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ABSTRACT.? :

A kinet).c r_heory of mtexccuz.smnal interfetence
eEfects in corliaionihduged txanslatmnal absorption by arbm:azy
b1nary gas mixtires has been developed. Eaprdssiong Have '
beef ‘derived fof the 1nterc0111510nal dip in which no -
assumptions about the relative concentratlan ratios. or
‘relative masses of the two: constituents_have been made. ' The .
variation of the halfwidth of ‘the aip with the concentration

ratio of .the mixture has been Ohtaxned. The halfwidths at

pradicted by this theory are in agreement with previous s
theoretical results. ‘This theory also shows. reasonably good
agreement with the' experinsntal data on.thie line shape as
a 'function of plg for varibus concentration Fatios.. Our
# " 5 curves, provide the .correct qualltative behavmur ‘of the ling

shape.

. In é-\ition, expressions have been developed for

intercollisionalVinterference effects in collision-induced

_translaticnal absorption by mixtures of arbitrary composition.
That: is, the above theory has been extended"to include

‘mixtures in which the humber of ‘constitusnts is. arbitrary.

the infinitely dilute endpoints, nA/an and n/ngte, ; v

i
|




. wish to acknowledge gratefully the work of draft persons Roger .

B
ACKNOWLEDGEMENTS |~ LR Vb
1'would like to thank my supervlsor, “professor John

Lewls, for suggestmg this pmblem, for his guidance throughout.

the project and for ‘his assistance in the programming. I also. )

Guest and Hanny Muggeridge. Several of the figures were

plotted, on a.Tektronix 4662, which was kindly lent to me by

Professor C, W. Cho. Many thanks to Mike Rayment and his

co-workers in the Computer Science Department, o Eugene |
» ) g R ;

Colbourne, and Alex McCloy for their assistant in the graphics.

- During this' project I|was supported by an NSERC post=*

" gradvate scholarship for which I' thahk the Government of . Canada.

I am also indebted to Memm:‘l.al Un).verslty of Newfounﬂland whlch 5 !

lent additional financial support by means of a graduate

bursary. . -
Finally I wish to thank Yvonne MacNeil for the

typing ‘of this manuscript.




" 5 Y - -
! 5 : .
i 2 . bl
2 zasn TABLE ‘OF CONTENTS 2788
. A 3 Page e
mBsTRACT ¢ U, . . LR £ '
W ACKNOWLEDGEMENTS © .« . .. - 7 v, gl [
TABLE OF CONTENTS S WORE TT . ¥
LIST OF TABLES o 0 % v ri
i < o 3, . $. : 4
: LIST OF FIGURES v 3 : o % 3
; _LIST OF SYMBOLS 5 ; viii i
} CHAPTER 1.  INTRODUCTION RN s . |
i ; p ) ) A ;
1.1 -Collision-Induced Absorption i 1 {
1.2. Many-Body Effects in Collision- :
Induced Absorption ey .
1.3 -collisional in Wiy
Collision-Induced Absorption . . = - 4
1:4 Spectral Density at Zero Frequemcy . 7
. =l 1.5 Kinetic Theory of Intercollisional
i Interference L 14 1
1.6 Present WoE ; 6. o
CHAPTER 2 - THEORY OF INTERCOLLISIONAL ; Vi
J . INTERFERENCE IN TRANSLATIONAL )
. ABSORPTION BY BINARY GAS MIXTURES
: .
1 2.1 Introduction g o 21
b 2.2 General Theory " 22 | 4
2.3 Collisional Frequencies LR o T
2.4 Continuation of General Theory ' - 27

iii




_'CHAPTER 3

2.5 Xntercolllsmnal Interfuence

- at Zzero Frequency.

2.6 A simplified Expresslon for. the
Line-Shape Function ;.

2 7. Calculatlans and Results by

2. 8 Comparison with Expenmeno.-y
Conclusions

~ THEORY OF INTBRCOLLISIONAL
INTERFERENCE IN TRANSLATIONAL

a8 ABSORPTION BY GAS MI)(TURES OF

ARBITRARY COMPOSITION‘ K

3. 1 Introduction,

.2 General Theory"

3.3 A Ssimplified Expressxon fDl‘ ‘the
‘Lme Sha;}e Functlon

REFERENCES

P

57 °

64

86

86 -




L mABLE2.

Values of ‘the ﬁsgxa-spneza

Parametefs for Iﬂe, Ne; Ar;
- Xe .

i Values of the. r.xgia —5phere

parameters for| He-Ne,.He=Ar,"
He-Xe, Ne-Ar, Ar-: and
Ne-Xe Mixtures.
T
Analytical and ru:ted Values',
e -Xe and Ar-Xe




\!‘\ugue 2.7.¢

Figure 2.1.

Figure 2.2..

‘Figure 2.3.
©
Figure 2.4..

- Figure 2.5.

" collision sequence of a
_vmolez:ule of species A for

| Fiqure 2.6.

. Relative Power ‘Spectrum w(u)  [. *

Collision variables and related
quantities.

ColNlisional averaging.

“collision sequences of a

molecule of spec.\gs A for . .
n=2. . =l 44

of the He-Ne Mixture: for a
Mole F:actiun of He=0. l. and S g
Density = 100 Am: 70

Relative Power Spectrum wi{w)

of the He-Ne Mixture for a

Mole Fraction of He=0.01 and

Density = 100 Am. 72

Halfwidth of the Intercollisional

Spectrum versus Mole anction of .
: \-Bafot _the He-Ne Mixture. 74
] . \ H
“Figure 2.8.. : Halfwidth of the Intercollisiondl
: Spectrum versus Mole Fraction of i 4
4 -He for the He-Ar Mixture. LU e
o 3 - G
Figure 2.9. Helfuidth of the Tntercollisional

' Spectrum versus Mole Fraction of
- He for the He-Xe Mixture.. 76

Vi




Figure 2.10.

Pigure 2.11.

Figire 2.12.

Figure 2.13. '

-

‘Halfwidth of the ntercollxs.}.unal

spectrum versus, M@le Fraction of

Ne for the 'Ne—Ar Mixtuze.

A
“lntercullisional line shapes. for

15a_gé

71

the Ar-Xe mixture at 2 3 cm and .

4.5 om~;

Tnterculll.slonal “line shapes fcr
the Ne-Xe mixture at 4.5 om

Interculllsianal “Line shapes_for
the Ne-Xe mixture at 2.3 em-1.
C o

o .




“ ! LIST OF SYMBOLS

symbols whigch occur only in a few succesaive pages

are not in general included in this list. ° -

Le

When

a' parameter is closely. related to several.other

Yvariables in an obvious way, we only include one as an example

with the page on which it is defi‘neﬂ. ‘ The other definitions

are usually fo\md on the same page or: ad)acent pages.

Special Symbols not included in the hst Ecr Chapters <

4, 2, and 3 are included on page xv.

CHAPTER 1

SYMBOL *

H(e)

i — R

DESCRIPTION AND/OR DEFINITION REFERENCE
AS_APPLICABLE . PAGE .
molecular speciés A o g
molecule of spécies A ’ A ) ' 7 .
absorption coefficient . A
autocorrelation function T2 .

diffugon coefficient of molecule A,  9-

. intermolecular force - -, : 9 =
force on-molecule A; at time t A
igtermolecular forde between © ! . = i

ecule a of species A and 4
molecnle b. of species B at time t .

rotational angular momentum

quantum number O 5

mass of molecule A, 8

total mduced dipole morient ‘at

tine t i 3 10
viii




SYHBOL

R

n
S
T

(i)
Val (o)

w(w)

Welw)

W, (@)

DESCRIPTION ‘AND/OR DEFINITION
. _AS APPLICABLE

‘mass. of molecule a Gf species A

number of molecules of species A
* ténperature : ,‘ :

vibrational quant\m\ Pumber -

+ velocity :of molecule A, at time t

accelerapion of ll\olem.\le a of

species A at time -

I g NGEN (’t+u>a£

S

{réduced) line shape [power spectrum
of total induced dipsle moment,
spectral denslty] .

~gpectral | density of the force
spectral density, of ‘the velocity
J b)nary absorption ‘coefficient

ternary absorptlon coefficient

induced dipole moment

i
_dipole moment induced: in molecule a ',

“of species A and molecule b of species
B at time t

’ B
dilute gas number density
perturbing gas number density

characteristic time between
collisions !

duration of collision

circular frequency

REFERENCE *
:_PAGE

N u nw w

&
i
1




= DESCRIPTION ANB/OR DEFINI‘TION
A AS" Al PPEICAE e

_sions.

RACE N

" "sions

relat: :
% colllslon sequences Of molecules. Df
species A .

el before the
2)

aleGity of mglec
collision’ (sea E:.gure

REFERENCE

PAGE.




DESCRIPTION AND/OR' DEFINITION = REFERENCE. ' e b
.. AS-APPLICABLE®.. ' PAGE ..\« iR

W 5
(¢},£,9) ¢ spherical polar
coordinates. of the velocity of
~molecule:l afteria collision ,
(see figure 2.3). fa

“collision’ label (represents the E
“ collision variables: of the ith
collision, ‘appears’as subscupt)

: Boltzmarm conscant

‘total 1nduced d).pole ‘Hiofent.

nass of molecule a0t spe es A

m);fmB s

vdenotes ‘whie “n® subsequent .
.collision from an axmb:azily
chosen: initial collisioni

(always ‘occur's’ as subscr:.pt)

‘n +nB, number, densm:y oE mixture

number denslty cf molecular species. A, 22

'thtee dxmensional colllslcn
frequency

o dlstrlbutxcn of coumon intérvals,: * g

<conditional’ prvba m;y dlst:lbutlon‘.
of 'g,.E; and ¢, for & gwen Cx




DESCKIPTIOI\' AND/OR DEFINITION s RE;’ERE!&CE pe
AS"APPLICABLE PAGE

Maskwell-Boltzmann d'stribution .

of speeds N $

' digtiiBution. bt calLision’
. intervals, xi, ior AB colllsLons

‘<x~)e>*“} 1:11 o e

/mm /vr ‘“a

temperature

time’ (always ased in l).miting
expressions)

’é‘meios'i cnllision el

_relative ‘Freduency of AB. 7
‘‘¢ollisions in the collision
hlstqry of ‘a' malecule of spe:ies Al

(xeduced) 1line shapé. functlon,
power spectrum .

e

Lhtetcollisxonal line shape -
functxcm ¢ i

mtxacqlli
function ™ -
th e R L e
contnbuuon 0 W) ter
“.due‘to collision’ sequences of ir
g molecules of specxes A

n

. mole £:ectaon of species A 2




e 'DESCRIPTION AND/OR: DIFINITION ." .| REFERENCE
S APPLICABLE b PAGE

i I iy Bt R

; %y, T 1+1"‘ >o, time intetval hetween 3
. o X mllxslons PSRN
; Tl mtercouxsional part of i, . E
Faa BT ae i spestrun e T
: b5 ¥po. =77 ‘measure;of depth of Intercolluxonal
: - dip . % .
<&y for AB’ colluiona £ ¥

k c‘ £ o.q:éq

)

umh&(c',\cf‘)_ 47

(AR évéra'ée value of Aa(cfllvé,).' 2hy

avézage vallue of By (e1Teils Chosen
S to- bethe ‘mean pauisnnce»of-vamcuy 59-60 Z

anqle bel:ween c and E (see figure 2. I 37

dipole moment mduced in- molecul s
{aof speciés.A by molecule b of »?‘
species B, At time £ . o

_total® dipoia Sionent 1nd' ed' by
molecule a_of species A a1l
or.her molecules, &t ti.me t

S e 15

u

3 dipole -cnent mducad in tha i
€ collision X

s eguivalam: to value of “i 0
,reguency 5

coliision frequency of a’ single. .
< mlecule of -species A with bo(:h A
_and B molecules - et

T Coxiii




DESCRIPTION m/on DBPINITIOH % \mmcs s .

- AS APPLICABLB = PAGE -

average collisional frequency -
of AB collisions of a’single 7 x
- molecule of- spec;es A : s 65,67

(c,.EM). phérical polar
coordinates ‘of the velocir.y of
" molecule ‘1 afte:\ a collision

(ua figure 2. 2) .
| rigid-sphere- diameter &

L -
total !cntterinq cross section o
for AB-collisions S

.

arbit:ary ti.me ;mte:vnl

chuacteristxc t:une between .

collisions - .. Ve e
g

-duration of collision

(c,,E,o) sphenca). polar coo:dinaces

o of molecule’1 after 2
collision (see tigure 2.2) 34 e
aFiRGER OF - 3 : L RNREETY
eircular ftequency o - 22
‘halfwidth of the mcncoluuonal e

N sPectr\m Py 8

ADDITIDH'AL NOTATION -IN CHAPTER: 3

A (c,lex —w(q.ﬁ)-c: ;,mvg,bg'v &
“ for' ey colhsiona )




lc||c,

Jay B,...,m = _mleculu species

<u(g,5)-c > for €8

4,9, ¢q
rcoll 1ans s

AY(c,)+rac,A (c, <, )G (u.\,c)

mm.bex_' of mli! _].es of lpgcies a

EPéX(A_!)_u

exex

K olu‘.nional verage ove
coluliona. c p(:ez 3

tme avexaqe over e eonismns.
: Chapter 3

! sélubion'te ‘the Fredholm equa:ion,.#

bsscn':n_m_u' AND/OR DEFINITION' ° . - REFERENCE
AS - APPLICABLE L




CHAPTER 1

INTRODUCTTON

. 1.1 collision Induced Absorption .

The phenomenon whereby molecular collisions give
rise to optical transitions. forbidden in free molecules, is
referred vto as collision-},nduced absorption. _When molecules
coliide, the intermolecular intefaction causes a distortion
of the charge cgnfiguzation'of the colliding molecules.” At
{5, dsnsbeias, one oan Hesraes bersscy ana higher order

collisions and onty consider' the effects due to binary

." such an i between unlike non-polar
molecules induces a dipols moment that lasts for the duratish
of the collision, 4. .Thus, light can be emitted or absorbeéd
by the colliding pair, via this temporary dipole moment.  For
Polyatomic molecules, this induced dipole moment is modulated
by ‘the rotational, vibrational and relative translational
motions of the two molecules. Thus, absorption of light due -
to this dipale moment gives rise to rotation, rotation-vibration,
and pure translational spectra. The rotation and vibration
spectra are centx.:ed about the rotational and vibrational

rfrequencies of the colliding molecules. Collisions between
“ monatomic molecules will give rise to a pure translational

spectrum in. the far infrared extending down to ‘zero frequency.

A characteristi¢. property of collision-induced




approximately proporticnal o the square of the density of
the gas, or in the case of a binary gas mixture, approximately -
pmpoxtiénal to the product to the pa‘rtial*densities.: Another
" 'important characteristic is due to the fact tha absorption
i only. take place for the duration of a collisikn, ,Td' which
is typically of the order of 10713 s.. The resultilg.sfectra
then have widths of the order' of 73, roughly 100 om=1, hence
are very broad, Becsuse of, this dependence: on Td, the line'"
shape has a marked temperatusé dependence with oy proportional |
: i to 'r"l .
i © . The phenomenon of collision-induced absorption was
) first discovered by Czawfcrd, Locke, and Welsh (1919) » when
they obserced collisson—induced vibtaticnallspactxa in ”

oY compressed and liquid oxygen. Subsequently collxsmn—mduced

séccra in pure hydrogen, hydzaqen-rare gas, and rare gas*
*mixtures have been ztudxed extensively. ‘ MucH of the experi-~
" mental work on collision-induced absorption was carried out ] -

by H. L. Helsh and gollaharatuts at 'romntn. Detailed

\ descriptions of their research have beén given 54 Welsh (19{11

and. Welsh (1974)., Many of the theorecical ccnttibut:.ons to

i
) . x
5l .+ the study of integrated collision-induced spectra were due to %
ol : :

Van Kran et al (Van Kranendonk and Bird 1951; Van -

Kraneﬁcnk 1957, 1958, 1959; van Kranendenk and Kiss 1959. Lon b 45

Poll and Van x;knendcnk 1961) .- Also, apecr_xa1 line shape

calculations have been e¥cried out by Tanimoto (1965); eneving

A




by el

and Blrnbauln (1957), Levxne (1987), Okada; l(a]lkawa and

Yamamoto (1958), Sears (1968), Lewis and, Van Ktanendon%q_‘gv

-(1972) ‘and Lewis (1972). -A bibliography on publications: in
. collision-induced absorption appearing before 1975 has been

compiled by’ Rich and McKellar (1976) .

172 “Mahy-Body Bffects in cauision-fnduce'é'm:sorgtion

N7 mhe ‘conismn—induceé absorption spectrum of a-gas
is modified.by several many-body effects as the density.of .
thie gas is increased.’, For a binary ‘gaé mikture, the integrated

absorption coefficient is given'to a high degree of accuracy

Fi(‘))d"i = u.gpé +E000) . LA,

whets pg and| o are’ the densxt'ms of the dxlute gas-and the’
perturbing gas respectively,’ and &, and &, ‘are the binary and
ternary absorption coefficients (Van Kranendonk 1957).  'In-
this work we assume we will be:dealing with densities Yo [ d
enough o ‘that’ the righthand side of (1.1) qan be approximated .

by ‘the .first term only.. This is equivalent to assumihg that '

s : : ¢ R
- tHe-absorption is entirely due' to binary collisions; and’ .

neglects the many-body’ effect of ternary. and higher order

collisions. ‘At'liguid densltlgs in dilute Hp-foreign gas

mxxtures, it appears that the Hyp molecule can be tempm‘arlly

trappad by a cage of forexgn gas acnms whzch lends a.diffusive

character. to the motJ.on of this molecule.‘ Hence, the effectlve




natrowing Of the rotational lines in the induced vibrational

at xelatively 1ow densltles, mapy-body effeuts have 1mpoztant
v.,correlations that exist between\successive binary collisions . &

‘colllsxonal 1nterference. Inter‘collislonal interﬁerence 1s g

Lk Abso:p_uon

- collisions are negauve1y cotrelated, iiew they«tend ‘o poxn‘c

*"in opposite directions. 7€ no such correlation vere’ pxasent,‘

ratich of a elltaion, w1th\a given fore:.qn gas atom is

incr ased, and thus the llne \shape is nartowed (zanh and van y Y I
i\ : !
Kanendonk 1971). This is thetved in the chazacter}atle ine

‘spectrum of H.

-Ar mixtures (de Remigis, ¢ £ and Welsh

1971) This same mechanism'of temporary trapping, by foréign ol o

gas atoms, when it mvolves tw\‘o or more Hy molecules is bel;eved
o give rise t6 the appearance‘ of Hz double transitions -in.the

|

fitst uvermne Tegion of Hp ‘in/dense Hz-At mixtures (naccagga:t

1971)." The"above el e phejnomena of pressuxe narrcwu\g

and H;. double transitions only (becore slg_ni,f).r:ant at.neak .
A 1 :

liquid densities and will not Be treated here.., Haweven, evén

‘in collis h-induced rption spect:a : m-.e

expenenced by molecule nge nse tol the phenomenon of

the subject of this, thesis and is’ desczibed» n detail hélow.

13" Intercoliisional Intexfetence in cOuigon—xnduced < M
E | ./ i 2
g ‘

<mhe force pulsss on & moleculd in 2 gas in successive

the molecule would' perfem an unrestncted :andom walk in’. ., 2

veloc.\ty space, -and hence. the expectation value of 1ts energy e B




'The negauve ca:telatwn is. strong enough so that’ the. spectzal

" spectral aensn;y at| zero frequency will be dxscnssed in more’”

s ef’fecr_sdn nuclear electric dipole telaxation, as pointed out <.

* by Purcell’ (1960). ‘He obtained an expression for' the spectma.

w lnd\lced in succe;slve’ cnlllsl.ons. Thls leads to ﬂestructl\le g

= cﬂlllslon-'nducad fundamental vibratlonal ba

f
would :mcrease wlthout limit in; time (Chandrasekhar 1943).

dens].ty of the total force; on'a pa:cicular molecuie in thé

gas. dips to zem at’ zero frequency e’ behavior of the

ddknil th Sactian Tots Tms force coxtelatxon Has impnzr.ant

densxty of . the force which showed' that' the wxdr.h of the dip i§

chamctezued by ‘the mean eo1usmna1 frequency, tgt. Thus,:

‘the width of te dip is proportional to the density:’ ...
This force correlation ‘also has, important conse- ;

quences: in collision—induced spectra, as’ s' Gwni by Vai < 3 b

Keafiendonk (1968) . - The lsokroplc part of ‘thé " induced dipole’-

momem—. is due tn the short - ranqe overlap of .the molecular

] cha:ge clouds, and is directed patallel or nearly parallel SR “

to.the ‘intermolecular foxce. As'a :esult ‘of the ‘megative
ciorrelatlon in-the force: pulses; there anses a negatwe :

éo::e].atmn in ‘the isétropic part’ of .the dipole moments

* interference’ in'the radiation’ processes due to this .isotropic

duung ¢ ive hi‘nary collisiuns

Hence, in Hrfoxex gas mxtures dilute in ‘51, the

d oF, hydroqen, i

the'Q branéh (av = 1,87 = 0), has.an intercollisionalintet-




. ‘component of the dipole moments induced in Successlve

"with-a w1dth equal. to ‘rc 5 Tl’u.s was Verifled by’ Marteau,

ference dip, the halfwidth of which is appfokimately linear

in ‘the density of the foreign gas. The two components formed

by this dip, denoted % an:anR re related by a Boltzmann

- The anisotropic part of the dipolé moment, ‘on the

other hand, is’ induced primarily by the longer ranged quad-

‘tupolar inteFa agtion (van Kranendonk and ‘Bird 1952; van N

Keanendonk 195‘, “1958). ‘It is highly dependent on the
orientation of the colliding molecules, and not in.gemeral .,
directed parallel to the intermolecular fofce. As a resul‘t, :
the negative . correlation that is present in the isotropic:

collisions will beJ much weaker for the anlsotropxc cDmpcnept

: of these induced dipole mpmem\:s. Thus, ‘the lines that are

. due to this anisotropic component; the S lines (AJ = 2), will

only weakly show the dip that is’the experimental manifest-

‘ation of intercollisional interferénce (Poll, Hunt and

. Mactaggart 1975; experimental work by Reddy and Lee'(1968)

and Reddy.and Chang (1973)).
It is evident-that pure translational spectra

should alsc show an intercollisional interferénce dip.in the

spectral density of the total induced dipole moment. This

was prEdiCted by Van Kranendonk‘(lQEB) » who showed that in

rare gas mixtures a dip should ocour about zero frequency,

= Vu and Vodar (1968),. whD ubserved a num.ber of, abso!ptxon

|

_factor '(Hunt and Welsh 1964). - % g




e,
spectra in various compresed rare gas mixtures down to a i

- minimum frequency of 16 cm~!. Spectra of gas mixtures at a

minimum frequency of about 1 cm-':later obtained by Muc,

Reeser and Dagg (1971), and Dagg, Reesof and Urbaniak (1974),
e . “ also confirmed this result. .~ .

In pure hydrogen, intercollisiondl interference is
man’i‘fested in a dip occurring in the Q branch of the funda-
'mental vibrational band, the halfwidtl; of whi‘.gh is approximately
linear in the density Gf hydrogen. The first overtone.region,
which consists of the pure overtone and double vibrational
[ tzan;tbm’y is due entifély to quadrupole induction and shows

no ObseEvable dip (Hare and Welsh 1958).

114 spectral Demsity'at ze‘go Frequency B i

- Consider a binary. mixture of inért gases in thermal

equilibrium,. in which one 'species, A, is dilute encugh so that

the gas can be treated as a_éing/m/ﬁalecule, A;; moving in a

. cloud of ‘B molecules. As mentioned previously, ‘the negative

correlation in the-f&rce pulses experiencéd by 'the particular

nolecule A7, is.strong enough so that the spectral.demsity of— . ~|

the total force dips to zero, at zero frequency. This spectral

density of the total force can'be shown to exhibit an w? : o

i

behavior for low w (Van Kranendonk 1968). . Let the total .

; .. force on A, at time t be (), and let V(t) be its velocity =
at-time t. Then.the force and velosity autocorrelation

) *In this thesis we will use the. terms.spectral demsity, (reduced)

line shape function and power spectrun (of the “induced dipole :
moment)- interchangably-
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|
|

functions are

~ <) 5 Ee v >
and
Tele) - V(e + ) 1 SRR [ ¥

respectively, whe:a <...> denntes an average over tL\ne c.

. Using Newton's laws e ebf_ain
.

ks 9 - . 5 5. Al 2
& dw - w?(c +0>=14 <G(er Ee £ 0>

_As the system is in equuxbxxum, V(t) and f(t) are stauenuy,

so we have o -

‘G A Fe S a0 £(t)>v (L.5)

Substltuﬁiun of (1.5) 1m:a 11.4) gives

& S - V(e ho)> =2 L} G- e Ee)>
L P W AT e )

. TR == <Fre- 1) cF)e L)
; e O

a“?',- BZC IR U P ¥ <E(t) . E(_t + 0> (1.7

" using the‘sl:'aéiornary property again. We now have an equaexon,

(1.7), relating the force and velocity autocorrelatiod functions:

Taking the Fourier transform of (1.7) we obtaxn

W (@) - ni0 W, (0) - . (1.8),




-where wE(u) and Hv(m) are -the' force and velocipy spectral
densities respectively. ﬂv(u) .at zero £xequem:y is proportional

to f.he dxffusion coefficient D, ‘Of molecule A, (zwanng 1963)

‘Thus, at low Etequency, e behavior of W(w)is given

accuntely by A

Sy

Wf(w) £ sm’u’u

Erequen vi Th consequence, 1f"the mducea diéole mument u(i)

«' is ptopottional to the mte:mol.pcular force f(ll), the spectral

» density of the total induced- « 1pole mcment will shaw the same
w2’ behavxor at low'w, and hence the dip vul ‘extend tc zexron at

zero. frequency. .

¢ »fhe above result, is also true for finite ;:oncent_ratiens
(Van ‘Kranendonk 1955, e:pecially the -8th rgference thera_in)
consxder a gu uxth eo stituents A and’ B, with the :mmber af
molecules denoted Np and N respecuvely.' The msses of

: molecules of species A-and B are m and my respectively. We.

denote by u ’“b) (t). the dipole moment _induced in‘molecu e b"

¥ of apecwa B by nmlecule aof species A, and denot:e by -

£ (¢) the ‘intermoleculai; force. Between this paizs Similurly
(“ ’(t) and’ g‘bb ’(t) ireltnd ‘torces bptwash; tio A olecules,’ :
‘a and a'y and etween twu B mole.cules. b lnd b', respentwaly.

\ Then we have-fo: the futce on a molecula a of species A‘at

: the spectx 1 denaity ef & e total Eor e ‘dips. to zem, at | zex'p | |




time ¢ . ) el i n gl

: < oMWA. 5 e
- : mﬁh(t); % 2438y + z f‘ab’ (€ e

i where we 1ntxoduce the convention that

f(aa) (t) - (bblf

T Qf thar abnve equaticn is it(ientically zero. Hence we obtain, - il

“WNy- ! .

. “Np“ B ) . . 4 »
. ) £ Z\A (&) mA z vAa (&) AL ALy
I i . . 5 a=1' b=1
REE. Now if the d;pole moment induced in an AB pair .wers. exacuy

proportlonal to the foberaol bbatar force betv:yeen the components i =

kT 'ofthepalr,xe.xf s T T T A

_iﬁﬁ":"‘(t) - @

suppressmg, the coeff101ent of propornonality for convemence,

then ‘the total :mduced dlpole moment would be ' ‘_ ] g oS B

S LNy i - NaoNp o 1
Mig) =g *“”’ @ P e A8
o 8 L £1 21 hzl AR Tt n




This ds aubject o tie apgrcximatxon that ‘the mtermolecular

. forces ‘and- mduced dipole moments are pa:.r:wxse saditivel. i

Pauw;.se add:.tw:.t 1s knov.m to be’ 2 good approximation," ‘b' -

althcuqh it 15 not exact (Reed and Gubbins 197

Wan Kranendonk

1957)

“B): molecule' 4

(e iR shown! above, the’ fact that the yelocity of a

molecule “of Specles A 15 statwnary in aqu:.lzb:a.um is responslble

far the 1ntercolllslcna1 J.nterference dip ext nding to zero,

assuming (1.32), An the case that ais inf,uutely dllute.

- similarly,’ fo! AB mxcure of arbltra:y cancentratlon. the!

| fact; that the center of mass, velocity of ‘the A n\clecules ig

statmnary w111 also cause theﬁn* ﬂ-an ional ir

dip to extend 5 zenu, under the assumpt:mn of * (1.12).. 'This'

| we will now, :show :Ln detail, following Lewl.s (1532).

Ftom (l 13) wa have

TR W
mfx LAY Vaale)
‘o asl-a " s

e ol g
s M) ~:M(_t + 1)




ldment xs given by . Wong P . -

i AT I

oM <n(e) n(t'w x')'&

by the stationazy propetty ‘of vm (t), ¥

o .?%r‘<vu(t-1)‘-vhl(t)>

= (uA <vu(t) . vu(u- PIE




i obamnty :

; 5 will lead to'a reduatlon of : f:‘ha depth of “the dip in"the

The: currelatlon Eunct.{on w (€)% j(t+1)> in three o

dxmenslons will then show‘ ac WO

fac_eéx_ » v (w)

Hence,\ ecause - of the m

‘finite for small ..

This is

(w) of -

We. note that an alternatlve expzession for’

the ' same’ form as ( . 6), but in tam\s of" mB NB and vBl(t)can

“pe denved .in the same way as (1. 16)
The hehavior of the spectral dens1ty shewn above,

t3 . can be by, considennq

for arbxtraty

two,molecules ot‘ specxss A, 1 'and Az, moving 1n a. gas of B

A cqllislon of & with, A, ruihs the. correlation-

molecules.

between the, dipole moments mduced the B molecules by Ay

in . the collisions mmedlétely befc:a and Lmeantely after

2l

the. Galiiiion wikh 2 ~ Ixutlally one ‘might expect thac this™

effact, caused by an’ increase in concentration ot species B

spectral ds_nslty ,_However, there “how exists an addlnona

wz.th B )noleculﬁa 1I||medlately follqwmg

After the AlAg callxsion, A, and Ag wxn




Wity on the average; Veidi opposxte girectionsy Thls

In cbta.uung ms

has been. studied hy Van Kranendonk ‘(1965).

expzessmns for: the" Lntetcolllslonal mterferenc

the simplifymg assumptlons that enly 1mmed1ately successwe

colli sions are’ 'correlated, hiay

termax‘y and mgher order culnsmns Gan'be’ i qlected. Levis

»
and Van Kranendonk 11972) devéloped a general kinetic' theory

iof intercouxsional interfetence effects “for | ‘Torents gases

ich the: fltst o assum_ptmns

ailute in ‘one’ cnlnpcment n
above were relaxed but: the: (:hud retamed.
ving in‘a gas" of, heavy petturbmg

They 'considere‘a,

a’very, Tight molecule

molecules 'whxch is assumed to f:s




between the d).po].e moment oy the intermolécula force. They i

thalned expresswns for the depth of €he_interc lllsional
1nterference dip-and the shape of the intercollisdonal spectrum.

The theory of Lewis ‘and Van Kranem‘lonk has success ully fn:

: spectra obtained through computer smulatzon by ~Lew s and

1

“lim tations;of tms theory are, that since it

T]Dn (1973) Intercollis;\.cnal 1nterference effects were -
slmulated far B two—dimensxanal hard dlsk Lorentz gas at
varxous dens.\tles. The theory correctly fn: the spectza for

1aw densxtxes, bnt extensmns to hxgher densxtles pxoved

unsnccessful -In particular, the dep\:h of the d).p at lc\w

densities was cczrectly predicted, .a’result whichhad:not’

heen avallable from expeniment at that poxnt

The primary A

15 a kinetic

; theery it'ds vahd cnly for 1ow densities,up to-a few

. hund;ed amagat, and:one. consti ent of the blnary i xtux‘e must.

_‘ be of. much smalle: mﬂSS and much more dllute than ‘the other:

ccns!utuen(:. Lewls (1972) extended this. theory to lnclude

Gaes. inere the, restriction on the' relntzve massés. of the

mclecul.es was. relaxed. 'l‘h).s theory xlnptoveﬂ slgniflcantly the

agreement bstween theoretlcal and expenmental curves foz the

intercollxs;onal halfwldth -as a functmn of densxty in the

‘induced fnndalnental band Gf Hy-He mlxtures (Mactagqazt 1972)

sunuar Gurves were obtau.ed with A, Krj and e as pe:tuxblnq

gases, buc since Hp is much 1ess massive than these atoms, the o,

‘ £inite mass corxection is qulte small in cmparison with':

experlmenta].‘ uncer\:amty. +This theory however, xetaxns the




aséumption ‘that one of the Gonstituents is much more diluté

than: thé'other.  Since exper’imen:s'in collision-induced

.'absorptmn are ‘not. performed, in general, under highly dilute

Cﬁndltlons, it.is’ desxrable tO extend this theozy to: include

“bmazy mlxtures of itrary g ion, ‘This" was

by Wcmg (1978) v who denved expressmns far intercolllswnal

;mezfexence effects in binary rAre-gak midtras o axmtrazy v

‘concencratian However, unly currelaemns hetween imme

success).ve collisxons were considered, and hence ‘his: results

are Limited to systens Of very 1ow‘qenslty. 1t is the aim of

this work to extenav-the«trieory- of Lewis and Van Kranendonk. to”

include ‘binary mixtires of gases in which no ‘assunptions are’

& made about t:he relatlve m

ses and num.ber densltles of. the

¥ rconstltuents, -and’ where correlatlons between all the collLSJ.ons

cinea colllsmn,seqa;ence ‘of a molecule are consxdereq.

‘16" Present Work . ) »

“In Chapter 25\ we de%lop a theory of intercolli Lonal ’

& 1nter£arence effects whose expressums ate valid “for :arb trazy

binary mlxtuxes of rare gases at low denslty. Thxs thedry

xtended

: g" Chapter 3, to 1nc1ude gases in w!u h ‘the nun\bar

5. wiof constxtuents 15 arb].tr.!x'y. Wi 8 b L 3

e Y The ent).re coll;sional-m.nduced spectrum can be




AR PE
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'-by the present experimenta data. - ; hfte: appmxj.maticn, however,‘
3 we obtain expressions for the’
b dip which are readily upplicable. At thxs level of approxlma-—‘
. Van Krz (1968) “to_ar v ntrati ratx.oa and to
UH(e) at low £ vhexe the i is

We obtaln the dependencé of the hnl.flﬂdth of (‘.he xntercolllsianal

~ gas mixtures in sectiun 2:1. . -The relative line. shape as a

Ve \ .
dipole moment are known. The deps of the fcollisional -
m’on the’ e -erizing the systém, . such LY S
ion ratio (exp as mole fracuon) ; density and Y

temperatuxe can ‘be obtained” in p:mcipm from our general
exgressions. The evaluation of our qenaral zeault- :equues

a great eal of computation, which is probnbly not warranted

ntercoluslonal 1ntuference P

"tion our results ccnst‘:.tute a generanu:mn of tite wozk O s ] E

include persxstance-of-veloclty effects (as, was done ‘in TIIE .Z‘).

In pattlculax, our: theory is most usetul in the calculation of

: on ‘the ion xatxo for several bxnazy rare=.

“function of n A5 for Ar-Xe and Ne-Xe mixtures- has been plou:ed

1)\ section 2. 3- : These C\lxves were cllculated at 2.3 C'm

tune series cunsuting of a sezies of rananmly occurrug e |

pulses akuk(t-tk_ whsre uk(t—tk) is the dipole moment mduced

_*TIIE 1-5 ‘refers co a senes of publications by Lewis and Van

Rxanendonk (1972) and Lewis (19725, 1972h, 1973 ":apd: 19 6) -




‘s the sum ‘of a Pair Gf dnfinite series

- serie

evaluanun of vhich require. “the solntlon St n 1nteqra

in an aB collision in the K pinary cqui'sion, and-ay

forup cnll:.smn 2

'l'he tﬂtal dlpole moment -lnduced by ‘a

molecule b of species B is regazded 4n a simila way._ We 'y

an be expressed

£ind" that the reduced ‘line shape Tunctio

The f:.rst senes

15 Qe to the “collision sequem:es “ofia molecules,ﬂwher

‘the

(n+1) , term contams ‘the correlaucn ‘between. an azbicrazily’_’

chosen initlal colllsion ‘of :an’ A ‘molecule’and. the " suh‘-’

sequent eollis:.nh of that molecule. - ThE second xnflnxte

senes is defmed smularly for B molecules As 1\1 TIIE 2,

these ‘infinite, séries canbe' sumed and W (@) ngen 1 Glosed

fom\ (sectlen Z 4)n The evaluation . of W (w), requxres the

Solition of; tvo ‘integral aquauons? The development of . the

theory in Chapter 3 is similar to that above, but the iredu:ed

R ].me shape functmn is now expzessed as the ‘sum of h infinite’

.
where n'is “the. number of specxes. Agax.n, these senes

. ¢an bé ‘sunfied and W (u) :given’ina closed expresslcn, the

equatlons The gene:ﬁl evaluauon of our. closed expressmns ‘

for W(m) is- dif ult, and \:he major results Of thl.s thésl.s

are obtamed from a slmp.leication of the expresslcn for the

] lzna shape functlcn inithe bmary mixtire’ case.\ This

7 equatxons in explicit, clased foxm. A slmpl;ned form - of 'the :




“species has peen obtained, but application of ‘even this

i reduced expresslcn is mot easy. : e R

aw Chapter 2, the reduced iine shapé funct)on is

ﬂependent on'the-induced dlpale moment via the time. inte—"

‘grated dipols moment'ii(g;C), defined section 2.4 far AB

‘rn\l{uinn »'-’l‘he a f - or the.i ecular, force b

Erises through', thie colhsional probability ch.stributitms

,E,c,. lei)s defined in section , forrall possxbla types

e 'v.vcf collisions; ‘AN, AB; BA; and BB collisions . We. do e

svalvate ‘these quanuties explicitly ‘as they: are. computat).an—

'Chaptex 3 ‘the. dependence on the 1nduced dipole moments and

the ).ntermuleculg.r forces arlses in a sm\xlar fash).D v but

there are, fow more tems’to take: lnto account. We “must con—'

'sxder the, time integrated aipole moment W(g,c) for ‘all the -

i ,dszerent ﬂipole xngucmg bxna:y

ollz.sxons, B, Adr

e colhswns, ote. ‘o deltlon, if there‘xre o species present,

. atl zérd frequemzy. ™ secticn 2 6, we develap a sm\pleled
expzessian ‘for_the reduced line shipe function. This simpl

_icatxon is acmeved by appro matmg the. quanm:y A(c,[c,

411y Bifficule, ‘sven for simple physical mcdels ('rnE 52

%

B4




deflned i

‘section 2 i the line s)\ape of - th

' and the: dependence of. the :Lntexcolhslonal $pectrum ow the |

latter esult was calculated spec‘fmally to 'conpare with~ the’

Clexist beyond that poxm:

ectlan 2.4, by an’average value Aﬁ[c -cj). as'wa

El.rst consxdered in ‘I‘IIE 2- The sol\lt).on! to “the in:egral

ntercullls nal spectrum

oncent.tatl.on ratio; of the mixture, and in section 2.8, the

‘depend«nce of the line shape’ op nyn; at luw frequencms. q“he», >

a3

experxmental d#a and the ‘theoretical Curves Eitted s that -

data by Wong (1915). sausfacmry aqzeem%t in most. cases was

obl—.amed up. to n 5 000, An*,  but serious dxscrepanc;es >

"8

We note "en'a:v while the theoretical:

',gxpreasmn of Wong £its the data weu up o 0, 000 Am?, this




mxxtures. That: Ls, e will be’'dealing J.th tzanslatlonal

two const.\tuents }S

"beﬂ\\aﬂe to the theoty of Lewis and van Kranendonk (1972) audf'

later extensions Of thls theory by ewis (197Za, 19725 197

111 assume “that unlike molecu].as mteract through pairwxse

addibive central fozces 4nd thah ‘the induced dipole moments =

forcas. The. assmnpuo }hac 1c>>1d wni ‘be made, 50 t ’t

nly 10w densl‘ s w111 ‘be éonsidered. Texnuzy and mqher

a part cula( molecule. A brief’ d cussion regardl.nq ¥

umj_.,v,.
o N




(reduced) Line shape function w(m) fo! translatlona speqj:rav

'15 related tc the absozptiqn coeffxcient A(m) thxeugh

& pr

W @)=

c(t)

oy i

f e“‘"c(r) avl;

<Hiie) - WMl

ipole Toment

‘again'following

¢IIE

‘indiced by’ the interaction. "
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between molecule a of species A, and molecule b of species B.

Then from (2.3) we have

Na Np
ctr)y =< | g EER) (g L @By gy (2.5)
a,a'=sl b,b'=1l
Na Ng
=<7 b3 ;(ab) gy @ ;(ab Yiew
a1 b,b'=1
Na Ng
1 LHER ey - §@P e 4 o
a,a'=l b=l
Na Np
B D TN T L T
a=1l b=1
Na Np
B3 @R gy . F@B gy (2.6)
a,a' b,b’
a'#a b'#b

The third term in (2.6) is subtracted since it is counted in
both the first and second term of (2.6), but only occurs once
in (2.5). It is a purely intracollisional term, expressing
the correlation between collisions of the same two molecules.
The fourth term in (2.6) expresses the correlation between
collisions in which no molecule is common. This term is
expected to be small for low densities and will be neglected.
Let the dipole moment induced by a molecule a of

species A in all other molecules at time t be il (3) (). We



“of spacles B il -othir mvlecnles at time £ Ngqiegéing.. T

o NE . .
fetoi= < A .
a=1l. " £

can write

‘the, f1na1 ‘term in:(2:6) ve have' - R
: . 3 C ‘ Lt
Ny - N Lowlt k e o8 pallin
ctry =< I ] Ly JEB gy gt
a=iop,pf=1 BT s L

i 5
R koo




_Since-all molecules of species-A are equivalent, as are all
moleculés Of species B, we have : '

Cetn= u,«u“"’ IR TR L

(b).“,_)

ﬁ‘b) &+ _t)','

sl




' w’h"e:e mg

Sand Cowling 1970)

‘sihere’

respecti‘vely., 1% ZM, ima' XBA and Jpp ‘are the total v )

Nowthe

v.*»‘p, = (NM + NAB)/nA',

3 “ASA + “BSAB o R

Sa




5 collisions

We dencte ‘thel relative frequenc:.es of AA and Ax

n the culhswn stary of a mclecule of’ specles «
by upy-and u, respec ;vel e and s1m11arly denote by 4
AR AB Y, a4 5g

and. upp. the relative frequencies of BB and’ BA; coll:.smns

the collision h story of a mole ﬂ1e of specxes B. Then

‘cleuly

'»‘t’::(r),/v‘ nR<u(°) (t) .‘»(a) (t+ r)> !

e nB<u







295 -

an colhsions 1nvolv;mg nolecule’a ‘of species A Thé-ffacci o

4 of he: coeffx.cxents di that‘are ‘non—zero is then gzven by um;,

Il:.s;on

for the: iné‘racou'isiona»l autocor';exatio‘n"funccian, where *

aenotes.a cclnsmnal average ovex\AB colllslons. iThis

£ !educes to

Cmintra/" "'Aﬁ,(“iv(ﬁ’,'f*

2 12),"

Cmmter

/V=“n.<z «
Pl







_:averagea over the ume‘mcan}hé: %

% . v xhn-l and over the
R _collision vabiahlds Li.a., ddn . We'dénota thz avezaqe vdlues
of d‘

5

X{45-17T) over the collision varxablza

: SoK[< c“ 1+n("1 EER

.‘.'(2.1’9)- 2

+<!7A i+n“‘1 +...0—~.}'('é+

n=1-

1 ﬁ(.) + n,', 'Ellv‘vﬁ‘m,g 20
IS Py Tl O

5 n"(..';v [ 421“1,;3‘(1). ar'_ ,"ﬂ % Ty

: w”w.)"

“appearing in':(2.20) m-l sum The séries £o obtain-a ‘closed |

_‘expression for the }nte.tcollil onal u.ne .ghape funcqion per.




3 Pime 2. 1 colunion thnln:e uf a
of :pec:les A for-




appear_mq in (2.19) hau now becone p“(xl) . denotmq t—_he

dxstn_but:[un for AB oolusi ns. The ,above equadon :educes




(z'.zv) Jinl(2:25) e phtfain

w*‘(«u = sz u;B F

e ccrrelati_on -coetficient . ‘u 5. +'1> i

- In evaluatinq

'HE_will -fulluw.'l'IIB 2. We ‘will firs«e ccnlxder zhe qeneral case

[ of <y« lij,n>;. then set n=l'to obtain’ thé: cceff'xcxent in
(2 ze). Eight qumntie: are requu:ed to chuxncten.ze a
DAty collision betueen sphe:xcallx symmetric m:leculea with

- no “internal degrees of freedm The most oonvenxent «choice. of

para-etezs for oolusj.enal averaqan is S

L1 c“ E, 81791 by )




azunm_h of iz in'a coordinate system with tha x-axis a:lonq

é = c, =& (see Figure 2. z)

3 _959_1_3 Collision variables and related - -
S q'uant),f_\es. g g

29) has been. shown to be eq\nvalant to ‘the standard

—_—

t o colusion variables b, e, cx, c,) in TIIB 2. Alsu,

u. has -been pointed out m TIIE- z ‘that a knnwledqe of c. and g

is equivalent to'a knowledqe ot b and 4.

dipole mcment

The_p; ‘j ion of the time

u induoed by a collinon chara::tenzbd by (b, :, .c,,cz) on the




e pro:ecmdn as E'(g,c)'.

appearinq in (2 28) is

t eqnired )

The. distrlbution 5




. correlation between a collision, i; of an A molecile with

a B moleculé, and a later co_uisiom i#n, of the' same BT

melecule with another B ‘molecule. Therefore, the dlstrlbu- .

tidns that'are required. foz thé evaluation of 4 i

are p(g, Eqt c,lc ) foz a8 col1i ;onsuand Ple,) fox a

molecules < In this _wo:k, since we are aeahng w).t:h arbltrary

,ccncentratwns of A and'B n\blec\ile )

“we requn"e the cond3 ional‘_

‘probability distributions P (g, £, c][c,) Eor all four possiblé

" . .typés.of collisions, Ax, AB, BA, and.BB Collisions, and ‘the

" distributions P(c,) fof both A and'B molecules.. . These
chfferem: quantxtles w111 be dencted ‘by the appropriate sub—

soripts. .

We denote ‘the angles: betweén &j.and &, and ¢} and & by

n and vn' respectively. We take ck to 'be: the speed of molecule

1, be,tfore the kth collision of the e61lisidn ‘e 1,...,1—m.

s 3 o Hovever, the velocity of molecule 1 before ang-aftes a coz,hsmn x
is Stlll ﬁenoted by Cl and c, w:u:hout refezence to the posltlon

" of _the colllsion in the colllsiun sequence,

The average 6f a randon vector over its azimuthal angle

is clearly a.vectsr parallel ‘to tHe! axis- which the aumuthal

. anq].e is defined, 1f /that vectox; is unxformly dlstr:_.buteﬂ 1n

its azimuth. The qua‘ntitles u(q, c) and, c are um.fox'mly

- distributed in’theit azimuth ¢. about &

in terms»of the: se_t

-0f collision variables (2:29).. Thus, the average-of Hi;j,

]




. continuing in this way.and fonowmg

" Figure 2.3.

over all the variables of the (i+n)™® collision except &, .,
is a vector parallel to c,, which is the defining axis

for the i3imuthal angle. The average of this vector over

all the variables of the (i+n-1)h colllsxcn except cmn‘1

is-a vector parallel to &,

f4noys 204 50 ‘forth. ’l‘hus:

ol.usmn sequence

=
<y
mclecule, Uy u1+n

?{ can be expressed i terms

of quan J.t].es deflned for tuo ‘ol ons, an AA and

‘collisibn: The,averug;ng Pprocess. 1s’shovm‘s‘chanatma‘u’y in

“Figuré 2.3 collisional averaging.




If one follows a collision sequence of & B molecule, 3
< "’;i-kn)i can be éxpressed in terms of qiantities defined
for a.BB and a- BA couxuon. ‘First, we win. follow & oollision

seq\lenee of an A nulecule. We will write ‘the avesa\;e of “1+ SR

ovez ‘a1l ‘the ccni:s:.oﬂ vaziables of f.he (i-m) collxs_;qq

except the valociey befcre the co‘ll sion, c“n, a

where fh(ciﬂm) is {ndepen‘de{:t of ci+n: Iin ter‘ms of our

collision variables this can be u_rictén as.




Aeion)

g - upon whethe: the collision is with anothex: A
molel:ule or Hif.‘f\ a B mol.ecule.

va:xahles

In terms of _aur collision




‘The subscr:.pt Aon 8 (c, |c ) denbtes the Eac(: tha(: e are’
"_fallowing an A molecule,
denote “thé cundxtlonal distrlbuuon fnr,}uﬂ coll.lslons, 1 ce'

. the, first colll._xon in'a ol

.<u(° )c‘ .‘ “(g'cbcr,,c,,t.b,g ¢9 4

“{2i36).

hg‘r’e'B [CHER RS <§(q',‘?§)' s ’E O,g,% ;

'nd the subscnpt AB on EAB(g:E,c, le )

wn sequence of ana mcuecule

is wir_h a B molecule. 'wa ote that the expzessmns (2 32)

~and @ 37) for A (&l |c,) and g (c‘|c ) differ only in the




_‘Detailed Balancing, as shown in TIIE 2. - .. -

We: then have -

n: can be easily <

luion aeguence of a; B molecule.

“(2:41)




[CHEIN

o5 .
. “u—n ¥ folluw:.ng ccllis on

sequencas of both A and B me)Eciteny 'I‘hese xesults can how -

1cwing ‘eiprd sion, (z za) X

. ,.w'e i«iu'xi
collisu)n sequencas

A1) thzee successwe colll.sinns With B molecules. (2) a

collxsion with a‘B mol cula, fnllowe




another A molecule, follcwed 5y a colli ion wlth a.B

mlecule (see quﬂrez 4).

oy 1gu:e 2.4 Collision ‘sequénies ‘of a’ molecule e e
1. BE specxes A'for n=2.. S 2

For - the contributlon to WA(m) fmm the* f.\rst sequence, o

Pap Kis1

xi—xiﬂﬂ) dt>







iz




b (W) tggtiap (el )

w2 o 2905 Re[pu

{2052y E 5T

dc. s




xA (c

x‘A (c

1+n! tp (cxm l °x+n—1) :

D6 (ch_n\c.

RE[P (w)*
anm ‘BA -

6

A (e

u-z 3 1+n”nlc

the f).rst term Ln (2 SB) B

ist

i+l

1)

B¢ i+1‘\° )PB(c )

(2.56) E




“.similarly, the second term in (2.58) contains terms in the

expansion of Fa Fauiss®y oA

s,,(mc Vo Aglen J dc.A (c,lc,)s (w,c,)' (2._60).

sim:e ccllxslons far removed from an nrbitraxu.y chnsen mi 1a1

M colllsl.on i are only weakly correlated with it, ‘it is’ likely
nd w’(u) di.mimsh xapmly enough with

rifor éhe serig!' 1n (z 20) ‘to be converqant. Then “the: Neumann

Expansxons of (2 59) nnd (2 SD) _are, cunvex'q nt, and t-_he su.m B
- cs the senes' in (2.20) can be' expxessed in tarms of G, (m,c ) \7L

and Gy lury) - Benige.we obtain SRS AN )

et w(u)mte,/v = 2nAv Re[p”(u) I °u=‘;:I ac,.
3 o o -

A(u.e;i BA(g:;IC,') ’Pkfc‘,)l -

# Zigv ul; Rl §B'A(m) ] “dey I a&,
2 BE =l 6 .

x G.B(m,c) 85 (e ]c Vo2 (c,)] RN EE

T e L c'lc: J d¢1 ret {pm(m)uABG i1

By ()1, (m,c 18, (c,lc %p NEREN

rgtuxn to our: exprasumn foz t

. slnnal autocorrelatinn functxon, (:2.14),

(t*r)?i‘

TS A




Thert the: intracollisional spectrum js given by« .

iuT |,




. B £ P

WY = W) g AV W /Y

and tusing‘(2.61), (2.63) and-(2.64) we obtain,

Wia) /v :
v PR Rk * . :
ik 'z‘r,Ré[Evmiw) uBBGA(m,c ) B (c |c) Py i) 4

3 pm(m) gy B(m,c,)- B (e oty (e VTt s ‘_?455).

- for' the zedheqd«une shape func:ion' per ,unn—_ volme.. We' -

~define

© 266y

# _é“ke[i’AS'(m)‘

ABA

(m,c ). BB(': |c, )Py

.1 pm(m) “BA B



relative masses and molé: fractions of the .two constituents,
Thus (2.67) should be generally applicable to the systems

considered, within the bounds of the underlyinq assulzptxons
of ‘the theory, i.e. cmly binary couuxon conuibution.s to
the spectrum are non-neqliqﬂzle, ‘the temporal’ superposititn.

"appzoxunanon is vuli.d, etd,

We Will nuw show that 1ntex’culliilenal intetietemﬁe

in. a!;sbrpeion is always.dev rictive for a ly»cems cunslde:od

2 5 Intercolliaional Interferem:e at Zero F!eguencx
; To dmnscxaee that "intercollisional xntetference ini.

by bimy is’ always destmcuveue :equire

the xelat).ons 7%

= 2(E,&5¢))

pu(g,e,o,,,c,') LR JER-NEH IS T
"2 A e :

where'the latter relation holds for a of. collisions,

AR, .23, BB, and BA collisions. Thgée relations result fzbn
e fact that-tre collision (:by &1,8,) and its inverse,

le, acuording to the Princlple

“(2:68)




¥ : o . 3 i 5
[ a& sin € j 1ag(i(g,/6:6},07) 008 n(E.e].e )Py la.Eictier)
o o all i1 BA 7

+ W(g,E.c,,e)) cos n' (E,c,.c:)l’m(q.ﬂ.c,.c;)] ..(2.70)

1)0

AA(c |l:
"B . a B

syteiley = ;«q)”'v,‘,(c:)"’ INCHEN)

B . Br i B -

We obtain g L : et
- Byle; |.= ) -yA(c, 2y e,) Ao, el (2.73)
B w B B

by suhstitutlnq (.90 into (2.69) .- Substitution of (2.34)

1)/ at zero ‘frequency,. into, (2.72) yields

=

dE sln K3 cos. 130 (E,c,,c,)l




* should be nm:ed that A (c,]c )

‘Expandinq (2 76) in- Neulna'n_
- rebuits in (z 75),'

‘rsasim o

Then 4, (¢} 1)) ar,e‘_sinm}&'riq xe;neis ,b‘ecause“ ?‘(E,c:qu}

B B

'dxstnbutians for-all possxble types of c6llisions) . &c

T aer (_uAB Byp e
BA - BA

fseries!:

cf wh:.ch’ are "

and substituting the

are synm\etn.c in g, _and o}, (wnere P(g,c,,c ). réfers tathe

ds not'a symlnet:rlc kern_el,

(2.76).




[} act™ Vi @i1e s
Il L

(3)

"__A'A(ﬂ_("ls(f’) 8Dt Ll (o [,
B Tl By B :

T HA(c(n+1_)4|c,.) P,(c,)
ey frina g e

161 iag tefHal¥ag 2 el 1o B | ¢
i B A

x AA(c(f’
e R

L% Ple,) Ayle,

& (n+l)
. g
S Y

D e

- "in térms of their ortonormalized sigenfunctions '[W'A] (ci) “even if -
5. & E MRt TR SO i (Y R R S

enfurictions do not’ form‘a complete set (Tricomi 1957




have used a summation sign in (2.79) although the spectrum of
is probably. ‘partly continucus (TIIE 2)

¢BO. i :
On substituting (2.79) .into (2.78)" we obtain;

Bence’ - %

“ap ,,Eo "An sa ni,,"”sn

(2.82)

= ""“.E ‘n/u' )= ugy 1 a,m/(l-:‘

 Since 1a 1 ooll ions a:e leu co::elated wieh i

ely.

nl celusion thln earlier dnea, [ -0 0 as

(2:80),- this myu‘és 'thic- g[ A
A2 et 2




& quantitles Byletle, ). are’ frequem:y dependent, and this | -

Hence ay /(1- .32),‘%0.]

A] y>0 for' all'm; and.then; from (
N s AL

5.

In ouy.ei words | Tatzsto ‘frequency, ,the’intercollisional

" contribution td the $péctral density is.aliays negative.

_However; ‘unlike TIIE 2, the ‘extension of “the property .

0 norn-zero  frequencies is ot ‘easyv. Thls is becausé the

be more easxly obta).ned

24 6 A Simgllfied zxg:essmn foz. cheTne-snape E‘unction

A a:mph';ed expressmn £ r the ‘line” shape fuLctlon




e as was f.u'st coplsidered in TIIE 3. * Gonsider

“dep g - we uu 2 Neumann’
- ; oy
tems and ebtun a paiz of ‘in: te series.

awevar . Lf the

Gy lwycy) = Ay (e0) /1 (1-B, ()]
: b

ii‘m.(m)u Am#iin(m) Sxa
# un._an" BB




59 .
/-. - v

- S » S - P s *
The- q\mntities‘ Ly and 8,5 in (2.86). are of course the
4 3 BA . BB . =

as speed dependem: (’rns 2)% In add.u:mn

nis aluo valid if >>l|ln (TIIK 2) 'l'hus it ppeaxs

1ikely that (2. 87); for AB:collxsl.ons, 16 valid for axbitrary
values of ‘m /‘a Given “this, it is reaionlble to assume that

(2 57) is.a good approximation for all types of collisions,

28 M BB, und BA‘cnlll.sions, for: arbitruy mass ratioa.




we £ind. tmt’ g i ideneicu o the nean persistencé-of~

ve).ocit\y ratio (I.'u ‘deﬂ.ned for rlqid apheres By Chapman and

* Gowldng © (1954).

’!'hey have aenved thie ratio for rigid Bphe:as
5 with arbitrary ‘values of mn/ma and ohtained

expresuon we. “Gan''see that A is solaly dapendent o (he




[ . - <
Gptwrey) = Ay (€)/(1 = By w)
Bt AL B B

Suhstituung theae selutiona

Lhera we have used- the following ‘definitions;

- e = ‘.' o te 3
.~e=I de, P, (c;) I “de; K (cyle,)

. We return to the solutions of the Fredholm

(2:85), obtained by ising the simplification (2.84),

'{n:o _olr general *sxpr’éss:ion £

equations, -

e




In the :acond case,~ the relauvz couuion fzequancies

v
fu,-/gt m;de: in 1/z, are P =




e T g e -0t ] a0 Yy
2 e ) : -(0(:)_1“31“

“fhe depth of ‘the intercollilxonal dip relntive to the mm—

w].hsimul. lpecu\m ‘is uuuauy wntten as ‘1-y. (Van 'xzangnﬂonk

PR R




5 Subsucu;mg (2. 101) and (_.1n'2) .into:(2,91)"

Pe e S . w(m) =1y (-A . v, R‘eréng'&u'/(‘l-lg_(mn'

Bau‘-i;m) yg RelBy, o)/ (-

2:7 " calculations .and Results

The' depend nce.of the 'rel_at e 11ne shape funcc:.on

Con. frequenay and_ mole eracéion éan now. be sasily’obtained:,

using (2: 103) In particuiar; we wish ‘to studyuthe; varianon e

cf the. halfwi.dl:h of the Line shape f\mctlon wibh the mole

fracnon of ong ‘of. the consti

\usnf'q Tms ependence ‘canno

‘b readily caleulated analytically. and we fesort. to Cmpaer ¢

‘calculations based on; the| Newton-Raphson algouthm The

ihaslc procedures followed in these caleulafions Wil ‘now ve’ N

: nutlined along ‘With the, prlnc).pal results; | ERTRIOM i PN




Tt i) galﬁntu)'/(l-sx(mn]._ T 20w

We recall -that. pn(m) are.related to f_he probabiuty

disuihutxonu for wllisio i)

r.e;'va-ls x5 for 2B B8 colliai'éx')a,

sume t.bat the intervals X; are

- 1paepenaenuy diatrtbuted agy, ot o R

EENENA I 5 SR W I S s, .(2.105).

- ‘where v, ‘are the L-_veuq’e‘ collision Jfrequ'encie'j for BB




. ‘ ;Suhsu:ucmg (2.105) 'into our expression for pu(m) ;
e’ obtain : BA

vAB/,(vn + ’i%ml

that is; rigid- sphere dla.meter g

We WiLL wnte (2 104)

in Uhpg) Rellye/ (o i1






68"

X = 24 ‘,. ’
‘where m o= mﬁ. ‘and we have used las = mpg @ T(gytog) /4, )

and Tas

718 eige/degree.

oom temperatu e 3oo x.

He-)\r, e-X " Ne‘)\x‘ A!‘Xe, and Ne-X

alues of the' gid-

He,.N&;-.Ar, and'Xe.

: OA
1 Birdy 11&87'




Values. of the Rigid-Sphére Parameters: for He-Ne,

TABLE 2.2.
. He-Ar, He-Xe, Ne-Ar, Ar-Xe,  and Ne-Xé Mixtures:
: R’
~m1x.tuxe‘ ou Clga
A A

2.3 106 ¢

2.60 i ‘.054.
2,90 016,

2,08 x. 1o .247

.30 ;
v )
3.70 1496 10°. .159
22,19 % 10°

“3.40

frequency

2y .

produced tron (2 107) is shnwn in Pigu.te 2.5

~p ot was obtained for the He-Ne mixture at a denssty of 100-

. :amagat, and mole f:action 5

l‘h;.a

A' equal fo 0.1 It should’
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S

o . e

halfwidth of‘V (l—A ) in agreament with the TIIE 2 result

for infinite dl.l.ution “(see Figure 2.6) .

10 study how the. line shapa' varies with reldtive

y it is ugeful to ohcain :the dependence of.

af v . number: - defisi

the half\udth on the ms}e fx‘ac(’.inn ﬂf ‘one of the constltuents.

Lt TR £ The halfwxdth, m!i, at .a.given: mole fraction Ls the frequency

372 or

nax W

» o for which the line shapeé. has value (W (@)

-w(n))/z ; This half\udth is obtamed us;mg a., slmple iter-

BT ¢ | to be ca].culaced wh we. denote by “ttiél “ana A

Wy =t respectlvely, are 1nput. The frequem:y im:erval A héing

3 ’.‘ : typically of che order ‘oF ‘“tna]./l“' E bnef descnpemn of

T AT a0 z) “The difference hetween Ww,

esnn? 4 i)




NE-HE
MOLE FRACTION uFma- 0oL S ¥

+75:
ol

POWER ‘SPECTRUM .~ @




o) 5 a2, Wy
®¢rial bn.al + basi' : @ it

W' =w[w(m

the llghter molecule, denoted: (e Wher'e , is ‘incremented

y step sizes Ax fwm O to’ 1. The mcrement Ax

prograin. The value of the tna1 alfwldth for. each valie
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cxally 50 for, the Ne-hr mixturq | We note g:hat th,e "

MR ¢ latter mxxture is dxffe;entmted fro

i T Letus consider a binary gs nuxture with const1t~

. i oy
uents . ‘A. and B. As heforg, A denotes the less massxve of the'-

G o W vtw? s}pe‘nes,fhus ZM B-Ah

11qht A mclecules. We now, mcrease the concentrat on cf B

: J.nduc:mg colli; mns, ‘that is'AB olhs‘ons. cdr espondangl)‘h



T e >
i A TR SR - e T
« 1, the effect\nL any inczeaQe in n

Ay vmixcures. ‘In out nota_tion,vhis TORHTE,

ekpressed as

2upady

R v VR
L+(e/vg Lk (/) P itk

3 SRR ¢ oW = e

i 1. & E5¥ .
In ‘the above expressicn, the guantities o, and ag’are treated

s’ adjustable Barameters. ~The values assigned to these

g quancities are obtained by .a curve-fitting procedire. * This

was ﬂcne fcr Ne-Xe and, Ax Xe mixtures foxr various concem:ratx.nn Kot

i : ratz.es at 2.5 &Y anadis eml. Not unexpectedly, the

aqreement betiween these fitted curves and thé experimental | ! .

‘data’is qond (se& Figires 2.11-2. 13).‘ However, ‘at- lcwer

frequencies thede fitted paxamecezs yxeld négative vaives for '

the 1ine ‘Shape’ functx.on ami s, canno: be regarded-.as physl.:ally

xeal:.stxc vor msanianul. 3 K 5

.. As. mentxnned previously in section 2.6 Amvp =0, 0 o, 1

ind-as & result the quantitles ag7/C.and ap/¢ can’be calculated

‘(see (2: 1011 and (2. 102)). Wwe gbtam . 5 " . . R
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s

Fox _any real).stxc thiee-dimensional systen [ ué'nnni o
" ~ : BA £ .
hegative and 'sg ;

~(2:209)

il ““;{”é

! '(n the followinq table, we présent our. "vilves' o uA/C cal-
‘ ‘cuxateﬂ,with (2:108). and those. of Wong, .’ - e

‘Table 2-3 Amllytxcal and Fitted Vﬂlues of a /C for- SR

Ne-Xe and Ar- Xe. FET 5 y ;
Ne Ar-Xe %
ay/C /C uA/’C‘ L e/t
Present Work =42 =15
¢ Wong ¢ -. 850+ -.675 -

2 colll.slonal 1 ne: shape, (2 103), -are. shown in Figures 2

12113 ‘These, curves, were, qe erated by using line shape values

computed By - the px‘agra.m descrlbed in sectlon 2.7, multiplied

by the value of: Lhe M:txacolll.slonal spectrum ‘at” low freguency,

R




. Dol
collisional line shape function.

We conclude-‘that our thedry gives the'

iy S demonstrated in Figures 2.1l to 2.13, where up to 5,000 Am’:

our' curves generaily fit the. experimental data as well'as R e
tne fitted curves. Howaver, it is clear that the correla-

tions that we have neglected, i.e.'the fourth term in (2.6),
are significant. They give rise to the serious differences

. Nbetween the theory and experiment, particularly at higher e

! densities. In addition, w(0)’ is'markedly greater’ thanzero
for‘0<xA'<1 even when our ‘theory .forces w(0) = 0 for x, = 0 y

‘" and x,=1. ‘This is also a problem in. collision-induced light'
'scattering, but is not so prevalent since the correlations ',
are'weaker. ‘The comtribution o the total -interéollisional’

3 ¥ = : interference from immédiately successive collisions is about.

65% for light scatte¥ing (TTIE 3)

The approach of TIIE 1-5 and.the ptesent wurk ) . 3

requires further elaheration to account for the above corre*

lations. Extensions of the applicability of the thedry to

highar densities requires the inclusion of : ternary. and higher-

order collision processes. "\

T )







CHABTER 3

THEORY OF . INTERCOLLISIONAL INTERFERENCE

IN TRANSLATIONAL ABSORPTION . -~

- BY GAS MIXTURES OF ‘ARBITRARY COMPOSITION

- < :
3.1 Introduction S5 G .

This chaptér deals with intercollisional inter-

' ference in-absorption by gas mixtures consisting of an

‘arbitrary number of species. e make no assumptions abouc

the relative masses and mumber demsities of the species.
However, as in Chapter 2 the assumption that T >>ty will be
made so that only' low densities w111 be consldeted A

temporal superposition fox the dipole moments induced in

. isolated binary Gbilistons can’then be used to represent

_-the induced dipole moment in a particulai molecule. .In

addition, we assume that unlike molecules interact through®,

‘paifwise additive central foFbes;, and flgt thé indieed

dipole, momerits ‘are paifwise additive and instantaneously
paraliel to these forces, as in Chapter’ 2. Our'treatment

begins again with the expression for the total induced

dipole moment. in the gas at time t.

3.2 Géneral wheory : S

;. with the numbers of molecules of each specxes

,deno:ed by N, Ngi.ily N, fespectively.' A-molecile of
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pure intracollisional term, (2.10), in Chapter 2. It can be
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We nq‘g’ introduce the temporal superposition approxxmatian in‘the

first term in. (3.12).
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: of the theory.’.The primary limitation is of course’the

‘1m; densi:y‘resuicuon. However, as with the expreuion
for. W{u) /V obtaindd in Chapter 2, application of (3.44) .
in its general form is extremely difficult, and we intru-

duce a simplification to make computations easier.
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3.3 ‘simplified Expression for the.Line Shape Function .
We employ the same approximation here as was used

in sedtion 2.7. That s, we uu teplace the quaumuu

(c‘lc,) byAthelr c mean persistar -gf-l .
velociey zath as defined in (2,90 -rhis‘appszupubn

).5 di!cueeed in qraatex detail in secclon 2.7 and in TIIE 2. ~
o 1 §

2 LS
serlen = & 5(:,—c,) v o (3.45)

Using the expressxon

where § ‘is th¥ Dirac delta function, in our expression (3:39)

for Fredholm equations, we obtain -

‘As(l‘n)':)ztﬁ (@) u:XAsX Sty (3.47)




“we: bbtain

WY ;',vs?s”»‘»‘(c'e * Y‘, e peé(?a)wuzsr/(lfﬁ-s(ﬁ())l]‘




for those spécies‘ Like '.uxx 15 it assimes painuse additlve
certral Forces and inducsa: dipoln mements, and densities e’ ;s

% suffxciently low that talperal superpositinn u valid. 5

'nun—additive intetactions. ami even inalutic collisicns.
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