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. band in these mixXtures are similar to those .observed for

and satlskles the

’rh? infrared absorption’ s/ ecéra of 7 the Eundamanta .

band of HD in its binary mxtures with He, Ne Ar, Kr.__‘

Xe for different base.densities’ of HD .and a nul\'\ber of to\:al
gas densities 'up to 190 amagat were recgrded at room tem—
perature thh a one meter transmission type mgh pressure

absorption vell.. The collision-induced features of the >
. : . : -

the corresponding specera of H, in its binary mixtures.

The binary and ternary absorption coefficients of -the band

" have been derived From the measured integrated intensities.’

An ahalyslis of .d}e" profiles of ‘the ,enhancement of absorption:
I o 3 E
of the bqhd‘in all the five mixtures has been ‘performed by

assuming ‘appropria:e line-shapes, and the three half-width

. fparameters. Sq amd -8 - of the Dverlap transitions and L

%
of the quadrupalar tran 1tmns, are obtame‘dA The half;

width 6 of the lnte_rqolllsmnal .mterferen,qe dip# of the

'‘Q branch Tazes with dénsity o, Of the perturbing gas

for all the s

2%




whose rlntensLty gncreases thh the rare gas density.

This, 11ne(‘us lpterpreted as due«t-o a constructive 1nter—

- Al

Gastdensiities: mp-io Eo amagat at 77 and 196 K on a_two .

meter high pressure ahsuxptxnn cell and at 298 K on the one

‘meter abscxptlon cell ‘(The bmary ar\d termnary absorption’

A .. coefficients of the band }'{ave‘been daii ves. o the, Sxperie
‘mental profiles. The contxibutién to the intensity of the
band from the short-range overlap induction was.obtained . , -

" from the analysis of the absorption profiles. For the .
HD—QD 'molecul.;r piirs, the overlap parametéis A and .,

" which give respectively the magmtude and range

‘overlap dipole moment, and u(s), bhebvéTiap-induced dipole

moment’ at ‘the: Lennard-Jones intermolecular diameter o .

. o . /
: 4 “ . were determi‘n_ed by obtaining .the ,best fit ‘Df the calculated
- . .overlap ‘part fron th'e theory of Van Kranendonk (1958) to .

the expenmental values 6f the overlap parts, _ The cou;sm?

induced absorpc:mn spectra of the fundamental band of H

in the pure‘gas was rei vesmga:ed for densities ge to”

lap arameters for the né

by adopting a‘procedure suvular to theyor
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GHAPTER'I * . . % |

INTRODUCTmﬁ.

nomonuclear rhatcnuc molccules such as hydrogen,

d!zut—.erlum, itrdgen; oxygen,, ‘ete., do not exhibit Grdinary

el(.ctrlc dlpole infrared spectra corrcspandmg to molecular

/rctatldn or betatlon in_the frcc state becausc of the sym=

LR S% metry of ‘thei.

z‘rha ge configuration in the 1: ground elec-

P ’ tronic ‘states. Howcver, these molecules when, compressed,

in their pure staté or 'in. their mixtures with uther gases

give rise &

lnfrared spectré\ rﬁue tor clectnc dlpoles

7. tinduced in twn or m : collldlnq molecules by iDEerst

ey molecular forces mainly; beca

o of (i) ‘the querlap of thé

S eccron’clouds, and (11) the’ ;}uadrupolar 1nduct10n result-

8 “ling -from thel polanzauon of ‘one

w6lecule by the quadrupole

.fmld of- thg‘o her,_*._A.Aptually, thls mduced dlpOlE momcnt
¢ . is modulated Ly the iiternal rgeatzf/vmrauon, and reia-

¥ ' tive translational motion of the colliding molecules and

A

P

\




-oxygen and nitrogen by Crawford, Welsh, and Loace (1949)

induced infrared absorption spectrg. '-The discovery of
colllslon—lnd_uccd absorption was. first made in compressed

in:the regions of their fundamental vibrational frequencie

‘Althf)ugh the. HD moleculc, just as the ll2 and D2
molecules, has no electric dipole moment in the equilibr‘ium
position in its ground clectronic state, a weak, oscillating

dipole moment results in it becauge, during a molecular

vibration, the displacements of thé proton are greater than

those 'of the deuteron and-the negative charge center of the

electrons lags behind. the positive chargc center of the

nuclel. The Sceurrence of a rotation-vibration f;pectrum of

np duc to -tlns oscillating electric dipole moment was first

predicted by Wick (1935). Weak rotation- va:qtmn absorp- -

N R )
. tion bands of HD were first observed. by Herzberg (1950) near

o . .
. 9650 and 7400 A and were idgntified;as the 3-0 and 40

. £ .
bands, respectively. Later, a detailed experimental .

investigation of the-1-0, 2-0, 3-0, and 4-Q bands -was made .

by burie and Hérzberg (1960) who 6btained precise vibra-

tional and rotational constants of D in itspground elec-

tronic state. Subsequently, the pure’ rotational spectrum.
of 1D was observed by Trefler and Gush (1953) who' detérmined
the d;pole ‘moment of 1D by measuring the. 1ntegrated 1nten~

sltles of four Ry llnes. : Recently, McKellar - (1973, 1974)

x - . e
The subscnpts in Ry, Ryy Qu' Qyr Spr $,+ etc., denote

Av(=v'= " ¥ thc change in. thn vibrational quantum ‘number. .



. made a éo;nprchensive study of’ the

2-0, 3-0," ém& 4-0
bands of HD .and measured the lntenslty of' 13 electric
dipole transltlcns and one electric quadrupole transition.
Bejar and Gush (1974) alsd measured lndepenéently the
Lntensu—_.\es of 5electric dipole transitions of the 1- o

band of HD. Thc selection- rule for the rotat;unal transl—

tions arlslng from. the electnc dlpole moment is A3 = #1

and that for the® transltxons arxsxng from the elvectrxc

quadrupole moment is 8J = 0, 2% - : E

Since_the first observation of the chlJSJDn inducead

. absorption of.the fundamental band “of H2 by welsh et al.

11949). there have been extensive studies of the COlllSlOn—
induced spcctra of n and, Dy A comp};ehensxve review ‘of

this: work 'has been giveh by Welsh (1972) (see also Reddy

. and Chang 1973 and Russell, Reddy,and Cho 1974 and the-

references therein). The work on the collision- induced

_absorption in-HD has beer very limited,. however. The. pure

rotatxcnal COlllS

mceq absorption of HD in gaseous

and solid phascs has been studied by Trefler, Cappel, ‘and

Gush (1969). Recently, McKellar (1973)‘'studied the Collisicnf

.induced fundimental band of HD in the gaseous phase at 77 K.

Thcre'_havc also been ét}udies of the fundamental band of HD,
in scélid up by Cran‘e and: Gush (’lv9'66) and '11"\ I;D dissolved in
liquid argon by Holleman dnd Guing (1966) " and of the ‘puré
rotational band of ypsatsseLva s afiuia argon by Mollenan

and Bwing '(1967)



e

“up to. mode{—ate pressures, colllslon—-lnduéed absotp—
tion is caused mainly- by: binary collisions between
molecules. Only at Kigh pressures ternary and higher’
order colllslqns contribute conslderably “to thc total
"absorption. A:.:cor?an to the theory of the coll.lsxon—‘
induced absorption of diatomic gases proposed by Van .

. Kranendonk (1957, 1958), the dipole moment induced in a

colliding ‘pair of molecules is represented by .the ‘so called

"exponential-4" model, In this model, the induced dipole
doment ‘bonslsie of tud additive parts. One part b e
isotropic short-range over]v.é‘p moment which decreases
exponentially with increasing intermolecular separation R
- and the other. ;art is the\an’isotro‘pié iong-range moment,
resulting from the polarization of one molecule by the
Guadiupole ‘Field of the other molecule, which varies as

R4

. The short-range moment contributes mainly to''the

intensity of the broad 0 {i.e.,, O = 0) lines.

overiap) (47
The most interesting feature of the @ branch in “the

cqlnsmn—mducea fundamental bands is thé occurrence, of
the dips in the Qg uyy,, components. ‘The low- and high-

eraguEnsy maxima of these. dips;are known as Qp and Qp, the
separation of which is strongly ‘density-dependent. fhis.
phenomcnon was explained by Van Kranendonk (1968) in terns'
of an "intercollisional interfrence effect” which will be
discuséed later in this chapter. The long-range moment

contributes. to the intensity of the relatiVely less broad’

ST
-




0 (03 2-2),,0 tie.o

‘quad.

) wa=0), ana’s (83 = +2)  °
. ;
1f:the perturbmg ‘molecule is monatomc, only

s
lines.

*© single transxnons 0,3, 0, (I #0), and $;(J) ‘occur in

the spectra “and' if it has a quadrupcle moment. these sxngle :

. transxtwns as well as’the dcmble (sxmultaneons) transi-

tions —of"the types Q, (J) + Q (J) and QI(J) + 8y (J) occur.

In a sanle transition, -molecule 1 of the Cﬂllldlng p ir

makes a vxbratwn or a vibtauon—rotation transition while

the., mternal energy of mnlecule 2 does nor, chahqe. In-a

ouble transition both the colluhng molecules s;.multa-,
neously absorb a a photon which corresponds to, a vlbratxonal
transxuon Ql(a) in one molecule an‘d a rotational transi-
tion §,(J) or.an Oxlentatxonal I:ral-'nsu:ion QO(J) (J #0) in
the other ‘molecule. )
¥i wan aliown Fhak #5- intensity dn. the lows md

" high- wavenumber wings of the Q branch of the »fux'xdaﬁe_ncal
band of H, (Chisholm and Welsh. 1954). and the intenmsity of A
the'S lines in the purg rotational spectrum;gf 1, (xiss

and Welsh 1959) obey the Boltzmann relation -

AT (v v) (v +.8) exp’ (~hedv/kT):

. where &7(v -4v) is'the absorption intensity, (vith:the
wavepuner factor renbled). at.a vavenurber by Lower ’chan the
'mxeqular vavenunber v (in cn’ Pl aat (v + &) 1€ the
Lntenslty at a wavcnurm Av/llghez than "m This relatlorf

1nd1cates that in c0111510n~1nduced a.bso?h;on a }Iﬁé"Ef




. —6-

molecular wavenumber v -hag the summation and difference

tones vy tv, ., where v, . represents a contmuum of wave

numbers co:respondlng to the relative translatlonal energy |

of the polliding molecules: . .° T L

nduced

. The first profile analysis of a collision
spectrum was made»by Kiss dnd Welsh (1959) who uéed'a
Boltzmann-modlfled dispersion line shape (see Chapter Xll)
for the 1ndlv1dua1 linés of the pure rotatlonal speéctrum '
of" Iy Similar method was used by ‘Hunt and WElSh +(1964)
to anal)’/‘ze ‘t’:he profiles of the fundaméntal bahd of B,

ng thc\dispc‘r"sion line shape ‘for the high wavenumber

.

component g ‘oF e Q branch and a Boltzmann-modified
Sispersiom iise shape: for'ithe muadrupoiarss ‘linels and
neglecting the splitting of the Q branch, they were able
35 58kE @n analysis of the most of the high e wing
of the band. - Liter, in analyzing the fundamental band of,
1, in the pure gas at low densities and low temperatures,
where the dip in the Q. branch, was not very apparenty
Watanabe and Welsh (1967) found “that both the overlap and
“the quadrupolar components could be represented by a
.Boltzmpnn-,modlfled dispérsion line form.- Watanabe (1971)

“Wreanalyzed the absorption profiles ofthe fundamental band

of H, in the pure gas at 18, 20.4, and 24 % makmg use of, "‘z

L
thé matrix elements of the quadrupale mnment and of the
polarizability of Hy, calculatea theorgtlcal—ly by Karl and

Poll (1967) and Kolos and Wolniewicz .(1967), ':espectivgly.




mixtures and of H, and the pure rota:xonal spectra of H-
found that the dispersion line .form gave too much u\tensxty
in the tail. A better £it _of the synthetic profx_le to che
experimental profile was obtained by them by attaching an
exponent)al taxl to the dxspezsxon lxne form. La(—_er,
Mactaggart and’ llunt (1969) used & dxspersxon line curve with
.a power-law taxl and obtained a much better representat.:.on
cf the experxmental data of the /high*wavenumber wing of the |
pure rotatmnal spectxum, of HZ' ."‘ . . X

" The line thapes discussed above are empirical in -
nature and have no theoretical basis. As a matter of fact, °
in collision-induced absorption the lxne shape mugt be
derived from.the. Fourier transform of the intracoNisional
time correlation functitn of the induced digote momdnt.
Levine. and Birnbaum (1967) in an' attempt-to obtain 2’

theotetical line shape for the observed collision-induced

-.pure translational spectra arisifg on account of the short-

’range overlap indyced dipole moments used a Gaussian—typé
r{chle moment rather than a pure exponential form related
to the overlap xnperactmn, thxs dipole mument tenﬁs to *
zero as the nt;ern\olecular separatinn R tends “to zero.
Assummg $daatl stratht -line collision paths for the

::0111 g molecules, Levine and Blrnbaum (1967) calculated

" an_ intricollisional line shape in the form of a nodified

.



“Bessel fynctlon of the second kind.’ Sears (1968) cé‘lculated

the translational 1Lne shape functign classically, assuriing '
an. isotropic model for, Jthe linduced aipole moment and 2

ones potential for the colliding pairs of l!\cl -

/
Lennard
»

. cules. . Van Kranendonk (1968) showed that the splitting in -

‘["the overlap' Q. branch could be interpreted in terms of the. -

¢ neqatlve corrclatlonsr existing. between the short—tange

dipole’ moments induced in sucéessive collisions, This

_‘.."intercollisional interferente" effect is density~

L dependent. When the blnary bllisions are of finite

‘i duration, the -total correlat on functlon is ‘the convolution

of the intracollisional and intercollisioral correlation
functions. ‘Phis means that the overlap Q components tust )
“Bé wepresentsd as. & product of -the intercollisional and )
intracollisional line shapes.” Van Kranendonk (1968) has

shown that the 1ntercolllslona1 Lnterferen’ge aip of the Q

branch can be represented by a dlsperslon type intensit
Qistribution; therefore the width of the corr‘espondinq‘-difx
must’increase with increasing density.’ DR T
. * Recently, Macc;-.gge_;rt and Welsh (1973) found that
in th; enhancement profilegs of I:he chlisic’m—induced' funda-
mental band of H, in pH,~flc mixtures at 77 K, the Levine=
‘B:Lrnbaum lxne shape gave a better reproduction.of the
overlap-induced 0, (0) component. than thé line form g1ve,n

by Sears. For the quadrupolé-induced components, theoret-

ical derivations §f the line form are”not yet available.

oy




Hovever, the dispersion shape has been found to reproduce

Mactaggart

the, expeumencal profiles reasonably "‘Qb"r
“'and Welsh (1973) and Mactaggart, De Remigis, and Welsh
(1973) have analyzed satisfactorily the enhancément pro<

files of the fundamental band of H, in several Hy- inert

2
gas mixtures usmg ‘the Levine-Birnbaum line shape and ,
Van, Kranendonk's dispersion-type line shape for' the \intra-
collxsxonal part and the intercollisional part, respec—
tlvely, of " the overlap-induced Q components and dispersion
~line shape for the quadrupole-induced Q and S components.
[’rlox to the present work, the new line shapes have m:t
been’ applied, for the. absorption profiles of the H, funda-
‘mental band in the gure Ui, gas where a large numbér.of
-double transitions make the analysis more compllcatcd.
. De Remlgls, Mactaggart, and.Welsh (1971) dlscovered

a prpnounced narrowiyg of the quadrupole—mduced transx—

itions in the fundamental band of H, in H,-Ar mixtures for |
fhe argon densities greater than 350 amagat and in H,-Ar *
1iquid solutions. They, found that the half-width of the

S. (1) line remains ¢onstant up to ~ 300 amagat and varies
: heing cong :

1
inversely as the argon density beyond 350 amagat. These
studies have been extended by Mactaggart et al. (1973) to.
Hi,-Kr, and H

the bmary mixtures pH ~Ar, Z-Xe. - The pressure

Hy
narrowing. of the' quadrupole-induced lines has been explained '

as ‘a diffusional effect by Zaidi and Van Kranendonk (1971).

This ‘dif fusional narrowing of the guadrupole-induced lines
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' is not of panticular interest in the Ismsent thesis.

One of the objects ‘of the present work was to make
a Systematlc study of the collxslan—lnduced fundamental

band’ of HD 1n ‘gaseous phase under a vanety of experi-"

mehtal.conditions, ‘first by obtaxnlnq accurate experimental

“profiles and thcn by performing the proflle\analysls usmg

the most recenllly -derived line shapes. The main expe!‘l—

mental dlfflcul‘.ty was the ~strong absorptlon of the ' B
atmo%pherlr water vapor in the regmn of “the fundmental
band of HD" and th)_s was solved by ! caxperlmentatlon
The detalls of the exper:.mental techmques used in the

present work are gwen in Chapter II..™ . ' _ _. -
The snhar{cement absorptlcm profiles of ; sthe funda—
mental band’ of a dlatomlic gals in.its blnax‘y mlxtu:res ylltn
inert gasds are-simpler than the corresponding profiles in
the pure gas bec;use ¢he former contain only;single transi-

tions.” The colllsmn—lnduced fundamental band of ‘HD was

“studied in the binary ll\lxtures HD—He, HD-Ne, Hb-Ar,” HD-Kr,

and HD-Xe'at room température for different Lase densities

6f HD ‘'ahd for'a large number of total densities of mixtures

up to 190 amagat using a one meter high pressure absorption
cell. The results of the work on HD—HE.haVE recently been '
published (Prasad and Reddy 1975), ' The experimental data

and thé sesu_lts .af ti\e profile anélysis in-all these five*

mixtures. ar‘:e"_presented in. Chapter TIis .
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- .' o During the course of these éxperiments, the
occurrgnce of a garrow line at the Ry (1) position #n the
enhancemgnt spectra of the fundamcn‘tal band of HD in
hD-Kr and !ID—Xe mixtures was phscovered. The lnhenslty Of
ehil 1ine Was Toums £6 THCEEASE LN THE Eare gas density. ..
This line is interpreted as due fo a constructivé inter-

- ference botween thé allowed dipdle moment f HD and the

- callision-induced dipole momént of the colliding pair-of .

molecules, “This effect is referred tc as "intracollisional
g * interferenge". Chapter IV presents, ther Experlmental T

" results and the' theoretical calcum_gions (poll, Tipping,’

Prasad, and Reddy 1976) of .this work. : -
O The ubsorptlon ptoflles ,of the HD fundamental band
"in the pure gas were obcamed for densltles up. to 50 amagat

at*77 and 196 K on a two meter high pressure ‘absorbtion

cell.and at 298.K on the one meter cell. Theloverlap ',
contrlbutlon to, the Lntenslty Uf the band at the three
‘temperatures was ‘separated by the method of profile anal-
ysis making use of the' new line shapes. 1t was:then
possible’ to obtain the overlap paraméters .\ and p, which -« °
give xespcct]zvely ‘the magnltude and the range of the over-
lap dipole moment, and u(s), the overlap-induced dipole
moment at' the Lennard-Jones intermolecular diameter o, %o
- the HiD-1iD collision.pairs from the éheon} of Van Kranendonk’
(1958) . Some of the.results ‘of the work on.the fundamenLal :

band.of D in the pure gas at 298 K have been recently
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©+  published (Prasad and Reddy 1975) .° ‘The results of this

work are gwen in Chapter v N
o

:ven though a great deal cf expe,nmencal %ork has -
beer' e TROLE past.on the collision” ihduced fundamental

band of HZ’ the new lxne shapes have not been ﬂpplled so

“far to the profiles. ir

)
the pure gas mainly because of the

complexity of the spectrum due’to a large number of double ,

transitions. It is also the object of the present work td

perform the profile amalysis of the H, fundamental:band

recorded in the pure-gas at different temperatures ysing

the new line shapes and to.derive the various overlap

- pamameters for, the Il,~H; collision pairs. The profiles 4

of th‘e’fuhdamental band of [l in the pure gas were recorded

£or densities up to 60 amagat at 77, 196, and 295 s with’ »
. £y N
the sape apparatus-which was. used. for the vork. on: HD and . o

‘their analysis was completed. The results of this phase

of the work are presented in Chapter VI.




' .CHAPTER 11
: ;

‘APPARATUS AND‘EXPERIMENTAL PROCEDURE

The wok reported in the present thesis on. the

collision-inducéd fundaméntdl bands of hydrogen deuteride '

out with different absorption cells, anl frared recoxdlnw

\spectrometer, a high-pressure gas l)andllng steh\ and

“other: necessary .apparatus. In this chapter a description

of the apparatus:'and experimental prccedurevwlll be pre- .
. A : 7 :

sedted. . g4

% 3 Y

1. Absorgnon Cells
‘ (a). The 1 m Absor) tmn Cell «

Sevﬁral experlments on, the. collxs1cn—1nduced ‘funida-

‘mental ban& of HD in the Bure gas ‘and in its binary

-mixtures \uth inert: gases He,. Ne, Ar, Kr, and Xe, and an

experinent-on the colligion-induced fundamental.band of H,

. s, . ~ .
in the pure gas, at room temperature, were carried out with

a ‘transmission type 1 m absorption cell “(for the original
d‘e_é:ci:ipt.:ibn, sec. Bishop 1966 and Chang 1971).\. The :
details of sonEEEEEon o thilfeaT Rrerahowal A Blgh, TELL.
The main body A of thé a.bsorp:ion cell is a'303
stainless steel tube.l'm long, 3/4 in.. in diameter and

1/8 i in wall thikness. The.inner’ flange F was
’ o - “

j : e

e

- and hydrogen at temperatures 77,-196, and 298 K was carried
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- he end piece: E was made

. . ° = fx:om a 303 stalnless steel cylxvier 3.in! in diameter ‘and =

ong. Lacn end plece was attached to thé cell “body

5y means of & steel’ closmg nut L 1 A'»pressure—ught seal

“of ‘the staihless steel Ling R, . .The' nght gulde B was P -

£ts
made in’ four Sectlons thh rectangular a‘perture 0.4 in

o.z in. and was highly ponshed

.'nslde' opuc}my flat = . «

dlameter and 5 mm thlck

I afmthetlc sapphiré Fiat.es 1in.

onstltutcd the ‘e trancc or cx).t w).nddw Wl General »

"Electric RTV-108 Sll.\.COnE rubb £76) ment was used to hold,

the sdpphlze window against the optlcally flat wmdow plate ©

P. . The wmdow plate holder is of rectangular aperture N

0 5 in. x'0.2 in. Teflen ring Rlz f;tted l.n steel cap C

prnvented the wmdcw from 'becomm g 1005(2 dur,\ng evacuatlon.v‘ 2

3
?_ plece E, the stainless steel nut y, was thhtened gl

o wowm Bt wu-.h teflcn ring R between the Awindow plate P .and the end

pressurc fight seal was, obtained. The square—shaped por-

tlghtonq - inlet T consléts of a stalnlebs steel

'm dlameter, whxch was connccted

- o capulary tube, 1/4 iy

11 body by:means of 54 Aninco fittlng M. The




s
‘(E) The 2 m Absorptién Cell et )
A2m traﬁsmis%ion type absorption cell which_we}'s
RGBT, OHBEEGGERA (EoT ENE OO /LenpEraEAEE- BTk
(Reddy anﬁ Kuo 1971) 'and later modified for the low tem- ‘ !
% ) ‘peraturervﬁark (Chang '1974) was adopted in the present
study ol the fundamental band of HD in. the pure gas at 77
and 196 K dnd of the fundamental:band of N, in the pure y
Ve — % gas at 77, 196,and 298 K. Its constructional detail§ aré

o ' shown in Fig. II-2.

The absorption tube made from a 2 m stainless steel
(type 303) bar,shas & 3. fw. oater Qraniter and a 1 ih.
scentral bore which was drilled with a'% 0.010 in. tolerance
by Industrial ‘Machining Limited, Montreal‘.. The polished
stainless steel light gulde B which was made in five sec-
txons has a rectangular aperture 1 cm x 0.5 cm. Dptxcally
flat synthetlc sapp}ure window Wy 1 in. in diameter and
S 1'em thick, was attached to the polished stainless steel. .
window seat B} which has a rectangular aperture 0.4%in.x
0.2 in: Genefal Blectric RIV-108 silicone rubbax cement,
provx,ded the necessary sealxng between the window and the
. seat. In order to obtain a pressure-tight seal between the
- Wiiiiow Badk WHdEES BbEGHRELGH tube,”* invar r'inq.Rl was'

placed between them and the end piéce E was tightened

against the cell body by means of eight Allenoy steel Allen

', . . head screws § : 5, C e \
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" Two concentric cylindérs made of stainless steel
sheét 1/32 in. thidk‘provided the cooling and the insulat-
ing jackets for the absorptioh cell. The weight of the

- absorpt)_on ‘cell was supported by two stainless steel discs
_ D, which in turn were welded to' the inner cylinder that
had a diametef of 5 7/8 in. These discs have holes which
alg.ow the coolant to flow freely in the inner Jacket. The
outer cylinder,11-in. if. diameter, Was made in, three pieces
and is capable of accommodating ‘the contractior of the
inner cylinder when the absorption cell is cooled. . The
sitet Sha SHisE sylinderd wers Walnsd 65 stainievsisteel

sheets fitting around the .absorption cell. Finally, the

ouéer jacket was steel-welded to the’body ‘of the cell. The
space between the inner and outer jackets was insulated
with vermiculite V. | ;

A cylindrical vacuum chamber . C was provided at.each
~‘end of the 9é1;. “This consists of two cylindrical ‘adapters,
¢, of stainless steel and <, ofv‘plexiglasr | Adapter C, has
a thin central portiow to prevent flanqé‘s connecting ¢; and

C, from getting too cold. Alummum foil was wrapped over

2
the \end piece E and also inside c) and C, o zeflect back

the heat .from the ﬁ]tside. A flat synthetlc sappmre window
W,
prene O-ring K, against the “plexiglas adapter c, by the

2'in. in diameter and 3 mm thick, was soaled with a neo-

plexiglas end plate P, by means of -three screws sy

3
Adapter C,. was sealed to Cy with 4 neoprene O—rinngB by
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tightening 'six screws 5, into a 1/4 in. thick: stainléss
steel plate Y wslded onto the outer jacket. These. screws
also serve to obtam a seal. between P2 and €y with an indium

ring RZ' The flanges connecting Cl and C2 were later

covered with General Electric RTV-108 silicone’ rubber
CemaE,  HEEENNG GONLSE viEe Wolnd avetRa the plexiglas '
chamber,, .and a( small current (v 0.2 amp) wa:s maintained to
prevent the window W, from frosting. Thé chamber C. was
under eonéﬁah't svacnatioh whrongh-the: s184 mibe i Invorfer
to prevent the' window W, from frosting.

The capillary tubé I fitted to the cell by means of
a 1/2, m. Aminco ﬁxttlng F served as the gas‘ inlet. The

coolants -used. for ‘the low temperature experiments were

liquid nitrogen. (77 K) and acetone-dry ice mixture (196 K).

An opeéning in the central section of the ‘jacket was pro-
vided to admit the coolants. The sample path length of the '

cell at room temperature is-195.3 cm.

2., ‘The Experimental Arrangement

(a) The Optical System 2

“The optical system used for. the low, temparatire

: expenments is shown schematically in Fig. II-3. The

arrangement Eorrthe room temperature experiments' was the
sape in principle. The infrared radiation source § is a
sob' watt Generayl‘s‘leccric‘wa quartzline pzojeccion lamp
mount® In specially prepared water cooled vbra‘s’s housing
(for details see Chang 1974). The power :—_o"ope:at'e this .
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lamp was obtained from a Sorenson _}\_cg—zéoo a.c..regulator.’
Coricave mirror M, focused radiation from ‘the lamp,on the
entrance window of the absorption cell H. The radiation
coming out, of the absorption cell was focused on the
entrance slit of the spectrometer by meéans of a similar
corkave mirroz M. Bach- of M, and M, is a front-coated
" spherical mir;ror with a radius of:curvature of. 60 tm:and

ameter of 15 cm.

A Parkin- Blmer Model 112 single-beam double—pass
infrared spectrometer equipped with a lithium flnorlde
prism and an unccoled lead §ulfide detector was us,ed to
record’ thé spectra. The arrows.in Fig. II-3 show the path -
of_ﬂthe: Fadiation in the MORGCHYGNEELT. “The SHopper in! o
located such.that o’nly light which has .adubly passed the
prism is mofulated.’ The slit of the spectrometer main-
tained at widths of 50 um (for the experiments at room
temperature) and 35y (for the Lows temperature expe_nme’nﬁs‘j'

Yand v 2.0 e},

gave spectral’resolutions of ~ 3.0 em”
FospACLIvELy, At the origin (3632 cm™Y) of the fundamental
band of HD'and thé adcuracy of the Wwavenumber measurement
was v-1.0 em 1 A slit width of 35 ymgave a spectral ,
resolution of » 3.0 cm’} at the origih (4161 em™ 1) of the
fundamental band of H, Ae plexiglas end pledes Gf ‘tha

cell were, connected to the plexiglas boxes .
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" (b) The Detection-amplification System

The electrical and mec}xanical'érrangements of' the
exPerimental set up’ are shown schematmauy in Flg II-4."
The irnfrared radxatlcn transmitted by the absorption cell
was ‘focuse‘d on‘_the .lead sulfide detector by the optical
system (not shoun) . -pﬁe infraraq sy [Feceived by ens

detector is converted into an eledtrical signal which is

“proportional to-the intensity of fhe energy. The signal is

thén amplificd; rectified; filtered and fed to the recorder.

‘The experiments on 'the HD'fundamental -band at room

. temperature were initially completed with the spectrognetér

equipped with' a Pex’:kin—mmer amplifier Model 107 and a~

Leeds and Northrup strip chart. recorder (not shown in '

Fig. I1-4). This amplifier is a lock-in 13 Hz type and the

rectifiers are breaker-type synchronous rectifiers activated

by ‘the rotations of the i3 Hz chopper shaff. Noiseé com-

ponents are removed by electmcal filters in the. ampiifier
unlt. The signal is supplied to the recorder amplifier and

a battery voltage is supplied to the slide wire of 'the

recorder. The recorder permits continuous recording of the -

- spectrum.

“The electronics in Htie de:ectlon amplelcatlon
system was modified somewhat for the,low temperature work

on*HD and for the work on Hy on’ the basis of the followlng

Snsiderationss
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s A ¥ 1 i 13
With the 13 Hz mechanical chopper, noise in the

electronics comes mainly from. the dirt picked up 2\
by the breaker pon\ts.
{i1) A self-checking-electronic systen wounl‘d be much
d preferred.‘ § . ' P

A'PbS " detector is, expected to. give an optimum

signal-to-noise ratio when fhé radiation signal is
. modulated with a ch‘opper having much larger fre- :
quepcy than 13 Hz. . i I . v
The 13 Hz mechanical chopper jin thie spectrometer was
replaced by a 260 Hz tining fork: chopper Model 140 sup-.
" .plied by vAmerican Time Products. The size of this"tuning
ifork is small enough ‘to fit it into the position of the *
{ig llz‘choppe; in the monochromator so. that it chops only
the second: pass signal.. The previous. preamplifier and the’
13 82 amplifier were replaced by a DUNN Model LI-101 pre-
amplifier.and a Brower Laboratories Model 101 10:'7k—in
voltmeter. The reference signal was supplied by the power
supply unit for the tun,mg fork and the phaslnq adjustment
is a part of the lock-in voltmeter. With these modifica=
tions in the experi;ﬁ\antal set up (Flg. TI-4), it was
possible to'obtain an optimum signal-to-noise ratio for the

PbS detector. . ’ . -
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3. Calib: ion of ‘the § ectral Region and Reduction s
of Recoxae races of the Spectra "

~ The specttal region 2800 * 6000 cm 1 which covers

the fundamanl:al bands of HD and H was Calibrated with the
standard wavenumbers of the Hg emission 11@ (omphreys
1953, Plyler et al. -1955), absorption peaks-of atmospheric

water vapor and absorption lines of the- fundamental bands

. of HCN and HC1 (I.U.P.A.C. Tables of Wavenumber 1951)
'l‘he standard HCN  and Hcl quartz, absorptwn cells were pre-
pared in our laboratory for the purpuse of callbratlon.

A computer program was used’ to obtain a smooth curve

through the points on a graph of wavenunber hgainst posi-

= "' tionon arécorder trace. The procedure adopted. for s
purpose is as follows: The distances of the standard .
enission and absorption peaks were accurately measured

) g;rom a reference’ H,0 absorption éea{k on ‘the recorder charts. .
‘These distances At were then -expressed as a polynomial
function of wzavenumber viem™ ) in the form

! aw) =+ By oo’ 4t B 2o
A 1eagt-squares flt was’ obtained to calculate the constants *
A to ¥, 'and these ‘constants were ifi turn used to obtain

wavenumber ‘against position h a recorder trace at 5, 10,

"1 intervals. A calibration chart vas, then arawn’ . ¢

on a tracing paper giving'the position along the recorder

or 20 cm

trace at these intervals..

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

number. v(in en"l) of an absorbing gas-at a-density 0, in-
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.- a ¢ell of ‘'sample path length ¢ ‘is given by the-quantity-
(1/4) 1n [I5(v)71(v) ], wheré I, (v) and.1(v) are the'inten- e
sities of radiation transmitted by’the evacuated cell and
/. by the cell filled with the absorbing gas, .respectively.

The enhancement in® the absorption coefficient a, () due to the

wddtELon 8F & perturbing g!as‘at a density p -into the
. absorption cell t;oﬁéaining the absorbing gas ‘at & fixed s
baserdensity p, is given by (179) In [Ty (\))/I (v)1, wvhere 1 (v)
and I (v) are the :Lntensl.tles txansmu:l.ed by the cell
£illed with the absorbing gas andWith the binary gas Thix-
éuze, respectively. The vavenumber -callbratisn chart was

4 stltloned on the recorder h:acss and the quantxty s
logy, [1y(V)/I(w) 1 or loglu [Il(v)/Iz(v)] was measured at "
the marked intervals on the ¢hart with the help of'a stand-.
ard logarithmic scale. Absorption profiles were obtdined -

by plotting 1og10 (1500 /1] or S (1,-(0)/T 5]

against v. The integrated absorptign coefficient of the

2

batd fa(v)dy and Sa, (v)dv (in-on %) were then derived

from the areas mea‘sured under - the e)gpgi:imental profxles.

- 4. Rcmoval of Water Vapor from the Opmcal Path’

T . The fundamental band of HD falls in the spectral .

7 regmn where there is a Very strong absorption due to the &
atmospheric water vapor. It was, therefore, 1mperat1ve to
remove all traces of at‘mospherlc water vapor from the path

of the infrared radiation from the source to the ﬂetector —

in a:der to make rellablﬂe mtensx,.ty measure __nts ‘of the HD
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absdrlr;tinn band. In the -experimental arrangement
1 m absorptlon cell, the whéle optical- sys}em. ir‘;c’l ding
the radiation source, the ahsorptwn cell; and the n;q o-.
c‘hmmatnr, was enclosed in an airtight: plexiglas béxa
‘which was provlded with a slde wlndow fltted with’ a neo-
prene glove to’ facllltate the necessary ad]\urgtynts thhout

breaklnq the aerxght seall "The' systen was“Fiushed con~

tlnuously with the dry nltrcgen gds produced by evaporating
llg_uxd mtrog_en by~ an ‘electrical heater’ ccnstxucted from a
0 .ohm*75 watt resistor’ and immersed in the  devd

%hqmd nitrogen. The consumpti

Inltxally, it took several da]

liquid nitrogen b

was about. 10 ritresiatday

- o /
of flushmq to obtaln background recorder aces. almost /

PE Eree from absorptlon of the atn\osphenc water vapor.
For- the experlments with -the low température 2. m’
.- 'absorptxon call it was not possl‘ble to enclose the entx’re
. system in an alrtxght box. as the jacket surroundlng thf
) absorptmn cell had to be filled yith coolants dt regulak
1ntervals durl:\g the” experiments. The 1$olafmn of th

system from the Btmospherlc water vapor was achleved b

Constructlng two sultable plexlglas 'boxes and couplln -

thgm at the ,end; ofr the cell (seé Flg. 1173) t,c \:he vaguum

chamber with theé help of rubber tub‘es.‘_ The .radiation®
.source .and one of the sphe’rical mirrors wafe azrangea'i
one box whereas the spectrometer and the second mlrxo

arranged ‘in the Other box. The boxes were flushed




11qu1d rutrogc/ fof this purpose was about 10 litres iddy. .

As.befor€, several days of 'flushing was found necessary to

. /eﬁuce the atmospheric water vapor absorption to a minimum
= The actual experiments were carried out when. the bﬁ?&n{’/
2 3 B B O E g

reéorder traces were found.very steady. In fact, for the'

en\pty cell, the background recorder traces. taken prior to

an experlmcnt. wh).ch took pearly 10 hours at txmes, ‘matched

/ % very well w1th the ones taken after the experlment. -, S

o 5. Isothermal Data of Gases and Estimation of
_ . Partial Density of a Foreign Gas in Lo oey
L .v.-Binary -Mixture 5 & o e

In this ‘thesis,’ the densities of - the gases are

expressed in um.ts of amagat, which is the rat:.o of the

densxty gas at a given tcmperature and pressure to & g !

J.tS dans.lty at the standard temperature and pressure

- (s.1 ‘P i If‘ N “(or P r’epresents the denuty of a gas

- exprcssed in amagat, p: “D (or pbnu) glves the number of

: : gas molecules per cn3, ny being thé Logchmidt 's: numbeg I

(number density of an 'ideal gas at SIT.P

The pressure-denslty. data.- fnr oD axe not. xeadny

.'avaxlable frcm .the llterature. ‘In the present work, tnese

data for, HD at a given’ temperature were obtaified from the
b
isothermal data for Hy and Dy it the same cemper_acuré’ by

the method of 1nterpolatlon In fact, the Lsothermal data * .

cf H‘ are almost Ldenmcal wltl\ "those' o D in most of ‘the

2,
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*. situdtions .the data‘ for HD were direetly obtained From

those of. e)thet f,"or b,:  Isothermal data for H, He,

2 2'

Ne, AT, Kr, and xe are obtained ‘from vamous references

5 : e wh:Lch are summarxzed in Table II-1.

g whmvew TABLE 1I-1 w

i, ". Reterences for the 1soy,hermal data . y 8

i of experimental gases® . B
‘Gas w _’i‘emperat._ure % . Reference
. P e SR . 2 = =
b - 77 Dean (1961) .. -
196 ° ‘Michels ‘et al.; (1959)
! ; - 298 Michels ‘and Goudeket (1941)
. ‘ ) ", Michels et al. (1959) -
5 o byt PN Sinhas (1967) 7, - i g
Ea J2 0, -Y 01967 'Michels et al. (1959). g
o < Michels and Goudeket (1941) o
. . ichels etial. »(1959) .
" Mann (1962)) ¢ R
W .. . fiichels and Wouters (1941) '
.. 298 | Mithels ctiall, (1960) . ,
< 258 o7 Michels et al.. (1956) R
L 298 “Trappeniers-et ‘al. (1966)
" 298 " ‘Michels et al.. (1954)
oo "The 1sothermal data for iy and Dy at’ 196 K 7°C) were

’ ”lnterpolated from their respectxvc data at and -1009C: .
i »

%, : . The partlal denSJ.ty "b of the perburblng qas in a 'Z R

% blnary mlxture)was determxned from the- formula (see, for

3
S o \axa‘m? &, Reddy and Cho 1965) * , .
P e : e .
T Dl(n fiaot B(ub)Pl . . (- 2 Lo
. s s
. whsre_‘(‘oa) is the denslty of the absﬂrblng q,as at the i -
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total pressure P'of the mixture and Wplp “io the Bensity
. . of the perturbing gas at the same pressure B, ana & o B
s o= /n WF where “é ia; the appzoxxmate partxal densxty
of the pertuxbmg gas correspondxng to the parual pres-

-sure ,Pb = P-P a’ P bexng t_he pressure of the absozbmg gas. -

The quantity fa xs_the base ‘density of the absorbing gas:.

The final value of p, was determined by the method of
) ! successive iterations. :

6. Gas Handling and Sample Aﬁalysis'
( The gas'handlmg system used for the experlments at
the room temperature is shown schematically in Fig. II-S.

The Bohrdon tube pressure gauges G1 .and GZ which were’

calibrated against an Ashcroft Uead-weisht pressure bal-

ancé (accuracy, > 13) have ranges 0-1000, and 0-5000 p.s.i.,
respectively. The liquid nitrogen trap C was made of a, L
. sopper enil. 1/4 in. in outside diameter. Each of.C; and €,
. g conslstﬁof €0 colums of molecular sieve of type 4A kgpt =
. in copper tubmgs, 3/8 in.-in outsxde chamer.ez. Thermal

‘compressors T, ‘and T, were made from stainless steel and H

5 ‘% ‘represents the high pressure ;abshyption' cell. Allvthe' £

. ' ‘valyes'in the system are Aminco high-pressure needle .

& " valves Except for the part contamxng the cnpper tublng,

the .assembled system was tested for pressuras up to .. i

5500 p, 1N . - e " * x B

Prior to the actual mxxture expenn\ents, each of' & e

the perturbing gases He, Ne, Ar, Kr,-and Xe was (;esced for
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* impurities such as water vapor, carbon.dioxide, etc., by

" obtaining spectrometer tracés in and ardund thé region of

vapor or any other impurity. However, Kr-and Xe (both of

*This process of purification of Kr-and Xe was repeated -a

‘of ‘ethane in the region 4000-4500 cm

B 39k

the HD fundamental band. 'Helitm supplied by Canadian
Liquid Air, and Ne and Ar supplied by Matheson of Canada’

Limited, weré found to be free from any detectable.water'

researchgrade) suppliéd by Mathesor of' Canada Limited
were found to coptain traces of carbon dipxide, .ethane, ’ .

and water .vapor. Therefore, a careful attempt was made ‘to

‘remove these impurities'from Kr and -Xe? The stainless

steel cylinder containing Kr was immersed in an ethanoi-
liguid nitrogen bath (157 K) and enle dontaining Xe was o
immersed in-a methanolsliquid nitrogen bath (175.K),. and

thus the impurities CO,, CH,, and H,0 were frozén. - E
Krypton or xenon was then allowed to solidify in thermal

con\piess;rs immersed in liquid nitrogen,after allowing it

to pass through two g T T type 4A.

Any impurities left in either liquid or gaseous state in

the thermal compressors were then pumpéd out of the system. o

nunber of times; Purified:Kr and Xesvere, then tentsd For
impurities and it was found that Kr for pressures w’ to
1700 p.s.i. and xe for pressures .up o 800 p.ssi. did not
LR any inpurities. However, above these .pressure_liml:.ts,.
both. gages showed collision—induced .absorpﬁlon features

1

. Because of this ’ b



lmltatxon, our experlments ‘for HD Kr and HD-Xe were con-

fined to total gas pressures less than’ 1700 and 800 p.5.1

respectlvely.
For the pure gas experiments, hydrogen deuteride~
gas supplied by Merck, Sharp, and Dohms Carada Limited,
and "'ul,irav high pure"’ hydrogen s\.xpplled by Matheson of
_Canada Limited, wers used. Each of the gases was passed o
through molecular sieve (type 4#) columns C; and the '
1iquid nitfogen trap C, and then admitted at reqyired pres-
‘sures. info the absorption cell.which was initially evacuated.
5 e e JHD-inert gag Binazy nhure experiments, the
HD das was first admitted into the evacuated cell ;;:o obtain
a particular base pressure. The‘pertuybing gas He‘, Ne
or Ar from . a commercial ¢ylinder was admitte‘dl into 'the
‘cell through a liquid nitrogen ot }iquid oxygen ‘Coap i &
few quick pulses to Obtaln the requlred total pressures of the
HD-inert gas mlxture In the case of Kr.and Xe, thermal
compressors T, and‘TZ were used to devélop required pres-
sures. Actually, in a given mixture experiment, the base
‘density of HD was. kept ;émstan: and the profiles of ;Zev W o N
enhancement of absorption of the band were obtained for'a’

series 'of partial demsities of the perturbxng gas. In

iD= Kr and HD-Xe experiments, after all the recorder traces

were "taken, botn Kr and. Xe were recovered from the mxxtures

by’ first* freezing them mto their original storage cylinders

immersed in liquid nitrogemand then pumping the residual
: K : 5
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HD out "slowly through a two-stage stainless steel trap.

. The solidified Kr or xmemcc—ev&pem&x_\
The process of solidification, evacuatmn and evaporatlon "
. was repeated several times until all traces of HD.were
removed from these qases. A photograph of the:entire '
experimental set up fof the 2 m absorption cell is shown in

Fig. II-6.

7. Isotopic Impurities in the HD Gas

The expefimental gas HD was supplied o us by Merck,
Sharp, and Dohme Cahada Limited in two sepaxate batches;
100 and 200 litres, réspectively. The nrst one was: used

i . .
in all the experiments at the room temperature and the S

second .one was used’ in the experiments at low temperatures. -
Mass-spectrometric analysis of these two batches of the

. gas_showed the following compositions:

b, - T H

. 2
» N ; g
Batch T : 89.8 6.4 | 3.8

. Batch 1T T T4a iz 5

Oon the basisnof thi‘s analysis, ;\ppropria‘te'co.frectionsvwere
\ i po: e, Aengliy :oF Tib meineiisas Kouilie mbaprpiion pror
files. For example, for the -experiments with ,the binary
‘mixture HD-B, whete B is the perturbing gas He, Ne, Ar, Kr,

‘or Xe, it was necessary to subtract from the "observed"
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absorption profiles the absorption arising from the »

collision-induced fundamental band of H, die to the binary

..collisions H,~B and H,~HD. This absorption was estimated

f¥om the.absorption profiles obtained with the pure H, gas
and with H,gB mixtures. The contribution to the integrated

intensity of the HD' fundamental band from the intensity of

" the D, fundamental band/was found to be insignificant. :




s

CHAPTER I1I

COLLISION-INDUCED ABSORPTION OF THE FUNDAMENTAL BAND

OF.HD IN HD-INERT GAS MIXTURES AT ROOM TEMPERATURE

* v / 4 B
: The -app{racus -and e);perimental method described in
the previous chapter werg used to. maké a systematic Study -
0f the collision-induced absorp.tioi—n of the fundamental band:
‘0f,HD in.its binary mixtures ‘with He, Ne; Ar, Kr, and Xe at
298 X ang in the pure HD gas at 77,196, and 298 K. The '
‘enhancement spectfa of the fundaméntal ¥and of a diatomic
‘gas in its binary mixtures with inert gases at not too high
abhsteicn, sinslatndf only: single transieling mud do mot have
-
the complexity'of the correspondi‘ng spectra of the.pure gas,
which consist of many double tzansitioné in addition. to the
single‘t;:ansicio'p's. It is logical to analyze the profiles
of the relatively simpler enpéncement, spectra first by a
" method of analysis using line shapes Wiy ave, consiaedas
with the most Tecent theories and then to extend that method
v the more: sonplas spectra: of the pure gas. The' present
chapter is devoted to the study of. the enhancement spactra
‘of thé fundamental band of HD ih HD-inert gas mixtures.
The profiles of the enhancement of absorption.of the band
in’ HD-He, HD‘—Ne, - HD-Ar, HD-Kr, and HD-Xe are ‘prss‘ente_d in

Section 1 and the absorption coefficients 5ri)given in

<37
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. Section 2, - Section 3 presents an analysxs Of the enhance-

sment proflles of ‘the band together wlth the results and

‘.

resented in Chapter V. -

dJscusfn. The results of the work on.the pure HD gas
will bd p

1. Profiles of the Enhancement of Absorption - 5.

. For experiments with each of the perturbing gases He,
Ne, Ar, Kr, and Xe, at least two base densities of HD were

used. The base densities were in the range 5.9 to 22.6

am'agat and the maxinium Gerisity bf the mixties varied from
iy 20 amagat for HO-Xe to 190 amagat for HD-He. The profiles. .
' of the enhaficement of abisorption were obtained at room
temperature (298°K) using t_he absorption cell ;\aving a‘path
l»e-nqth 105.2 cm. Tgble TII-1'gives a summary of the con-
‘aitions.under which profiles of the enbancement, of abs{:xp"—

. T ; . +
tion were obtained.

R P " TABLE III-1 K

Summary of .the experiments o B

. i . 3 Base densi- | Maximum density ’ : .
[ X ties of HD of the mixture Number of mixture
Mixture: " (amagat) (amagat) .densities
Hb-e, © 21.0, 22.6 . 190 L 1a
HD-Ne  17.2, 19.6 125 . 13
) HD-AT 8.6, 10.0, 11.4. 175" . .22
v " Hp-kr 5.9,.6.7 140 14

HD-Xe 5.9, 6.1 80- . 12
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In general, the profiles of the collision-induced’

s -ﬁbs&rptiorﬁof a qaé s\:xch as HD or’ H' are dependent on t'he
hature of. the perturblng gas and some of their features
such as the separat1on of the two maxima .of the @ branch
are dependent’ on'the dénsity. . Representative profiles of
.the enhancement of absorption of the HD fundamental band .m
binary milx:ures of HD'with He, Ne, Ar, Kr, and Xe at room
taiiparatige kb presentediin Figs. III-1*to IIF-5." In each
figure, three absorption profiles of the band for a fixed
b}ase density of HD and thrée different partial ’densitie; of
the [pertutbing as Mee ze'pr.oduced to illusti‘ate all ‘the’

- salient feétures. "In these fxgures the pasltwns of the "

. collision-induced single transitions 0y (2), Ql(J), ‘and 5, (J)

for J=:07to 4 calculated—£rom the constants of the freé HD
molecule obtained from the.high resolution Raman data of
the low pressuz::e gas (Stoicheff 1957) are marked along the
+ wavenumber axis.’ ) ’ ‘
The usual colligion-induced features of the px:oflles
of the ‘enhancement of absorptlon in HD-He, HD-Ne, HD-AT,
UD-Kr, and KD-Xe are similar £o those obsebved in the cor-
responding mnary mixtures of H, (see for example; Reddy
and Chang 1973 for ii,-ie ang Hy-Ne, Varghese, Ghosh, and
Reddy 1972 ‘and Reddy and Lee 1968 for H ,7AT and Hy-Rr, and’

Varghese and Reddy 1969 for H,-fe).  In a1l ‘the absorpcmn .

profiles (Figs.'III-1 to I111-5) the main dip of the @ branch_
;

occurs at.thé position of the 0, (1) line (3628 e t) of the

e .

—~
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1. Profiles of the enhancement of. absorption of the
-induced :fundamental band of HD in HD-He mixtures at 298 K.
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free' HD molecule. As mentioned in- Chapter, 1, the di

the Q bx‘anch Of the collision- 1nduced fundamental bands was:
explained by Van Kranendonk (1968) in terms of an 1nter—
COlllslonal 1nterference effect due to negative correlatmns

exxstzng between the overlap d1pole moments in successive

“collisions. In.the experimental profiles of HD-He, HD-Ne,

HD-Ar, and HD-Kr (Figs. III-1 to Iu-i}), the separation :

av “" between the’ peaks of the, components QP and Qp of ‘EHE

0 branch increases with'the density of: the perturb.\ng gas.

However, for the profiles of HD-Xe (Fig. ITI-5), 8vpa¥ .

" appears ‘to -be approkimately constant. For example, for the

profiles (a),’ (b, fand (c) of HD-He in Fig. IIT-1, avpa

_ s
has the values 85, §3,,and 0 cm 1, respectively, wheréas
. .

it'is approximately -25 cm ' for the profiles of-HD-Xe .-

The polarizability of the inert gaé atoms increases’

with their.size and the number of electfons; for example, . .

e =, 1-4 ad and oy = 27. 4 a3. ' The intensity of the .+

quadmpolar components 0, (2), Ql ‘quaia(T) ¢ and $;(9). "in the

profx]:es of anhancement is dependent on the square of ‘the

.polarizability of the perturbing gas. The half-width of these’

© ‘components’is dependent on -the relative ttansla‘(gonal motion

of the: colliding pairs of molecules; for example,. the
Sy g S g
relative velocity of -HD-He is greater than that of, HD-Xe

at the same temperature.: For:the blnary mixtures of HD

the guadrupolar ts get more pr with a heavler

- .
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'pérturbingzgas than with a lighter one.’ The’ dlfferences in
the intensities and half-wldths of the: Guadrupolar llnes in
Figs. III-1 to III 5 can be understood in terms of theé.
polarizability o’f the perturbing molecules and the relative
translational motion of the colliding pairs of molecules. -
; In the profiles of the enhancement of abso¥ption of
HD-Nes ih additioh to the main éplitting of the Q branch
_into @, and g ompopents, a secondary splitting of the
main Q, component ‘is obseived: (Fig, 111-2)." Here the’
minimun of the dip occurs at the position of the Ql(A) Vi
of. the free HD molecule (3594 cm ) dnd its’ low- and high-
|wavenunter conponents axe therafore referred to as O (4) andg
0,(4), respectively. “The dips corresponding to the other
0 lines do.not appear on the traces becaiise of their close

proximbto‘ the dips of the most intense Q;(1) line:

Anéther prominent feature of {the HD-Ne profiles is the
occurrence, of the dip in §; (1) positior (4052 en™l) of tne
free HD molecule with its low- and high- wavenumber ‘com-
ponents Sy and Sp. ‘The dip in the S lines cah bé attribited

to the intercollisional interfeyence in the'anisotropic

’.overlsp components of the shoRk-range dipele moments in
successlve collLs1ons (see Poll, Uunt, and Mactaggart 1875
and Reddy and Chang 1973). “ ’

A very 1r\tercst1ng feature Df the HD-Kr and .HD-Xe
profiles (‘qus, ;II-Q and III-5) is the occurrence of a -

relatively weak but narrow absorption peak at the position




ogop

of the R(l) transition corresponding to the rotational selec-
_tion rule AT ='+l. A detailed account. of this together with

a possible mechanisn}'wiu‘be.presenced in Chapter IV.

2. Absorguon Coefficients
For the»‘bonlsmn-mducea band, the integrated absorp-
tion coefficients I, (v)dv in mixtures of HD with- inert gases
were obtained iom the areas under the profiles of the enhance- .-
ment of absorption. These absorption costficiets can be ’
¥ . ¢ 3 .

represented by the relation .
o (3-1)*

(9802 o by + agpe 0 '.
where «yy and. a,, are the binary-and ternary absorﬁc’a\coeffx—
clents, ahd. Pa and ph are the densities of HD and the perturbing
gas, respectively. "For all the five HD-inert gas mixtures :
studxed, plots of (1/p 2Pp) foen (V)Av vs o are shown in Figs.III-6
to I- 8: In each case the plot .is found to be a straight line.

* The intércepts and slopes of thé stra}Lght line's Jin these‘figure

- which give the binary absorption coefficient a;, -(cnm 2 amagat™2)

and ternary absarpticn,coeffic‘ient‘nn; (en™? amagat™),”respec-.

tively, are caleulated by a linear least-squares fit of the

, experimental.datd and the:l.x: values are listed in Table II1-2. In .
the derivation of the absorptlon CuEfflClEntS the contrlbutlon

of the integrated intensity due to Rl(l) cransltlon in HD-Kr

and lib-Xe was considered, but was found to be several ordeérs . '

n.-this equation, the contribution to the.integrated
'ﬂhtenslty from the terms arising from the Sther ternary
(i p2 p,)and higher order collisions is .assumed to
a b
be negllglgl of
‘ )
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TABLE III - z 2 : " '

Absorptmn coefficients* of the fundanental band
. - OETHD at 298 K.,

Binary absorptiqn coefficient absor {Mm

. Mixture et . Coefficient’
1073 a2 amagat™) (1073 cm® ,s‘ ) 0078 an? amgat™)

-HD-He- “a

) s o.g«uo.oé & 0.54s0. uz Gt ‘2.33.0.;
* HD-Ne :.1.8420.06 Teo2. uazo os- + 0.0:0.9 "
HD-Ar : 4.4110.06 : 418420.06 s 0.1%006 ’
“HD-Kr : 5.81%0.1L © i 6.3420.11 : 0. 6l = ’
HD-Xe 1 9.2210.29.°; ™. 10.0s:0:29 :-19:726.0
' “Ranges of efror indicated are standard deviations. X .




. 527
of magnitude smaller than the contributién of the nsual

collision-induced 0, Q, and § transitions. .The bindry
‘absorption coefficient for the HD-He is the smallest

[(0.8450. 02)«10 =3 en"2 amagat™] and that for HD-X& is the

blargest[(g 2260.29)x1073 on™2 amagat™?).* Exceépt for HD-Xe,.

the ternary absorption coefficients are very small compared

to. the binary absorption coefficients. This means, for 4 ]
HD-He, HD-Ne, HD-Ar, and HD-Kr, under the experimental con- ’
ditions used in the present work, most of 'the int;ensity of

fhe bandvaxices ‘Eron: Cise binary collisions, One interesting 3
thing for HD-Xe is that, the ternary absor::ptioljx coefficient. ’
is large and negative [( 19726 ‘0)x10” cr!(-z amagat™>1.

Thls shows- that. there is a ntathe chtrLbutlon to the

absorption due.to. triple colllsxons ‘of ' the type HD'XE-XE,

which can'be explained on the basis of the so-calléd

"eancellation effect” (see Van Kranendonk 1959). It may’ be
mentloned here that a similar sxtuatlon exists in the

colllsmn—lnduced fundamental. band of H in H,-Xe (Varghese

and’ Ready 1969).
The integrated absorption coefficient can Also be

expressed as

(\l)dv =a

15PaPb"0 * “apfa?in i P
where c is the speed of light and nj is the Loschmidt' s” - :
19

number (2:687 + 10%° cm™3). The new coefficients are
\ . ]

related to the earlier ones by the expressions
1 - - .




: By = (o/ngreyy, G ‘=“‘°/ﬁg’“2bh =,

v . . v N \

where the effective band center v is ‘given by

MUY //u vy (3-2)

The average values of 3 of the band for HD-He, Hb—Ne,’s\u‘-‘A:‘, X

. HD-Kr, and HD-Xe are 3736,'3753, 3785; 3802,.and. 3809 cm-l,'

respectively. . < . ' . LA

For ‘the purpcse of compan_son the values of "the
_binary and ternary absorption cosEFicients of the fupdas
A bands of n2, 1D, and D, in théir binary mixtures
with -iffert gases at -room temperature are llsted in Table’
I11-3. Values Of. the binary absorptTon coefficients for
HD<1nErt gas mixtures are in general lower than -those for
Hz—xnert gas mxxtures. The value of ‘theé blnary absorptmn
coefficient of the Hy fundamental band -m HyoHe as reported:

by Reddy ‘and Chang (1973) appears Soriewhat highelr than the

value obtained by us, which is (1.71£0. 02) x107% cm” amaggt 2,
ThE value f()'r HD-Ar seems close to that 'var HZ—AZ. Recent
‘experiments performed with H,-Ar mixtures by us show that -

" the value of the binary absorption coefflclent is

(5:99%0.06) %107 i 2 aiadat"2 Tuhien 1s larger-than that

’ reported By Hare and Welsh (1953) The values of ay for. :

the D ,lnert gas mlxtures are lcwer than those of HD—

2
dnert gas m1xtures._ However, it must noted that the D, -He'

mixture experiments by Russell et al. '(1974). were petformed

with a small .absorption cell and the binary .absorption




. { - . Wt g ; P S 2 ,
, TABLE 1r1-3
Es ~ Bmary absorptmn coefhcxents of the fundamental . e
. o e =% 2 bands of H,, HD, and D, X
. e i Binary absorption coefflcxen; ) " 5
e, TRt 232 -2 35 _6 -1, : Reference M .
J 0™ e amagat™¥) (1077 an® 87 * - .

Hy-He* 8y, 2.0880.6 Gz 1.99:0.06 ' Reddy =nd Chang (1.973) . T .

HyiNe :2.51%0.03 . ¢ 2.40%0,03 |, Reddy and Chang (1973) & . *
h B P T R S : 3.86 . Hare'and Welsh (1958) = . ' e

£ Hy=Kr 94: '8.02:0.01 . : 7.5620.01° Reddy ahd Lee .(1968)
’ ) Hy-Xe . ° : 11.99£0:05 : 11~.3’uo.05' ) v;rghese‘ana Reddy (1969)
- . S !
. % A

HD-He agge " 0.84:0,02 B -0.9430.02 - Present work: Prasad and Reddy (1975)

HD-Ne- C % 1.8440706 2.03£0.06 e ey 5

sb-ar | i3 4.p120.06 : 4.84%0.06

HD-Kr © tl5.8140.11 g.3420.20 . . v

HD-Xe :  9.2240.29 : 10.05£0.29 - W

8 . 4 X %,
. 1 . ~
i &
. 3 . b
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R coefficient’was obtained by the extrapolation of the .

i experimental data at high densities. Experiments with
. ‘larger path lengths and lower mixture densities may give
.* . more accurate values: ! '

. c Profllel\nalzsls L R AP e

Thc pzofxles of the enhancement of absorptmn Oof.HD

in the bmary mxtures of HD, with inert. gaSes cons1st of

7 ' "4 only slnqle transltlons. The ‘colli \rm—1nﬁn nﬂ £ a _’ 1

band of ‘HD at room temperature CD.ﬂSJ.StS of a, superposltmn

‘., of the overlap 1nduced Q lines and the quadrupcle: mducer]

o, Q, and S--lines. *

(a) The Lin shapes . . ey I s .
In the "Exp‘Dnentlal 4" model of Van Kranendonk
(1957, 1958), two types of inductions give n.se to ‘the.’

. induced dipole moment ‘in the.célliding pair ‘of moleules;

these are the short-range overlap induction and the long:

range quadrupolar induskion. It was shoyn by Pz)ll (1960) R

have the same lJ.ne shape. This m‘eans that "for tfze colllslon d

. ) induced findamental bands only two lire shapes shoum be A 5
" pe N :
“congidered: W;(Av) for the overlap induced transltions and "
W (ay) for the quadrupolerinduged tranitionst - - T

_The enhancement .absorption’ coeff1 ent i ‘({w B 4

cverlap induced transition'may be expressed as (s

Kranendonk 1968 and. ‘lactaggart and- Welsh 1973)

.*In the profile analysis it was .assumed that the Sritaie .
sities of the 0 and § lihes are completely due to .the v v, R
'y o quadrupolar mductzcn‘ o . g % o v




i >y
where acm

is the fl vitione. ralative asimin intensity ,of
belﬂg the''?

molecular fré&;uenqy o,f thé HD nne,'w (ay) w_th £y = v

and the factor ln th(.

represents the symme‘:r1cal lxne shape,

enom)nator, nal\'\sly [1 . exp( hcA \J/kT)ﬁ converts the

l\ccordlnq £o-Van Kranendonk (1968) % ghe q_uantlty b

he dxpole moments 1n suCceSSlVE COlllSlOnS. The *

“has’ the. fox (Van“Kranendonk. 1968)




f

4

. 111ustrates the line shape for an overlap’ COMpORERE ¢

. the quai(rupole 1nduced liness Ir\ “tHiE case -aq:,'.(s-s»)- and

Tsg- e IS

where K, is a modified Bessel function of the second kind.

and %is the intracollisional half-width (i.e., h%lf—width»
- B 5

at half-height of the symmetiized line form) . - Figuré IIT-9..

For the quadrupole- 1nduced compone&s, the Boltzmann—

modlfled dlspersxon line form (cf Kisk ana Welsh 1959) was

used. Here, the enhancement absorptlon Coeffxclent is

represented by [ the followlng equatlcns~ - ’ \ "
. ~ ) .
ady (3:9)
_F D
and : 5
i  (310) :
here, a;l “and ;;n (where Gon = e:(") “are the ab$dfptron
coefflclents at wavenumbers v”'\ + av and \)m sav in the mgh— i

and low- wavenumbez wlngs, respectxvel

spers;on 11n¢ s'hape (cf Mactaggart and welsh&wn) for
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“m

Plg 111-9. Line shape for an overlap induced componqnt
form [Eq. (3-7)1, (b): intra-
(3=8) ] shown by’ dashed curve,

. (a) intercollisional line
collisional liné form [Eq.

and (g) .the observed line
pmduct of (a)-and (b) by’

form obtained by dividing the .-
(Eq.

[1+exp (~hca v/kT) ]

(3-5)7.
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o -0 . : 9
S el ) i e s ,
) 1 F exp(-hcav /KD T
s . (3-11)
_ humv/sq.) 2= )
nﬂmm
The symmetrical line shape thus obtained represents the
_ Fourier transfoim of the autocarrelation function.of the
dipole. moment induced during a Yollision. Figure IT1-10
illustrates the line shapes déscribed by Eqs. (3-9), (3- 10),

" and (3-11).

(b) . Relat've Intbnsltles

4 : 3 .The xntensxues of the overlap—induced transitions
& and t:he quadrupole-xnduced transn_mns can be calculated
- £rom the general r_heory of Van' Kranendonk (1958). For the

overlap componenr.s Q,(3), the !elauve intensities ‘ark given by

(3-12) *

where P is the normalized Boltzmann facwr for me rota-

‘ional state J .(notezidPJ = 1) and 15 given by

5 = »_ P

J

) (1/2) (23 + 1 exp(~E;/kT) . (3-13)

Ly

Here, Z is. the :oLa-uo,nal partition funotxon. For the quadr
rupolar compcnents 0 (), Q @) (Jfo)‘ and 5 (J) of -HD-inert -
‘gas mixtures, the Lntensxues can be’ calculated‘ in terms of

i the matrix elements :of the quadrupole molnan.t of the HD

molecule, <vy|@, {v'J'>, which were computed by Birnbaum

.and Poll (1969), and the polarizability a, Of the perturbing
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Asymmetric line form -

<
N Symmelrized hne.form
~0
. Gy
e
(b)

. , -

[ , .
// \\
"

v
" (e

Fig. III-10. Line shapes fof a quadrupole-induced

‘component:

[Egs. (3-9) and-(3-10)] and

line form [Eq. (3-11)1..

(a) Boltzmann-modified dispersion line form-

(b) symmetrized dispersion

'
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inert.gas atom. Thus, the intensities of these components *
for the transltlons in the fundamental band of HD

(.‘L e, v=0,J i v'io= 1, gt ). can be expressed as (see Pol]. 1970)

o _. L , s
qn = PgC(3237500) |c03]gypl1a >| up Y (3-14)

where C(JZJ"OO) is a Clebsch-Gordan coefficient.

Based on above, consxderatlons, the relative intensities

of the overlap trans;ticns were obtained in terms of the peak
intensity of the most.intense éverlap. compon_&nt 0 izl
and those of the guadrupolar components in terms of .that of

§)(1). These intensities are listed 'in Appendix A..

(c) Method of Computition

Analysls of the profxles Lf the enhancement of. absoz:p—
tion was catried out - by a program wntten for the IBM 370/155
computer. The two relative peak 1nten51tles-pf the overlap

and quadrupolar components and their half-widths s

&d ¥

~and s' (ox 81, defined by Egs. (3-7), (3-8), and (3- 9)
e (3 197, respecuvely, were the. adjus.table garansters in
the. program. Provision was also' made in the computer pro-
gram to adjust the molecu'lar frequencies v, of the quadrupolar
UD lines dn order to. account ‘for any possible perturbatxons

of the liD vlbratlonal fxequencxes. A series of computatlons
was carried out by the computer_ £5¢ aifferent values of the
adjustable parameters until the computed profile, Which vas
the sum Of the,intensities of the individual transitions,-

gave the best nonlinear least-squares fit to‘thé experimental
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profile in-the entire region of the band. - _,

(d) Results of the Profile Analysis and Discussion

. For_ each of the HD-inert gas binary miktures, a
number of profiles’ was analyzed.' Figures IIT-11 to III-I5

4show the analysis of a typic 'l profile of the HD fundamental

band for eacH of_HD—'He, HD-] Ne, HD-Ar, HD-Kr, and HD-Xe

. mixtures using a Boltzmann-modified dispersion line shape
for the quadrupolar’lines. The ‘agreement between the
experimental “and synthetic: profiles is reasonably good
except for slight differences for a .few in ‘the wings. Pro-
file analysis was also carfied out using the syrhm'éttize.d‘
line shape for the quadrupblar lines. The agreemént botween’
the experinental and»calculated profiles was' equally good.

Results of the\prcfile analysis are listed in |

T.a.ble III-4 The values of the half. widths 5 and |

aq for each of the nuxcuzes within the range of the

densn:les Jnvestlgated are':obgerved to remaxn constant. The

overlap and quadrupola; collision durations 1d( = 1/Zncs d)

and (= 1/2mes ) are also included in'the table. On the s 25,

basis of the prcmle analysxs carried out, it is possxble

to estimate ‘the :ontrlbutlcns of the overlap and quadrupolar
1nduct10ns to the 1ntegrated 1ntenslty of tht HD-inert gas R
mixtures. These are llsted in r_he same table. -The overlap

and the quadrupolar contributions vary frcm 86% and 148 for;

HD=-He mixtures to 31% and 69% for HD-Xe. mixtures.




Fig. III-11. Analysis of 'the enhancement absorption
profile of the HD fundamental band in a mixture of HD'
with He at 298 K.. The solid curve is the experimental
profile.' The dashed curves represent the individual

" R overlap and quadrupolar components and the dots

L ‘represent -the summation Of these. For the sake of
clarity, the weaker ‘quadrupolar cemponents Q,(3), ,Q1(4l,
.. ""and;$,(4) dre not shown.. Note that the quadkupolar hw
s component Q) (0)  does not occur. .
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Qr
0.4} length : 105.2 cm
. " 298 K
Densities -
- 17.2 amagat
~
o3k
< 3| 106 " .
" "o " Legend *
»gT —— Experimental pmhle
3.02F Individual components

‘Synthetic profile

3500

g M~ e B P
—0\!2’_ 0@ o o2 oM G© s© * sm  s@ . s@  s@
o . 't Wdvenumber , v(cm') . . T oe

Fig. III-12. Analysis of the enhancement ahsorptlon profile of the HD
fundamental band in an HD-Ne mixture at 298 K. See the caption of Fig. III 11
for other details.
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Fig. III-13. Analysis of r_he enhancement absorptmn
profile of the HD fundamental band in a mixture of HD
with Ar at 298 K. The solid curve is the experimental
The dashed curves represent. the individual -
d quadrupolar components ‘and the dots .
repres it the summation.of these. .For the sake of . . .
‘the weaker guadrupolar cmnpnnent Qy (4) is not b
shown. Note that the quadrupolar component Ql(o) ddes

not occur,..




. =66-

{ iv)a.* Jaquinuaaom

s ;- w's

- 3)1j010 jojuauy axu —_— :
e




-~ i g HD:~Kr % .
4 ) - Path length : 105.2 chv |
. R . T : 298K :

Densities ©
-HD 6,_7 " amagat
Kr : 106 "
Legend o
—— Experimental_profile |
, === Individual components
«=+« Synthetic profile

: ot
4 i
. o =
Pl T T T
& +0210[.0[3) a1 B G} 50 . s s(@) SB) s@ o
! S .. Wavenumber , vicw')
o g Figr I11-14. Analysis of the enhancement absorption profile of the HD

fundamental band 'in an' HD-Kr mixture at 298 K. See the caption of
Fig. III-13 for other details.
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HD-Xe

Path length™: 1052 cm
T:298K . . -
Densities *

HD" 6. amdgat )

Xe ; 73.6 amagat .

erimental ofile *
ividuol cAmponents
* Synthetic pfofile

= --[Fig. IIT-15, - Analysis of tha \eﬂhahcane e
n. HD-Xe nuxtuxe at 298

. fundaméntal band. i
_ for other details.

sorptxon pxofxle of the HD
ee the capuon of Fig. III-13
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.. 1973 and Chapn\’ n. and Cowlxm} 1952) .‘

) 1ntex‘cept we's. negati ve.

v;ime‘re i is the mean per‘slstence

o7 iThe’ hali‘—uid oy of ﬂé 1ntercolhsxona1 daip was

fannd to 1nczease vu:}i ‘the perturblnq qas dens1ty. It was

presenc e)dpenmncai densities. ' In f_he casé oe H' Arimix-*

Plots of ac ;galns

where ay jnd a are cons ant:
: .. Eor 'the H fundamental baxsd Mact&ggart ami Welsh

s * hoZ (£its well over'a w.\.de

have fﬂdnd that 2o =
1 c.

ranqe of pen:urbmq gas densltles extenqu up to 1200 nlnagat

so that theu graphs pass through r.he origin for" the zero

pezturb;nq gas densxty< The collxsxon dxameter 92 and

the Coefficxent a are rela:ed by (see Mactaqgart and Welsh

/m-)l'/z Sy 2 13-16)

f-velouty ratio, ny is

the Laschmd:'s number ana’ n L‘ the reduced mass of  the *

ccllldlnq au‘ of’ molecules._ To obtdin a theoremcal value

of a from Eq. (3- 15), une needs the' values ‘of the mean

pe:sxstence-cf-veloclty ra:m and the:conxsion dxamecer
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o, in addition tof 'wih'e values of the other quantities. -The
5 .
values of & calc\ﬁated £rom’ the equation (see Chapman and

P

Cowling 1952)

N My Mi. . '
e (3-17) .
2 2/, .
< 2 3

* are listed in E:ble III-5 for all the HD-inert gas collision
pairs used in tie present experiments. In Eq. (3-17),

. : ¥ N 1 -
'MI =.my /(m1 + "‘2) and My = m, /(ml * mz), m and m, being
‘the masses of the 'HD molecule and the perturbing gas aton,

respectively. \In the ‘calculation of a, the Lennatd-Jones

diameter 012 e waéwxsed instead of the colllsmn dlameter
TP a (both experimental and
: chenretlcal) , and thé Lennard-Jones diameter o 7 are

values of the quannues ag

iy llsted for ‘all the HD-inert gas mixtures 1’n Table III-6.

Values of the Lenpard-Jones diameter ¢, L ere obtained
- from the combination rule o,"7 = 5o+ 02 )

' ‘successively, first from thode Of H,-and D, to’get that of
HD, and theh from those of AID and -the perturbirg gas. It
may be n:;ted, that the values of. the guantity a obtained

) _experimentally are 'sma;ller thdn, those obtained theoretically
for all the HD-inert gas mixtures. This difference is = .

5 relativeLy Aarge for HD-Kr and HD-Xe miitures, which may
be understcod £rom the fact that the.'HD- Kr and D “Xe: | v
cxpcnments were llmltpd only to low patual dEnSltleS\ of )

", Kr and, Xe.

L
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TABLE III-5

The mean persistence-of-velocity ratio .3’
for  various gas mixtures

Mixture B ) o . A
HD-He, . ; ’ 0.33 4
§ID-Ne Lo e . 0.081
HD-Ar* o Co L 0.042
HD-Kr . “ ) 0.019 «
HD-Xg i YL 0012
TABLE III—E ’

Values of the coefficients a, and a in the
equatlnn S¢ = ap + app for various
gas mxxtures at 298 .k

T }:)(perjxnenb_al - Calculated
) EAERrCepE value of a _value of a g
Jiktwre aj(@ D (1072 et amagat ) (1072 amagat™h) . (a9)
ID-He  0.710.2 . 4.3 2.742
HD-Ne  0.610.4 . 51y 2.839
-0.9:0.4 ©oe0:0.4 T C 6.5 3.167
© HD-Kr© 0.6%0 { CTA3k0.5 6:9 3.26
HD-Xe - 0.610.2 S 2,080,500 1" 3.514
. ; 5 I : ;
N, | ;3
. : w . .
From Eq. (3-16). g : -
; 5 3 et sl LI g L3
I Obtained from the combination rule oy = P '01 9, 1
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As mentioned earlier, in the computer program for the
S profile analysxs, provision was made ‘to ad)ust the molecular
‘wav.ex?umbve.rs Vi of HD. For HD—He, HD-Ne, and HD-Ar spectra, 3
the best fits of the calculatéd profiles to the observed
profiles were obtained for.unshifted wav_en;mmei:s. However, .
for the profiles of HD-kr and HD-Xe, it was necessary to '
shift the wavenumbers. of the ‘quadrupolar lines to the lower s g
© values. Within the range of the experinental densities of Kr | .
in HD-Kr mixtures the, maximum wavenumber shift was A3cm 'l and.
it was not possible to study the density dependence of these
wavenun:daer s}ufts. Hovwever, rfo‘r HD-Xe expgfiments,v a study of ,
the density dependence of wavenumber shifts could be made. =

Figure III-19 shows a plot of the wavenumber shifi:. as a function

1 of the density of Xe in'iD-Xe mixtures. The wavenumber shifts
plotted in Pig. TTI-19 were obtained from the profile analysis '
where a Boltznann-nodified dispersion line form was used for .*
the quadrupdlar lines. The wavenumber shifts were also 2
obtained from the prof1le analysls wn:h the symmetnzed dxs—

! persion line form and wcm found to be -aln\ost ‘the sarie as

. . \

those obtained by ’tha ‘previous method. The waver\umber shlfts -
“

are negntxve over the entire denslty range and increase oy A

linearly with mcreasmg denslty These shifts for a giveri,

density of the nixture wore found to be the'same for.all 'the'’

HD quadrupolar transl\:lons. This observation indicates k )

that the observed perturbatlon is due pnmarily to a.change




PERTHRBING'- GAS DENSITY,, . (amaga)

77 .
5 -
s |80 o :
) E :v ‘ « o )A - A :
s : S )
- Sl Gt (:), o2 ’
7] b . g o A
& ¢ L z o
@ 5 R S °
2 | HD-Xe /)
Z-10 T:298 K -
= . (Data from two experlments are used) |
2 . .
E TR TP T ST M PRI DAY D
0 I0 20 30 .40 . 50 60 .70 80. -
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where

a'! is negative.

. components’ in the enhancement profiles of HD¥Xe at 298 K.
Thé ‘experimental points_ are; rep:esenced by a
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ok s .
in the vibrational frequency of the'HD.molecule. It is
‘evident from’ Fig. III-19 that the wavenumber shifts 4v may be
expressed as a linear function of the density 9y OF Xe,

.\ tile., AOv :'a'ob,', where a' is negative. Similar observations

‘were made by Mactaggart (1971) for H-Xe mixtures for-a
_similar range of partial densities of xenon at room temper- .

- ature”(see also Varghese et al. 1972). .

In a study of the wavenumber shifts of the Raman lines
of the fundamental band of the hydroger gas'at densities up to
800 amagat, May, Degen, Stryland, and Welsh (1961) and May, °

Varghese, Stryland, and Welsh (1965) expressed the wavenumber

“fitts by by the relationdb=a's + b'e’.  According to
*. these authors, the linear coeffidient a' can be expressed as
KrepT1 7 Kartla- p (8-18)s

Here Krep and K

att
. wavenumber shift due to repulsive and attractive intermolecular

are positive constants representing the

foraes, réépectively. The quanfities I) and I, are temperature-
de’pc_:ndcnt‘ integrals involving-the pair dis'tribur_ion fu:xig:tlon ¥
ard:the intermolecular poténtial. If a similar equation is '

. assuned to-be applicable to the presert result) ‘the observed *’

negative value of a' for HD-Xe mixtures indicates.that the,

a‘ttrag}tive forces predominaté over the repuisivé _forces.




¥ ‘ciated with this new feature will be presented in Secuon 1;

‘CHAPTER IV ° .. e S
" - o I
INTRACOLLISIONAL INTERFERENCE EFFECT IN THE

I‘IFRARED ABSORPTION SPBCTRA OF HD—Kr AND

HD:Xe m'x'ruxu:s‘ o . ‘e

fthe usual collision-induced features Of the 0, Q, and -

=t branches, corresponding . to the selection rule AJ—

and '+2 ‘of the enhancement spectra of the HD fundamental.

. band in binary, mxxtures of HD in' He, Ne, Ar, ‘Kr, and xe at ‘.
room r.emperacure have been analyzed and discussed in deta}l
_in Chapter III. In 'adduicm to.these usval broad, features,

a nev;v special feature has been obsexved in the enhancement
spectra of the fundamental band of HD in HD-Kr and HD-Xe .
mxtu.res. This-is the observation of a warrow absorption
peak at the transition frequency of the Ry (1) line-of the .

free HD molecule corresponding to the selection rule

AJ =+1. In this chapter, ﬁ\e experimental results asso-

f
zn Section 2 a brlef account of che nheory proposed by Pou

© et al. (1976) ' to explain this observation in terms of an

"1ntraccllxsxona1 interference effecb" will be g.Lven and a

coefnments

_comparison of the expenméntal binary absorpuo
.Of 'thé obse;ved Rl(l)ﬂh e due to thxs effect will be made _‘

wlm the correépondlnq varues calculated fmm the theory._ .

o - § -79=
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1. e Riperimentall bsaivation ani.Resulbs
Representative. profiles of the enhancement ‘of absorp-
tion of the fundamental band of HD if binary mxt\lrﬂ HD—)(:
and HD-Xe have been shown in Figs. III -4 and II! 5. _For the
4+ . sakeof conpléteness- a typical pmme of the amancement of
- absorption of ~ the fundamental band of HD in-a. HD-KT nixtuz.ev i
for a base densxcy of 6.7 amagat.of HD and for a partial N &
d_ensn:yxof 70 amagat of Kr s presented in Fig. Iv-1. The

enhancement. spectrum *{s obtained by subtracting the absorp-.: g

tion due to pure HD gas at the base density £rom the“total.
Ebsorption due 'to HD-Kr mixture. Thus, this _enhancénent
spectrum is due to the interaction of HD mlecuies with Kr T

atoms. In Fig. X\l -1, in addition to the well known bxoad

Eeatures of the o Q, and S branches, a sharp feature mazked"

by ‘an ‘arrow at the position of the Rl“‘) }ine 1_5 seeq. Thxs
feature is due neither to the allowed R, (1) line arising
< Jes from the free HD molecules nor to‘an’y impurity.. ThHese con- % o
S ‘clusions are basedion the facts that the contribution of HD
gas at .the‘ base dgns‘i_’t:y'was subtracted (in fact, the base’
\, déx::sity‘ of HD used is so sma‘ll that_ the allﬁ\-‘ve‘d Rl(l)Aline ;
- ¥ o adiaoe abservable SR e ;iresent experimental” conditions)
o Lend ma: careful experxmentat.\on with Kr alone did not show
any, .unpunty in t-_he spectrum around the region of the Ry (1).

.' ¢ ‘line.. The sharp feature of t:he observed Ry(1)- hne is '

' chelefore interpreted aa due to an mtracolus;onal inter—'

22 ference which will be discussed in Section 2. This feature
ek <y

-~
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can also be seen 1'n the enhancement absotpt).cn proflles of

- HD-Kr at other densi’nes 1n Fxg. HI - and in those uf

HD-Xe in Fig. III-5. . 2. PR

An enlarged version of a typical enhancement spectmm
. of HD-Kr ‘in the reg'xon 3770-3850 cm” where the Rl(lj due

: t;o 1ntxaqou:.swpal hﬂ‘,er£erence oct_:urs is shown in Fig. "~

‘'IV-2.. The intensity due to the <intracollidional interference

line' alone is determined by subtracting-from the experimental.

profile the contribution Of the Q and § branches, which is
g e

obtaxned by extend:.ng smocthly the hJ.gh wavenumber w1ng of

the Q branch .md the '1ow wavenumber mng of t'_he s ‘brasch:

1 amagat ) ys the partla,l

_Plots of (l/oHDv)ra (v)dv (cm
. densxtles on and oxE are shown xespecuvely in qus. A IV-3
and IV-4. The,slopes_ )of the straight lines obtained by a

linear -least-squares ‘analysisvgive the binary absorption

coefficxents (in the unit ef emt amaqal: R 'Therexpéri-

‘mental vaLues oE the bxnary absorpuon effxcxents of the’

N

v
xntracolllsxunal Rl(.l) line 1n HD—K: an} ﬂp—xe are. - T

-10

teSpectlvely .

2. . Theoretical® Bxéa A‘Esd;)txon Coefﬂcxent for “thie ¥
', Intracollisiodal- %nte'rferen'ce Iine = . R
. B s U IO

»It J.s weIL known that EY fxee HD mlecule has a small

{ csculaung ‘élcctrlc dipcle moment of "the, order of 107 Debge

(McKellar 1973) wmch qlves

‘(selectmn rule AT = 21) in ats‘vmramun-rota:mn spectrum.




5 , HD—_ Kr " T
~4 Poth length : 105.2 cm "
T K

. 298, .
Base density of HD : 6.7 amagat |- .
Density of Kr: 88 amagat Syl

< " 1

e ST

S Pig. Iv-2.

3800 - T30
Wavenum'ber viem') . B e g

The solid curve is.the experimental profile. .

‘ the region 3770 - 3850 .cm™i.
dotted curve—¥s obtained by. e&:endmg smoothly the high-wavenumber wifig of the Q

. The' dashed curve at thé bottom.

* branch and the' low-wavenywber. wing, of S branch.
line obtained, fmm “the’ difference ‘between the solid and the*

*.'represents the Rj(1)
. dotted profiles.
A & ¢

An enlarged poxcian of the” enhancemnt spectrum of an HD-Kr mixture xn
The |

~€£8=




HO~ Kr R R ‘
Path lengthi 1052 cm . 3
e T +298 % o N
°
|- .
g
£ a8 *
8 xio . :
D - -
3 5ol St i 4 ‘
Y 3 e o it fi Fpd . . “Theoretical Line
o 3 =,
P J - .
g 2 7 o 5
& oo 1 a3 e
- E \ - g . : 3
. / 4
" o . . !
00 3 . 50 100 T
T o P (umogm) ks

Figi Tvi3.
of HD vs the densxty of Kr for the R (1) line™at. 298 K.

1}
150

1N plot of \;he 1ntegrated absorption ‘doefficient per unit den51ty
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u;shed from ‘thé .lntercolll

&3

Wick' (1935) and first obserwed by lietzberg. (1950). -Sub>

‘sequent studies of .the allowed vibration-iotation spectra
. of HD were made by Durie and lierzberg” (1961), McKellar

(1973, 1974), and Bejar ana Gush (1974) . The, allowed pure

rotational” Ry 11nes were. first observed by Trefler and’ Gush

(1958").{ - ¢ u al e ® R

Generally .spe'aking, for HD gas.the selection rulée

for induced spectra is w3’= 0, ©1, 12,. .. : Thus in'its

‘collision- 1n.duced spectra, .in ad@ition to the usﬁal a, Q.

and s transltlons, induced P* and R tﬁnsuwns are expected .
* to occur. . Thé- colhslon—lnduced spectra occur- as a :esult

| of:dipole moments induced dunng collisions between moleJ

‘cul

and. the induced dipold in :Lts colliding partnet should be

(considered. Such an. 1ntsrfer€nce-takes place only dunng

ons- inarithe resulting ‘effect will be; referxed. to

nt acollxsional 1nterf§enee," which must be dlstlng—

onal’ 1nterference (v

T,

Kranendonk '1968) - that arises from the Lntcrference of

rise t6 a aip in- the: co: hsmn—mduced spectrum at' the

transu—_x n wuvenm\bcr of the’ free molécule, ‘the wmth cf the

'dlp‘ls given by n.c = l/ch‘rCA, .whege Ty is thg time between

1

coll}sions. On. the other hand, the intracollisional'’

Therefore, for a’ dlpole gas. such as HD, the pos—.nr

‘,collision-induced. dip, ]_es 1n successiXe collxslans Inter— K
collxsxonal xnt@ce is al.ways des' ructxve and gives

sibflity of an mterfemnce between' the allowed dipole of . . |




tive .or destructlve and’

interference can be,

also’ occurs at the

ran51tlon frequency of the molecule.

« iks wldth however, is of the same order of magnltude as.

thit of the allowed—lxnes .7

U According to Poll et al' “1976) . (fox detalls see

Appendix B), the lntegrated intensities cf the' R (1) tl‘ansl—

' tion 1n a’'dipole, gas arJ.SLng from the allowed dlpoley |

colllslon.—lnduced dlpole, and, lntra,colllsxcnal xnterference .

are x:espectlvely E

2

feture-lay 2 (6273 N, ay P, Q(112;000% x <01fp (12,2 )
. allowed  : .. T oy T I
o : S o i (a-1) .
. Toggviavs (e ) 8% ary ctz; - - RN
. ‘.. . .pure - 3 i o .
R _inji\')ced L xngag? e <u1\PI[12> g(R)R dR, St e
e vitay = (4u2/3) n aoz a cmz 002 i -
. 1ntrac0111510nal : -
" .+t interference x 2 ny <01[P \12» 41./0 <01lPrl12> g(R)R%dR 2

Gea e = - - . (4-3)
; ; S ) X
where «(v)-is the absorption ‘coefficient, o, (v) is the

Iy enhancement absorptian ccé‘fficient,\{\a K - no) ‘and . o
A § Ty (= ng)._(my being the Loschmidt's number) are the e
20" S Yy ok

number densities. of the-absorbing and percurbinzj igas mole-

cules, respectively, ay is the Bohr radius, “ap is the fine

T st:ructure constané, P) is the probablll\:y for the rotatlonal

state cDrrespondlnq 0T = 1 (nqte Iy PJ"= B LIS oo) is

the Clebsch Gordan coe'fflclent, g(R) 'is the pair correlaﬁon

fuhotion for the absorber-perturber pair,: and the’ quantltln,s
: 3




<01|PA]12» and fOl‘P‘ |12> are the matrix elements "of .the -
allowed and 1nduced dlpole moments, respectively. '
In the prasent case n, is the. number ‘density of

HD and ﬁb is 'the number density of Kr or Xe. In order to

\e;/timac'e the intensity of thé R (1) line due §@_the intra-

collibional interfereice’ (Bq. (4-3)) , val#bs of the matrix
cldnents <01[P,[12> and <01{p [ 12> ‘must be known:: Mckellar
"(1974) obtained a value Of, 2.17:10 % a.u. for the, matrix
elenent <01]p, |12> from the allowed Ry (1) of HD. The
values of the 'matrix elements <01[P1{ 12> for HD-Kr and o £
HD-Xe ‘are nc,t xead1ly a\'raxlable. values ‘of <01|PI]12> can
“be estimated in r_ern\s. 6% the induced dipole{}Amoments of -

TH, ,~Kr and H,-Xe pairs. ‘This is because, apart from the

negl1g1bly small AonadisBatiE effects, the electronfc

charge dlsttlbutlons for Hz»Kr and H'—Xe are the! same as

those Of'HD—-Kr and llD—Xe, respectlvely On the basis of
tiis and on -the assumleOn Lhat the spherical. domponent of
the Lnduced dipole is an expanentxally decreasing functionm
of the xntermoleculax: separatxon R'(for details see
Appendix B), the 1nduced dlpole P for HD-Kr Or HD-Xe can be

expressed as
N

=% (2/R - /o) mn) expl=(R%0) /ol . (4-4)

where x = r/6, T béinq the internuclear distanc'e-far'ﬂo,
pu.s a rang«_ ‘parameter, o0 is the Lennard- Jones parameLer, an‘é

-m(r) is- thc strength of the mduced moment at R‘u The 5




s % " 5 i o ‘ b
P ; : 2

values of <01|m(r)|12> and 0/ obtaited by a reasonable ’ -

. ‘ £it to 'the induged spectra of H,~Kr are 2¢107° a.u. and
© 0.12, .respectively. For H y-¥e the corp

T 2.2010073 avun and 0. 12, respectlv g "

“The value of

correspondmg quantity for Hy-

WHae ) BaKr iy

a4 Moverlap Yoverlap.

by the factor

w 5. =
here “overlap(q) = Aeo

is ‘the overlap-induced dipole/ moment at R'= o ‘and A
querlap pagaméter (for detais.see Chapter V). Values of A |

for Hy-Kr and HyoKe were 'obta.ined' from Reddy (1975). Using

‘these tesults ‘for B, ‘and By, ve obtain from Eq. (4-3) the

1ntracolllswnal 1nterfcrence contnbutlons to the blnary

; " absorption coeffi\tem: Of the Ry (1) ine, s ) T, (u)v Lay.

' for HD-Kr and HD-Xe at'room temperatire as.4 x 10"10 é_nd i
7 x—lo’“’ el amagat”?2, respcctlvcly. The lihes corresponding
o thase theoretical valués ‘are shown in Figs. III<3and TII*4.,

. ‘ The theoreucal values are compared with the experi-

. .mental aies in Table 1v=1.. 10 view of the difficulty ih
obtaining the accurate values of the small integrated
1ntensltles of the R (l) line as’-a functmn of densn:y of
the perturbing gas;" it may be concludedr that the agreement

. betieen’ the theoretical and experlmental values of the blnary

_‘absorptlon ‘coefficients of the intracollisional Ry (1) Line

is 'reasonable. s - . :




“TABLE -1 s o
bmary absorptlon coefficients of the Ry (1)1
dueto intracollisional interference effegt At 298 &
/- v .

experimental’ points 2y

' BT .(1/;13%)“5;‘(\,)(1&? (emi™t amagat™ ?)
Migtare ) - - >
o Theorgtidal Experimentalt
uL~Kr"’ ; o 1070 . (5:3)x10 10 5
Hpike % 7x10710 " . (9+3) x10710
i . : . 5

“Values'obtaxned from a linear least-squares flt of the

The observation of the line arising from the intracol- -

‘nsmnal ipterference effect has” some astrophysical. importance.

As can be séen from Egs.  (4- ), (a2 and (4-3), the ratio of

‘the ‘intensity due to 'the¢intracollivsion,q1 ‘interférence to. that

& ' E i < % - - ®
due €o the induced absorption is independent of densities but

the ratio with respect ta the intensity of the allowad line is
proportional to the.density of ‘the. perturbing gas. At 300 K,
this ratio works out to be 0.04 p, . .This means that for

. : - o
Pge"25 amagat, the intensitydue to. the intracollisional inter- \

ference will domlnate over the 1nter\51ty of the allowed llne.
'l'herefczre, Dne must take this effect into account in the -

analysm&bf the, 11ne strenqths at hlgh densities in planetary

atmospheres.

‘Since the observed intzécon*sionm interference effect

is constructive, the sign of <01}P1112" shoulﬁébﬂposlmve

becduse there is evidendg for <0L|P,{12> ‘to be positive

(Blinder 1960 a, 1960.b,




% : '\ - ‘CHAPTER V

=

COLLISTON- INDUCED ABSORPTION OF ‘THE FUNDAMENTAL - BAND

v OF HD IN, THE‘FURE GAS'-AT DIFFERENT TEMPERATURES

In Chapte: IIT experlmental profiles of the enhance-
ment of ahsorptmn of the colhs.wn ‘induced £undamental
band of HD in blnary mixtures of HD with e, We, Ar, Kr, ..

and’ Xe at room temperature were presented ‘and the absorp—

“tion coe“flcxents Df the band and the, results of proflle

enalysxs carried, out for all \:he mxtures were gwen In
the present chap:er results of the work on this bahd fn
the pure HD qas aL three temperatures w111 be presented

In’ general, the aol].z_slan—].nduced vibration-rotation i
spectra ogpure gases are more cDmplex than the corréspond-

ing énhancement spectra of: the gases because of a.large

number of double transltxons. For example, the enhancement

- spectrun of the HD fundamental band in HD- Ar at room temper-

ature has 5 overle- and 11 quadrupole-induced transltxons

wheregs the spectrum of the sane.band at room tcmp‘e'r'a:ux_e
in pure qas has 5\ overlap 1nduccd transitions and more
than 60 quadrupol}e induced trans1t10ns. - The fundamental

band. of HD was st{mled in the'pure gas at tcmperatures 97,

.195, ands298 K with 1 m-and 2m abscrptmn cells and data

were; DbLalned for several densltl(&s ‘up |to 60. amagat.
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rable V-1 summarizes the conditions under wmch/ the expélﬁ—
_ments were parfoﬂ.\ed. The present work on the/ band at 7K
s ccmplc.mentary to that of Mckellar (1973).) *

P TABLEVdJ.I" i

Summary of the, expenmcntal cond/t}.ons

" Temperature  Sample path ééps \:y/ Number of |

& i . K *  length of the of Ens HD ‘gas |

P (K) . cell .. (amagat) : /
N (cm)

profilés analyzed

770 1940 13
ox T STOLL

105.2 | 18

| . The main. purpose of studying/t}_\e collision-induced

fundamental band'of HD in the pure lqas at aifferent tem-

perdt\)r&b and.analyzing' the absorption profues is to
separate the contnbutlons of” me ovcrlap and quadrupolar
- Lntexactxons to' the total intensity of the band,

to study
meu .variation with 'temperature,

and to.obtain certain
overlap parameters for ‘the HD-HD collxsion palrs from a

< theoretical fit of the overlap b:mary absorption coeffi-
cient to experimental values as a function of*temperature
i -Sec.txon 1 ‘of r;m‘.. chapter thé experiméental absorption
profiles:of the band .ard the absorption 'coefficients w111

be presented.. An analysls of the absorption profiles

'

. uslng.tﬁe “line. shapes derived from the most recent theories




Z93-

. : Lo ' 5 :
: -
wx.ll be given in Sectlon 2. *In Section 3; fhe data, for © .
Ll tha overlap contrlbutlon obtamed from the pronle analysls
2 »uu be used to aenve certain overlap patameterséﬂr the .

HD— HD collision pairs..
i I

Absorption pmfues and Abscrptlon Coefficients .

. Typical ‘absorption profiles of the HD fundamental

band in the pure HD gas .at, 77, 196, and 298 K ‘are shown

in Figs. v-1,-v-’z", ana V-3, tespectively, by plocnnq the =~ - .
" quantity lag,, (I5(v)71(v)] agalnst wavenumber u (see o

Chapter II, Section 3 for. the deanlthns of 11 (v) and . i LN

I(v)). Three absofption prohles correspondi g to dif- ) '

ferent denSAtl.BS Df the gas are chosen at ea h- tempenature

if order to illustrate the main featires, The positions

of "the collxslomxnduced sifigle trangitions 0,0 Q @), . s

and ENEH to e the approprlate 3 valtes cbtained from the

sonutanta Gf the freé D molecule dre marked along the’ . -

w0 wdvenmisertaRis, &€ 77 K only the lowest rotat1ona1 states

.3 %0, 1, and 2,-whereas at 196 and 298 K states.J =0, : .

1, 2; and.3and J = 0, 1,°2, 3, and 4, réspectively, vere taken

idto a nt. ; In the spectra-of thefHD fandamental band ‘in

4 ithe purd’gas, -in addition €0 the singlé transitions, a . e u
large number of double transitions of the types , N
"0 (3) + Qyle) .and Q) (9) + S;(d). is expected ‘to occur. In - ¢

.a double transition of the foimer typ&, one of ‘the collid-

o ing pair of molecules makes a vibratibnal transit¥on .0y (J)




Loggi(ly/T) . |

Fig. T el.

Pure HD

o, i . 'th lenqm 194-9 cm

e ol o), - :
b ’ °'(‘”'?s"(°’ - Protie - Dersity_of HD.
o) . 367 .amagat

/ ) 2 © 1 L\ ) n M
300 [ 74000 < T . 4500 -
Q@rali 00 | S0 su - s@ . - o -

‘ Wavenumber, v (cri i

Absorption profiles of the collision-'
induced fundamental band of HD in the pure gas for
various densltxes at 77 K.
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_Collidlng pair makes a vibrntion—rqtaticp transition Q

G
2% .

while,'the other simultancoysly undergocs an orientational:
LEEs 1

cmuslcmn QO(J) (J#O) without any, freguency change. In &

a’dduble transition of the latter type one molecule Of the

| g’ the other similtancously makes a pure rotational

" transition 5o(9) . "In Figs.'V-1 to V-3 the extents of

differont single and double transitions are narked over

the absé:ptio'n ;;caks Tn these figures a marked dip in’the.
Q branch which occurs at the position of 0,(0) Line

(3632 cm™) at 77 K,"and at the position of.Q, (1) lihe

(3628 -cm) at 196 and 298 K, of thes free HD molecule, is

similar l—J'\c ones obse:vcd in the collision- xnduced

’ spcctra of lly and D,. :As mentioned earl1er in ﬂus thesis, .- (

‘the' occirrence of the aip was cxpla).ned by Van Kran\endonk ;

(1968) in terms of an intercollisional interforence effect

. due o negative correlations existing between the overlap

'bccuusc the relauve cranslatmnal enezgy of the_ collldlng

'spcctra is” clcarly seen Ln the absorptlon profxles at 77 K

dlpole momcnts in successive.collisions. The separations

Ay [’R bLtwcen the pcaks of the low=- and hlqh fréquency

ccmpcncnts QF and Q of the Q branch dlp increase w1th

| ncrgasmg denley ‘of ‘the gas. In collision-induddd spectra
at higher -temperdturés. the 1ndxv1dual lines -are brdad N

pairs of. molecules is lar(je and hence ‘the du!‘atlon of E01~

. hsxon is small. I\t low Lcmperacures, the llnes are in .

general sharpc " This cffect of low tcmperature .on the




‘collision-induced continuum.

Te lat.wn § 3

Colee
(Fig. 'V-1). oOne characteristic Eeature)of the absorption
profues is the. appearance of the transxtlons Ry (0)

(3717 4. cm l) and- Ry (l) (3798, 3 cm ) at 77 and 196 XK

and Ry (1) at 293 K, which by Vlrtue of their narrow- band
Wldths are 1nterpreted as "dllowed" transxtlons. 11_1
pnnclple one expects xntracolhsxonal 1nterference effeqt-

(c‘f. hapter V) in a mnary cclhsmn fween two HD

-'moleémes, _ A noticeable feature of R(J) lifes is their

asymmetxy on the Tow wavenumber side, ThlS asymmetry has .

been -s:xpla1ned ‘by. M::Kellax (1973) as a resonant 1ntcr-—

ference between the discrete dlpo;e transitions apd

The integrated absarptmn coefficients: fa(v) dv
(where a(v) = (172)" ln[I (v)/I(v)]) for the collision-
induced Band of HD were Obtalned from the'ardas under the
expenmental proflles.' These can be represented in terms

of denley P (in ama\jat unxts) of D gas by bhel .

-

2 3 oE
Fuggpat e n 0 (sD

Tulaydy'= uléoﬂ 2a

where apg tom amagat™2) and 4a (¢n~2 amagat™?) are the

binary and ‘the ‘ternary abdorption coefficients of the pure’’

gas, respectively. Plots of (1/p2)/a(v)ay vs p, for the

‘profiles at the three experimental temperatures are shown

“ i - - ‘ »-'/.
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Fig. v-4. Plots of (l/p )J’u(v)dv vs oHDfOr the proflles .
of ‘pure HD gas at 77, 19%,.and 298 K. :

Density, Lo (omuqot) v

a <




298 |+ 2.14%0:05

: N . --100- )
in ‘F‘xg. V-4, and are found to be’étraight lines. The inter-

cepts and the ‘slopes of the stralght ].J.nes, wh;.ch give the

binary .and the ter(;ary absorptxon coeffxc:[ents, respectlvely, ;n_

were calclated by a least—squarels £it of the experimental
‘data and thclr values arc ].J.sted 1n Tahle v-2., Whlle deriv-
ing the absorption coefficients, tlié contfibution to the
integrated intensity ‘of the absorption profiles in e pure
gas by t:he allowed R, (J) and Py ) transitions (dee Bejar
and Gush 1974 and MéKellar 1973 for the data at 298 and 77 K,

respe(,tlvely) was considered, but was found to be several

orders of magnitude smaller than the contrlbutlcn of the :

collxsxon 1nduced transitions.

‘maBLE V-2 ]

Absorption coefficients* of the fundamental band of HD- -

Ternary absorption -

[ v Finaxy sbaorption costficient . oliil, CRe™
(1673 a2 amagat™) (1076 a2 amagat™3)
77 % 0+ 1.07:0.06, pat 3-8¢1.9
196 ° : '1.58:0.05 D 4.2:1.4
: 3.7¢105

*Ranges of error indicated.aré standard deviations:’

At all the expenmental ‘temperatures, the ternary ¢
absorptlon coefflclents ‘are very small compared: to: the
‘binary absorptlon coefficients.: This means, under the
experimental conditions 'used in -the present work, most;of v




)

20 e . AN
a o te/ide _emd e, :
fa= 0 lais . Sy T 0 22 b sly

found to_be 2.77x10

the.intensity arises. from the biniary collisions. The inte-
grated absorption coefficient can be represented by-the”

quation, | 7 - LY & M

sy i e .

o o 2353 o
cla(v)ay = ajp a 0 ¥ &za g Foe e (5-2)
unere'c is the' speed of. llght a(w = u(u)/u‘, and nj is .the,

Loschmdt's number. The new bmary and ternary absorptlon

coefnmen;s ula(cm s_l) and‘ \iz'é‘(lcm B )_ can be expressed

v - : 3
where theband cénter ¥ is giver by

v

= fa(vyav/ra(mviay T (5-a)
The average values of v for the band at 77, °196, and 298 K
are 3976 3854, and 3821 em™}, respectively.’ The values of

bﬁla' are also mcluded in ‘Table v-2. The binary absorption

coefflclent wher ‘expréssed in-units of em 1 amagat™? was

i whlch CoEBATAE EavaNEAbLy wiER

-7

2.66x107",. the value d‘k‘{tainedﬂ by McKellax (1973).

2. Profile Analysis and its Results - s

The. coll).s).on-lnd.uced fundamental band of HD in the
pure gas cOnSlStS of a superp051t10n of several overlap-

induced Q lines with th_elr characteristic dips occurring at
s E g x ¢

‘the fréquencies of the free HD molecules and two types of

quadrupole-induced lines, arising from single- as we'll as.

‘double- transitions.* In Chapter III, Section 3, a ‘detailed

*In the profile analysis it was assumed that the intensities

ggdsgilg and s lines are completely due to the quadrupnlar
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account of the analysls of the proﬂles of enhancement
i, of ahscrptlon of the HD fundamental hand in bxnaxy mlxcures '_
of HD with inert gases is given. _Equa_txons for the llne_
Shapes of the Gverlap and the quadrupolar transitions ' '
(Bgs. (3-5) to (3-11)) and for the rélative lntensltles‘ of,
the overlap transitions (Eqs. [3-12) and’(3-13)) are in
fact dopligasle in the prasent analyele’ ss well. Thd only.
change that has to be'made in'the notation in Egs..(3-5),
(3-9), (3-10), ‘and (3-11) is to delete the subs¢ript in "

, and a‘n * because in the present case one is

concerned Wlth the total absorption rather ‘than the s
enhancement cf absorption. We assume hex:e that thz quadrupcle— .
Lnduced ‘single and"double translt:.ans have the’ same line
shapes The relabve 1ntenslt1es of thesé single and double

.+ transitions'in the fundamental band of HD are given by the

fonowmg relatlons (see Pcll 1970)~ ¥ o L

single cransi’ci‘ons 5
~ ;

¢ 40 ‘ ., 2 ' 2

. C(3,23}700) c(azo.r i00).

) =

qm )
(5-6)
R AL ;
3 Double transitions = - g 2 i
0 o ; 1.00) 2 2
L @(3,233;00) S T
; BN X))
=l <0310, 13332 | I<0Jllvllv'J'>I2



. where' thé subscripts’ 1 and 2 refer to thé two colliding

Po11 (1969) and Poll (1975a), respecuvely, -are lx.sted in

> <VJ’QHD.|V 3> “énd’ <vJJ D|v .:r'> obtained by Blrnbaum and

_written for the IBM 370/155 Gomputer which was used for' Lhe
2 pmflles of the enhancement ‘of absorptitn in Chapter 1T
remamed essentlally the same. The computa_tlon r_hus gave' B

dines and ﬁq (of the Boltzmann:' mdlfled dlspersxan 11ne

' the quadrupole -induced lines.’

" components is not.very large at

"-i(')q—»
=

molecules and vJand v'J' are the initial and '.final vib‘xa—‘v
txonal and rotatlonal quan tum numbers. Thé factors PJl and *
'P'Jz are the normallzed Boltzmanh factors defined 1n the.
wang way as in Eq.' (3- 13) and C(IAI';00) wlth o= 0 .ana: 2

is a c;ebs'cﬁ-sérgan coetFicient. . For the fundamental band’

one has vi = I and v

Thus the.intensities of thé.

;mgle transitions aze px(:portmna-}. o <0J|Q}1J'> <OJ|u|DJ>

‘and those of ‘the double transitions are proportional to

<0J]ql0g'>f <0J1u[1J‘ . The relat).ve 1ntenslt1es of var;ous

_f_ransitlons of thé fundamental band of HD at 17, 196, and

. 298 K caanLated from the theoretical matrix ‘élements .

Appendix A. The me(_hod of computation Using a progiam .

—
the'- half—wxdth parametezs 611 and 5

Shape) .or Squ (of the symmetnzed dlspers).on 1me shape) of

Nan example OF the result of Lhe profile analy515 of '

. the HD fumial\'\ental band at 77 K uslnq the Bo ltzmann-: modlf:l.ed

-
dispersion-line shape for. the quadrupo;az lxlnes_ for a denslty

of 3t.2 amagat of HD.is shoun uﬁig. v-5.""As.the number of;
is teémperature all the
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Pure HD co
- Path length © 1949 cm 4
STITT K e
Ro: 342 omagat
. kagend
\ ——Experimanal pmmg
“ ==~ Individual companents.
Synthietlc profile -

Wuvenumber, v (e

Fig:: v-51° Analys1s of an’absorption profile-of :he BD
. fundamental’ band. in ‘the’ pure gas-at 77 K. The 'solid curve
. is the éxperimental profile.

The dashed curves represent

the individual owerlap and quadrupolar components and the
dots represent the summation.of these.. For the sake Of
-‘clarity, the weaker components with J = 2 are not:shown.

do not occur.

. Note thut the quadrupolaz componenl:s Ql(o) and Ql(J) + Qo(n)
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| ingividual overlap|and quadrupolar components have-been

shown. * The agreémént' between the experimental and-the

the entire region

‘sygthetic p;oflles \15 reasunably ‘good i

.of the band. It must be mentmned here that for the purpose

of the proflle ana),ysls, me experlmentel curves under the

allDwed sharp. Ry (0) 1and Ry (1) trans).tlons were smocthed
aut. It means t;hat lthe fit hae been obta).ned only for the .
induced spectrum conslstlng of 0, 0, and § transitions. It
may be seen from Flg v-5 that there is no unexplaméd \sabsorp-
tion in the 'observed {spectrum which could be ascribed to the,
broad colllswn-Lnduced P and R transinans. - However, -

J.nduced R o) and R (l) llnes in (;he pure rotationjal band of

#HD and induced Rl(D) line in the fundaiental band -of Scli{d .

HD have been ‘reported by Trefler et al. (1969) and Crine

_and Gush (1966), ‘réspectively. Results c;f similar ptofile'

1
analys).s of the-HD fundamental band at 196 and 298 K are

<.shown in Flgs. V-6 and, V-7.. For reasons’ of clarity, indi-

yldual components’ have not been shown. As can''be seen, “the

agreement between the experimental profile' and-the.synthetic

‘profile in each casé is very good in almost the entire region .°

of the fundamental band. .An analysis Bérfo-med with a. sym
metrxzed llne shape for the quadrupole induced .nnes gave \
‘equally good”’ aqresment between' the - observed and the. synthet:u‘:
>
Profilés at all the three termperatures. B
From the profile analysls 1cr15 possa.ble to Separate ¢
the contributions cf the overlap and quadrupolar parts from thfs
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Analysxs of an. absoxptmn ‘profile of the HD fundamental band in the
pure gas at 196 K. He:

]captlon “of Fig. V-5.
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re J takes the values 0
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For other details see the'
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Plg. V-7. ‘Analysis of an ‘assorption pmhle of the HD fundamencal band

-in the pure gas at 298 K.
dataxls see the caption of qu. V-5,

the values 0. - 4. For other
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_total intensity of the ba'nd © In Tablg. V-3 the results of
“ the profxle analysls dre presented.~ As the, temperaturef

B varies from 77 to 298 K, the ovey.;lap contnbunon lncreases’

from 27% to 46% and.‘the qudrupolar contrlbutlon decreases -

from 73% to 543. The, half—wldth paramebers sd g and’

T 5q~. obtalned at 77 K in “the. present work. ccmpare well with
ST me correspondlng parameters at. the same temperature "

Yt

- . obtained by McKellar (1973) {see Table,

Although -84 é'q + and & a ‘are mdependent Jof denslty‘ .-

(wlth n the range of densities used) ,  they"show 4 .charac-. S

terlstlc temperature dependence. In mg. v-8" avsrage

values of}, § o »and sq' have ‘been plotted agalnst the L R
» R
' square root of temperature (K)- It may be seen ‘that L . i

. increases approximately” 1’mear1y w).th /T in'a manner

similar to that obtained for H —1nert gag mixtures < ¢ .

(Mactaggart ‘and Welsh 19.73). The, 1'nterccpt of the line

glVES a value of 88 cm which corresporids tc_ the value @ % "
g . of for T = 0. This 1arge valie of 847t .= 0 indicates
that. the duration of cenxsmn [E 1/2ncy ) at T =0 is <

stxll relatlvely short because ‘the overlap 1nduction cakes

- * - <place-mainly in the’région of the strong repulsfon 'of th
-« ’ . colliding pair of molecules. The ‘quadrupolar half-widths

and ﬂq’.‘ vary as /T.and are given'by 6q‘ = 5.81 G and . s

, Sqr = 4.65 VT." me »half—‘widths _vary as /T and are thus

.. proportional to the average relatlve velocity of the col-

\ ; v
\ . llﬂl.ng pair of molecules. il
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5T TABLE +V-3 v = L
. Results of the profile analysis for the HD fundamental band )
T Intracollisional Gollision’ Qu r O:J.usiqzn Qui Overlgp "Quadrupolar Refexenée'
(K)  half-width duration  half-width . duration hA{f-wJ.dth cn-nmbuﬂm mntzi.but.wn %
¢ o (symmetrized) 7 o 8
8qlam A, Tals) . egle) RIS s’ e LR
: S aoYs ey Tt :
77 14st6 . 7 511 104 . 38:1° ag g 73 This work |,
) ; 3 b § ¥ . vt * McKellar ©
" e 14254 . 55:1 R | . (1973) X
196 162:2 . “3.3) 0 e3sl. .67 . g6l . .36 64" This work
298 7 199%2. T %1 T2.7.. 99s3° T sia 812 % . 54 ;
- Bk . - % ~
. = 4 3 M
% R . b, . N . ..
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The J.ntercpllxslcnal half-vudth 6 increases-with )

“increasing density. Thus it shois a clear denslty dependence
“at each of the temperatures anestlgatcd “'Since ‘experiments
. with pure’'HD.gas have been. llmlted only up to 50 amagat aL
. each of 'thé temperatures, no definite Expresslcn for denslcy
. dependence cculd be obtalned The values of S weredess
Cthan 1/ 15 and 1.8 en’! at 77, 196, and 298 K, respcctlvely,
_fox the maximum exéeriménpal‘densltzes of the gas In order
to obtam a rellable density- dependent relation for 5 S -

expﬂrlments must bé extended to higher:densities.

. % i 12 %
3o Overlap Parameters .for the HD-HD Molecular Pairs

The valués of. the overlap integrated absorption,
coefficient [ujyo. p(v)dy derived from the profile analysis
can be represented by the relation which is similar to thé

‘one .represented by theé Eq. (5-1) R Y

ta (u)dv =a

Ry R a3
Y overlap la overlap.a. + = 2a overlap’a + ..

5 E (5 8)

Y VR 2 :
.- . Plots of (1/9. Overlap(v) dv  vs p'a ‘are shown in’ Fxg. V=9

fox the data for all the three experimental temperatures and_

are found to be. straight lines.. The overlap binary and

(—2 -2

. ternary absorption coeffici‘.encs o m~“ amagat”™ )

! la everlap
sp ol -2
and ‘30 Gueriaplen amagat™%) were obtained respectively

g ‘From the intercepts and slopes, which were calculated from
* the linear least-squares fits. The values of these coef-

£ ‘ficients-and those of the new binary absorption’ coefficients

.
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for the profiles of pure HD gas at 77, 196, and 298 K.
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®1a overapten® 874 calculated £ron the relation

% 2 b = » o
®1a overlap = (/7o) * (%13 oyer1ap/™+ ¥ being. the center

of the overlap profile (sée Eq. (5-4)), are listéd-in Table V=4.

"\ Theoretical Expression for the Overlap ¢
. \Bina Absorptmn Coefficient T . S
" Accordingto' Van Réanendonk (1958), the overlap binary
= absorpt:.on cqeff:.c:.ent ﬁla overlap of the fundamental band *

can. be wrxtten as,

= (@n?/3n) e | () spat/ (s=)

%la,overlap ovérlapl

S . ; . :
where 1 = “”3/?*1*0’ ‘is the exp cta'tiun value' of /thé rate’of ',

change.of 'ﬁ with tespect to ) at the 1nternucleab separat.\on

ry and x; = <0 (r¥ )Ib. The quantuy gp(R) is fne ow
densxty lulu.t of the pair dxstnbut;on functxon Equatmn "
(5-9) may be rewntten as 4

= 2; 2 =
- %1a overtap = (&7 3/3m) Xy /lH (®)] go(k) . (5-10)

- The guantity M (R) is as to

ially with

- the intérmolecular. separauon R and is ex ressed as

H (R) = ¢ exp

S (R%a)/pl, °  (5-11)
-

where the dunenslcmles quantxty A = (6/e).exp (=o/p). Here.

O
Ae'is the ampntude of’, the oscxilatihg gverlap rinduced moment

when the mélecular xfftion is o corrdsponding to the
' Lennard-Jones intermolecular potential V|(d) = O (Note:
M-weﬂap(_a) =\Xe‘rJ).‘ The quannges ¢ and p give respectlvevlyv

the. magnitude and the range of the oscil_atzing‘ part: of the

‘overlap induced moment. Equation (5-10) now ‘becones




% B " & ”~< o
X N 7
o e CogmmLE V-4 T
. £ Absorption cosfficients® of the overlap part i
2 L - of the HD fundamental band . *o .
Sk e S o 5 ’l‘ernary absSrption
T anagx- absorgtxon coefficient . coiteiclent
, 11072 on? amagat™?) (16735 cn (1078 cn? anagat™3)

: 0. 31’0 03 23 cverlup' 1. S*B E

< _77 . . Qa ovarlap' 0.2820.03 - °1a overlap .
: D .
- 196 § o.so:o_.os . : 9.57=o.03 :0.820.8 o

298 : o.9no.o7 g : 1.08£0.06 C o 1.2.851.7

©.. - % Ranges of error indicated are: standard deviations. >
4 S £ 5 2%
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B 3 120 12 o dh
Fla overtap = (877738 [<0ixro) |14 1]l (R 1% gg (Ruak

BT ¥ (5-12),

» . ' 1 e 3¢ 5 %
in which-x = R/. ‘The quantity § = s %<0 x-xg) 1512

has the dmensmns of the binary absurptwn coefficient ﬁl

. and the temperature—dependent dm\ensmnless integral I(T*),
where T* = kT/g, is repregented by‘the‘relatlon
" I(1%) = 4isgexpl-2(x-1) (0/p).] g (x)'x%dx. (5-13)
= i .-t N 5 % s '
 Actually I(T*) represents the avérage R-dependence of Mo (R)
At High temperatures where quantum &ffects can be neglected

gy (x) can be calculated by the classical expression
v b

gp0) = expl-v*(x)/T*‘], : RESUNE

* where V*(x) = V(x)/e, V(x) being the Lennard—Jones inter-'

molecular potential given by

Vix) = aelx 2o X8 . (5-15)
At intermediate temperatures; g (x) may expanded as an

asymptotic series in tems of the reduced mean de. Broglie wavelength,

Ax (= (hZ/Zm 0ee 2, m

60 being t_he reduced mass of the
iding | au' of molecules. The resulnng _expression for

eIy - A 1‘2’ 4:\*‘“ g e ? (5-16)
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To. oﬁt}iin the -experimental values of A2I ‘for.the

HD—HD pa:.rs, values of & ‘were divided by the value

‘la overldp
Of § at each of the temperatures. In order to calculate:the .
value. of ¥ .(see Table V-5 for the va1ués 6f the molecular
constants used in thé calculations), the value of the-
matrlx eflement <oo\ (r—- )|10>- (Poll 1975b) was used.
Fig. V-10 shows_ the plot of the experimental values of -
221 against ‘absolute temperatire T. The integral'I in .
Eq.. (5-.13) depends o‘n the factor o/p which occ;:rs }'n f:he.

~HD

exponentidl. The most probable value of o/p for the H
-bairs was determined by.a procedure similar ta thé one
described by Reddy and Chang (1973) and the details are as.
Ectllowé: ‘The values of Ici were computed for a series of -
- ‘values of §/o-in the range 0.070 to 0.1£0.at.intervals of’
0.002 at reduf:ed‘temper:atures T* in-the rénge 0.5 to 2080 )

at intervals of 0.5. Appropriate values of I were obtained
1@ (4)

Y by‘ apply'ing the quantum correctibns and I (see -

Eq. (5-16)) taken either dffectly or extrapolated tfron the
data given by Van Kranendonk and Kiss (1959): For a partlc—
" ular value of'6/p, A% which is assumed to be independent :
_ of temperature was'calculated-from the .value of 321 at ong
of the temperatures usix;g the corresponding ‘value of. I.

' The'values of xz

T at the other:two eiperimental tenperatures !
were in’turn calculated and compared w1th the cortespondlng

expenmental values. This procedura was repeated for. a



s

o .
Coolto e sl S Pure HD & e o, L
2 X100} - S
e (e} Exporimen"ul
b ez * X “Calculated
-20.0+
150
A}—‘ o .
" SR 100 i
5.0
P o P : ey
o F 100 200 300
TR L T (k) -
4 Pigh v-10. . variation of A2 with the absolute
{© U~ temperature T for the pure HD gas. .
g . ;
i




: 18- R
i .., 4 o T o '3 b N ’- 4

' . series

A o, at (;_he_three temperatires agreed closely with the corres- .

- - " ponding experimental valugs. The criterion used for the
At best fit of the curve’ 21 vs T was that i‘g)z be a minimum,
- ) where sy are the dev.latxons of the calculated values of
Azl_fmm q}g.correspondmg experimental va%ues. The cal-

_culatéd values of A°I £6r the best fit are also shown in

Fig.' The .values, 0f 7./, and i for HD-HD obtained

.+ . ‘from'the Best. £it dre’ given in Table 'V-6. Also included in

e table are the values ofp; v,_and u (o) ‘(the induced

dipoie, momen't correspondlnq to the Lennaxd-JOnas diameter u)

A compansan of (:he values oﬁ t_he overlap parameters of

HD-HD". pan—s wxr_h Lhose of H —Bz paixs will be made 1nvthe ¥ -

next chapter.:
L 'mBLEv—s ) e .

Mslacuiag constanta for the pure HD gas °

. ¥ < 4,
® . @ - (10732 e s7Y) P

37.00 C . 2.928 Lsas7 T 1ae

'I‘ABLEV 6 . i

R Overlap parameters fat the pure HD gas' d

) S e g 8 8o ule) .
S ; @ @ (1073 ea)

0

2.928. ¥ 0.25° .. 28.4




CHAPTER VI

) CdLLISIONTINDUCED'ABSORPTION OF THE FUNDAMENTAL

5 L
BAND OF HZ IN THE PURE GAS AT
i DIFFERENT TEMPERATURES

Introduct on
o The collxsmn-xnduced “fundamental band of ‘gat Hy

fxrst Dbsexved by Welsh.et  al. (1949) has been. the’ Su.bject

of numerous investigations under a varxety of expe'xlmantal
. conditxons in the last: twenty~-six years. The band was,
"'studxed a't> the McLennan Laboratozy, umversu:y ‘of Tomnto, :

by Welsh- and his colla.bcxators in pure H, and in Flhaty nixs

tures Hz He, HZ-Ar, H‘Z_I?Z’ HZI—K_r, andr_H2 Xe at sample Pat,‘}

‘,lengths ranging' from a fracticn of a ém to 13'6’11\, at pres- '
sures in the range 1 to 5000 atm, and at temperatures in

thg range 18 to 3% K (cf.,cmsholm s Welsh 1954, Gush, )
- Nanassy, ‘and.Welsh 1957, Hare and Welsh 1958, Hunt 1959,

\ Hunt and Welsh ‘1964, Watanabe and Welsh 1965, 1967, N
"Watanabe 1971, De Remgxs et al. 1971, Mactaggart apd Welsh
‘1973,_‘ and Mactaggart et al; 1973). . There' have also been
‘several experimental studies.on this band in our laboratory. .
ik weEe the studies of the band in Hy-Ne and H,"KT '
. (Reddy. and-ﬁee 1968)., H'2~oz\ and Hy=¥e (Varghese and Reddy
. 19697, para H; -Ar, ‘para H Kr; and para Hy-xe (Varghese

~119-~




. 1ne_rt; gases and othet s

. profile analysis of the band’at 18,720.4, and 24 K by

—12’11- G e

o

2 -Ne

(Reddy cana Chang 1973) at different tell\peratures in the

et al 1972) at room teﬁpexature and‘in H,-He and H

range 77 to 293 K. .In these studxes the ‘band was -investi--

gatéd with 'absorptlon cells with sample path 1engx§ ¥am o

and 1 mat total gas densities up to 2500 amagat. chause

of space llmtatlons we do not 1nc1ude }rere réferences on

the Spectra of the induced fundamental-band of H, in the

solid and lijuid states, 4t H, dissolved-in liqhids of

stances and in HZ-X van ger’ Waals

complexes (where X stands fox+H, or:other perturbing gas

molecules), ‘and r_hose; on the!

speccra of the U (AT = +4)

.transitions. . o

" A general survey of the previous work oh the profile

- analysis of the collision-induded spéctra with a’ special

i emphasis on that of the spectra of H, is given'in Chaptet I.

The readex is referred 0 Chapter I for the detalls of the

previous work:on the profile analys_ls of the Hy 'fundamental

-band in the pure gas, at 78, 195, and 300 K by Hunt. and

welsh (1964) , and at a number of temperatures in the range

18 to 77 K by-Watanabe and 'welsh (1967) , and on the revised

Watanabe (1971). ' The reader is also referred to. the same
chapter for ‘details of the theoretical ‘e'xpres'sion'\de;ived
for the intracollisional line form applicable fo the over-
lap Q components by Lev:.ne ‘and: Blrnbaum (1967) and Df"the

Gispersion type line form obtained £or the cnps of the Q




components by Van Kranendonk (1968). We ilsc remind the .

reader that the enhancement profiles of ‘the H, fundanen tal
i-inert ‘gas mi‘xtures_ were satisfactorily. analyzed
by Nactaggart and Welsh (1973 ana nactfygart et al. (1973)

band in H

t:u:al iine shapes. of Levine and Birmbaum .
P -

us 1ng the theor

End Van Kranendonk. R
Prior to the presént work -the new theoretical line

shapeé of Levme and mmbaum and’ Van Kranendonk have not . '

been spplied fo the pmnles of the H, funde ntal bend in’

In ‘the préSent wolrk the profilés of the

fundamental band of H2 in the pyre.gas’ were recorded fox

dernsities up to 60 amagat "77-and 196 K in the 2 m absorp-

"tion céll and at'298 K in the'l m and 2 m absorption cells.

‘Thé overlap contribution te,thé total intensity' of the band

at the three temperat_ures was separated, just as. in the
case of the HD fundamental band ‘in the pufe gas in- Chaptex v,
by the method of; the ‘profile analysl.s “makifig use of the ‘new

line shapes of Levine and Birnbaum (1967) and Van Kranendonk

(1968) for the overlap compcnenrts »and the Boltzmann-nndifis_d
dlsperslon line form as well: as the symmetnzed dlspers:Lon i
llne form for ‘the quadrupolar components. The overlap para-
meters X, ¢, ang u(a.) (deflned in chaptex v_) for the Hz—vH2
‘collision pairs are then derived from the overlap bina‘zy
absorptlon coefficients u51ng the theary of Van Kranendonk
(1958) . ‘Tble VI-l givésa summary of the experm\ents in the

present work on the collision-induced fundamentil Band Of .

.




Sumary of the expennents on r.he Hz (undamental hand

. TABLBVII

T Sample path ~ Maximum density  Numbr pf-gas. - .,
(X) length - -Of the gas °  _ den s studied
. * (cm) b " (amagat)., 3 -
& Jr C194.9 o0 - 45 - = .
196 i5.i - - . a7 - o ey By '
('295 105.2; 185.3 - 58 . 20 @

Ve experimental ‘arrangements and the ‘éxperiméntal

N . "
- Absorption Profiles and -Absorption  Coefficients

progédure for the study 6f -the H, furdamental band are the,’

+ same’ as t.hcse for the HD fundamental band and are descnbed

in deta.ll in Chapter II.

The absorpuon pmf;les of_ the H

fundamental\_a‘nd in the pure gas are well known from the % :

earlier works®and typ).cal pmfiles obtained in the px:esent >

study at 77, 196, anq-298.K are shown in Pigs. ¥i-1, - -2,

and V‘I-

tions 0 (J3), 011-1) ,+and S (J) for. the appmpxxate J values

xespectively‘ _The pcs;t:xons of r.he smgl? transi-

obtamed ‘from the cons'tant! /oi the free H, molecule

(St:ou:heff 1957) are marked along "the wavenumber axis. At .’ ! '»'.

77 K only two rctaucnal states ‘3=
‘lated and at 196 and 298 K states J =

1 2, and 3, respecnvely, are pbpulated“ One should of -

[] a:nd J 1 are popu-

0; I and 2 and J = 0,



0af

03|

. Logg (Ie/1).?

ol

NormalH,
ek Path length © 1949 om

0 . TITT.K

H £, 433 .omagat

Legend

——— Exporimental profi,

normal gas at 77 K.

i@ . ﬁlOl S

Waverimber, v (g
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Note that- the quadrupolar component,@;(0). does not occur.
. M 5




S
R R
e e L , 'k s
— v e " =
05F & : " P
SR - % Normal H,
° Path length . 1951 cm
T. 196K
St R, 394 amagat
2 o E T e
: 3 - Legend - B

Lo

Expenmental profile -

ol
5000

e
3560

aooo “ll - “

;oG a,mu,(zxc.um.ro: T s s
ng_ vI-2.
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course note. that for H,.the even and-0dd J levels cor-
respond.to the .para and ortho mdificabions, respectively.
The pure gas "fundamental band of H, is comprised of, in
- addition ‘to ﬂme single transitions, many doublé transitions &
of the types Ql(J) + QO(J) (3 # 0 for the onentatmnal
txansnmx#{ ana Q,(3) + 509 . The occurrence of the dip

at the position of thé 9 (). line (415§ cm‘l) o the goee
i, molecule, the increase of separatxon 4903 petween the
" Qp and Q; maxima of the.Q branch with increasing density

of the gas\, and (:he effect 'of the tempsrature on. the
profues oF febanimauell Jenown from the work of the
earlier .résearchers. . ’

By intégiating the areas under the experimental

profiles, the integrated absorption coefficients fa(v)dv
of -the band were determined and these can be expressed in

terms of ensity by Bd. (5°D). Plots of (1/6,%) fa(Vay vs o,

at the three expenmental temperatures are shown in.
Fig. VI-a. The binary and ternary absorption coefflcien(;s
weré cbta;ned from, respectlvely, the Lntercepcs and s

slopes of these llnes. The values of the binary apsorption

. -2 = 6 |1
coefflclents “lﬁ (Cm amagat °). and %a (cm s ) (cf.
Eg. (5-3)) and ternary absorption coefficient - oy

2

(cm™2 amagat™) for the experiments at all the three

%2a
temperatures are listed in Table"VI-2. The, centers ¥ -
of the Band at 77,.196, and 298 K are 4483, 4466, and

- 4444 cn!, respectively. For the purpose of comparison,
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profiles.of normal H, gas at 77, 196,
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and“298 K.




- + TABLE VI-2

. LS i ke . Absorption coefficients* .of the fundaméntal band of -
. N normal H, at 77, 196, .and 298 K ’
= ; Ternary % o
. 3 3 absorption. @ ;
Binary absorption coefficient . coefficient % J
T L E & P J -
().~ “la - Gya ) e T ) References
(1073 om? amagat™?) (10735 en® s7Y) - (J.p‘i"cm’2 amagat™3)

77~ 1.42#0.05 g 1.32%0.05 .

Present work ' -
T1.440 L X Hunt (1959)
1.32:0.02 s g = ' Watanabe and .
; g , . Welsh (1965)
- v . ) B # U
196 - 1.87%0.05 » . ©1.74%0.05 by 4.931.3 BEH o Present work . ?
0 7 " t1.89 k) . T Hunt (1959)
298 2.30%0.03 ‘e 4.720.7 Present work .
: 2.0 - Chisholm and Welsh ) a
4 (1954) f
2.4 . - o Sy e Hare and Welsh (1958
2.42 ' T S | . e (1ese) =

, © * Ranges of error indicated in the present work are standard deviations.
5. R ~— d g i L
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: t’h"e‘_valu‘ bf‘%;‘he absorption coefficients' obtained by

* earlipr resedroherd are ‘alfo listed in t‘he.same table.

The present values of the absorption coef‘f‘ici‘en;:s‘ at 77
“and 298 K.compare vely weil with the corresponding values |
obtained by earlier researchers. However, the px‘esent‘
values vo‘f the -absorption‘coefficient at 196 l‘( are ;omewhat .

Smaller than ‘those obtained by Hunt (1959)%

3. Profile Analysis-and Results . -

The method of proflle analysis used for the absorp-
tion profiles of lthe HD fundamental band in the pure qas,
which was descnbed in Chapter Vv, Section 2, is applicable
in jts‘ entirety to the ;;mfiles of r_he,vH2
The reader is therefore referred ‘to that ;:hapter for

fundamental band.

details.of the method. For'the H, | fundamental band the:
relatlve anensxtles of the overlap components expressed
in-terms of the intensity’ of the. Ql overlap(l) compongnt
a.nd those uf the quadmpolar compcnents expressed in terms
of that °of the S 11 nne are listed 'in’ Appendix C. In

- the calculatxon of the relatiye intensities, the ‘theoretica%
matrix elements of the quadrupole moment: vaoy {v'J')
calculated by le‘nbaum ‘and Poll (1969) and of i‘he polariz-
ablllt){ <v3ay |v'J'> calculatcd by Poll (1970) were used..
Just as- for the pxoflles of the HD fundamental ‘band- in
Chapters . 11T and v, the pmfxlevanal_ysz.s was carried out
with a program written for the IBM 370/155 computer. . T

' The computation thus provided the‘half-width parameters.’
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8. 208 of the overlap-induced components “and 8 (of thé

q
Boltzmann nodi fied dispersion line form) or. Squ (of the

symmetrized dispersion line form) of the quadrupole-induced
lines. For.the best fit of the cm\'\puted profiles with the

synthetic profiles, . the computer also gave the overlap and‘

. quadrupolar contributions to the intensity of the band

separately, An e)&ample of the results of the analysis for _

an ‘absoxption profile of the H, fundamental: band at 77 K

usxng the Boltzmann mcdif:.ed d)sperslon 11ne shape for che "

quadrupolar lines is shown in Fig. VI-1. As theumdwxdual

s penens concnbuum; to the intensity .of, the band are,
6nly 11 at 77 K; these are shown separatély in this figure.

As can be seen from this figure, the agreement between the '

experimental and the synthetlc profnes i5 'very good over

the entire region of the band. Results of similar profile -
analysis ‘for the K, fundamental band at 196 and 298 K ire .
_ shown in Figs. VI-2 and VI-3: As ghe’-nu.!\ber of ‘individual ’
_ components at. these tpmpe-rature‘s are £00 ' many 229 at 196 K

" and 34 at 298'K) these are not shown separately in these '

figures; however, the total overlap and quadrupolar con-
tributions are shown separately.. An analysis performed

with a'symmetrized line shape for the guadripole-induced -

" lines dave equally good agreerent between ‘the computed and

-calculated proflles at all the three tempezatu'res. b

' The resilts of the proflle analysis are presented’

in. Table VI-3. It is seen from Table VI-3 that the overlap




TABLE VI-3

' . Results of profile analysis for noﬁ\al H, gas
i Trtcacolli- A g G Symmwtrized -
T sional Collision  Quadrupolat. . Collision Quad. .= . Overlap Quadrupolar.
‘ (k)  balfwidth  duration  half-width  duration. half-width contributio® contribution
i % g P Sge R e e
@ o Msy @) (1071%) (el ; ;
77 1925 T2 7482 7.2 53:1 23,
. Y 5 3 )
196+« 211%6 . 2.5 11282 £ 86+1 . 31 69
298 248%3 . 2. 7 13k ©o39 10722 38 62

~TeT-
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contrlbut:_on lncreases from ZJ% to 38% as ‘the tJmperature
mc:eases from 77 to 298.K; eq\uvalently, the qdadxupo)ar
contribution decreases from 77%- at 77 K to 62%-at 298 K.
WeLHLa iia Latige, 52 e, dehaltles HEed Wi hd jprescat

experiments, §_,. and éq, are found to be independent

S g0 .
of density at each of the temperatures. Figare VI-5 gives

a plot ofthe average values of § 4, 6., and 'sq', agaifst -
/T, the square root of absolute temperature. The half- '
width parameter 6 which varies linearly with /T, when
extrapplated to T = 0 has a value of 133 cm ©, which
1nd1cates that even.at T = O the duration of collision

T4l = 1/2wcsd is'still relatxvely short because the over—
lap induction occurs mainly ir\ the region'of the strong'
repulsive forces (see also Mactaggart and Welsh 1973)-.

The quadrupolar half-widths 8 and L are found to satisty
‘the linear relations 8y = 7.97 /T and «q, = 6.16:/T. The

intracollisional half-width éc increases with increasing

density of the H, gas: As.the present experiments with

pure H, gas were limited to densities up to 60 amagat only,

it was not possible to .derive a definite expression. for.

the derisity dependence of 5. The values of §_ for the

néasximum éxpemmencal densities of the gas at 77, 196, and.
i :

298 K were leéss than-0:4, 3.0, and 3.5 cm -, respectively,

H, Molecular Pairs

The procedure adopted to derive the overlap para-

meters of the HD-HD molecular pairs is given in Chapter™V,”
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Section 3. 'In order o derive the overlap.parameters for
the Hz—é % moléc\war pairs. the, same pxécedure was used. .The

overlap integrated absorption coefficients fa (v)dv

Ovetlap
derived fram the profilé analysis were expressed in terms of
' denslty of the gas by Eq. (5-8). ‘The intercepts and the

wlopes obtained from the plots of (1/02) /e (v)av.vs o,

overlap
gave, x‘espectlvely, the overlap binary and ternary absorp-

tlon coeffl.clents at each of the experimental’ temperatures.

These plots are shown in Fig. VI-6 and.the valués of the
absorption coeffic:.ents are listed in Table VI-4. BY
equating’ the overlap binary absorption coefficient to A2Ij
“at'each temperature, values of:A’I as a function of b
perature T were obtained. The value of ¥ was ca-J.c'u;ated
_from the value of, the' matrix element <00 frxg )|1o> as given
by Poll (1975b) (see Table VI-5 £or the.values of ' and
‘otherv constan‘t‘s) A plot of. the experlmental values of
A2 as_a function of temperature.T.is, shown in Flg. VI-7.
The integral I depends on’o/p (cf. E4. (513), vihere @ is
the Lepnard-, -Jones diameter. and ¢ is a range parameter, The
most probable value of o/p for the Hz H, pairs was determlned
by a‘procedure similar to.the one used by Reddy and Chanq
- (1973) and described in detail in Chapter v, Section =
The calculated values of A\°I‘for tHe best fit are also
shown in Fig. VI-7. The values of 970, A, o, by and. i (9)
_(thé induced dipole moment at a #olecular separation o) are -
listéd in Table VI-6. . For the purpose of companson, values
of the overlap parameters for the pure HD gas obtained in

~
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- TABLE VI- 4

Absorpnon coefficients* of the overlap pdrt -of the
fundamental band of nhormal Hj at three
‘differéent temperatures

Ternary

"<+ Binary absorption coefficient - absorption
x : ’ coefficient
e “1a overlap " "“2a’overlap

1 |

(107° om “ amagat™

(10 %2 amagat™)

77 0 0.25 & 0502 0.24"% 0.02 3.0 ¢
71196 0.56.* 0.02. . 10.54 + 0.02 . 2.5 &
290 + 0.04 2.6 % 0.8

208 .0.937: 0.04 ,  ° 0.90 & ‘2.8

-

¥




oo -
5 E B
{ RS, < % TR :
V
x| - i & . 2 &
. Normal H, R L .
20.0}- . ) B T A :
. B"/Eaerimenlul & Y & |
; X Calculated - i
. 150k R I w2 e Gih
o W I
ag 100f /
50 ° g
ol = il
o 100 300 .
5 S 5 by
‘ ) e ", o % o B
Fig. VI-7. Variation of AZI with the absolute
temperature T for the normal Hz‘ gas. . * 8
’ . 2
s 5 : . N
55




& e %
.  wll _i3e, . .
' ‘- " TABLE VI=s RN

"y #l Molecular constants for normal H, gas

s 3 . e/ o © BOFox S 1
: .. < 55 3 e R
= o B @ - 1072 o s : :
i v : s . . 5
: 37.00. 2.928 ' 6.678 L1781 %
- i R i
3 - H ! .
oo k : . .
- X S maBLE vise X . E
overlap parame_te{s for Hy-H, .and HD-HD- . i 5
. g mpleeular pairs il . e
\ K - " i :
Molecular ' - . S o 0 L. ERTC R
pairs p/a . B o , .0 -3 b e
¥ - * (a) (a) . (1077 eay)

, 0.080:. 4.15x1073 2.928 . 0.23

v mpmp 10.084 '5,13x07% 2,928 0.25 L, ool
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the last chapter are also listed in the same table. It  «
may be seen from this tablé that the. values of the corre-

2

sponding quantities for the Hy~H "and HD-HD rolecular pairs
are reasonably close. This seems reasonable since the

charge distributions in the H,-t, and Hn—ﬂi:’mol’ecular ‘pairs
are, very similar. -Hunt (1959) obtained a vdlue.of ‘0,126

for p/o for the. H" H molecular pﬂlzs, wh:l.ch is about one

and ahalf times higher than the value obtained in the present:
work. The higher value of p/0 obtained by Hunt may he =
un%tood on the basxs of’ the following reasons: (i) He -
ignored the Q branch splitting, which is xather. a dominant
feature of the absorption profug at higher temperatures |
and ‘analyzed on{yvtk}e high“fre'.quehcyﬁ wing of the banas

(ii) ‘he also igrioged the double-transition quad’rupolar com-
pcnents Q) (J) + Qo(a) of thé Q branch as well as several )
double transition lines of the s branch' ana (i{i) the new:
theoretlcal line shapes were develcped by Lev_lne and Blrnbaum

(1967) and Van Kranendunk (1968) subsequently.

NOTE: In principle the absolute. 1ntens1ty of the’ quadrupble-
* induced .lines arising from the binary colllsums ‘can be
’calculated from the theoretical expressmns (see for example
Poll 1970). For example, for: the s (b ‘line bf the Hy
fundamental band at 77K, the theoretical value.of, the *

binary absorptlon coefflclent is found tc be

0.43 x1077 en ! amagat 2‘ The vqlue of the corresponqu




-139a- ; S

quantity obtained éxpézimen:ally is (0.53:0.00x1077 an amaga"t- .
The experimental value was obtdined from the profile an?‘lyéis
where -a Boltzmann-modified d‘ispersion line form was lsed for
the quadzupole—mduced Lines with the assuiption that the '

1nten51tlss of the o and s llnes were completely due to the

quadrupolar 1n3uct10n. One must note that the calctlated
\

Values of thé binary absorption cosfficient of the guadrupole-

induced lines. are very Sensltlve to small uncertainties in

L .
the value of the Lennard-Jones diameter ¢ of the colliding

pair of molecules, which occurs' in the Fifth power in the

'theoretical expressions.. A simple calCulation shows that

a mere 4% decrease in the value of o will account for.this

. large difference of V234 in the theoretical and experimental
values of the binary absorpuan coefflclent. On, acéount. of
this, the entire difference can not be attnbuted with any
legree. of certainty to-the anisotropic -overlap ‘contribut‘icn-“
to the S lines. A similar sityation exists for the s

of pure Hp. For' the'S; (0) life of the HD fundamental band
‘at 77 K, the: theoretical and cxperimental values ‘of the

blnary absorption coeffmlentf are found to be 0.62x 107/

" and (0.78%0.03) x 1077 et duagat™?, respsctively. ‘An
-arqu.ment similar.to the one made for K, -is applicable for

HD as well.




"o : B APPENDIX ‘A

g . TABLE A2l
Relative inténsities* of the overlap|and quadrupolar
transitions' of the fundamental

- =
Transitions’ Wavenumber Temperalmre (K)
- . (em™h) 77 1l96 . 1298
v
Q, (5) 3575.14. _ +. 0.0098
0,(4) - 3593.97 = 0.0048  0.0650
) L0y - 36090167 70,0003 - b 0.09(3 . 0.2748"
Ql(z) v‘ 3520.,53 0.0340 s AO.A? 7 0[.7062
. LN “3628.30 0.5662 . 1.000 1.0000
CE, g0 363_2.1.5 1.0000 T 0.5128
o P . a o Guasdrupolar Tran itions
o, (4) 3004.67 - " 0.007 0.0646
0,(3) - 3185.25 0.0001. © 0.05%0 +-0.221p
0, (2 3365.08 °: 0.0099, . 0.2053| ,  0:3950
. 61(4') 3593.37 w ‘o.oo;n' © vo.0399°
SO euieg@ . m o D Glonzd o 0.023s
: : Q'liz) - 3609:16 " o.0001 0.0460 © 0.17247
R R INE R : - . ,0.0246 - .0.0986
Q,(2) . ‘3529.5'3 . 0.019 02057 - 0.4728 |

., e-140-
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R - TABLE A-1 (continued)

Traisitions — Wavenumber Temperature '(K)

3 | (em ) 77 196 298
9, (2044 () . 3620.63 0.0034 C o223 0u2si2
0, (1) . 3628.30 0.2760° . 0.7594 ' 0.9348
SRCNGEE ) . 0.0572 0.2699. " 10.3547
-~ 0,0 38215 0" T e T o
© Q07+, (9) ¥ 0.1007 0,1727  0.1813 )
) 01”3*50“” 3861, - ""0.0028 0.0173 _ -
0,(3148,(0) ¢ 387623 0.0001 . T0.0284 | 0.0726
. o (2450(0) - 3887 0.0146 0.1411 - 0.lsas
'51(0) . ,3_887.70 ) 1.0000 R 1.0000 0.9836
Q48 (0) - 3895.37 - 0.2423 . 0.3116 - 0.2610
00450 (0) 3899.22 0,4266 01993 0.1335,
; 0, (41454 (1) waez | 0:0027 " 0.0204
\ v " Q,(3i4s5(1) T 405221 q‘.noof . 0.0268 0.0855
© s B 4052.21 - 0.2952 0.8124° -11.0000
¢, (248, (1) . 406368 . 0.0050 0.1328 , 0.2178,
i o ' 12;(1)\*30(1)' ’ 4071.35 " 0.0829 0.2932 '0.3q74 %
s b_*ol(d‘)a»slom © o -4075.20 [SVEL 0.1%76 . .0.1572
Q4148 (2) 4209.93. - 0.0010 0.0125
) fslg) 4209.93 fo.013l - “o2710 05214
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TABLE A-1 (continyed)

* Wavenunber

Transitions Temperature (K)
= ey 7 96~ 298
0, (3)+5(2) 4225.12 - 0.0205  0.0523
Q1k2)+_50(2) 4236.59 0.0003 0.0519 0.1331
.Ql(4l)+s'0[21' 4244.26 0.0043 . [ 0.1147 0.1880
0, (0)+8(2) 4248.11 . 0.0076  0.0734 0.0961
5(3) ! a3se.es - 0.0001  0.0428 0.1602
. '01(4)+so(3)' 1437868 - 0.0002,° 0.0046
1 (3)+8,(3) 4393.87 - .0.0020°  0.0191
0, (2)+5(3), " 4405.31 - 0.0097 " 0.0486
‘Ql(‘1)+50(3) 4413.01 - 0.0215  0.0686
0, (0)454(3) 4416.86  0.0001.° 0.0138 0.0351
54(4) 4501.07 - “0.0034 0.0305
0, (4148 (4) 4542.26 - - 0.0010,"
,(3148(4) © 4557.45 - 0.0002°  0.0044
0 (2)48g(4) |1, 4568.92 - 0:0009 -+  0.0112
-Q1(1)+s (4) 4576.59 = 0.0021 0.0157
- 0.0013. ' 0.0081

s ‘Ql(0J+50(4)

4580. 44

‘The relative intensities glven are val].d within each Of J

the overlap and guadrupolar groupings.



APPENDIX B "

- THEORY OF THE INTRACOLLISIONAL INTERFERENCE-

EFFECT ‘(Ref.: Poll et al. 1976)

‘ The geometry of a colliding pait’of HD and Kr mole-

-culleé ‘is shown in Fig. B-1. The spherical components of

.In-this efpression v denotes the:}

; the total dipole moment pf an HD-Kr pair -(in fact, the.’
" treatment will be \ialid‘ for‘ any HD-inert’ gas, atom. pair)

with respect to the space fixed axes are given by (see Poll. ..

and Van Kranendonk 1961, Poll, Hunt, and Mactaggart 1975)
bt & T o

u)(rwRa)” = st

“(8-1) -
herical component of the

dipole moment; r, R, and'S are the insegpuclear ‘distance, .
the separation é_f the centers of mass. of {HD ‘and Kr, and the
separation of the mid-point ‘of HD .and -cen T, of .mass of Kr,
resp'ective[y. The expansxon coefficient ALA(KR) glves the
r, R depsmdence of'a part.u:ular component of the dxpole
lpomenF whose angular dependence is characterized by the
. parameters L and ), and C is a Clebsch Gordan ceetncxent.
The quantities w and @ ‘denote the onentutlon .of vecto

% and A with respect to the space fixéd axes 'and Y's are

. the spherical harmonics.  The parity :condition reguires

that A+L be odd.  For'a homonuclear diatomic molecule like

-143-

43/ /3) iy f Apa (FR) cORLiv-m) ¥ ,0 (m):vm(n’).
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. Hy,°) can take only even values.’ However, for a molecule - .
like HD, A can take both even and odd \.;alue.s. )
7 The spherigal component of the total dipole moment - ‘
(allowed plus induced) of HD uxll have: the expansxon
coeffx_c:.ent Aoy {cf. ‘Eq. (B—l)) X 'l‘herefore we may-wnt.e

Ay = PA(r) + B (:m, - =)

_where P, (x) is the al-lowed dipolé moment. of HD ~along t:he

inteznuclear axJ.s and’ is x:elax:ed to P by (—_he relatlon

P, = Py(r) (4w/3) %y (000 e

and P er) is f_he induced dipole moment,.

The vxbrational*m\:atlonal matrix elements . of the
dlpole moment operator, in which we are mceres(:ed are - S
g by (see,: for example, Po11'%t a1..1075)
. <% = 0Ja|p,(reR2) |v' = 13'm'> ' =5
L= s/ E, fenly

NSCDIED m'mu(m COLLiv-IY, (2),

ve - 2 ) ; (a 4)

" where. <Im|¥,  (04¥|3"m'> is the' romuonal matrix element

and By, (R) "is the matrix element of A )(R) between t;\94

vibrational states 0 and 1. The BM(R) cnmponem: (cor-
respon:hnq to L = 0, A 1) concnbutes m t.he xntensu:y nf L B
the R lxnes. 'l‘hus i e # B o

B_ol(_R) = PA,(I) * ‘PI‘(.I‘R) . . .‘ 5 . (B=5)




e
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The- integnted’ intenéity of a'.particu!.ar branch :may
be written quite’generally as (see Poll et al. 1975)

faguiv’ dv= nany (452/3me) £, B

_ 2
Ja* C(JX.J‘.OO)

© s

anl. 5,02 g(®) dek', S e
where the sum is over all the values of J and J' tih;t con—
g trlbnte o Hie branch Gnder cSHELAGYAEIGR. The quantities.
‘"a and'ny are thernunber .dEnSJ.tl.ES of r_‘he absqxbi’n‘g 'gas
(he‘re HD) and the per-turbing gas (Kr'or Xe), respectively.v N
‘The r.utar integrated intensity of: the Rlll) nne, in’ paruc-_

ular, may be wntcen as y . "

satv)vay = nyng (432 /c) B 91112;90)24»/;ab1(m2g(1§)32d§.

' (8-7
; On s‘ubsti_turtilén of Eq. (B-5) in Eq. (B-7), ye.have '
vy vlay £ (44‘a2/3)-'1a & ap Py C(i12;00)?
: <o01|p, 1252« - B : " (8-8a)
. n,; ad:‘ 4-}'<o1|1= |1v2>2 §(R R’ ;m.v o) =
[ 23 2ny a® < 01fp, | 12> x4arg ARENEER 9(R) R%R,

(B-Bc)

(hex'e the dipéle moment and distances are eéxpressed in the

. units of eay and a5 respectively, e being the electronic

charge, .an is the Bohr radiu$, and oy is the fine structure

corfstg‘nt. The contributions (B-8a), (B-8b), and .(B-8c) are b
’

due to the allowe@ dipole moment, the pure induced dipole:

’ . . E
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: mrﬁené, and the intracollisional .‘p"n:erierence effect,
"¢ ‘espeetively. - Clearly, the allowed contribution is prypdt- .
<" .tional'to n_ and each of the induced and the intracollisional
:co;xtribut..ions is proportional to the pn;duck n ny. The )
mtenslty due to t_he lntracolhsmnal interference effect
occurs at the posltlbn of ‘the alluwed ‘line and its vudth is ) B
of the same o*zder of magm.tude as t.hat of the allowed line.
to . the :mtxa—’

L

colllsmnal inr.erfezence effect values of the matnx ele-

In ordex to esnlnate the mtennty due

ments <01|1>A[12> and <01\P |12> must be, known. For D i
rolecule’ the' value of <01]|P,[12> can be obta1ned ‘from the

intensity of Lhe allwed R (1) line (cf. Mcl(ellax: 1974)

. The value of <01 | P;[12> is not available, however. Assum- .
ing that the charge distributions for HD-Kr and H,-Kr are
identical, wMP-KX(¥ R) may be expressed i# terms of

527 B s W L
W EDKE (R ) = k. T u 2 RE (R (8-9)
For H,~Kr, both coefficients [, and a,, contribute (cf.

Eq. (B-1)). The larger contribution comes from the coeffi-
cient.Am, A model for Alo(rR) may be assumed’as foiléws:’

Ajg(¥R) = m(x) expl-(R-0)/el. . (B=10).
F where p is the range and o is the Lennard-Jones dxametezj b
and m(r) is the induced momen t at R = ¢. Combining (B-9) -

“and (B-10) an expressior’\ for’ the induced dipole ‘moment for \



e M s -lage T i
»-HD-Kr or Hb-Xe may be wr.\.tten as ¢ 5 e 8 s
5L2/R - 1/p) m(x) ‘expl- (R—q)/p] o 7 (B-11) .

The quantltles <01|m(r) ]12> and p can in principle - -

be 'determined. A xeaspnable fit to “the spectra. can be

p obtained by taking <01|m(r)|12>- = 2x107> a.u. and - .
7 : :
,oKrand <ollm(n|123 = 2.2107% a.u. '

_and p/6. = 0.12 for Hy-Xer.. fy making use of the above |

.pfo.= 0.12 for H

e " - results for P and adopting a value of 2.17x107° a.u.
» © 7 (Mckellar 1974) for the a;zlnﬂed matrix element <01|‘PA112>,

the 1ntracolllsmna1 interference contnbutlons to the

binary absorptlon coefficient. Of the thl) l.ma a6’ xoom

temperature can be ca]_culated.
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s ' ‘ _APPENDIX C . y T
s Y © mBLE -1 , i
*Relative intensities of "the overisp-and quadrupolar * et
, * transitions of the fundamental band of H
ransitions 5 wavengmberQ - Temperatureilsy '
et 77— 196 © 208, .
. i " o / Overlap Transitions )
Ql('q) : " -4102:60 . -° ° 0.9004 10.0063
CQu3) .. 4l2s.e7. “0.0311 0.1372. .
Q2 - .0 ‘4lasae . 00022 - 0.0929 . . 0.1780
Qi 4is5.26 .1.0000 - 1.0000 -°  1.0000 .
Q oy | “ 4161.18 - 0.3311 ° 0.2504° ° 0.1971 '
. ) ‘Quadrupolar Tran o
T 5 . .
C AOR0) b 3568.23 & 7040279 ¢ 0.1228
9,2 © L 3806.80 | = " 0.0567 - - .0.1088
R 4i2s.87 .= -7 0.0209 . . 0.0917 .
vol(a)wo()\ 4125.87" " = ¥ 0.0141 ° © < 0.0632.
0, . .0 "a143.46  0.0015 - 0:0861 J o268t o o
03 (20400 (9) © . 4143i46° 0.0009 © - 0.0426 .0.0812  °
L L0 a1ss.26  D.9942 0.9942 . 0.9942
0 (1140, (9) . 4155.26 0.4232 L 0.4456 . . 0.4540°
Q@ . . 4161.18 " 0, T 0 o
[CIEL 4161.18 - ..0.1398 0.1113 ' 0.0894 . .-

- Alag. -




* § %, &2 B =150- 2° e 3
C & 3 * iy
N TABLE ‘C-1 (continued)
. " fransitions s = b\_- Tgvi-:p'erature"‘(l;) .
[C) 77 196 298
0, (3125 (0). " 4480.26 - 00061 " .. 0.0255 "
T e(2)s(0) "4497.85 0.0008 ‘o.”ozu e 0.0328 -
’ S5y, 4497.90  0.6526 . 0.4935 . 0.3881
.9 (1)+s,10) i 4509.65° 03506 0.2568 Y
© . 9 (0)48,(0) 451557 ° 0.1158 o.:bs'liz ;
i 'oi(3)+sn(1): 4712290 = " b.01e6 - j).o‘/_q:a,'
s ,"”“.'99,. §T¢;>ooon 1.0000 g '1r.d_boo'~
© 7 qu(zyisgn T-4730.49 0. 0014 0.0579 v‘ofmbs‘.
0, ()45 (1) - 4742.29 © 0.6407 T o620 0.5633
-'6110)*{3\?(1) g Vins.n! 0.2118 0.1550 “: ¢ 0:1107- -
o ., ) 2 » . ks E Fia®
s, (2% - as17.00  0.00Is 0.0666. " 0.1274":
0,(3)45)(2) . 4940.27 . = 6.0016 A "_o.ou_i-
oliz)}:soiZ)- 1495786 - . "o.o,ou‘}' <. 0.0156
Qx‘_l,"."%'(z" 4969.66. 0.0012 ) _o.'.uspn i 0v0871
"i0 (0)+8(2)., 4975.58 . 0.0004 - -0.0125 0.1 -
88 4 5111.32 - 0.0170°
348 (7 516051 T
-Gy (2)480(3) 5178.10; -

Qi(l)j%so(li)- §189.90 )
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| N " TABLE.C-1 . (continued)

| L B v B £

. . 7

A — i

| Transitions ) Wavenumbers - Tempex?ature (K) B .
C I T : 196. . © 298
- s —

S| o8 (3) s195.82 . - T= 7 (o040 0.0124.
| -*The relatiye lnten51tles given are vahd wlthln each of
| the overlap and quadrupolar qroupxngs.
Lo - - ; 5
A L 5
¥ ' -4 : -
oo B # . v )
& E W Lo o i
N ] . o 8
- [l
e, ! B .
O E ‘ :
-
. \ . 2 f:
; :
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Infrared absorptlon spectra of gaseous HD. 1. Collision-induced

fundamental band of HD in the pure gas and HD-He" mlxtures at

room temperature
R D. G. Prasad’ and S. Paddi Reddy

Depurinent of Physic, Moorial Untvrasy of Newfoindlnd. S o' Newfoundland, Canada AIC 357

(Recened 3 December 19747

The infrarcd shorpiion spectrs of the fusdamental band of HD in the purc gas for densities up 10 -

spectra of M

addition, the aborption, profles of-the pure gas show the allowed sharp R (1) tramsit
e e dérived

individual HD molecules. The binary absorption
- integrated intensitics are 232510 and 09410 "

As sasirle of the ol af et enlamosant of i of e bond ia HD-He hat
performed by assunming -appropriate-line shapes, and the three. halfwidth parameters, 8, and s, of

~+ INTRODUCTION i -

Although the D molecule, Jus{as the Hy and Dy mole-
cules, hag no electric dipole moment In the equilibrium
position i Jta ground electronic state, a weak, oscillat-
iyt dipole moment results in it becausé, during a molec-
ular vibration, the displacements of the proton are great--

-cr than those of the deuteron and the negative charge
center of the. clectrans lags behind the positive charge
center of the nuclel, The occurrence of a rotation-vi- -
bratign spectrum of HD due to this osciilating electric

dipole moment was first predicted by Wick,! Weakro- ¢

tation—vibration absorption bands of HD were first ob-
served by H-rzborl:' mr 9650 :nd 7400 A and were
identified as the 3— 4-0 ban La-

from the measured
oy HD axd HD-He, eopectively. o

el T b AAdk 8, of the - @i
p of helium and fits 1o the :

" 46 HD ‘as'boon very lifited, however. The pure Bokae

. tional collision-induced absorption of HD In gaseous and
solld phases has been studied by Trefler el al ',

cently, 'McKell#® atudied the collision-induced funda-
mental band of HD in the.gaseous phase at 77 K. Tnnra

have been studtes of the randamontal band of HD, In. - *

solid HD, by Crane and Gush' and in HD dissolved in
liquid argon by Holleman and Ewing, ' and of the pure
rotatianal band of HD dissolved In liquld argon by, Holle™
man and

Accordirig (o the theory ‘of the collislon-induced ab-
sorption of dlitomic gases proposed by Vai Kriinen-

donk, '™ the dipole moment Induced'in a colliding pair . .

ter, a detailed: l-xpcrlmenhl uwm.\pum of the 1-0,
3-0, and 4-0 bands was made by Durle and Herz-!"
berg,* who obtained precise v and rotationial

o i by the So-called “exponen-
tial-4” model.- In this model, the induced dipole mo-
ment consists of two additive parts.

constants of HD in its ground electronic state. - Subse:
quently, the pure.rotational spectrurh of HD wats ob:
served by Trefler and Gush, ¢ who determined the dipole
moment of KD by ‘measuring the integrated intensities
of fouf Rg lines.® Recently, McKeller®' made a com-
prehensive study of the'1-0, 2-0, 3-0, and 4-0 bands
ol HD and measured the intensity of 13 electric dipole
transitions and one electric quadrupole transition.
Befar and Gush® also measured Independently the Intensi-
ties'of five clegtric dipole transitions of the 1-0 band of
1D, 'The selcction rule for the rotational

overiap moment which.varics expo~

trop!
_“mentially with intermolesular sepiration R and the other -

_part is the anisotropic long-range moment, Tesulting

" trom the polarization of bne mnletu)e by the quadrupole
moment of the other molecule, which varies as R

The short-range monient contributes malnly to th in-
tensity of-the broad @ (1. €., Qeerie) (47=0) lines and
the long-range moment contributes to the intensity of the
relatively less broad O (AJ = - 2), ame@Q (loe., Q-.)
(7o)

and S.(&J = 4+ 2) lines.

In the present Invul!;aum. the’ colliston-thducod

arising from the clectric dipole moment {8 &J = & 1 and
it for the transttigns arising from the electric quidru-
pole moment 1s &7 =32, -

Sinee the first Y € the collisl

band of HD n the pure gas for
densitles up lo 'Imlw- and in the mixtures of HD
‘with helium for difforent base densittes of HD and total
6 deraileniup o 190 amagat has been studied at room

sorption of the fundamental Band of H, by Welsh ot rlL
there have been extensive studies of the

nary and ternary absorption coefficlents
of the band Imvl bnen determined from the measured in

diced spectra of Hy and Dy, A.comprehensive review
ol wurk has been given by Welsh'® (see also Reddy
and Chang!* and Russell ¢f . and the references’
therein). The work on tfie colltston-induced absorplion -

The Joutnal of Chemical Physies, Vol. 62,No. 9, ) May 1975

tegrated In addition to the broad collision-
4nduced transitions 0,Q, and S, it was possible to ob-
serve’the allowed R (1) (A =+ 1) transition In the pure-

HD profiles. Profiles of the enhancemnt of absorption ¢
in HD—He mixtures have been annlyzﬂl.

" Copyrighi £ 1975 American Insutite of Physics
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One part is the iso-
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.1l LXPERIMENTAL DETAILS * " (sce, for example, Reddy and Cho®). Trie procedure
: to obiain the profiles of enhancement of absorplion of
3 nissivn-type absorptidn cell of sample path’ ctus
. constructed of 4 stainless sicel, (abe e fdament) :‘::.‘:::;;;‘:«‘E o ::K’;n i
- “‘;‘::"‘;“m“‘:ﬂ:"‘h‘;‘y"“ ‘:;‘L‘ ::“;:‘""\"&::“_:i given HD~He mixture experiment, the bise density 7, o
s steel n:t-‘: e m;”wm Sross section | HD was kept constant and the profilés of the cahance-
tog Pnllshn:“s)'m)mm Sipphire windaws, 1.0 ™eN of absorption of the band were obiained l.nro.: ilmnm
. = tial 1 The densiti
. dameiér and 0,5 cim thck, of Ine cell were at- o bag e “:'i':":::u‘:d‘“w"'l:::;w,m s e,
471 w3tV 4 thin layer ofesili cone rubber cement to ettt s Lot
s¢ ~fep] window plates which were sealed to the peratarc; sind those of helium were obtained froni its
NNl "'; ‘;“'" e B . "':":"" 0“2“"‘ ith isothermal data,®® ' In an experiment with a givon base
A0, SOPHEL Ly Ippropeiate clostag ets, density of HD, the* partial density of heligm was :m
Ty gen deiteride supplid b Merke; Sharp, and Jated by the method described by Reddy and Cho. ™
* Pupn Canadt Limited and helium suiptied by Canadian - 2
T m.« .\n‘ wore used in the experiments, Miss spee- The absorpiion coefficlent @(v) at a iven wave '"'l"'
s of hid commercil M ber ¢ (in em"") of the HD gas at a density.p, in a cell of
M, and 3, 8% D, sample path lingth 7 is given by (/2 ln{IoWw)/IWw)], ‘where
sasts vt bis smalyses, appropriale mrr'cmuns'm\v« oli) and /) are the intensities of radiation transmitted
wovn e o the density of HD as well as fo the absorp- 2 the evicunted coll and thie cell fillod with HD, re-
ton profiles., " For example, for o experiments with spectively. The correspondiig gty in' the mixture
" 1lb-He, It i ecCssary 1o subiract ot "o expertments is the absorption coplficicit a,,0) which
Absurption profiles the absotition arising (o ‘u"k:"f" ""’u“/’"'“[’ '(":’l"g' e ';II\(“‘]‘: :":":‘:”zu;“‘l L,
“H= 1l and H=1D, iehich was, estimated from the pure e Nely, Absorption proflés
Hg i and in Hy-He misturcs obtatned by us with the withthe gusmisluro, rempectiyoly, Absorptonp e
e absorption cell, The contribution to the integrated + WOre obtined by plottini; o1 ol )
intensity of the D fundamental baid fram the tiensity ffl"&L‘&::“";(‘n;‘:‘:":;‘[“g"(:;‘l‘:‘[’l’n":f“‘f%"::f:"'sm;'m
o the Dy undumental band was found o be sgnitiean.” 1 S TR A0 foulb (o otise

The spectrasere recorded with a-Porkin-Elmer
sipdel 12 single-beam, dowble-pass infrared spectrom- 111, EXPERIMENTAL RESULTS
or equipped with 2 lithium fluoride prism and an un- H
sl lead sulpide dgtector. A etatara Geporal Eleg-" A Spectra of the HD o 4
tric EFJ quartzline projection lamp housed ina water- . Figure 1 shows the absorption profiles of the funda-
cooled brass jackel was.used as the source of infrared ntal band of HD in the pure gas at densitics 48,8,
_radiation.  The slit of theyspectromeler,” maintained at 38.3, and 27,8 amagat, . The pasitions of the chilision-
+ width of 50 . gave 3 spectral resclation of ~3.0 em™!  induced single transitions 0,(2), Qi) and S) for J

the origm (3632 cm™) of the fundamental band of HD —H ubtathed from the constants of the froe HD mole-

. nd the Accuracy of the wivenumber measurement was  cule, ® are marked along the wavérumber axis. In the
better than 1.0 em™. "The spoctral reglon was cali- spectrun of the pure HD gas at 206 K, in addition to the
brated with the sbsorption lines of hydrogen mloﬂdr. single transitions, & large number of double transi tiong
water vapor, ® and Of e type Q1)+ SyJ) for J= 04 are expected to oceir.

* In such 1 double transition, one of the colliding pairs of
s avery stromg ab- malecules undgrioes the rofatidm-vitation transition
ston of the fandamentit band of KD, Q) while the other, stmultancously undergoes a pure”
rutation transition S,4). In these profiles & marked dip
in the Q branch which occurs at.the position of the Q,(1)
line of the free HD molecale 1s similar to the ones ob-
served in the colliston-induced speetra of hydrogen and
, deutertam. The dip was expalined by Van Kranedonk™
s an inferferoiee effeet due'to negative correlations

L1t was rlthe r smportant o remove Al traces of atmo-
SPHEELE waler vapor (o the Path uf the infrared radua-
S tron the Saree o The détoetor m order o
FEHbIC e nsiy megsuren s 1D .lllml'[nh!ll
DAL T oa expégmental wu.p, the whole aptical .
syt sin uding Oy Fadiation souree, thit absorption
eollang e monchromator, was enelosed m an air- sxuiling betwoen. the. overlup dipole maments In sicces-
Gt ek by whieh was provided it a e g SV eollisions, In Pig, 1, the separations S35 be-

s e th 4 neuprene glove o fail ke tho necepe -~ SN (0 praks of the components Q4 1 Qp are 45, 49,
uljustments without Ilrnk(l\;, the i -tight seal, And™40.cur’! for the proflles (1, (o), 6d (c), tospecuve.
I, One_characieristie feature of e profiles in Fig. 1

lln systent wis then- flushed continaously with dry

i gan preduced b exaporalg. Hold mtsvgen by e+ .5 0 ‘presence of the transition R,(1) which uy \'lnu(‘ of

mersmg .o vlcirical héater! Inidally 1t took several of s sarrdly bandvidih s inforproied as 2
e S L T e transition, The caleulated and observed w. \rmmlmrs

et e o St st tr svsoric, 1 8 300D PCIKS of the andastal e of D
Hois S S WAL in the pure gasare Misted in Table I, The aceuracy of -

. The method of ebtining absorption profiles with the the measured broad peaks of the collision-induced §
pure 1D g atvarious densities i stralhtfordrd - . trapsitions is believed to be + 4 cm™ while that of the

. - S Py Vol 62, N0 9,18y 1975« LT
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8. $pectra of the HD-He mixtures

AThe profiles of the enhancement of absorption of the
WD fundamental band in three HD-Ale mixtures for a
base density of 22,6 amaga) of HD'tnd partial densities
168, 107, and 58 amagat of He are shown in Fig. 2. The
broad feature of (he @ branch ihose observed dip coin-
eldes with the wavenumber of the (1) line of the [ree
HD moleculé Is similar (o tose obsersed In the funda:
mental bands of Hy and Dy is their binary mixtures with
He at room temperatur For the profiles (), (b),
and (¢}, the sepirations SVEE of the @ branch are 85,

and’80’em™, respectively, The profiles of the en-
mm-m.omunusorpnunmusm of only single transitions
under’ normal‘experimental ‘conditions.

C. Absorption coefficients

Fov the’ colision-induced band, the integrated -\bsorp—

. 4. Cham, Phys., Vol, 62,No.9, 1 May 1975

tioh coefficients [a(v)y in HD.and Ja,,(v)iv in Hy~He
mixtures can be represented by the rlations

. "t

J’ QY= @ 0l n.‘"
and B .
_J .,.(v)dn'-a,.» Pos C Pupfevee 2)
“respectively. Here, @y, and nre’hln;\ry and ternary
absorption’coefficients of the pure gas, respectively,
and a, and @y, are similar quantities for the mixtures;
the quantities p, and p, axé. the densities of HD and He,
respectively. Plots of (1/p2)f alv)y vs p, and of (1/
PuPy)@mWHv VS p, are shown in Figs. 3 and 4 and are .
found to be straight lines, The intercepts dnd slopes of
the straight lines, which give the binary absorption co-
efficient by, or ay [l:m"nm.\.gnl") and lérriary absorp-
tion coefficient @, or @y (em™2amagat™),. respectively,
_are calculated by a least-squares fi{ of the experimental
data and their values are listed th Table 11, While de~

riving the absorption coefficients, the contribution to the |

infegrated intensity of the absorption profiles-in the pure
gas by the allowed R(J) and P|J) transitions at room
temperature® was considered, but found to be several
orders of magnitude smaller than the'contribution of the |
collision-induced transitions.

or both pure HD dnd HD~He mixtures, the lernary
absorption coefliclents are very small compared to the
binary absorption coefficients. This means, under the
experiniental conditions used in the preserft work, most.
of the absorption intensity arlses {rom the binary colli-
sions. The integrated absorption coefficients can also
be represented by the equations;

by« Gl - @

< fawm

and . %

fﬂ.n(v)iv S uPipyde Gppepiny s At
where  1s the speed of Light and 1, s the Loschmldl‘
number, - The new coefficients s {em®™) and'a,,
{em®s™) are relatedeto the earlieMones by the expres-.
sions. % L

" 2 =
ﬂx.:‘c/"l-‘f)" s

s
Lehba '
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and similar expressions apply for G, and 3. Here the
wffective band center 7 is given by
7 Jewnv/[awpit O]

“nd a similar relation'applics to the profiles of the mix-
tues.  The average values of 7 for pure HD and HD-He
protiles are 3821 and 3736 em™, respectively. The val-
ues of ,, and &, are also mcmued in Table fI. The bi-
sary dbsorption coefficients of the fundamenta) bands of
i, and D, in the pure gases and in their binary mixtures
with He at room teiperature from the earlier work-are
weluded in the same tible for the purpose of cnmpm‘h
son,

] .
IV. ANALYSIS OF THE HE:He PROFILES OF THE -+
ENHANCEMENT OF ABSORPTION :

In the provious section, 1t 16 noted thal the collislon-
induced fundamental band of HD in the pure gas at room
{emperature consists of a superposition of several sin-
¢le trapsitions, namely, the overlap-induced @ lines,
thie quadrupole-induced 0,Q, And S lines, nd i large

number of quadrupole-inducéd double transitions of the
(pe @,0)+ SolJ). On the other hand, thie profiles of the
enhancement of absérption.of HD in HD-He mixtures
consist of only single transitions. In this section, we:

L PLo o {1/p,o4) r lehdv aainst py for ND-lie mixtures at208 K, " i

© Boltzmann modified line form. According to Van Krane:

- e
A. Line shapes

The enbancement absorption coefficient &) of an
+ overlap-induced transition may be expressed s (see
Van'Kranedonk, ® Mactaggart and Welsh™

s

) - anally) @ -
)" T3 expt- hicar/FT) &

_where a3, is the fictitious relative maxizum Intentty of

the overlap-ifiduced transition at v=wv,, v, being the ;

molecular frequency of the HD line, Wo(av) with Ay

=v -, represents the-symmetrical lin shape, and the \

factor n the denominatar, namely, [1+ exp(-i&Au/kT)], -

converts the symmetrized line form into the observed

donk, ** the quaptity W,(Av) can be expressed as &

Wolaw) = Dlav) wi(av) ®),
where W3(av) is the intracollisional line form arising
from the single binary collisions and D(v) is the inter-
collislonal lirie form which takes into account the corre-
lation existing between the dipole’ moments I successive
dollisions. The quantity D(v) has the form®®

D(av)= 1 -vl14 ] \Au/b‘Y‘]" . s 20» ?
wnm -5 7 constast (which is 1ssumes{ to be tinity jf g

present the analysis of these profiles of
of, the absorption, No amalysis of the profiles of the: pure
15 Iyis beeh attempted in the present paper.
. ; ¢ 3

TABLE . absorption coctliclonts* of the undamental bands of 1,
temperature, s

and 8, is the half-
wmu. at half-] helgnn The line shape propgsed by Levine
and Birbaum® was found to represent we]l the quantity

L 1D, a0d

- TO e

ry absorption doefficlent coefficl

Misture 0% enr 'nmnkm‘) Reference ’ 2 =
HD-HD T£1.5 * This work * =1
-t 5:22:0.2 This work E g
i i, ragilit @ B
0 2.0820.06 & n,,,,x fs00s 1 F
i 1oL 06+v 02 Bt A0I0,02 gy 0.8 5002 m,o

082000 sl 080,01 0fii0.2740,0 1 g

s of error, lndicated are standatd devintions.
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V3(v) for the overlap-induced transitions in B, (cf.
Mactaggirt and Welsh #):and the same form was used
in the present analysis. It inay be represented as

WaY) = @0/ 6, K (280/8,)

. (10)
where K, s a modified Bessel function of the second:kind
and & is the intracollisional hal(-width (.., half-width
a hali-height of the symmetrized line form). -

Forthe quadrupole-induced companents, the Boltz-
hann-modified dispersion line form (ck Kiss and
Welsh™) was used, Here, the enhancement .\bsorpl!rm_
<oefficiént is represented by the following equations: *

< : .

{ g )
hTGWAT v i
Gaaexp(-heAV/RT) , - dv<0 u2)

Here, &, and &, (where & = a/v are the absorption co- -
efficients at wave numbers o+ &v and v~ AV in the

high- and low-wavenumber wings, respectively, o is.
the relative maximum iritensity of a quidrupole-induced
transition at y=y.i; and o, is.the hali-width at half-
height, measuréd lo the High-wavenumber wing.

B. Relative'intensities

The relative intensities of the overlap-induced iran
tions and quadrupole-induced transitions can be caleu-
fated from the general theory-of Van Kranendonk,® For
the overlap components Q,(J), thése are given by

Infrared spectra of gaseous HD. | '

Cdw=Pr

u:v
where P is the normalized Boltzmann factor for. the ro-
_tationdl state J (note TP, =1) and is given by

R 7 u/zuu.)&p(»s,/kr) . e
Hete, Z is the-rotational partition function, For the
quadrupolar comporients 0,(7), Q (/) #0), and S\J) of -
HD-He mixtures, thé relative tntensities can be calcu-*
Iated in terms of the matrix elements of the HD mole-

cule, (¢71@npl0'’), which were. computed by Birn-

‘baum and Poll, ™ and the polarizability ayfof helium.

Thus, the relative intensities of these components for the |

lmnsl!mns in the fundamentl band of HD (. e., v=0,
I *) can be expressed a:

P;wu 3 007 (07]Quo| 17712k , * . us)
where C(JZJ Dﬂ) is aClebschJSntd;\n cuelﬂclent ¥

. Profit analysis and dl:wwnn

Analysis of the profiles of the enfiancement of absorp-
ton was carried out by a program written for the IBM -
370/185 computer. The relative peak intensities of the
overlap components were expressed in terms of the peak
intensily of the most intense overlap component .

‘@ rwnsl1) and those of the quidrupolar-components in
terms of that’of the'S,(). These two peak intensity
parametors and the.half-widths O, 6, and ,; defined
by Eqs. (9)-(11), respeciively, were the adjustable pa-
rameters In the program. ' A series of computations

4100
06103 a2 o G, 0
'WAVE NUMBER

Aporimental profilo
ot transidons (0,2, 1

ot

P
51U tor v

h =1,

41,
drupolar camponents. For (ne sake M‘ slarty.: he weuker quadrupelar components @ (3. o, @), and mu are nt

HD-He -~ 1.
anh Ienq!h B I052~cm P
98 K . k

astyste o s o oo profl o the 1 framenal bt X i vith i s K. "The solid
s the overlap-induced transitions (Q,), for J ~ 0] o the

o dots fepresent the sumof the computed ovgrlip and qua-
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were carried oul by the computer for different values of
the adjustable parameters unil the computed profile,
u-hlch was the sum of the intensities of the.indi
tranSitions, gave the best nonlinear least-squares fit to
the experimental profile in the entire Fogion of the band.
Provision was also mdae in the computer program-to
adjust the molecular frequencies v, of HD in order to
account for any possible perturbations of the HD vibra-
tional frequencies. However, the best fit to the ob-".
served profiles in the present work wils obtained lal‘ un-
shifted qu\lenzlth

“An example of the results 6 the protile amiysis of the
HD fundamental band in a particular niixture of HD-He
15 shown in Fig. 5. The agreement between the experi-
mental sind caleulated profiles 1s easonably good ex-
copt for slight differences in the.wings. - On the whole,
14 profiles of the enhancement of absorption have bee
andlyzed, ‘The values of & and 8, are found to remain
constant 6 the profiles andlyzed and the average values
sbtained for these are §,=177=2 emt and 6,954 10
em™. An analysis was dlso carried out using a "sym-
metrized” Hispersion line shape®® for the quadrupolar
Tiies and the resulting biest fit of ihe caleulated profile
40 the exper imental profile gave ,=77+3 em™, On the,
basis of the profile aplysis carTied out here, it is pos-
sible to estimale jhe contributions of the overlap and

y of

e band in HD-He mixtares; these are ~ 86 ov orhp
afhd = 147 quadrupolar, The best (il obtained for the
profile in Eig. 5 gave the half-width b, of the intereol
listonal dip a value of 6.3.cm™. The quantity 5, was

found (o' vitry with density of helium p; in the mixture at

first Iinearly and then somewhat less rapidly within the
range of the present experimental densities, A plot of

4 L+ 3.Chem.Phys., Vol. 62, No 9, 1vay 1975

pre

sentéd adaguately by

.Kap.-bﬂ,,(a»b)- N

)

where a and b are &

tant:

u mump, 18 thown i Fig. 6and was found to.be  *

The values ofaandb for.

cos
 HD-Hé mixtures at 208 K a

G=4.80% 107 cm™'amagat™,. b=4,96x 10% cm“mag‘:}" ¢

, For the fundamental band, Mactaggart and Welsh®
" fourd that the form 6,+ap,’ bpj fits well over a,wide
Tange of forelgn gis densities extending up to 1200 ama-
gat. However, a closeexamination of their curve for
HyHe at 300 Kshc-u mzx. for the.densities up to 200

e e better represented by 0,

" ~ap,-bp}, which ot agrecment with our-present re- -

‘sult on°HD- HE (maximum py, <'175-amagat). The, colli-
sion diameter o, and the coefficient a of HD-He in Eq.
(18) are relited by (see Mactaggart and Wﬂllr‘ and
cn:pmu and Cowling™}

»Ab’,n,-mmlw)”' , 63

Tum .

where &'

the mean persistenca of velocity.ratio, g is-.

thelaschmmuuumber, and m is the reduced-mass of .

HD-H¢ pair.

and Cowling,

From

the expression given by Chapman

*3 5 for HD-He was found 0 be 0,33
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