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ABSTRACT
Double transitions §,(J) + Sy (J) corresponding’ to
" ‘the vibration-rotation t.ramutxon in .one molecnle and a
v xotatxonal transition in the other molecule, occurring -/

'szmultaneounly 1n a ccl iding palz, have been o}!served

'.contnb\xtion o the 1ntamc1acula: xnte:action by the'l

"anxmmpie; componernt of ‘the polarizability of one molecule

in the quudmpole £ie1d of ‘the Sther and occur in: ‘the high-

wavennnbex tail’ of the §;(J) and ﬂ‘(d’) K- s (Jl mmponents

afJ:he band 'n-.q expezmental pxo! ‘leu vere analyzed by

té ]. pe functions and usxng ‘the

ava;lable mtrix ele\nenta of the qnadrupale momen:
polaruubxuty nnrl lmuotropy of the pohnzabuxty of the

n- molecule, . Fxmn thls. ana].ysis the chauctezuu alf-

_to. 520 amagnt have also been invesuqnted. Theue trans.

tions arxse on’ aceount of t_he hgxadacapohr induct:mn

3 sutzopie.




: : PR R
5 = -bgl:hahism in the colliding pairs of molecules and gecur on
the high-wavenumber wing of‘the 5; (1) '+ 5, (1) transition.’
s Although a preliminary :epn:t on f_hbohsezvanon of tné
U—t.:anuf.ion- was made by Previnu: nlaazchezs, o analyus
uf the profiles was ,attelpted pxior to r_he ptesent work. %
“ . HJ have now carried cm: the prohlq anlyuiu of these

W e dae . transiticnl by alﬂmunq @ nne Anupe ,sm.un to ﬂ\at‘ of

‘the a branch transltmns ha

i
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o . CHARTER: 1. - : B e S e

- these molecules are’ n rmally infrared- nantlve. “However ,-;

motion . Tha molecules thus. ‘absorh Sretgy” fmm ‘the radlatmﬂ-

o spectra result. Pm:e translatlonal absorpnon océurs: in

Jtion band of H was' first: ‘obsefved. by welsh, Crawfcri and ;

'Locke (1949) soon after theur dxscovery of " the phenomenon




. 5 under vanous experlmental» cnnditions. - A compxehenswe

review of the work doné on! this “Topic. Gtil 137'

is qiven

: by Welsh |, (1972) and’ £or subseguent’ vork  the reater id . S

L referred to Reddy et al; (1977) and Gibbs et al (19_74).5:;&

the references therel.n.

SIn’ qena;'al, the’ electnc dipole moment (u) in, a

pair of homonucleax dxatomlc molecules induced: durmg ar

callxswn depends on fhe un:ernuclear separa:mn of:, each

malecule, t-_he mtzrn\oleculax separa\‘:mn (R) Mween their

i centers gravity. and the " relati: ouenca'mn nf each

£ molecule w:.th respect to R. 1 the so-called ‘exponennal :

f Van Kranendonk (1957 and 1968) the- lnduced

un’ of two addn::we i

d).pole noment is expres,sed as the s

maments. i shcrt—range sor_xcpu: moment ‘with . p 1a o expt (R)

,ana a 1ong range ungle-dependent (quadrupole- duced) B e

moment with j ‘The first pan—,, which larises ane

-4
quad g
tc the distoinon af the electrcn,cna:ge dxstx:ibntwn of

the cull d' q palr at close enz:ounter,, g].ves rise ma:.nly

(:a the. hzoad

i, :1ap(“=°) transitions.  the sécond part

Dt unich results £zom; the polax:lzaucn of one 1o ecula in-the °

guadzupol —ﬂem of the oche;—,,gives zise o the relatively

lsss broad 0(87=-2};.Q and S(AJ =+2) trans tlons. 4

quad 447
¢ uantum numb

J bemg t‘he rctatmnal Thmuqhout this

i thesis subscripts 0 and 1.are attached ‘to the’ transxtions

o, D, s and U, etc., to des:.qna the chanqe in the vibra—

tlonal quantum num.ber vy i e., 0. Eor pure rotatmnal band




TSty e pIe T g

. " The collision-induced absorption,

—induced on for phenome ical ;

is very mich Qensity The integrated absorption:
/ coefficient ef a band vhxch 1s the area nndex a'band-

profxle vanes' almst quadutu:a).ly vu.r.h gas ~demuty uR. t:o

moderate pnssuxes. ; These spectra are xachex quite bmad
(typically sevéral hundred ‘cn’ " or more) which is du.e to

“the very shcrt: lived dipole moment. At low temperacute the

shaps of the abaorpnon bands

Occurs:in thé Q region whxch is d\u to the intercon sxonal 3

interference effect of me_ induced dipoles -in luccessive

collisions. The aip 1a strlc ¥ density-dependent.

occutzence of douh].e f_rmsinons ‘in vhich both tbe‘mleculea

of a colnsmn pair amulmeously. absorb a- single q'uantul

at mdence pressures a- d1p *

A comnon [eature oi co111smn-:.naucea Cspectra s the §

of radiation. These are ai lpecial hnpertunol in -the ‘s dy :

: of a' pu’ze gas. In: the quadrupol Xnduction mechqnum,
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transitidn) and Qy(J) + §,(J); on the other hand, the
anisotropic component of thé polarizability SontEiBuEes
| to the inténsity of the double transitions of the form
5,(0). ¢ 8y @) Pure rotational double transitions )
Sp(9) + 803 of H, have been observed experimentally by
Kiss and Welsh. (1959). J;n 1ndicat10n of the absorption
feacure ccxresponamg oS (0) + 8,(0) in the profile of
fandamental bapd of para hydrogen at 20 l( has ‘been reported
by Watanabe and Welsh (1967)., but no detailed study of the
double txansltions 5,(3) + 8y (J) of gaseous H, has. yet been
reported pnor to the present work (see Chapter 3).
The next. hthe:r nop-vanishing multipole of a

hydrogen molécule after guadrupole is‘hexadecapole. Int

~ the exponeht:al 4" model cuscussed above, the hexadecapolar

THESESBLION WaB: HOE. cdns1dered. As a matter of fact, an
jnduced d:L_pole moment results from she polarization of a
molecul®.by. the h'exade'capole field of its qollis{'&;ﬂ partner
with w . <K ® and it gives rise to the selection rule
aT'= 0, +2 and +4. But such transitions are expected to
be relatwely weak because of the small magnitude of the
hexadecapole mopent. The discovery of the hexadecapole-
'mduced U gransitions (aJ=+4) of the form U;(J) and

Ql(d) + Ll (3) in the fundamental band of Hz in the’ gaseous
phaée at ].95 K has recently been reported.by Gibbs: et al.
(1974) jand in the solid phaée‘at 10 K by Prasad et al.

(1978). Sbme preliminary observation of tliese & transitions
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“in normal Hy at’ 77 K has been reported by Chang (1974).
For the first time a profile analysis of the U-transitions
hds been attempted in this work (see Chapter 4).

In the collision-induced fundamental band of normal

H, at 77 K all possible transitions arising from the induc-
tion mechanisms discussed earlier are shown in Fig., l. At
this ;:en\pé-rature almost all the molecules are diStributed
among the rotationdl levels J = 0 and, 1 of the ground
vibrational state. The energy levels in Fig. 1 are cal- «
culated from the constants of the free H, molecule (Foltz

et al., '1966) and ‘the transitions are shown in the follow-

ig.six growps: (§) Q) (3); (i1 S)(0) and 0 (3 +.5,(0);

(111) 8y(1) and. Q) (3) + S,(1); (iv) §,(J) + S50 (v) Uy (0)

and 0, (9) + Up(0) 7 and (vi) U)(1) and @, (3) + Uy(1). Double
transitions Q) (3) +Qy(1) involving only an Drientatio:;al
transition are riot shown in the figure. Extensive work
bas been done on the former three groups of transitions by
previous workers.. The objective of the present work is to make
a  systematic study of the latter three groups.

Recently, the collision-induced fundamental band

of normal hydrogen at 77, 196 and 298 K has been studied

in great detail by Reddy et al. (1977) for gas densities -
up to 60'amagat with lmand2m absotption cells. &
typical profile with analysed components at 77 K by these
authors is reproduced “in Fig. 2. Altogether, 1l components

(two overlap and nine’ quadrupolar) of significant intensity
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*An Absorption profile of the collision-induced fundamental -band of  momal
Hy at 77 K at a ga:

mental profile.

s density of 43.3

amagat.

The

solid curve is th

expe:

o

Two overlap-induced and nife gquadrupole-induced componern:s
are represented by dashed curves and.the summation of these is represented
by dots. (Ref. Reddy et al. 1977).



ave*ahows in the ETgura.
Analysis of the sxperimenta’} absorption profiles
of the fundamental band of Hy in the ;;ure gas has ‘been
done by. several researc’hers (Chisholm and Welsh, 1954;
Kisg and Welsh, 1959 Hunt and Welsh,}ssh 'Watanabe and
"Welsh, 1967; Watanabe, 1971; and Reddy et al., 1977). In the i
, recent work of Reddy et al, (1977), the so-called Levine- T
Birhbbim 1ife shape - (Levine and Eimmbagh, 1967) 4n the forp *
of a'modified Bessel -function of the'secondlkind for theé " - i
1ntraco1hsmnal part and & dlsperslon-type Line- Shape for )
the 1m;erccllxsxor$al ‘part*. {(van Kranendonk, 1966) Have been
usgd fo} th‘e analysls of the overlap-induced .Q ccmponents.
Further, in'the same.work ‘of feady. et al., an empirical = . ..
dispezsic;n-type line shape (Kiss and welsh, 1959) has been
used for the quadrupolar components. The relative intensi- ) ;
c1es of the latter have been calculated from the theoreti-
cal values of the matrix elements of the quadxupole moment_
and polarizability of the hydrogen wolaciie obtained by
Big‘nb‘a_ulm and Poll (1969) and Poll (1971), respectively
(see Chapter .3 for details) e
‘The double transltzons of the fum S €J) 4 S ()
:arlslng from the am.sotropy of the polarlzablllty are .not
noticeable in the profiles of the fundamental band of sz
obtained in the density range up to 60 amagat of ‘the gas
at 77 K with the 3 m absorption cell (see Fig. 2). .But:.

in the present work when the dénsi:y of the’ gas' is-

*also see Lewis (1976) ‘and -the references therein for a .
Qetailed theoretical treatmént of intercollisional inter< d N
ference. g i LEg -




increased beyond 100° amagat up to -320 amagat these transi-

tions appear With significant intensity. The experim
"profiles, their detailed analysis and the binary and
ternary absorption coefficients for these transitions
presented. fn Chapter 3. = - - 5T

When ‘the density of thé gés in the absorption
at 77 K is iurEher in¢réased in the range 300-to 520

amaqat, the hexadecapole-induced U~ transxtlons are ob.

with measurable 1ntensxty on the high wavenumber wing

. the ovérlap and the quadrupolar trans;twns . In orde
'separate the weak U transi

lnterest from the :elat;vely strong wi-ng of the OV@!l

and quadrupclar transxtlons, an Emplrlcal expressxon

. the entire wing and a dxspersxon-type 1iné=shape for

U-transitions were used. The analysis and the result

this phase of the work t:gygsented T — B
| A description o experimental set up -and d

4

of the technique are given in Chapter 2. bt

ental
are
cell

served
of

rtc“

ap.,

for ¥

the

s of

ltails B




Mt . CHAPTER 2
o 7 d &
. INSTRUMENTS' AND TECHNIQUE.

k! - - * & .
The present research project on some new aspects of

‘collis 1on-1nduced Lnf.ra:ed abso:pt on of mlec\xlar hydrogen

T A the fundalnantl and, whuse ubjecc' es have been cutllned &

2 m Ahsogztion Ce-ll

The 2m tranmssmn—type ahmrpuon cell, orzgx .

3 nally designed by Ready and Kuo (1971) £for xoom-tempe:ature
mrk an. l.ater used in a modlned fcm for® low—tamperatnxe
“. work, by Chanq (1974) " ana Px‘a,sad (1976) has been used in the

I p:asent work ‘
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the -other by multiple- reflectmns, but also reduces the

volume ‘inside the cell. At each end of the qgll‘there was

an optically flat synthem sapphue window' 'l cm thick and
. 2.54 cm in_dial!_let‘er, which was attached by means of General

Electiic 'RTV-108 silicone rubber:cement to a2 pclished stain-

less steel window-seat havmg an, aperture 0.4 in. x 0.2 in.

T'he desxgn ‘provided an appropnate mechanism for a:pressure-

. tight.seal hetwaen the windoy-seat and the. body GE:the cell"

by migans’ of an’ invar 0%ring.

To! prevent che windows from fmsung dunng Low-"

'temgeratuxe work each end of the ‘cell was pm\uded with.a’

smiall cylmdncal vacuu.m chanmber which consisted.of, & stain- 2

lese steel tibe. and. a flexiglas adaptét: A Elat sapphue

. window 5.08 cm 1n diameter and 3 mm thick was appropnately\
“sealedto the %attgr for-transnission’of infrared radiation.
“The plexiglas adés;t'er was' kept warmer éy»passing'a small
cuzrent (-0, 2 amp) through a heatxng :coil wound axound it.

The two vacuum chambers were under constant evacuatlon

ring the experiments

0 Thé cell ~walled cylindrical:

s 'hotsed in a’doub

stainless stesl jacKet and held in-it by suitable supporting’
discs. ‘The v@nﬁer cayity of the jacket was insulated with
Vermicilite. - Provision was mads.in the design to dccom-’
nodate ‘the’ contraction occurring in the inner cylinder of -

the' jacket when the cedl was cooled. Liquid coolants could




g

“
bé poured into the jacket through an opening pzow)’ided at
"the top and the cell was kept submergedin it: Liquid
nitrogen (77 K) was usedv as .:ha’@nlan: in the present
experimehts.

A steel capillary tibe joined to the middle of the
cell by means of a 0. SIin. Aminco fitting, was connected .to

the gas-—hand].lnq systen for’gas inlet. iThe sample path-

'lengths nf the cell' are 195-3 cm: at 298 X and 194 9 cm at

'77 K> For moxe’ cbnstructlonal detalls the reade: is

~refetred to Prasad (1976)

2 22 ke Tnfrared Minbdhromator. and
: ogucal System . _ e 4

The ‘arrangement: of the sourc%of continuous infrared
radiation and the focusxng optics-with respect to the 2 m,
absorptlon cell and the monochromator is shcwn schen\atlcally

in Fig. 3. 'The source is a 600 watt Gene;al Electric FFJ

Quartzline projection lamp operated approximately at 75 volts

and’4-anps }Sy a stabilized power-supply unit. The lamp.was
housed ina. water-cooled brass jacket.of a special design’
(see Chang,71974 for. detalls) . Rapmtmn from the. sourée.
was focused ‘on. 'the.:entrance window-of the ce?l by a fmnt—
_coated concave mirror having airadius of curvature of 60 cm
and ‘an aperture of 15 em. Radiati‘c;n comihgv out . from éhe
, exit window 8f the cell was. focused by a. similar mirror on .
to the em:ram:e slit (s ) of a'Perkin-Elmer Model 99 sihgle-

" bean double-pass monochromator equipséd with a lithium




To vac. pump . A

/ATINIIIE SN 7
e

P 'Tc?vuc.pirmp Ealr o
Dry»Nz i A WL % ety Dry Np

11-and the optical arrangement:
Trors,/AC” : absorption cell,

1 @: a 219 Gff-axis parabolic mirrer,
mirror, Ms-Mg:' plane m gm—s,,\cﬂ:; tuning fork chopper, D:

Fig. 3. a cross-sectional view of the absorption ce!
LY -8: ' source, M,, MZ’ and. M, spherical.
8y and S): entrafice and @xit slits, M
My: 1itfrow =
pés detector.




“ifg bedm from t(hiu focus. was’ chopped at a frequency of
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fluoride prism (P) and an uncooled lead sulphide detector
(9). The optical path of amonochromatic radiation is/shqun
schematically in Fig. 3. Radiation after the fl(!(‘. pass

through the prism and reflection from the littrow mirror 81)

. was brouqht to a focus between the plane mirror (Mg) and

the tnmnq fork chopper (CH) (American Time Products mdel

L-40) by a/,zl° off-axis paraolic mirror (i3). The divezg—

' 260 Hz by the' chopper: * The ‘pulsating. beum was disperse‘d by

" fhe prism and reflected by the littrow mirror and brought

* which gave spectral resolutions of -3-5 cm

2.3. The:Detection-Amplification- ) ’ .
Recording System ST . .

Cfirst to a fbcus onto the exit slit (S;) and then to a

fxnal focus on to the detector.
i

The littrow mirror was coupled to a wavenum.ber drum
which could be rotated by a three-speed motor-drive, thus
making it possible to scan a spectral- fegion of interest at
the desired speed. The slit w'id;h was maintained at 35 um
L at 4161 emt
(origin of the fundamental band of ,) and -5.0 cm ' at

5000 cm™ 2.

In general, a semiconductor detector, such as PbS has
a quxcksr responne to a sanal than a conventional thexm?!.

dete-:to: such as a themccuple, bolnmetez or a golay

pnenmatic detedtor. In the present case the radiation

408 & YR -
chopped at”a frequency of 260 Hz was focused’on the element -




. “the “logk=in

- ceied out while the sigha

. ‘r \
i 15 . I

Of the uncooled PbS detector which converted it into an

a.c. signal. A schematic diagram of thé detection- ]
amplification-recording system used in the present work is
shown in Fig. 4. The signal was fixst: amplified by'a pre- -
amplifier (Bzawer- Laboratories’ Model 261) and then fed into,
a lock-in voltmeter (Brower Lahoratones Model 131) togetherl

With a square-wave. reference signal from the chopper. In |

voltmeter the du 'd:asa of the signal was fil-

itself and the noise were’ a.m

f.l.ed and then fed 1nto.a pus.h-pull transfnmer :nd a relay

rence sxgnal was sultably phase—matched and”

contact. The. re

fed to the'same relay sys\:em. The posl ve haIf—éycles of

the two signals were mixed 1n such-a way that a fuu wave

rectified d.c. outp\;t resulted. Any ripple in ‘this output .

was fntered out by an RC filter-unit and the zesunmg out=; .

put’, was fed to a stnp chart recordez (Leeds’ and No:r.hrup

Model §60 000, type G) which recorded’ the spectrum contlnunusly._

2'.4, The Gas- handling Sgstem o B

| The gas-handling <sy5tem is

mg 5. The iption’ cell was: co ¢ “v';é.a

‘ultra-hlgh puz;e hydzogen cylindef by stainless steel Aminco

flttl.l\g! and through a 11qu1d mtrogen trap C made of a-. cop—

per coil 07 25 in, in outer dxameten The Bourdon tube

pressury gauges Gl’ G2 and G, ‘were callbrated aqamst stand—‘
ard oil’ gauges which :.n turn were callbt (:ed agalnsc an Ash=

crof(: dead-wel.ght pxessure—balance Thg ma}umuln pressurss

et S ealiim e
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VOLTI T.‘TER (_CI‘]EMA_!I_C‘L

TUNING
FORK CHOPPE!

* Amplified signal: -

!

(6)

(£) Flltered ‘butpub 5

Rigs 4., Block dingran of the signal detection -
1 %t recorder, system with a tuning fork ‘chopper.: Also. shown
e SSUEL, T il 5 schematxcally is the s;gnal behavmr at Various staqes in',
~ oy §7 the cu:cun:. 5 ! 553
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that can be read on the gauges are 500, 1000 and 5000
p.s.i., respectively. All the valves in the system are
Aminco high-pressure needle valves. The copper coil (C was
-used as a thermal compressor and the required pressures in
the experiments were generated by admitting H, gas into it
when it was immersed in liguid N, &nd then allowing it to
reach room temperature. Befbre an experiment was performed,
the entire gas-handling system inciuding the cell was tested
for good vacuum and for pressures higher than the experi-
mental .ones. : ¥

» g /
2.5. Removal of Water Vapor from the ,

Optical Path

Since the strong atmospheric water vapor absorption
peaks around 1.8 um and 2.6 um interfere with the spectral
region of interest in the present study, it was mecessary to

remove the atmospheric water vapor from the optical path of

‘the infrared radiation for reliable absorption measurements.

his was achieved by keeping the whole optical path except
the absorption cell in an atmosphere of nitrogen gas which
has no detectable absorption in this spectral region:
: Tvo air-tight plexiglas boxes, ohe housing the source
and a concave mirror and the other the monochromator and a
second’ concave mirror were connected to the ends of the

" Gell by rubber hoses (see Fig. 3). Bach box was provided
with an inlet and an outlet for the nitrogen gas. The out-

lets were fitted with one-way-flow valves. so that




19

atmospheric air could not get into the boxes in the reverse
way. Two neoprene gloves were fitted to the two opposite

sides of the box containing the monochromator for handling
HE monochromator without breaking the air-tight seal. The

boxes weré continuously flushed with dty nitrogen gas boiled

off from a dewar containing liquid nitrogen by passing a
small current through a 10 watt resistor -immersed in it. i
The flow of nitrogen into the boxes was regulated by the

amount of current in the resistor. Initially if took nearly

two weeks to reduce the water vapor level m‘ a satisfactory'

minimun. Experiments were conducted whén this minimum

remained steady. .

2.6. Calibration of Spectral Region and Reduction | |
of Recorder Traces of Spectra '{

Mercury emission lines (Humphreys, 1953; Plyler et al.,

1955; and Zaidal et al., 1970), atmospheric water vapor

absorption peaks. (Downie, 1953; Plyler, 1952 and 1960, and

i

IUPAC Tables of Wavenumbers 1977) and neon emission lines |
(Rao et al., 1966) were used as standards for calibration’
of the spectral region 3500 - 6500 cm *. The distances of
the emission ‘and absorption peaks were measured accurately
from the Hg-emission-line,at 6535.95 cm L. A least squares
polynomial fit of these distances of the spectral lines
against their wavenumbers was made by trying'out several
degrees of the polynomial with ar I8 370 Computer: The

coefficients’ obtalned from the best flt were used for
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drawing the calibration chart at intervals of 5 ¢m © in the

region 3500 - 6500 em™t

with the help of a CALCOMP plotter
ona PDP 12 computer. The positions of two standard Hg-
lined and that of a water vapor absorption peak were used
as references on the calibration chart.

The absorption coefficient a(v) at a given wave-
number v(cm 1) of hydrogen at a density oy, in a cell of
sample length 4 is given'by (1/2)1n(Iq(v)/I1¢v)], where Iy(v)’
andl TG0 ar thie intensities -of radiation transmitted by
gh'g evacuated cell and by the cell filled with hydrogen,
respectively. The wavenumber calibration chart was super-
imposed on the recorder traces with the help of standard
reference lines and the quantity logo[I,(v)/I(v)] was
measured at intervals of 5 om © by using a s;andara' loga-
rithmic scale. Absorption profiles were obtained by plot-
ting laglo(lolv)/l(v)z against wavenumber v. The integrated

absorption coefficient of a specific branch of a band.or of

. a band itself, i.e.,*fa(v)dv, was obtained from the area

under the absorption profile.

2.7. Isothermal Data for Hydrogen at 77 K

In the studies of collision-induced .absorption the
density of a gas is usually expressed tn Untts of amagat
which is the ratio’'of the density of the gas at the experi-
mental conditions to its density at STP. The density of
the gas e;(pr,essed in amagat when multiplied by Loschmidt's

number gives directly the number of molécules in a om® of -
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_volume. The pressure-density data of hydrogen at 77 K for
pressures up to 100 atm were obtained from Dean (1961) and

for higher pressures from Goodwin et al. (1963).




CHAPTER 3

ABSORPTION PROFILES OF THE S, (J) +-’50(J)
TRANSITIONS IN NORMAL H, AT 77 K AND

- THEIR ANALYSIS
The possibility of the occurrence of the double
‘transitions Sy(a) + so(u)' in the fundamental’band uf-ul;

involving 43 = +2-in each of the moleculés of-a colliding

pair, which arise from the anisotropy of their polarizability

has been outlined in Chapter 1. In the present ‘work ‘the
absorption spectra of these transitions at 77 K have been

recorded for gas densities in the range 100 - 320 amagat

with a 2 m cell. At this temperature only four transitions.

o 5l Ghoup alnbig" £rek 45 0 Md S Are o Sepertiiee
(see Fig. 1). The contribution of the individual transi-
tions of the group to the intensity of the observed spectra
was separated by a method of profile analysis. In this
chapter we present the details of the experimental profiles
_ of these transitions, their analysis and tMe information

btained on the characteristic half-widths and the

.,/ absorption coetficients. Experimental details and the o
mathid 62 obtalning the sbsbiption profiles have besh
‘described in chupter_ 2.

22




-J =0 and 1, calculated from the constants of -thé free’ H

,=5300 cn” ! with another noticeable feature at -5075 enl,

_obvioug
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3.1. The Absorption Profiles
" Pigure 6 shows threé sbsorption profiles of the
collision-induced fundamental band of nosmial i, in the pure
gas at 77 K for the demsities 150, 227 and 321 amagat in'
t£he spectral region 4800 - 6000 ¢n"l. 'The positioms of

B
the four principal double transitions §).(J) + S (J) with

molzcule (Foltz et al., 1966) - .are marked alcng the wave- b

nunber axis. These transxtlons vere not mt)ceable a(: 71K,

in the denslty :angg uwp €0 60 amagat with a 2 m celt (Ready
et al.; see for exa]nple Fig. 2) . ‘For f,he ranqe Of densxtles

above' . ~100 an\agat, the absorptlan due to the Q and the main
S branches in the spectral region below ~4800 cm”! becane
56 large that it went beyond the infinity absorption line
on the recorder charts'and a distinct peak appeared at

-1

InFig. 6 this distinct peak at -5300 cm corre%pnnds to.

Sy (1) + S (1) (calculated wavenumber: 5299.9 cm ') and the -

secund absorption, peak at +5075 on”l corresponds. to

Sk(l) * So(ﬂ) and SI(D) + S“(l} transitions- (calculated

waveriumbers: 5067.3 and '5oxt.s'cm‘1. respectively). - The

absorption-peak corresponqu to 8y (n) + 8, (0}, (4852.2 cm

which xs masked by’ the other s;rong components ig not,

n this figure. With the 1ncreasa in pressure a

small absorption peak axound 5750 ci ', indicated by:a *in..

this figure is observed, .which corresponds to the |
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Absorption profiles of the collision-induced fundafiental’
- band. of normal Hy in thé-pure gas at 77 K for different
densities in 'the.spectral region 4800--.6000 o™ where
the doubYe transitions sl(a) + 50(3) with J=0.and 1 oy
appear predvm nantly. - i S
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Welsh, 1973, and Reddy et al., 1977)
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hexadecapolar U transitions to be discussed in the next

chapter.

.3.2. The Profile Analysis - k)

When the absorption cell contains a large amount of
H,, the high wavenumber wings of the strong components: of
its fundamental band, namely, @, (J) (overlap and guadrapolar),

SL(J) and Q lJ) + 85(3), contrlbute ccnslderahly to the

P _1nten51ty of the barid i thq spectral ‘region of the cori—

ely weak double tran ltl.OnS Sl((!} + So(J)._ In

order to’ obtam the 1nten5 y and other Lnfcrmatxon About’ thése

,weékex cransxmons, the contnbunon of the w1ngs oi the'

stronger components superimposing.the former is séparated

by a method-of profile analysis which is described’ in the
following paragraphs.

(a) 'The Absorption Coefficient and Line Shapes

The-absorption coefficient a(v) ‘at a given wave-

number v of the f X1 band. is ted by - a_summa-

‘tion of the contributions of all the individual transiticns.

' in ‘thé form (Vah Kranendonk, 1968; see also Mactaggart and’

-
\

>
a) = 1 “0"““’ } W (av) T
ih ST T esptohen exp (-hcAv /KT~ "'n - 7

Here, n represents thé -type . of induction mechanism (0 for

overlap induction, 1 for guadrupolar induction with
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isotropic polarizability, 2 for quadrupolar induction with
anisotropic polarizability, 3 for hexadecapolar induction,
etc.), m dregx‘o_%s a pnr;:icular transition in a given mechan-
isn, &% i a parameter representing the maximum absorption
coefficient’ (which is a fictitiouscgne fOr the overlap com-
pohents) at the molecular vavenuber v, W, (4v) with

8979 - vy Teprosents. the liné-shape function of the nr
type mechanism, h, c and K are the fundamﬁntal constants

. and T is the absolute temperature.

It.has been shown by Poll (1960) that the trans)tlons

due to "a pattxcular type of ).nduct:LOn mechanlsm have thE
Same.1iné shape. In Eq: (3- 1) the factor in the ﬂenomucator
on the x{qm': coriverts the symmetrized line-form into the
" observed asymetric line-form. A detailed discussion of
the line shapes is ‘given by Mactaggart and Welsh. (1973)
and Reddy et al., (1977). i
“In Bq. (3-1) the line-shape function for the overlap
transitions is given by the Skpression (hote n =0 in tnis
case) .
4
W (AV) = WO (ev) D(sv) , (3-2)
where
Wpav) = (260 9% Ky (2007 5) BNEECY
. is the levine-BiTnbaun (1967)<expression (shich has sore
theoretical basis), K, being the modified Bessel function

of the second kind and Sd being the intracpllisional

s at
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half-width at half height. The quantity .D(Av) is the Van

Kranendonk's (1968) ‘expression for the /i.ntercollisi?nal

part with §_ defined as the intercoldisional halfwidth at
half height and is expressed as

Dlav) =1 = 4(1 + (av/ 80217, (3-4)

where Yy is a‘constant, usually chosen as unity to make the

intensity of the dip. at the molecular wavenumber go to zero.

‘The 4ips in the overlap components of the fundariental band
Of H, can be seen in Fig. 2.

The emplncal hne-Ehape £unction of the quadrupolar
translt.\.ons (used so far for the components arising from -
the isotropic polarizability) is a dispersion-type function

which is represented by (noten = 1).
AR RN . (3-5)"

where s is the quadrupolar half-width at half-height. As
the double transitions §,(3) + 5 (J) originate hasmauy
from the qubatipiidE fpdustion mechinism; Ehe sane Line=
shape and the same half-width will be assuned for these

transitions in the present work.

(6} The Relative Intensities "
According to Van Kranendonk (1958) the relative

i ity of the mth_comp of the overlap-induced'

transitions'i.e., @) gueriap (9 1S given by
4

e

Gom By v (3-6)
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where Py is the normalized Boltzmann factor (i.e., I;PL =1)
for the rotational level J, and is given by

9q(27+1) exp (~E;/kT)

B
J+1)exp (-E;/KT)

s (3-7)

In thg. above relation g, is the nuclear statistical weight:
factor for the rotational states (g, = 1 and 3 for the even
and odd J .states,\ respectively) and E; is the rotationgl
energy: of the Jth levél of H, calculated from its rotktTonal
constants (Foltz et ﬂ., ‘1956).; Equation (3-7) is tr}gEf for.
‘équilibrium ydrbgen. For normal hydrogen 'L BJ/ L, Py = 3/L.
"The relative inténsities of the overlap traﬁiic1ons were
-expressed in ters of the 1nten51ty of thie strongest of °
them, i,e., that of Q) overlap(l)'

The r&€lative intensity of the mth quadrupolar transi-
tion arising from isotropic polarizability (i.e.,’ for Qquad’
S, 0+Q and Q+S trapsitions) is given tfy (Poll, 1971) -

-

2560 B
2y (c(a1 13000 2<w1a1 | 09,7 €(3,073;00) Zevgipfa 00,5

i ok, B
“+ ¢(9,037500) 23y | o] 0352 c(azzqz';oo)éwiui[ozlmzﬂi, (3-9)
where the subscripts 1 and’ 2 refer to the two colliding
molecules, C(JAJ';00) with A = 0 and 2 afe the Clebsch-
Gordan coeffiéie@ts, <|a|>'s are the matrix eléments of the

polarizability. a obtained from Poll (1971); and <|Q|>'s’ are

the matrix elements of the quadrupole moment Q obtained
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£rom Boll and Wolniewicz (1978),, of the H, molecule. Tt

is to be notied that for the fundamental band of HZ’

and v} =0 or vice versa. The relative intensities of the
transitions in'this group are expressed in terms of that of
5 (). i

For the dm;b.la transitions 8; (J) + §,(J) arising

~from the anlSOtZOPY (y) of the pclarizabillty, the relative

intensity.of the mth transn:;on is qusn by (McKellar and

‘Welsh, ‘1971)

z i : 2ed 2 t
« P B [CW;231;002 C(@,205:00% " x,
s R T T el iR R

3 i 2 g 2 i igt
{5 (uaila)|or,>* «idsly, (03,57 + <via “1“” 52 <, 1@2104 >2)

3 B L

IS

B ilele> “’i"il"lio"l“"}‘?ﬁ]qz'“f V351,109 3 1

(3-10)

where <|y|>'s are the matrix elements of the anisotropy of
" the ‘poladizdbitied optiinea from foll (privatd comuqié:acion)
and listed in Appendix 1, and the other guantities have the
Ttk meanings ds in By. (3-9). fhe xem;ive intehsities
of these double tramsitions are expressed in terms of that
of §;(1) # sqLl

-7 The xelativé intensities of all the trapsltions in
the cnlhsmn induced fundamental hand nf H, at 77 X are

gwen in Appendix 2

v

]
|
I
|




{c) Method of Computatmn and Results
:of Analysi.

The primary objective of the profile analysis is to

obtain a satisfactory fit betwéen. the experimental absorp-
tion proflle and a syntheuc one computed from the Eunc—

tional relation for the absorption coefficient a(v) as

given by Eq. {3-1) with iate 1is pe functions .

for the three different groups of transltxnns (Lie.y WL

=0 "
and:2).. The max:nnum Lntensity factors (uum, ulm ami a m of

(l), respectively) a d’

(1),.8 (1) and S (l}

9 overlap

the: halfrwidth: 6 vere regarded as adjustable parane ters in’ )

the compute;-proqram. A $hift parameter was’ aiso ihtros

“duced for ‘the molecular wavenumber v o account for any

n
vibrational pertuxbatmn effect.
_Diffeérent’ initial trial values of the adjustable
parameters - were: used. £or ¢he’ conputation of the synthetic
profile using the' experimental data points by a least- ‘- Fa
squares fxt oni'an IBM 370 computer. - In this v:analys'is’ the
Values of the half-widths & and 54 of the overlap com .,
ponents were taken, from Reddiy et al. (1977).. Thé.value of
the half-ws.dth parametez 8q v;as taken from the best fit. A
\{gyp).ca]. example ‘ot an analyzed profile, in the spectral

'zeglon uaoo - 6000 cm™ " is given in Fig.:7 where ‘the caleuls

,ated: contrxbuuons of the w].ngs of t!\e overlap and the
quadrupolar (due to 1Sthoplc polarizability orly) compénents

and those ofithe individual S;(J) + §;(J) transitions with

J =0 and 1 are shown -separately. " The agrésment bétween the -
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experimental and synthetic profiles is yery good as seen

) £rom the figure. Altogether fifteen absorption profiles
were analyzed and the results of the analysis are presented
in Table I. The shift-parameter of the molecular wave-
number v, for the quadrupolar components seems to be
slightly dependent on the density of the gas and has the

1

value -9 +2 cm ~ in the density range 100 - 320 amagat.

3.3. The Absorption Coefficients of 51(1) + su(lJ

sThe integrated absorption coefficients fa(v)dy for
the transition an(ll + 8y(1) for various densities of the
H, das were calculated from the arsas under the. computed
o pm?i}es (see Fig. 7), which were obtained by numerical

integration. ‘Thé integrated absorption coefficient can be

la
ficients respectively for thé transition in question. A

.. expanded in a power series OF the gas density oy, (= 0a) as
oo 5 » . 2 3
g = Fadv)dv” ="ay 07 + 0503 4 - . . \ (3-11)
or _ ¢ B : Y g
i Lmmd =gy, + a0 '4 (3-12)
Q. i @ e L :] 1a Tt %200 * o v 5
i Fe . a - * .

G where ) and a,, are the birary. and ternary absorption coef-

. plot «of ‘the quantity (J,/pa;)fu(v)é\. versus of) is shown in
Fig. 8(a) where the intercept and the slope, which gave the
binayy and ternary absorption coefficients, respectively,

~ s were obtained from a linear least-squares fit of the data.

s
e
3

e
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TABLE I. Results of Proile AndlySis of nii, at 77K.

Intramlh.smnal Collision Quadrupolar Collision Molecular Shift
Halfsy: Durationd Half-width Duration® of quadrupolar
(Symmetrized) camponents

q s
(en™h) ‘(107 Hs) ao™Hsi (e
192:52 - 2.8 15412 9.83 =922
a  taken from Reddy et al. (1977)
5 GegEm, o, :
c = s . " st ’
c. g = L/2nes

TABLE II. Absorption Coeft:cients of the transition
Sy (1) +S 1) ufH at 77 X

[

Binary Absorption Coefficient Ternary Absorption Coef-

“1a “1a %2a
. » «

-6

1206 an? amgat”?) 107 5

(107 an? amagat™)

6.84:0.21 5.26 %, 7.08£0.98




2ol (b) Normal Hydrogen ot 77 K
e Fundamental Band
3%
sE
g < a
=% __—__—’.o—“——BTWAﬁA-_ !
> . s
=%
o £ 3% 6 £ %
Normal Hydrogen ot 77 K
sl (a) (1) + Sl Transition
e =
28
3 gso
o <
Do
P 3
«°
; s i i . L
100 U200 - - s 300 »

Fig. 8. Plots of /ey, 2) fa(v)dv vs py for the profiles of
! 2

normal H, at 77
+ 53(1) for gas
and®(b) for the
densities up to

DENSITY, £, (Amagat)

K for (a) the double transition S, (1) o
densities in the range 125-300 amagat
fundamental band as a whole for g

60 amagat, taken from Reddy et ax. (19%7) .




as ¥
’

A similar plot of the quantities for the fundamental band
of normal H, at 77 K in the density range up to 60 amagat
taken from Reddy et al. (1977) is reproduced in Fig. 8(b)
for comparison.

The integrated absorption coefficient can also be
represented in the form

critvav = a odde L, (3-13)

where &(v) = a(v)/v and n, is the Loschmidt's number

0
(2.687 x 10 moleculés/cm’). The new binary and ternary

absorption. coefficients i), (cn® sec™)) and &, (en’ sec™h)

la
are related to. aj_ -and a, by &3 = (¢/nd)a /¥ and
Gyy = (e/ngley,/ T with T = fa(uidy/a(v)vTMay as the band
center. The value of the band .center at 77 K for the
5, (1) + §)(1) transition is 5395 cm™ . .
The values of the binary and ternary absorption
coefficients obtained are listed in Table II. The cor-
responding quantities for the other transitions in this
group can be calculated from their relative intensities

(see Appendix 2)..

3.4. Discussion ;
As tentioned in Chapter 1, the double transitions
in normal K, at\77 K involving 8J,= +2 in each of the
colliding molecules were not studied in detail in the |
fundamental band until ‘the present work. These transitions

'
i.e., Sl(J) + SO(J), are very weak compared to Sl(l), as
v

’ X




- could be recorded.

¥
Kr of Xe (see for example Varghese et al., 1972).
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can be seen from Fig. 2. However, with increasing gas-

density considerable absorption due to these transitions
The experimental value of the binary .absorption

coefficient i.e., (a) / V) of the §;(1) + §;(1) transition

is 1.27 x 1070 cmt

amagat™2 whereas the corresponding

theoretical value is 1.28 x 10> cm ' amagat™2, which are

in very good agreement. . ) o i
The half-width of -the quadrupolar transitions at

77 % is found to be 54 £ 2 cn) which is ip‘excellént agres-

mént with the value obtained previously by Reddy et al.

(1977). 1n the density range ~1z_é - 300 amagat, thdke seems

to be no pressure-narrowing of the qnud_iupolu lines. The

dispersion line-shape fits very well e‘xcept in the far N

wing of the profile (see Fig. 7). - There is a small departure

between th'e__-_synthetic and experimental profile around

5270 cu”! which may be due to thé weak U(0)-group of

Eransiticns WAt Lies in et spectral region which his vot

been taken into account here.

-
For the best fit of each profile it is found that

the molecular of the lar transitions
have to be shifted (on ‘the average by ~ 9 cm 1) toward

the low-wavenunber side, which may be due to the perturbation
of vibrational levels. -Such shifts have already been .

reported in the binary mixtures of H, - X where X is Ar,




CHAPTER 4

ABSORPTION, SPECTRA OF THE U BRANCH (AJ=+4)
TRANSITIONS IN THE FUNDAMENTAL BAND OF

NORMAL Hy AT 77 K

X" As mentioned in Chapter 1, the U’ transitions occur
in' the collision-induced absorption due to the hexadecapolar

induction mechanism. Although these tfansitions in the

fundamental band of H,'in the gas phase were observed

earlier, no analysis was reported until the present work.

As shown ‘in Fig. 1 (Chapter 1), six U branch transitions,

.Uy (3) dnd Q,(3) + Ua;(J) with J = 0 -and 1 are expected to

occur in the fundamental band of normal H, at 77 K. In

fact all these six transitions have been recently identified
\in the absofption spectrum of solid H, at 10 K by Prasad
et al. (1978). '

In the present work the absorption due to these U-
t:éqsitiom; in the fundamentdl band of normal H, at 77 K
has been studied with a 2 m cell *for the gas densities in
the range 300 - 520 amagat. At these densities the high
wavenumber wings of the overlap and guadrupolar transitions
Have: consliatable intensity in the main spectral region of

the U- transitions. We have made an.attempt to analyze the

band profiles in this region by assuming a new expression

37 -
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for the contribution of the wings of the overlap and
quadrupolar transitions as-a whole and a dispersion-type
line-shape for the individual components of the U branches.
Details of the experimental profiles and their analysis are

presented in the following sections of this chapter.

4.1. The Absorption Profiles
-As shown in Fig. 6 (Chapter 3) a small’ on
=1

feature around *5750 cm ' (marked with *) appears in the

profile at 321 amagat. - With further increase in the density
of the gas the 5, (1) + 5(1) transition reaches’ the ‘infinite
absorption-line and ‘the peak around 5750 on” appears dis-

tinctly. Three typical experimental absorption’ profiles of

the collision- induced fundamental band of normal H, at 77 K
for the gas densities, 437, 473 and 518 amagat in the _
spectral region 5400 - 6200 cm © are presented in Fig. 9.
The positions of the three transitions of the U(1) group,
namely U, (1) .(5695.4 aly, Q, (1) + Uy(1) (5776.9 eml) ana
0,10) +.Uy(1) (5782.9 cm™}) calculated from the constants of
the free H, molecule (Foltz’et al., 1966) are shown along
the, ¥ axis. The corre ing transitions of the

0(0) ‘group which occur in the region ~5300 cm® are com-;

pletely masked by the strong wings of the overlap and quad-
zupona: contribufions which reach the infinice absorption
line on the recorder: {chart for the hiqh uen;ir,y prorues.
“rhe absorption peak at -5750 cm '’ in “ig. 9 corresponds’ o

the Eransition of the U(l) group. . All the six txansx. ons




U Transitions in
Normal Hydrogen at 77 K

Path Lengthi : (949 ctm

Profile * Density 5
F 58 Amagat *
473 v
437

ooy
5

060

Lago(lo)
'2
5

0.20

L 1 M 1 P S S

5400 5600 5800 +(__ 6000 6200

U, .
iraolugi-a0 d

v, Wavenumber (cm')}

‘Pig. 9. Absorption Profiles of the Collision-induced fundamental
band of nommal H, at 77 X for three different densities
in the range 5400 - 6200cm ', showing hexadecapolar U= - _ .
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. .
of theP(0) and U(1) groups have been taken into consiliera-
tion in the analysis of band profiles.

»
4.2. The Profile Analysis
The U-transitions in the fundamental band in the

xegion -5750 cn ! lie on the predominantly strong high

wavenunber tailof the S, (1) + 5((1) transition, where the
overlap and the other guadrupolar transitions also have
considerabld contribution.. Sirice the contributions of the i
overlap and guadxupoinr\txansiticm; up to ~5400 en ! (see R -
Fig. 9) almost' reach the ‘inéi,l:xityb—,ah’a‘urpvti\an_-line Sd the
recorder chart, not encp&h ‘data» §oints are a\r_aiiable for - ,
trying out a fit with appropriate line-shape.functions in .
this-part of the profiles. Therefore the absorption coef-
ficient for the whole of the overlap and quadrupolar parts

was expressed by a single functional form (vith‘out any half-
width parameter). The U transitions, however, were assumed -
to have a dispersfon-type line-shipe with a half-width para-
seter. "1 ackual exbressions, Hie-relative ntenaleids of
these hexadecapolar transiti¥ns and the method of analysis’

are presented in the following paragraphs.

3
{a)’ .The Absorption Coefficient and the Line Shaj

The total contribution to the absorption coefficient
at any Wavenumber v consists of two parts. The part of the
absorption coefficient due to the wings of the overlap and

quadrupolar ‘contributions in the region of interest where




™
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the tail part of the strg)%q S;(1) + $g(1) transition
predominates, is reptesented by (Lewis, private communication)
a2
afv) = RN T . (4-1)
1+ (av/ay)” + (av/ay)

where-al, a, and aj are the adjustable parameters and

v =v=- v, with v, as the moldtular wavenumber of :

51(1) o 50(1)' For the U transi_tions. Eq. (3-1) used in 1

the arialysig of profiles in Chapter 3 was eniployed with n = 3, :
" and the summation was restrictéd to the U branch transitions

brly. an spiriesl sxpression of HSalapersion ora Wasl » ° |

assuned for the line-shape function W,(iv) for the,hexa-

decapolar, transitions which is represented by

Y
. —— (4-2)
Wy taa 1+ (av/s)

where B is ‘the half-width at half height.and av = v - Vi

with Vp 28 the molecular wavenumber of the mth transition.

(b) The Relative Intensities
The relative intensities of the U transitions (single
as well as double) are represented.by Karl et al. (1975) as

(note n = 3),

2

S =B B3C@14335000% <vidi [m]vi3 52 By by g0 <vigslalv,gpl L (-3
352 %2

Yhere C(3,43{;00)'s ate the Clebsch-Gordan coefficients,

N
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<|H|>'s are the matrix elements of the hexadecapole moment,
855+ is a Kronecker delta and the ather guanticies nabe the
same meaning as in Eq. (3-9). The values of the matrix
elements <|H|[> of H, are taken from-Karl et al. {1975).
The relative intenmsities of the other U-transitions are

expressed in terms of that of the U, (1) transition and are

listed in Appendix 2.

(c) | The Method of Analysis and Results ' o
A method of analysis simjlar to the one uéed in ,

Chapter 3 was. followed for e present study and the calcula-

tions were performed on a Hewlett Packard  9825A progran-

mable calculator in conjunction with aHP9871A Printer .and

a HP 9862A X-Y Plotter. A listing of the program is given - i

in Appendix 3. Five different adjustable parameters were

used and the value of the hexadecapolar half-width s, was

obtained from the best fit. A set of ten absorption profiles
was analyzed: and a typical example of the analysis of an
experimental profile with the synthetic profile resulting

f£rom the six individual ‘components of the U group is shown

in Fig. 10. Tt is to be noted that the total contribution

of U1 (0); @) (1) + Uy(0) and:Q)'(0) + Uy(0) is shown in this
figure. Unlike in the analysis of the profiles of the

sl(J-) + 50(J) transitions, the best fits of the profiles in '
the U-region vere obtained without introducing any shift-
parameter for the molecular wavenumber v, of the d-transitions.
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o) \
. 14 U Transitions in
\ Normal Hydrogen at 77 K
040t X Path Length : 194.9 cm
\ Gas Density : 518 Amagat
'\. . Legend.
E ———  Experiment
\ JE—— A Quﬂdmpcln(
\ es e e Synthefic
\‘ ——~Individual U- Components
0301
3
5
g =
— 020t
010 3
I
S~4 -
5400 5600
: U s
- Ugl) + QU010+ Qf0) - -
v, W,ovenumber {cm) ;
Fig. 10,

Analysxs f the Absorption Profiles of nomal ‘H, at 77 ®
showing. individual U-components.
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The apparent shift of the U)(1) peak by about =40 cm *

towards the high wavenumber side of its molecular frequency

"is due to the asymmetry of the band profile. As seen from
Fig. 10, the agreement between the experimental and synthetic

profiles is very good except in the region beyond ~6000 cm L.

.
The results of the analysis are given in Table III,
in which the half-widths of the overlap'(intracollisiohal)
and the quadrupolar componerts are also included for. com-

parison.

The ifitegrated absorption coefficient’ fa(v)dv of *
U)(1) transition in normal H, at 77 X is obtained from'the

computed area undér its band-profile. As in Chapter 3, a

" plot of (1/p )¥a(v)av versus o, is shown in Fig. 11 and
2

the binary and ternary absorption coefficients obtained

in a similar manner, are given in Table IV. The binary

absoiption coefficients of othet compohents of the U group ’
transitions can be readily-obtained from their rélative
inténsities listed in Appendix 2 and. the,value of the

binary absorption coefficient of the Uy (1) transition. .

"4.4. Discussion

.The 'hexadecapolar U transitions in the normal f, at
77 K were analyzed with an empirical lide-shape of the
dispersion-type and a valuepf the. half-width has been

given for the first time. From the dependence of the-
\ Ce 3
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TABLE III. Half-widths and collision durations of spectral
. transitions of H, at 77 K arising from different
induction-mechanism. : ¥

Induction Mechaniém

Quadrupolar Hexadecapolar . Overlap
+ -~ (intracol-
lisional)
Half-width i . 2 .
) S en-d ) 542 ) o' 118#8 . 192:5
dollision’ Fe
-du;ftlz;.on 9_5'2 . . 4.5 <
Tt s) 5 . o SRR ¥ o
. - . S
A

taken from Reddy'ef al: (1977).

Ploalslyarae " oot B S IR O

TABLE Iy  Binary and Ternary Absorption Coefficients of
- the Uy (1) -transition of Hy at 77 .K.

Binary Absorption Coefficient Ternary Absorption
e Coefficient, ;.-




* rgebeun 02§ = 00¢ ®buex
437su9p oy3 ut uorarsuexs (1)Tn 03 ¥ L/ e Py Tewrou
[4 < (4
3o saTt30ad oy3 03 M9 +sA ap(a)® a (%91 30 3012 *11 cBra *

2
(10bowy) ' ‘ALISN3Q

009 008 - oop 00g .00z “ool % £
T T T A T T T - -m:az
g
& i s
(-3
o o ° [} — - M
T o °F ° 15 :
: - . ‘
3,
b ~n
uonysuoal: (1)'n >
e \ 2
S ZZ 10 UsboipAH [oWIoN a .
qoz’s :




47

induced dipole moment on the intermolecular distance (R) for

the three different induction- isms (overlap, lar,

and hexadecapolar) it is expected that the half-width of the
hexadecapolar transitions will be somewhere between that of
GVErLaE And QUANEEBALEY CERNETELONS, A EGEH ANSCEEEIGAY St
mate: showsthat ithe rabio of Eheifinif-ultths ©f hexsdscapoiar
to quadrupolar lines is about 1.7. A comparison of the half-
widths of the overlap, quadrupolar and hexadecapolar transi-
tions obtained from experiments shows' that the hexadecapolar
half-width is about two times and the overlap (intracollision-
al) half-width is about four tim‘es that of the quadrupolar
transition (see Table III). The dispersion line-shape seems
to fit quite‘well except at the high wavenumber wing, where
the experinental profile falls more rapidly..

The experimental value of the binary absorption coef- *

ficient of the U){1) transition is 2.36 x 10710 en™! amagat™

whereas the theoretical value is 2.66 x 10710 cm™} amagat™2.
A comparison of the binary absorption coefficient of the U, (1)
transition with those of S (1) + §((1) and §, (1) shows that
the former is smaller by factors of 5 and 185, respectively.

It may be appropriate to ccmment on the choice of the
empirical relstion of the type given by Eq. (4-1) for the
estimation of the total contribution to the 1ntensxty from
the overlap and quadrupolar components. When a functional
relation represented by Eq. (3-1) was tried for the wings of
these two types of components, no it of the caleulated profile

to the experimental one could be obtained because of the
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availability of the very few data points. Alsoc the use of
other empirical relations of exponential and power-law types

for these wings was found to be of no avajl. It is well-known

that the di ion 1i hap too Slowly in the
high wavenumber wing to represent experimental data satisfac-
torily. Finally, when the relation given by Eq.(4-1), which
is basically a dispersion function with an extra term contain-
#.5 1v® in the denominator, was used, a satisfactory fit was
obtained. This function can be regarded as a truncated rational
function expansion of the actual line-shape. The chosen para-
metrization makes Eq.(4-1) positive-definite. The choice of
Vg as the wavenumber of the §)(1) + 8,(1) transition which is
the nearest strong transition, is only arbitrary and any
other choice in that region would simply alter. the values
of the parameters a,, a, and a, .

o There are two very weak absorption ‘features around

6000 and 6150 cm *

, which have mot begn taken into account in
this analysis. These wavenumber positions do not correspond
to any U group of transitions. However, these absorption fea-
tures may be due to the double transitions of the type

5,(3) + 8,(3) involving J = 2 and 3 (because of high density
of the qn‘s) ,'some of which fall in this region.

In the absorption profiles the U(0) group of transitions
is completely masked by the strong §, (1) + S, (1) transition.
Experiments with pure para i, at 77 % may be performed to
observe these transitions separately. Also investigation of
pure rotational U transitions in the far infraredywould be

interesting.




APPENDIX 1

B
Matrix elements <v'J'|y|vJ> of the anisotropy
Y of the polarizability of H, in atomic units

(Poll, private communication)

v Ja v " <v'3'|y|va>
3 0 0 o - 2 ! 2.0351
o 1 o 3. 2.0500
0 2 0 4 2.0725
0 3 0 5 2.1025
0 [ 1 2 0.5708
! 0 i 1 3 ) 0.5463
0, 2 1 '0.5232
0 3 1 " 0.5015
.
" .




’ APPENDIX 2

Relative Inténsities of the Overlap; Quadrupolar and Hexa=
decapolar transitions in the fundamental band of Hydrogen .
at 77 K. These are valid within the individual overlap,

quadrupolar (due to isotropic polarizability), quadrupolar 3

(due to anisotropy of polarizability) and hexadecapolar

groups of transitions. ™
Transition Wavenumber Relative Intensity
(e} 5L
Overlap Induction:
Transitions with J = 0 and 1
01(1) 4155.3 1.0000 .
01(0) 4161.2 0.3311 -
Transitions with J = 2 and 3
01(3) 4125.9 IJ.L'I(H.)O4
01(2) 2 4143.5 0.0022
™




51
Transition Wavenumber Relative Intensity
— (™)

Quadrupolar Induction:
(due to Isotropic po azizability}/

Transitions with J

0, (1) + Q@
Q1)

0, (0) + Qy(3)
5,(0)

0, (1) + 55(0)
0, (0) + 54 (0)
s -

0, (1) + 8411
Q,(0) + 84(1)

0,(2)
Q423+ Q0 (3)
@
4,(2) + 54(0)
9, (2) +5,(1)
5,(2)
Q (1) + 84(2)
0,(0) # 55(2)

4155.3
4155.3
4161.2
4497.8°

4503.6
3

4515.6

4712.9
.

ared.3 "

4748.2

= 0and 1

0.4232
0.9942
0.1398
0.6526
0 3506
0.1158
1.0000
0.6407
0.2116

Transitions with J = 2

3806.8
4143.5
4143.5
4497.8
4730.5
4917.0
4969.7

4975.6

0.0009

©0.0015

0.0008

0.0014

0.0015
0.0012
0.0004




Transition Wavenumber
(em™ ™)

Relative Intensity

Quadrupolar Induction:

(due to the anisotropy of
the polarizability)

Transitions

with J = 0 and 1

5,(0) +5,(0) 4852.2
S)(1) +8,(0) 5067.3
's;10) + 8, (1) 5084.9
B (1) +8, 00 5299.9

0.3289
0.5472
IS 0.6012
1.0000

Transitions with J 2

s,(2) .+ 5 (0 : 5271.4
50+ 5((2) s3iz.2
5(2) +55(1) 5504.0
8,(1) +.5,(2) | s527.3
5,(2) +5,(2) 5731.4

Hexadecapolar Induction

-

0.0009
0.0011
0.0017
0.0019

0.000003

Transitions with J = 0 and 1

Uy (0) 5271.4
Q1) +uy(0) 5324.0,
Q,(0) "+ U, (0) 5330.0

Uy 5695.4
Q (1) *Ug(1) : 5776.9
Q(0) + Uy (1) 5782.9

0.6851
0.0782

0.0258

1.0000
0.1348
0.0445




APPENDIX 3

Program for Analyis of U-Fransitions
on Hewlett Packard 9825A Calculator
> -
0: wrt 6, "ANALYSIS OF U-TRAJSITIONS; normal H2 at 77K"
1: "pade Approximent Program;Uses Numerical Differentiation":
2: fmt 1,£8.1,3el8.8
3: fmt 2,10x,"A(",£2.0,")=",e20.8;fnt 3,"d,T are",2el6.8
4: fmt 9,"wavenumber=",£7.2,"cm-1",3x,"Rel.Inten:
5: 5+X;.018685093+B;enp "¢ of U Transitions",s;dim O[s],I (8]
6:
7
8:
9:

for J=1 to S;ent O[J],I[J);wrt 6.9 O[J] 1(J]inext J
enp "restart",T;if T§0;gto "restar
ent z;dim Y([2),A[X]),B[X] ,C[1,X] D{_X 1] ,RIX],LIX,X],M[X,X],U[X,X]
: rewjert O;mrk 1 lDthk 1,10000
for J=1 to Zjent YlJ],next Jsref 0,Z3rcf 1,Y(*];gto “cont"
restart":1df 0
dim Y(l] (AX) :lel JCIL,XT,DIX, 1) RIX] L X, X],HIX,X],0 [X,X]
16f 1,¥[*)
cont".urt 6,"Irial values of A(J) are:"
wtb 6,10;for J=1 to Xjent A{J];wrt 6.2,J,A[J);next J;wtb 6,10 «
ent H,Tiwrt 6.3,H,T
"BEGIN MAJOR ITERATION LOOP”:for W=l to-20
ina M,R;for K=l to 2z by 1;10K-10+5400+N
for J=1 to X
“BROE(N)+F "
AQR1(1+)-Al]
("PADE’(N)-F) /A[J ) H+D[J, 1]
AJ]/(1#H)=A S
R[J)+D [J,1] (Y[K]-F)+R[J]
next J
trn D=Cimat DCeLjara LiMeH;next K
inv #+U;mat UReB;ara A+BeA;aprt B
for J=1 to X;if abs(B[J]/AIJ])(’l‘,next J
B0 MAJOR ITERATION LOOP":dsp * nex
“ ...NONCONVERGENCE" :wrt 6, "NON(DNVRRGE:NCE',wtb 6.,7,7,7;:stp
“Break":for K=l to 2 by 1;5400+10K-10+N
wrt 6. 1,8,Y[K], PADE"(N)., ¥ [K] = "PADE " (N)
next K
wtb 6,10;wrt 6,"COMPUTED \IALUES OF A(J) ARE:"
wtb S'].U)fmt 2,10x,"A(",£2.0,")=", ¢
for J=1 to X;wrt 6.2,J,A[J};next J g
wtb 6,10,10,7;dsp "END'; Calculates ARGA"jgto "Area
BADE® 1 A[1) 2p‘/(l+((pl 5300) /A [2]) “2+( (pl- 5300)/A[5|) 4) +x0
0+r2;for L=l to S
A[3]1"2r[L)pL/ (1+((pL-0[L])) /A[4]) "2) »£L
rl/(1+exp(-B (pl-0[L])))+r2+r2;next L;r2+r0+r0
ret r0

igto Break'

N

53




43: "QUAL":A([1]72pL/(1+( (pL=5300) /A [2]) 2+ ((pl=5300) /A [5]) "4) +15
44: ret r5

45: "HEXA":A[3]°2% [pL1p2/(1+((p2-01pl]) /A [4])"2) =13

46: r3/(1+exp(-8(p2-0(pl])))+r3

47: ret r3

48: "Area':

49: fmt 8,"Step Size=",£2.0,"cm-1",7x,"AREA of Ul(l)=",el6.8,"cm—2"
50: for E=6400 to 7300 by 300;wrt 6,"Range=",E

51: for V=1 to 5;0+Y;4+J

52: for K=5400 to E by V; “HEXA ° (J,K) #Y+Y;next K;YV2. 3026/194.9+Y
53: wrt 6.8,V,Y;next Vinext E;dsp "Plotter READY ?";stp

54: "Plot’:scl 5400,5400+(2-1)10,0,. 5

55: axe 5100,0.50,.1

56: for K=l to 2;plt 5400+10K-10,Y[K] ,~2;pen;next K

'57: for to 2;plt 5400+10K-10, PADE’(5400+10K-10) ,~2;next K;pen
58: for K=l to z;plt 5400+10K—10,’QUAb’(54oo+1oK-10) ,—2inext K;pen
59: for J=4 to Sjfor K=l to

60: plt 5A00+10k-107, "HEXA® (J 5400+10K-10) ,~2;next Kipennext J

61: for K=l to 2;0-r6ifor J=1 to 3; HEXA"(J,5400+10K—10)+r6+r6;next J |
62: plt- 5400+10K-10,r6:next K;pen

B L e iR 3
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