 6272.1 1726 .1143e-09 3121
Sy @ +Q2(1) 6278.9 .0096 © .6349e-11 .0188
SO @ ’-02 © 62831 0155 .1024e-10 10280
51 (0)0‘5.I © 6332.7 0591 .3911e-10 .1068
S] @+Q, @ 6374.6 .0076 .5029e-11 0137
Q, (M +8; @ 6378.8 0257 1704610 . 0465
Q’I @+, @ 6380.9 .0399 12643e-10 0722
S (@+S, (M 6444.9 0379 2508e-10 0685
8, @ '-51 @ 6553.6 0090 .5873e-11 0163
.4015e-11 0110

. S.' ('I)VS] m

6557.0 0061
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TABLE. B.2 . Calculated Intensities for D2 Transitions In the

First Overtone Reglon at 201 K

Transition Wavenumber Relative Absolute “Improved®
Intensity Intensity Relative
. 4 . - 2 Intensity

, em™H (em™ 'amagat <)

O2 @ 5441.3 0299 .9772e-11 0299
0, (@ +Q, @ 5558.4 0080 ' .26338-11 0170
Q’ @+ 0] “@ 5559.9 0232 .7596e-11 .0503
Q.‘ m ‘,01 @ 5564.1 0168 .5497e-11, .0364
Q.' (] OD‘ @ 5566.3 10153 .5018e-11 % .0332
00 @ 002 m 5566.8 .0057 .1873e~11 10120,
0543 5566.8 0587 .1920e-10 .0587
0, @) +Q, @ 5570.9 .0055 .1802g-11 ‘0119
OO @ 0-02 3 5664.5 .0062 ©.2043e-11 0182
Ql 3 ?O] ® 5675.0 0079 2578e=11 0170
O‘> @ +02 @ 5676.9 0819 .1044e-10 0674
Q'I @ 4-01 @ 5681.3 0404 .1322e~10 0874
0, +Q, () 5685.2 0227 7424e-11 0475
Q'I m 0-01 @ 5685.5 .0292 .9565¢-11 .0633
Q1 © +0.| @ 5687.6 * 0267 ’ .8732e-11 0578
0,2 +Q, (0 5689.4 0218 7145¢-11 . 10478
QB () *02 @ 5689.4 . 12440 .7984e-10 -, 2442
0] @ +Q.| “@ 5787.2 0136 44418-11 0294
0] @ OQ.I [} 5795.5 0286 .9362e-11 0619
Q) @+0; (@ 5801.8 1467 .4800e-10 3175
Q.l [4}] +D.| @ - 5806.1 1061 .3473e-10 * 2297
Q] (] +O.| @ 5808.2 0969 :3171e-10 .2097
000)002(4) 5827.0 041 .1344e-10 0518
Q"(.l)*l)2 @ 5843.5 .0880 .2879¢-10 1105
QW) +Q, 2 5856.0 4730 .15486-09 .5879
S.I [V +D.| @) 5860.3 .0071 .2332e-11 0154
Q, W) +Q, (D 5864.3 4362 .14286-09 5167
QD Wy 002 © 5868.5 .0705 + 2306e-10 1525
Q, @ +Q; @ 5953.6 .0058 .1899¢-11 0126
B .’Q‘ @ OQ‘ “@ 5959.9 0307 .1005¢-10 0665
Q.. @+ Q’ @) 5962.0 0062 .20246-11 0134
i Q.’ ('I)'*Q1 “ 5964.1 /0262 .8585¢-11 ..0568
Q o fQ’ “@ 5966.2 24,0102 .3321e-11 10220
Q'I @ +O1 @) 5968.3 0855 21426-10 = 1417
01 ('I)*Q) [ 5972.5 0558 .1826e-10 .1208
Q‘ (E)?O‘ @ 5974.8 1730 .56616-10 .3745
Q’ (0] *Q.‘ @ 5974.6 0219 " 716911 0474

Q] (U] H)1 @ 5978.8 2933 .9599¢-10 6349
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Q.. (2)751(3)

| (continued) 4
|

Q,®+Q, @ 59809 1198 39226-10° - 2594
5,@+0]@ 5980.9 0259 84686-11 0560
Q; (M +Q; M 5983.0 2n 139636-10 2621
01 (] *Q.I m 5985.1 1180 .3861e-10 2554
8@ +Q, @ 6006.1 _ 20107 8511e-11 0227
SpO+Q5® 60226 0225 .73638-11 0476
590 60850 ° 1.0000 3272609 1.0000
SD (] 602 @ 6035.0 .1149 .3761e-10 2429
SO (0)002 m 6043.4 .0817 .26756-10 1712
Sn (0] sz () 6047.5 .0787 .25748-10 1708
S.I m &D.I @ 6093.1 0143 4671e-11 0308
SO m 602’(4) 81245 0063 .20690~11 0134
S (0)'0.' “@ 6139.0 0356 .1166e-10 077
‘So m er @) 6141.1 0133 4338e-11 0281
sp(D 6141 6070 .19866-09 6072
S.I (OHO'I @ 6147.4 0751 2457¢-10 1625
SD (\)GQQ @ 6153.5 0677 22166-10 1481
51 (] f(l.l @ . 61537 3848 .1259¢-09 .8328
510+Q) () 6157.9 21 9068610 5998
510+Q) ® 61600 2577 84326-10 5577
8, (W+Q, M 6161.8 0482 .1576e-10 1009
So U)#Qz () 6166.0 0463 .1516e-10 1003
S] @ '!O.I @ 6201.8 0164 .5353e-11 0354
50 (0)+52 0 6214.1 0112 .86756-11 .0103
52 @ 6241.6 7568 24770-09 7574
8, @+Q, & 62416 .0077 25358-11 0164
s m+al@ 6251.1 0187 £1116-11 10404
So K2)¢Q2 @ ' 6258.2 0162 5316e-11 0344
8, (M #Q.l ® 6259.5 0394 .1288e-10 0852
s M+Q; @ 6265.8 2017 66020-10 4367
S.I ('I)‘Q.I M 6270.0 . 1454 47580-10 3147
8p@+Q,@ 62706 0830 27156-10 2754
Q‘ lO)*S.I a 6272.1 11348 4413e710 2919
SD @ ‘02 m 6278.9 0590 .19828—1P 1238
SO (2)*02 (V] 6283.1 0568 .1858e-10 1229
S.' o+ 51 0 6332.7 0275 .9007e-11 0596
S, @ 6336.3 1392 . 45556-10 1394
sf@+q @. 6359.9 10203 66540-11 0440
S, @+Q, @ 6368.3 0429 .1403e-10 10928
sl@+al@ 63748 2197 .71906-10 4758
O] (4} *S’ @ 6378.8 1585 .5186e-10 3430
Q.I ©+8, @ 6380.9 1465 4795¢-10 3172
So @ ¢02 @ 6385.9 0152 0820
Su (&) ‘02 m . 6394.2 .0108 0228
50 @ \\02 (] 6398.4 0104 0224
S2 @ 6424.7 0648 o 0649
83+, 64449 0296 9687611 0841
8)@+Q] @ 64731 0069 22650-11 0150

6479.4 0355 .11626-10 0768
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TABLE B.2 (continued)

Q.‘ m 081 (5] 6483.6 .0257° 8409e-11 0556
O.I QHS‘ @ 6485.7 0235 7677¢-11 0508
S M)*Q @ 64988 .0069 2265¢-11 0146
50(41002()) 6507.1 0049 1612e~11 0103
So (4)'02 (] 65113 .0047 1550e-11 0103
8 (0)05 @ 6553.6 10331 1084e-10 onz
S.I (UOS‘ m 6557.0 0079 2600e-11 072~
Q (2’)05 @ 6579.9 0141 4622e-11 0306
-Q (1)631 @ 6584.1 0102 3345e-11 .0221
Q , 048, “@ 6586.2 .0093 .3058e-11 0202

.‘(OHS ® 6658.5 0060 .1962¢~11 0130
S.I m 031 @ 6665.8 0178 .5808e-11 10384,
S.I (2)05 @ 67745 . 0088 ‘ .82388=11 0214

A
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- .
TABLE B.3 Calculated Intensities for 02 Translitions In the

First Overtone Region at 295 K

Transition Wavenumber Relative Absolute *Improved®

Intensity Intensity Relative

5 o o Intensity y
©m™ (cm'amagat ™)
3 o N
02 @ " 5441.3 1016 .2828e-10 11016
0y @ +02 @ 5441.3 .0155 .4293e~-11 0326 ;
0‘7 (4)*02 a 5449.6 0083 .28108-11 0174 '

0‘7 @+Q, (0 5453.8 .0070 .1953e-11 0152

Q.I “ ‘01 @ 5545.3 * 10200 .5567e-11 0433

00 3) *02 @) 5546.0 0049 - .1870e-11 0104

01 (&) fO,I “@ 5553.6 0245 .6797e-11 0529

00 @) *QQ @ . 5558.4 F: 0169 .4692e-11 03857

{ Q'I @ 001 “@ 5559.9 . 0841 .2337e-10 1820
N g . Q] m fO.I “@ . 5564.1 0461 .1278e-10 .0996

' Q] [V 001 @ 5566.3 0369 .10266-10 0799
& 02 3 5566.8 1156 3212e-10 1156

00 ® 002 m 5566.8 0091 2525611 .0190

Oo @+ 02 [} 5570.9 .0077 2134e-11 % 0166

00 @ 002 @ 5647.9 ©.0108 .20086-11 .0228

0, (2 0'02 (&3] 5664.5 0181 .3641e-11 0277

D.‘ 3) OQ, “@ 5666.6 X 10202 .56108-11 ~0437

Qﬂia) +O.' @ 5675.0 0247 © .6849e-11 .0533

00 @+ 02 @ 5676.9 . 0449 .1247e-10 .0948

Q] @+07(). 5661.3 .0848 .2355e-10 1834

. . 0o @ +02 m 5685.2 0242 " .6710e-11 - 0505
. Q'I m $01 @) ¢+ 5685.5 0464 .1289e-10 . +1004
Q, (O] +o,1$) 5687.6 0372 .1034e-10 - .0805

00 (2)1‘02(0) , 5689.4 0204 . -5674e=11 . 0442

0, @ 5689.4 .8225 .8958e-10 8225

i S.I © 00.' @ 5739.0 - .0099 2740e-11 10213
- 0, @+Q, 4 5787.2 0492 .1866e-10 1064

O.' @ H].l @ 5795.5 - .0600 .1668e-10 1299

Q‘ @ ‘:O.I @ 5801.8 .2065 .57356-10 4465

@ Q; (D+0, @ 5806.1 1130 .3139e-10 2444

. < Q.' (] ’-01 @ 5808.2 .0906 .2518e-10 1961
QU+ @ 5827.0 1415 .3932¢-10 * 1802

00 (.I)+02 @) 5843.5 1756 48776-10 2225

S‘ ('I)*O] @ 5851.2 .0062 o 1720e-11 0134

QD w 4»02 @ 5856.0 6327 .1757¢-09 .7928

8,(0)+0(3) 5860.3 2 0099 2761e-11 0215

Qﬂ o 002 m 5864.3 4401+ .1223e-09 | .5248

o QU(J]*QZ(O) : 5868.5 0655 .1820e-10 417
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TABLE B.3 (continued

Q, @ +Q, @)
Q; @ +Q, @
Q, (2 +Q, @
78, @+0, (&
Q,@+0; @
Q, (0 +Q, @
Q, ©+Q) @
Q@+, @
S (1 +0; @
Q)0+ @
Q,@+Q; @
Q) +0} @
Q, (M+Q, @
Q,@+Q; @
S,(0+0, @
Q,'+Q; M
Q@ +Q; M
Sp0+Qy (4)
8,0 +Q;
©+0, @

)
©+Q, M
©+0;, ©
S,@+07@"

S.| Mm+0, @

S,

DOBO
IS S S L.k

S,
8.

51
8,

M +o; @

©+Q](4
M+, @.
M

©+Q, @

Sov('l) +Q,@

G

S+ 02 O

S (2)#01 @

§,@

S, (@2+Q, @
S?(D*Qs“)
80(2)'02(3)
S.I ('I)OQ‘ 3)
S.| m+Q, @
S.'(l)rO.'(D
SD (2)002 @ .
Q'I ((])fS.l m
8, (2)002“)
50(2!"0'2(0)
01(2)081(3)

}6506.6

q

0127
0314
113
.0094
0194
0719
.0245
1374
0062 .
0886
2435
0306
8123
+ 21
0242
0975
0835
0258
0314
1075
8783

NN
1168
0954
0628
0581
0067

.35270-11
8710e-11
.3092¢-10
126066-11
.5377e-11

.3816e-10
1734e-11
.24816~10.
.67646-10
,8490e-11
.8676e~-10
.3114e-10
.6725e~11
2710e-10
19e-10

7180e-11
87200-11. -

.20866-10
.24400-09
.1807e-10

1359010

.26260-11
.4221e-11
4814e-11

* .23846-10

.5847e-11
.1685¢~09
.2910e~10
.20026-10
.9999e-10
.54486-10

L44516-10

.1078e-10
.9110e-11
16395e-11
\27786-09
.7799e-11
.1422e-10
.9472e-11
.1736e~10
.5967e-10
.3258e-10
.3244e-10
.2651e-10
.1746e-10
.1476e~-10
.18588-11

.19986-10
8792611

1522
7785
4242
3465
0812
0709
0498

1.0000
0594
1107
0721
21352
4646
2538
2466
2084
1315
1149
0145



TABLE B3 (continued)

2
. S1 (I)HS1 m

S.I ] ’Q‘ “@
S, (4)*02 “@

0
S.I 3 501 (&)

Q) @+8, 3"
Q (48] @,

Q,@+8, @
S @+, ®
S +Qy @
Sp@+Q; ()
50(41002(0!
S, @+s]@
s, m+s (1)
S, @+Q, (&
Q, ®)+S; @
Q, @+5, @
Q,(+s; @
Q, @+5, (&
5,(+5, @
5, m4s, @
5, @+5](®
5, (M+51 (3
5,@+5, @
8,@+8,

5,@+5, @

® -

6332.7 0n
¢+ 63363 2743
63569 . 0076
6359.9 0737
6368.3 0900
6373.4 .0083
6374.6 3093
6378.8 1687
63809 T .1871
6385.9 0318
63962 . 0171
6398.4 0145
6424,7 2204
6444.9 0210
64647 - 0178
6469.8 0060
6473.1 0217
6479.4 0745
6483.6 -0408
6485.7 0327
6486.4 0073
64988 0251
6507.1 0135
65113 014
6553.6 © 0310
6557.0 0064
65652 0122
65736 0149
6579.9 0512
6584.1 -0280
© 6586.2 0225
6658.5 .0084
6665.8 0189
6758.9 0080
67706 0051
67745 , 0130
6879.4 0074
6979.8 0057

4754e-11
.7619¢-10
2123e-11
12047¢-10
12499¢-10
257811

.8590e-10 . .

4687¢-10"
.38086-10
8832611
4753-1)

40166-11

.61226-10
.5819e-11
4929e-11
1675e-11
.6019e-11
.2070e-10
1133e-10

..9091e-11

.2035¢-11
.6969¢-11
.3750e-11
3170e-11
.8608e-11
1778e-11
.3387e-11
4136e-11
.1422¢-10

...7784e-11

.6244e-11

..2323¢-11

.52508-11
1667611
.14086-11
.38696-11
.20626-11
1586611

4
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TABLE B.4 Calculated Intensities for H2 Transitions In the

Second Overtone Reglon at 77 K o

d

Transition " Wavenumber Relative Absolute

- . . Intenslty Intensity
", Cem™ : tom” 'amagat™)
QyW)+Qy (M 11764.9 4722 - 1812810

QuUI+Q® 117824 0278 .1068e~11

QU +S5@- ¢ 12084.6 4558 .17496-10

so“}""s? 12119.3 0866 .33250-11

5,0+Q3 @ 12167 0230 8843e-12

i ~Ql+Q3 M 12230.6 S 4330 *.16620-10

By S Q@+Q5m 12236.5 .0831 3189411

Q,(+Q3 © 122423 0475 821611

L 830 12265.5 1.0000 :38380-10

sam+a,m 12352.0 1584 160808=11

SpM+Q5 O . 12369.4 0421 * .1616e-11

89 @+53© 124390 0121 | 46530-12

Q) (M +85© 12561.6 2616 1004010

Q,@+5;© 12567.5 0740 28396-11

Sl @+Q2M 12578.1 a212 . - 4652e-11

8,0+Q5 125848 oA nese-n

8y @+82(D 12619.9 0212 B1420-12

S, +S; @ 126717 0228 B5410-12

Q) M#83 () 12759.5 4945 .18986-]0

Q)@ +85() 127654 - 11383 .5308-11

§,(m+az ) , 127882 . 1889 7248817

-8z @ 12799.9° 0477 1832011

Sp+SEM 1 12852.6 .0390 .1495-11

S 0+83 @ 129042 0266 .1022e-11

8, @ +s5 (M -+ 181020 0536 20560-11

8, (N+5, @ 13119.3 0437 .16768-11

8 M+s5 M) 133171 0876 3361e-11
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in the

S.I (2):02(0) &

\TABLE B.5 nt for D,
Qecond Overtone Reglon at 77 K
Transition Wavenumber. Relative Absolute
: " Intensity i Intensity
cm . (om’ \amagat™2)

QW) +Qg@ 8607.0 04435 .515%e-12
QoW +Qg (M 8619.5 1935 .2259e-11
QpW)+Qg @ 8625.7 0377 - .43576-12
Q] @+0;@ 8683.0 0182 .1525e-12
5,0 8786.1 1.0000 .1157e-10
8, ©+Qg (2 8786.1 0245 26834e-12
8o @ +Qg (M 8798.5 0818 94590-12
Sy @+ @ 86048 s 822 15200-11
Q,+Q, @ 8847.5 0227 2623e-12
Q, @+Q5(2 8849.6 0208 23456-12"
Q@+Q () - 8851.6 0246, ; 28476-12
Q) @+Q5 0 88558 oz 13520-12
Q,(m#a;m 8855.8 0918 .10626-11
Q;@*Qz M 8857.9 . 0934 .1081e-11
Q) (1 +Q5 8860.0 0541 .62576-12
Sy 8886.0 4123 4770e-11
sl?mosm 8917,0 0287 33236-12
Sp{D+Q @ , 88232 0464 5373e-12
Sq @ +84(0 8965.2 0217 ~2506e-12
S, (@ 89783 1224 1416011
S10+Q,@ 9022.3 0399 4619e-12
Q) @+870 90223 0808 93526-12
Q) (M +85 @ 9026.5 2738 3162e-11
Q @ +8,© 9028.7 4278 - o .49430-11
S, @+Q, (M . 90307 1376 .1502e-11
"8, @+, - 90348 + 1980 .22970-11
8,2 +Qg© 90404 0121 .1401e-12
Q @+8,(M 91284 o 0292 .3978e-12
Q; (0 +8;M 91326 . 0986 1141e=11
S, (0+Q,@ 91345 0125 .14526-12
Q) @ +8;() 91347 ¢ 3 1547 .17908-11
8, M+, (M) 91428 0433 .50138-12
§;M+05 0 9147.0 0618 ..7151e-12
8, (@+5,0 ¢ o4 10920 .10846-11
Q; (D +8, @ 9233.1 0261 .30180-12
Q, ©+8; @ 9235.3 0411 .4752e-12
8,@+Q; () 9251.6 0101 1170e-12
9255.7 0143 .16548-12
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K
% ‘TABLE B.5 (continued) .
S‘ (0)052(1) | 9307.4 : 0319 .3687e-12
OS.' 0)932(0) 93136 0304 .3518e-12
S.' (I)OS:(‘I) . 94196 0105 .1220e-12
» :
7 4
'
"
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