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Abstract 

The present research project consisted of three distinct spectral regions of study. First 

there was a refinement to the spectral analysis of the collision-induced absorption (CIA) 

spectra of the first overtone band of hydrogen. This consisted primarily of an investigation 

of the density dependence of the so-called "fudge factor" by use of various semi-empirical 

line shapes. 

The second part was an analysis of the CIA of the fundamental band of D2 in D2-N2 

and D2-CO mixtures. The absorption coefficients were determined using appropriate 

statistical methods applied to a density expansion of the integrated absorption of the 

spectra, as well as calculation of the characteristic parameters of various semi-empirical 

line shapes applied to the experimental data. 

The third part of the thesis consisted of a systematic study of the CIA spectra of 

the fundamental band of D2 enhanced by He, Ar, and Kr at room temperature. The 

absorption coefficients were determined using appropriate statistical methods applied to 

a density expansion of the integrated absorption of the spectra, and the characteristic 

parameters of various semi-empirical line shapes were deduced from a nonlinear fitting 

procedure applied to the experimental data. 

During the course of the above work, the FORTRAN programs used to transform 

the raw data into the desired numerical quantities and complete the necessary analysis 

were updated and as necessary completely rewritten to advance the data analysis. This 

work was commenced in earnest during the author's M.Sc. thesis with the goal being 

to maximize the robust nature of the analysis and propagation of errors throughout all 

calculations to obtain maximum reliability in the results[lJ. 
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Chapter 1 

Introduction 

Isolated homonuclear diatomic molecules, H2 , D2 , N2 , and 0 2 , etc., in their lowest 

(ground) electronic states have no permanent static or oscillatory electronic dipole mo

ments because of the symmetry of charge distribution. Consequently, they have no 

electric dipole absorption at their translational, rotational, or vibrational frequencies. 

But they do have higher order multipole moments such as quadrupole, hexadecapole, 

and tetrahexadecapole moments. Collision-induced absorption(CIA) occurs as a result 

of induced transient electric dipole moments during binary or higher-order collisions. The 

mechanisms include a short-range electron overlap interaction arising from the distortion 

of the electron clouds and various multi pole induction mechanisms. As a result peaks are 

seen in CIA spectra due to normally forbidden translational and vibrotatonal-rotational 

transitions. 

Collision-induced absorption was first observed in 1949 in compressed N2 and 0 2 in 

the region of their fundamental bands by Crawford, Welsh and Locke[2J. The CIA of the 

fundamental band of gaseous H2 was first identified by Welsh, Crawford and Lock in the 

same year. The H2 molecule and its isotopomers such as D2 and T 2 occupy a unique 

place in molecular physics on account of their simplicity and in particular the abundance 

of H2 in the universe and the accessibility to both experiment and theoretical studies. 

Molecules of this class can be considered as benchmarks in the field of CIA. 

The electric dipole moment induced in a pair of homonuclear diatomic molecules dur

ing a collision is a function of the intermolecular separation Rand the relative orientation 

1 



Chapter 1. Introduction 2 

of each molecule with respect to R. This induced dipole moment f-L can be represented 

as a sum of (i) a short-range electron-overlap isotropic moment with IJ-overlap having an 

exponential dependence, (ii) a short-range anisotropic overlap component similar to (i), 

(iii) a long-range, quadrupole-induced and angle-dependent moment, /-tquad, proportional 

to R-4, and (iv) an intermediate range , hexadecapole-induced and angle-dependent mo

ment, /-thexa' proportional to R-6 . The first and third parts have been taken into ac

count in the the "exponential-4 model" [3]. The first part gives rise mainly to the broad 

Qoverlap (b.J = 0) transitions, J being the rotational quantum number. The third part 

gives rise to the relatively less broad transitions 0 (b..J = -2), Qquad (b.J = 0) and S 

(b.J = +2). For the induced fundamental band, the quadrupolar induction arising from 

the isotropic part of the polarizability contributes to the intensity of the transitions of the 

type, 0 1(J)+Qo(J), Ql(J)+Qo(J), S1(J)+Qo(J), and Q1(J)+S0 (J) . The anisotropic 

polarizability contributes to the intensity of transitions of the form S1 ( J) + S0 ( J ). The 

hexadecapolar part of the dipole moment gives rise to the transitions of b.J = 0, ±2, ± 

4, +4 gives rise to the the U transitions and the tetrahexadecapole moment gives rise to 

the transitions b..J = 0, ±2, ±4 ± 6 and +6 gives rise to the W transitions. 

For CIA first overtone band, the isotropic overlap induction mechanism is found to 

give no visible contribution to the absorption. This is due to the mechanism being 

forbidden for like pairs so the 1-1 transisions have no isotropic overlap contribution, and 

the contribution from the 0-2 transitions is not significant due to the much reduced matrix 

elements for the overtone in comparison to the fundamental band[4J. The isotropic part of 

the polarizability contributes to the intensity of the transitions of the type 0 2 ( J) + Q0 ( J ), 

Q2(J) + Qo(J), S2(J) + Qo(J), 01(J) + Q1(J), Q1(J) + Q1(J), S1(J) + Q1(J), Q2(J) + 

So ( J) and Q1 ( J) + S1 ( J ). The anisotropic polarizability contributes to the intensity of 

transitions of the form S2(J) + S0 (J) and S1(J) + S1(J). It is also proposed that the 

anisotropic overlap induction contributes to the transitions of the form Q2 ( J) + Q0 ( J) 
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and Q
2
(J) + 50 (1) . Subscripts 0,1 and 2 represent 6.v = v'- v". 

Welsh[5] has reviewed the experimental work done until 1971 on the translational, 

rotational and vibrational spectra of H2 and D2 . The CIA vibrational spectra of the iso

topomers H2 , D2 and HD have been reviewed in detail by Reddy[6J . The reader is referred 

to these reviews for experimental aspects of t he CIA and to Van Kranendock[7, 3, 8, 9], 

Lewis[10], Poll[ll], Birnbaum et al[12· 13J and Fromhold[4J and the references therein for 

the theoretical aspects. A comprehensive bibliography on CIA has been compiled by 

Rich and McKellar[14l. 

For the first stage of the present work, enhancement CIA spectra of the infrared 

fundamental band of D2 in D2-N2 and D2-CO binary mixtures previously recorded at 

298 K with an absorption cell of sample path length 105.2 em were studied. Five base 

densities of D2 in the range 12-20 amagat and several total gas densities of the mixtures 

up to 130 amagat were used. The observed spectra show the usual characteristic dip near 

the band origin Q1 (0) of the Q branch with two well resolved components Qp and QR 

as well as the absorption peaks 0 1 (3) , 0 1 (2) and S1 (J), J=O to 4. Binary and ternary 

absorption coefficients of the band arising from collisions of the type D2-X and D2-X

X where X stands for N2 or CO have been determined. The spectra are interpreted 

in terms of the overlap transitions Qov(l), J= O to 4 and the following quadrupolar 

transitions ofD2-N2 and D2-CO: 0 1 (1)(D2)+Q0 (J)(N2/CO); Q1 (1)(D2)+Q0 (J)(Nz/CO); 

SI(1)(D2)+Q0 (J)(Nz/CO); Q1 (1)(D2)+S0 (J)(N2 /CO); with J = O to 4 for D2 and J = O to 

25 for N2 / CO. An analysis of the absorption profiles was carried out by assuming 

appropriate line shape functions for the short range overlap and long range quadrupolar 

contributions. Characteristic half-width parameters bd and be for the overlap induction 

transitions and Oq for the quadrupole induced transitions were obtained from the profile 

analysis. Although CO has a small permanent electric dipole, the present analysis does 

not indicate that it makes any measurable contribution to the absorption in the D2-CO 
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mixtures. The results of this work has recently been published[l5]. 

In the second stage of t he thesis, non-linear least squares fits were performed on CIA 

spectra of the pure gas of hydrogen at t hree temperatures, 77, 201 and 295 K, and 48 

different densities to study the "fudge factor" used by van Nostrand[16
J to explain an 

observed systematic discrepancy between the observed band and t he calculated transi

tion intensities in the first overtone band. This correction method was int roduced by 

Gillard[l?] who noted a similar problem with the first overtone band of deuterium. 'With 

use of the Birnbaum-Cohen lineshape function all 48 experimental profiles were fitted 

including the correction factor as a variable in the fitting to investigate any correlation 

of the magnitude of the factor to the density and temperature of the gas. It was found 

that as both density and temperature decreased the magnit ude of the correction factor 

increased but did not extrapolate back to one, which would be no correction. The new 

lineshape also gave a better match overall to the spectra. 

As the final stage, enhancement CIA spectra of the fundamental band of D2 in D2-

He, D2-Ar and D2-Kr, binary mixtures were recorded at 298 K with a 2m absorption 

cell. Sixty four mixture densities were studied in total for the three binary mixtures. 

The observed spectra show the usual characteristic dip near the band origin Q1 (0) of 

the Q branch with two well resolved components Qp and QR as well as the absorption 

peaks 0 1 (3), 0 1 (2) and S1 (J), J=O to 4. Binary and ternary absorption coefficients 

of the band arising from collisions of the type D2-X and D2-X-X where X stands for 

He, Ar or Kr have been determined. The spectra are interpreted in terms of the over

lap transitions Qov(J), J= O to 4 and the following quadrupolar transitions of D2-He, 

and D2-Ar, and D2-Kr: 0 1 (l)(D2)+Q0 (J)(He/Ar/Kr); Q1 (1)(D2)+Q0 (J)(He/Ar/ Kr); 

S1 (l)(D2)+Q0 (J)(He/Ar/Kr); with J=O to 4 for D 2 and He, Ar, Kr making orienta

t iona! transitions. An analysis of the absorption profiles was carried out by assuming 
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Chapter 2 

Theory of collision-induced absorption and spectral lineshapes 

2
.1 Induction Mechanisms in Molecular Collisions 

For a collision of two symmetric diatomic molecules the coordinate system is schematically 

shown in Figure 2.1(a). The induced dipole moment j1 is a function of the internuclear 

molecular separations r1 and r2 and the intermolecular separation ii as : 

(2.1) 

where r
1 

= (r
1
, w

1
) and r2 = (r2, w2) represent the orientation of the internuclear axes 

of molecule 1 and 2, respectively, and R = (R, D) the separation between their centers 

of mass along the z-axis. A collision between a symmetric diatomic molecule and a 

monoatomic molecule is shown in Figure 2 .1 (b) and the expression for j1 is represented 

simply by 

i1 = fl(r, ii) (2.2) 

In detail , the spherical components f.-Lv of the induced dipole moment for a colliding pair 

of molecules 1 and 2 in a space-fixed coordinate system can be written asl
1

8, 
1

91 : 

( 47r )3/2 
)3 :B>.

1
>.

2
ALAA(A1A2L; r1r2R) 

:BJ.LliJ.
2
MC(AL1 ; f.-L1 + f.-L2, Nf, v)C(>-1>-2A; f.-Ll, f.-L2,, f.-L1 + /-L2) 

Y>.1 ,J.L 1 (w1) Y>.2 ,J.L2 (w2) YL,M (D) , 
(2.3) 
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Figure 2.1: A schematic representation of a collision between (a) two symmetric diatomic 
molecules and (b) a symmetric diatomic molecule and a monoatomic molecule. See the 

text for details of the symbols. 
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the C's are the Clebsch-Gordan coefficients[20], Y's are the spherical harmonics, 
where 

d A ( \ 1 
A?L· r 1 r 2R) 's are the expansion coefficients of the dipole moment which are an 1\/\ ~' 

real functions of the radial variables. The A 's provide a coordinate-independent repre-

sentation of the strength of various induction mechanisms specified by the indices A1 , A2 , 

A and L and whose R dependence rests on the nature of the induction mechanism. The 

expansion coefficients A's satisfy the following five constraints[21, 22] : 

(i)A1 + A2 + L is odd , 

(ii)A1 , A2 , A and L satisfy the triangle relations t:..(-A1 , A2i\.) and t:..(i\.£1) , 

(iii)AA are real for all values of A and L, and 

(iv) for homonuclear diatomic molecules only even -A's occur, and thus L is odd from 

relation ( i). For molecules such as HD odd values of A also can occur. 

( v) for two identical diatomic molecules 

(2.4) 

The matrix element of the induced dipole moment < IMI > represents the physical 

manifestation of the absorption, and for the induced vibration bands arising from colli

sions between molecules 1 and 2, the expansion coefficients of the matrix elements B are 

related to the dipole expansion coefficients A by the expression 

(2.5) 

Concisely BA(A1A2L; R) is written as BLA(R). The matrix elements are usually expressed 

in atomic units with the various induction mechanisms represented by the appropriate 

B which is specified by the indices L and i\. . For L = 1 there is the isotropic overlap 

component which is represented by 
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B1o(R)jeao = )qo exp(-(R- a)/ p10] , (2.6) 

and the anisotropic overlap component is expressed as 

B12(R)jeao = >-12 exp(-(R- a)/ pl2]. 
(2.7) 

For L=3 the anisotropic overlap and isotropic quadrupolar component is represented by 

[21] 

B
32

(R)jeao = (>-32exp(-(R-a)/p32)+J3 < vJ\A\v'J' >< vJ\Q\v'J' >](R/ao)-
4

. (2.8) 

In equation 2.8 the exponential term corresponds to the anisotropic overlap induction and 

the R-4 term corresponds to the quadrupolar induction. As the absorption coefficient 

is proportional to the squares of these coefficients, for the L=3 term the following three 

factors occur : 

(2.9) 

( major term ) 

>-~2 exp(-2(R- a)/ P32] 
(2.10) 

(term with small value ), and 

2J3>-32 exp(-(R- a)/ p32] < vJ\a\v' J' >< vJ\Q\v' J' > (Rja0)-
4 

. (2.11) 
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( mixed term ) 

Frorn the work presented in the first overtone band of H2 (as well as higher overtone 

bands) , the mixed term is found to contribute negatively to the quadrupolar transitions 

(6v == 2 ) and represents a type of destructive interference. 

2.2 Absorption Coefficients 

The strength of the absorption produced via the various induction mechanisms at a 

specific wavenumber v (in cm-1
) is defined as the absorption coefficient a(v) which is 

written as 

I (v ) = Ia(v) e-o(v)l, (2 .12) 

where 10 (v) is the transmitted intensity of the source radiation through an evacuated 

cell of sample path length l, and I (v) the transmitted intensity through the cell which 

contains the gas at a given density. 

For collision induced absorption m a pure gas the above absorption coefficient is 

readily understood to represent induced absorption from binary, ternary and higher or

der interactions between molecules of the same gas. However when studying collision 

absorption in binary gas mixtures between two gases of type a and b, the absorption 

coefficient has multiple components and thus equation 2.12 is expanded 

(2.13) 

where J2(v) is the transmitted intensity through the cell which contains the binary mix

ture gas at a given density, and aaa(v), aab(v), and abb(v) are absorption coefficients 

arising from interactions of molecules of gas a with molecules of gas a, molecules of gas a 
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. olecules of gas b, and molecules of gas b with molecules of gas b, respectively. To 
w1th rn 

. . te a (v) the absorption coefficient of the "base" gas from equation 2.13, I 1 (v) 
ellrnllla aa ' 

is defined as 

fr (v) = Io(v)e-aaa(v)l . (2 .14) 

Here I
1
(v) is the intensity transmitted through the cell containing the base gas at a 

specific density. This definition allows simplification of equation 2.13 to 

(2.15) 

If abb(v) is negligible in the region of interest of the a- b induced spectra, which is the 

case for the mi··dures studied here (in particular it is zero for the gases He, Ar, and Kr), 

this equation reduces to 

(2.16) 

The absorption coefficient aab(v) can therefore be expressed as 

aab(v) = (1/l)ln(II(v)/h(v)]. (2 .17) 

This coefficient aab(v) can be determined experimentally from the measured intensities, 

I1(v) and I 2(v). It can also be calculated theoretically by summing over all possible 

molecular transitions m from all possible induction mechanisms I as follows 

(2.18) 
Im 

Here aab,Im(v) represents the absorption from the mth transition of the induction mech-

anism I . For the D2-X mixtures studied here, where X=He, Ar, Kr, N2 and CO, the 

spectra observed are enhancements and thus aab ( v) is referred to as a en ( v). 
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z.3 
Integrated Absorption Coefficients 

The integral of the absorption coefficient a(v) is defined as 

A= j a(v)dv 

and can be expanded in terms of density. For a pure gas this is written as 

A = AaaPa 
2 + AaaaPa 3 + · · · , 

12 

(2.19) 

(2.20) 

where the expansion coefficients correspond to the influence of a particular order of 

collision; Aa~~ is the binary absorption coefficient arising from collisions of type a- a, and 

A is the the ternary absorption coefficient arising from collisions of type a-a- a. vVit h aaa 

a slight rearrangement of equation 2.20 a more straightforward relationship is produced. 

Keeping up to ternary coefficients in the density expansion, we have 

(1 / p~)A = Aaa + AaaaPa + · · ·, (2.21) 

which produces a straight line graph whose intercept and slope give the binary and 

ternary absorption coefficients, Aaa and Aaaa, respectively. 

For a binary mixture, the density expansion of the integrated enhancement absorption 

coefficient is dependent on the densities of both gases. For the mixtures studied here the 

spectra are pure enhancement and the expansion expressed as 

(2.22) 

where Aab is the binary absorption coefficient arising from collisions of type a- b, and A abb 

and Aaab are the ternary absorption coefficients arising from collisions of types a - b - b 

and a- a- b, respectively. As before this equation can be rearranged to produce a linear 

plot if coefficients beyond ternary are neglected : 
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(2.23) 

This can be rewritten as 

(2.24) 

When (1/ Pa,Gi,)Aen is plotted against Pb the resulting straight line produces an inter

cept (Aab + Aaa&Pa) and a slope Aabb · Since the intercept is dependent on the density 

of the base gas, this is plotted against Pa which gives Aaab as the slope. Recently[23J 

an alternate method has been used in our laboratory by constructing a surface plot of 

the integrated absorption against both densities Pa and Pb and determining all absorp

tion coefficients simultaneously. This method is significantly more robust and considers 

correlations between all coefficients. 

These density expansions are also studied for the integrals of the dimensionless ab

sorption coefficient a(v) (= a(v) j v) as it is more theoretically tractable. For a pure gas 

this gives 

- J- - 2 2 - 3 3 A= c a(v)dv = AaaPa n0 + AaaaPa n0 + .. . , 

where the new coefficients are related to those in equation 2.20 via 

Aaaa 

(c/n6)Aaa 
TJ 

(c/n5)Aaaa 
TJ 

(2.25) 

(2.26) 

Here c is the speed of light, n0 is Loschmidt's number, 2.687x1019 cm- 3 (the number of 

molecules per cubic centimeter of gas at STP), and TJ is the band center given by 
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_ J a(v)dv 
1/ = '-:,--__;__:_ 

J Ct.(v)dv 

Similarly the expansion for the enhancement is 

and the relations for the coefficients are 

Aaab 

Aabb 

2.4 Binary Absorption Coefficients 

(c/n6)Aab 
Li 

(c/n~)Aaab 
Li 

(c/n~)Aabb 
Li 

14 

(2.27) 

(2.28) 

(2.29) 

The frequency dependence of the absorption coefficient a ( v) or Ct. ( v) cannot be expressed 

theoretically except for the simplest systems. However, the binary absorption coefficient 

Aab has been the focus of considerable theoretical work. For the gases studied in the 

present work there are only two significant absorption mechanisms and thus the binary 

absorption coefficient has two components 

(2 .30) 

where Aov and ALm, are the contributions from the overlap and multipolar induction 

mechanisms, respectively. The overlap induction component is proportional to the nor

malized Boltzmann factor P}3l : 
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(2.31) 

where p1 is given by 

(2.32) 

where gy is the nuclear statistical weight of the molecule in a given rotational state ( J), 

gr is 1 and 3 for even and odd J for H,, and 6 and 3 for even and odd D2 and N
2

, 

respectively, and E1 is the rotational energy. 

For multipole induction the binary absorption coefficient can be expressed in the most 

general form asl6· 
24

· 
25

l 

(2.33) 

where 

(2.34) 

and 
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~ < v1 J1IQL1Iv\J\ >2< v2 J2I1Iv;J'2 >2 + 

+ C(J12J'1; OO?C(J2LJ'2; 00)2 

~ < v2 J2IQL2Iv'2 J'2 >2< v1J11flv~J\ >2 

- 1~ C(J l2J\ ; oo)2C(J22J'2; oo? 

< v1 J1 IQL1Iv\J\ >< v2 J2 1f2lv~ J'2 > 

< v2 J2IQL2Iv'2J'2 >< v1 J1 1f1lv~ J\ >]. (2.36) 

In these equations, L sets the multipole order (2L) , L = 2, for quadrupole, L = 4, 

for hexadecapole, L = 6 for tetrahexadecapole, etc., a0 is the first Bohr radius, go(x) 

is the pair correlation function for the gas and x = R/ CJ, where R is the intermolecular 

separation and CJ is the intermolecular separation at potential V(O)=O. The subscripts 

1 and 2 refer to the two colliding molecules; and < IQI > ,< lal > , and < 111 > are 

the matrix elements of the multipole moment, isotropic and anisotropic polarizability, 

respectively. As 1 is small for H2 or D2 , YLm (equation 2.36) contributes a small amount 

to the main transitions Qt,.v(Jl) + Qt,.v(J2) Qt,.v(Jl) + St,.v(J2 ) Qt,.v( Jl) + Ot,.v(J2 ), etc., 

but accounts completely for the transitions of the type St,.v(Jl) + St,.v(J2 )[6J 

The squares of the Clebsch-Gordan coefficients for the 0 (D..J = -2), Q (D..J = 0) , 

and S (D..J = +2) transitions are given by the following equations[20J : 

Q C(JOJ'; 00) 2 = oJJ' 

0 
2 3J(J-1) 

C(J2J- 2; 00) = 2(2J- 1)(2J + 1) 

Q C(J2I 00) 2 = J(J + 1) 
' (2J- 1)(2J + 3) 

s C(J2J 2· 00)2 = 3(J + l)(J + 2) 
+ , 2(2J + 1)(2J + 3) 

(2 .37) 

For the D2-N2 and D2-CO mixtures, the anisotropic contribution was ignored in equation 
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as it is very small. For the various pure enhancement spectra of D2 in D2-X mixtures, 

X-He Ar and Kr, the expression for X Lm is simplified to 
where - ' ' 

(2.38) 

The quadrupole and isotropic polarizability matrix elements for N2 and CO were set to 

27 3[3, 26] d 8 d 3[27, 28] . 1 values of 1.22 and 1. a0 an 11. an 13.23 a0 , respectiVe y. For He, Ar, 

Kr, the polarizability matrix elements were set to 1.6, 16.8, and 27.4 a5 respectively[3J. 

2.5 Spectral Line Shapes 

In order to investigate the experimental spectra, the frequency dependence of the ab

sorption coefficient can be modeled by various semi-empiricallineshapes W(6.v) 

_ - NW(6.v) 
arm (v) = A rm l + exp(-hc6.v j kT) (2.39) 

Here Arm is the total integrated absorption of the m'th transition of the induction mech-

anism I , N normalizes the lineshape, 6.v = v- Vm + v8 , where Vm is the wavenumber 

of a particular transition, and v8 accounts for any shift (perturbation) in the molecular 

wavenumbers Vm. The factor 1 + exp( -hc6.v / kT) satisfies the detailed balance condi

tion converting the lineshape to an asymmetric function. In order to calculate the total 

dimensionless absorption coefficient, a(v), a summation is performed over all transit ions 

rn from all induction mechanisms I 

&(v) = L &rm(v) . (2.40) 
Im 

For the overlap induction the line shape function Wav(6.v) is given by 

(2.41) 
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where the intracollisionalline shape function w~v ( .6.v) is written as 

and the intercollisionalline shape function D ( .6.v) [29] is expressed as 

I 
D(.6.v) = 1- 1 + (.6.v/5c)2. 

18 

(2.42) 

(2.43) 

The influence of t he parameters /, 5c and 5d on these component functions are shown in 

Figure 2.2 . 

Many lineshapes have been used to study the quadrupolar absorption. The first was 

the dispersion-type function 

(2.44) 

where 5q is the half-widt h at half height of t he line. Gillard[17] modeled quadrupolar 

transitions with a modified dispersion lineshape function 

1 
Wq(.6.v) = 1 + (.6.vj62)2 + (.6.vj64)4 ' 

(2.45) 

where the fourth power term allows better reproduction of the spectrum, specifically 

adjusting the height of the tails as shown in Figure 2.3 for curves generated at 298 K. As 

64 gets very large the lineshape trivially reduces to the dispersion lineshape, equation 2.44. 

See also Reddy et al. l30J, and Lewis and Tjonl31J for further details on this lineshape. 

Birnbaum and Cohenl12J have proposed a more complicated lineshape function which 

allowed similar modeling of the tails and which was first used in the analysis of t he pure 

rotational spectra of H2 . The Birnbaum-Cohen (BC) lineshape function can be written 

as 
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Figure 2.2: Plots of the overlap component functions at 298 K; (a) D(6.v) with 1 = 0.9 
and be = 10.0 cm-1 , (b) the dashed line represents W~v' the solid line represents the 
product W~v(6.v) D(6.v) with 6d = 100 cm-1 , and the total overlap lineshape after 
accounting for detailed balance is given in (c). 
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Figure 2.3: In the above plot, the dispersion lineshape (equation 2.44) with 5q =50 cm-1 

is represented by a dashed curve, and the modified dispersion lineshapes (equation 2.45) 
with 81 = 50 cm-1 and 52= 125, 100, and 75 cm-1 are represented in (a), (b) and (c), 
respectively. 
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7r T1 2kT 1 + (27rc6.vT1)2 

where 

z = [1 + (27rc6.v Tl)2]lf2[(2)2 + ( h nl/2, 
T1 47rkTTl 
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(2.46) 

(2.47) 

Here K 1 (z) is a modified Bessel function of the second kind of order 1 and T1 and T2 are 

characteristic times in t he dipole moment correlation function. Wavenumber parameters 

51 and 52 can also be used by defining c5i = 1/27rCTi· As c52 in the BC lineshape gets 

large the BC lineshape reduces in behavior to the dispersion lineshape(32l, similar to the 

modified dispersion lineshape with large c54 . The addit ional parameter T2 also influences 

the behavior of the wings in much the same way as c52 does in the modified dispersion 

lineshape, as shown in Figure 2.4. 

As the BC lineshape function vV8 c inherently satisfies the detailed balance condition, 

equation 2.39 is simplified to 

- - BC aLm(v) = ALmNW (6.v) . (2.48) 

Recently Lewis[33
J modified the Birnbaum-Cohen lineshape with the new lineshape re

ferred to as the Lewis-Birnbaum-Cohen (LBC) lineshape which is written as 

(2.49) 

Here K1 is the same as defined in equation 2.46, and 6.w = w - Wm + Ws where wm is 

the frequency of the m'th transition (w = cjv) . T he LBC lineshape function is derived 

from a slight modification of the procedure used in developing the Birnbaum-Cohen (BC) 

lineshape function[12J. The same time correlation function is used in both; however, the 
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Figure 2.4: In the above plot, the dispersion lineshape with dq =50 cm-
1 

is represented 
by a dashed curve, and the BC lineshape (equation 2.46) with 81 =50 cm-

1 
and 82=125, 

100, and 75 cm-1 are represented in (a), (b) and (c), respectively. 
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LBC lineshape uses Boltzmann asymmetrization to satisfy detailed balance and the BC 

. h pe uses Egelstaff time[34J. 
hnes a 

For the present experiments it was necessary to slightly modify equation 2.48 and 

2.39 as follows 

(2.50) 

_ - SNW(6v) 
Cl!Jm(v) =AJm1+exp(-hc6vjkT) +B/ v · (2.51) 

where S accounts for any necessary multiplicative correction to the theoretical value of 

the integrated absorption ALm and B accounts for any frequency-independent difference 

between the background spectrum and binary gas mixture absorption spectrum. In the 

fitting, the total integrated absorption factors ALm and Arm were set to their binary 

approximations as defined in equations 2.33 and 2.31. 

2.6 Quantum Lineshapes 

In addition to the semi-empiricallineshapes discussed in the previous section there exist 

quantum lineshapes[35) which are derived from purely quantum mechanical considerations 

and contain no floating parameters. These quantum lineshapes have so far been used 

mainly on the CIA spectra of the 1-0 and 2-0 and 3-0 bands of H~36· 37· 381 in the pure 

gas and the 1-0 band of H2 in H2-He[39] mixtures, and the 1-0 band of N~40l. 

2.7 Irreducible three-body interactions 

Most of the theoretical work on the absorption coefficients has focused on binary inter

actions, however there has also been experimental evidence of triple transitions arising 

from collisions of H2-H2-H2 in the second overtone band of molecular hydrogen observed 
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. laboratory[4l] and the theoretical calculations l42l which show general agreement 
1n our 

with the observed spectra. 



Chapter 3 

Apparatus and experimental Details 

The experimental set up consisted mainly of a 2 m high-pressure, low-temperature, 

stainless-steel absorption cell, a gas handling system, an infrared spectrometer and a 

microprocessor-controlled data acquisition system. Details of the apparatus and the ex

perimental techniques are presented in this chapter. 

3.1 The 2m Absorption Cell 

The 2 m long, transmission-type absorption cell, designed and constructed earlier in 

our laboratory[17l for work with gases at high pressures up to 2000 atmospheres and 

temperatures in the range 77 to 298 K, was used in the present work. A schematic 

diagram of the cross section of one end of the cell is shown in Figure 3.1. The absorption 

cell T was constructed from type 303 stainless-steel tubing, 2 m long, 7.62 em in outer 

diameter and 2.54 em in inner diameter with a wall thickness of 2.54 em. The polished 

light guide L was made in five sections and has a rectangular aperture, 1.00 em high 

by 0.50 em wide. A sapphire window W1 , 2.54 em in diameter and 1.00 em thick, was 

attached to the polished stainless steel window seat S having a circular aperture of 1.00 

em with General Electric Silicone Sealant. With invar 0-ring R1 between the window 

seat and the absorption cell, a pressure-tight seal was secured by t ightening a stainless 

steel piece P against the cell body using eight Allen head bolts. A stainless steel capillary 

tube with a outer diameter of 0.64 em was connected to the cell body with an Aminco 

fitting M t . o act as the gas mlet I. 

25 
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Figure 3.1: A schematic diagram of one end of the 2 m absorption cell (See text for details of t he 
symbols) . 
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A stainless-steel nut N, 1.50 em long and 7.62 em in inner diameter, was threaded onto 

d of the cell and welded on to it. A flange F1 and bellows B1 (10 .16 em in diameter), 
the en 

both made from stainless steel, were welded to a stainless-steel cone. Bellows B2 (16.5 em 

in diameter) and flanges F 2 and F 3 were also made of stainless steel. These two bellows 

allow relative expansion and contraction of the absorption cell and the vacuum jacket V. 

A neoprene 0-ring R2 maintained between the tightened flanges F 2 and F 3 provided a 

good vacuum seal. For low temperature experiments, chamber C1 is filled with a coolant 

such as liquid nitrogen or alcohol-dry ice mixture. The end vacuum chamber C2 is 10.0 

em long and 10.5 em in diameter. A vacuum-tight seal was provided by means of a 

silicone rubber 0-ring R3 , maintained between flange F1 and an aluminum cap A, and 

a neoprene 0-ring R4 between the aluminum cap and the Delrin end cap D. A sapphire 

window W2 , 0.30 em thick and 5.08 em in diameter, was sealed to D with a neoprene 0-

ring R5 between W2 and D. The purpose of the vacuum chamber C2 is to prevent frosting 

on the cell window W 1 in the low temperature experiments. Freezing is prevented by 

means of a heating tape H wound around the cap A. 

For the work on the CIA fundamental band of D2 in D2-N2 and D2-CO mixtures as 

described in Chapter 5 a transmission-type absorption cell of sample path length 105.2 

em was used[43J. 

3.2 The Experimental Setup and the Optical Layout 

The experimental setup and the optical arrangement are shown schematically in Figure 

3.2 : here Lis the source of radiation, M1 and M2 are spherical mirrors, A is the absorption 

cell, M is a Perkin-Elmer model 99 prism monochromator, P1 and P 2 are Plexiglas boxes. 

8
1 and 82 are the entrance and exit slits, M3 is a 21° off-axis parabolic mirror, P is a 

prism, M4 is a littrow mirror, M5 - M8 are plane mirrors (M8 has a hole in the center), 
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inside the monochromator is shown for simplicity. See text for details of the symbols 

CJ. 
0" 

~ 
e-t-
(I) 
'""I 

~ 

>-:g 
~ 
'""I 
~ 
e-t-
>:::: 
(/] 

~ 
t:l 
Q.. 
(I) 

~ 
'"t:J 
(I) 
'""I o-. . 

~ 
(I) 

t:l 
e-t-
~ ,._ 

tJ 
(I) 
e-t-
~ 
o-. . ,._ 
(/] 



3 Apparatus and experimental Details 
Chapter . 

29 

. parabolic mirror, CH is the tuning fork chopper, D is a cooled PbS detector, SM 
M9 1S a 

ts to the screw for manual control of the Mirror M4 , which is also connected to 
connec 

the stepping motor, and sw is the manual control of the slit widths sl and s2· 
The light source is a silicon carbide globar which gives continuous radiation in the 

1
·nfrared and visible regions. It is housed in a water-cooled brass jacket designed near 

in our laboratory and was operated at 9 amps from power provided by a Variac model 

WJOMT3A supplied by General Radio USA, stabilized by a Sorensen ACR 2000 volt

age regulator. The radiation from the source was focused on the entrance window of 

the absorption cell by a front-coated concave mirror M1 . Radiation transmitted by the 

absorption cell was then focused by another concave mirror M2 on to the entrance slit 

of a Perkin-Elmer model 99 single-beam double-pass monochromator M, equipped with 

a lithium fluoride (LiF) prism and a cooled lead sulphide (PbS) detector D. The optical 

path of monochromatic radiation inside the monochromator is also shown in Figure 3.2. 

The focused radiation after the first pass (beams 1 and 2) in the monochromator was 

chopped by a 260 Hz tuning-fork chopper CH, model L-40, supplied by American Time 

Products, and reflected back to the prism for a second pass (beams 3 and 4). The radia

tion was then focused through the exit slit of the monochromator where it passed outside 

and was reflected off a plane mirror, on to a parabolic mirror M9 then back through the 

plane mirror and finally on to the cooled PbS detector. The linear response of the PbS 

detector with the intensity of the incident radiation was checked by earlier researchers 

in our laboratory and was found to be satisfactory. The slit width of the spectrometer 

maintained at 150 p,m gave a spectral resolution of 4.43 cm-1 at 3000 cm-1 . 

The entire optical path outside the absorption cell was contained within two airtight 

Plexiglas boxes P 1 and P2 (Figure 3.2). Both boxes were flushed continuously during 

the entire experiment with dry nitrogen gas produced by evaporating liquid nitrogen in 

a 200 litre container with a small electrical heater (a 100 D 25 W resistor). The inlet 
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d 
V ) and outlet (V 3 and V 4) of the Plexiglas boxes are one-way plastic valves 

(Vl an 2 
. h revent outside air from entering the boxes. It took about 4 to 5 days to reduce 

whlC P 

h
eric water vapor absorption to a stable reduced level. 

a.t:rnosp 

3.3 
The Data Acquisition System 

A block diagram of the modified signal detection and recording system is shown in Figure 

3
.
3

. The signal from the PbS detector was sent to a lock-in amplifier, model SR510, 

with a built-in preamplifier, supplied by Stanford Research Systems. The signal from 

the lock-in amplifier was then sent to the decade divider, model DV 412, supplied by 

Electro-Measurement Inc., for attenuation. The attenuated signal was then sent to a 

microprocessor-controlled analog-to-digital converter (ADC) which in turn transmitted 

the data to a computer for storage. This computer was a 486DX operating under windows 

95 running the QBASIC data collection program[17· 44l. This setup is a significant 

modification to that which was described previously[44l with the addition of an additional 

computer, a Pentium 100. 

The previous setup[44J had two main limitations and drawbacks. First, it was not 

possible to run even simple checks on the quality or stability of the data during collec

tion because calling another program under the Windows operating system, would cause 

a short break in the execution of the QBASIC program which controlled the data ac

quisition as the computer allocated the necessary resources. As the QBASIC program 

is responsible for controlling the rotation of the screw, a short and sudden stop in the 

mcremental advances could cause the screw to skip and introduce a systematic error into 

the data. Second, at times it is necessary to run data collection for an extended period 

of time, often hours or even days. These long runs are necessary mainly for mixing, or 

simply to gather data at night when the load on the lines is small and thus the signal 
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cylinders were Aminco stainless steel high-pressure fittings, rated for pressures 
the gas ' 

t BO 000 psi. Ultra high-purity gases supplied by Matheson Gas Products, Canada 
up o ' 

Used in the experiments. were 

Thermal compressor T 1 (pressure limit ;:::::: 7500 psi) and T 2 and T 3 (pressure limits 

~ 25ooo psi) were made of stainless steel. The low volume, medium pressure compressor 

T
1 

was used to compress the base gas (D2) to obtain the necessary pressures for the 

required densities after the gas had passed through the copper coil which was cooled 

with liquid nitrogen in order to remove any impurities via solidification. The required 

higher pressures necessary for the perturbing gases were obtained by means of T 2 and 

T3. As the volumes of T2 and T3 are several times greater than the volume of the cell 

they allow efficient pressurization of the cell. Assuming the ideal gas law, 

(3.1) 

where 6.Ptc is the loss in pressure of the thermal compressor, and 6..Pcell is the gain in 

pressure of the cell, and lite is the volume of the thermal compressors and Vcell is the 

volume of the cell. The required pressures for krypton were obtained by transferring 

the complete contents of the krypton cylinder into the cooled thermal compressor T2 

producing approximately 2500 psi, used as required in the binary mixtures. For helium, 

argon and krypton, thermal compressors T2 and T3 were filled with the gas at cylinder 

pressure, then T 2 was cooled with liquid nitrogen, which drew in the gas from T3. T3 

was filled again with the gas at cylinder pressure while T 2 remained cooled. The gas was 

then transfered from T 3 to T 2, refilling T 3 and repeating the process as required to build 

up the necessary pressure. 

A photograph of a quarter inch stainless steel net (SC), covering the absorption cell 

(C), is shown in Figure 3.4. This was an enhancement of the existing system added to 
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t those in the laboratory in case of a pressure overload of the thermal compressors, 
protec 

unlikely but possible scenario. The cage was designed to contain any materials 
a verY 

h
. h would be propelled by the pressurized gas to the enclosed area. The quarter inch 

W lC 

net was welded onto square steel tubing which was then reinforced by quarter inch flat 

bar stock which was bolted over the net through the tubing with quarter inch thick bolts. 

The square tubing was welded into quarter inch flat stock which was bolted to the floor. 

Also shown in the same picture are several pressure gauges (G), a 200 litre liquid nit rogen 

container (D), and plexiglas boxes P 1 and P 2 . 

3.5 Gauge calibration 

The standard Ashcroft-type Bourdon tube gauges were calibrated via a two step process. 

First the gauges were calibrated against a test gauge. Gas was introduced into a system 

containing both gauges and once the pressure was stabilized, the readings of both gauges 

were recorded. This set of data was used to determine a polynomial fit, represented by 

(3.2) 

where ai are the expansion coefficients determined by a regression, Ps the pressure of 

the standard gauge, Pt is the pressure of the test gauge, and 0 is the order of the 

polynomial. The order was chosen using the F statistic to judge the significance of an 

extra order (45, 46, 44]_ The specific criterion used to reject a higher order was that the 

the extra term had greater than 5 percent probability of simple random correlation, this 

criterion was used in all such order determinations. The test gauges were calibrated 

against an Ashcroft dead-weight pressure balance which has an accuracy of 0.1 %. This 

again produced another set of data, and another polynomial similar to equation 3.2 was 

used: 



Figure 3.5: The experimental setup (See text for details of the symbols) . 
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(3.3) 

where Pdw is the pressure given by the dead weight tester. These polynomials (equations 

3
_2 and 3.3) were used in succession to determine the absolute pressure Pdw from the 

recorded pressure on the standard gauge ( Ps). 

During the course of this work the existing calibration programs were enhanced to 

allow a more robust prediction of the uncertainty of the pressures calculated from the 

calibration which would give a more reliable estimate of the uncertainly of the densities 

deduced from them which is critical to calculation of robust absorption coefficients. Upon 

inspection of the results of the fitting of the pressures to the expansions given in equations 

3.2 and 3.3, in particular after examining the correlation matrix, it was found that the 

correlation between the expansion coefficients was high, and thus in order to determine 

the error produced it was necessary to use not only the uncertainties in the expansion 

coefficients themselves but also the correlation coefficients [4 7l. The resultant uncertainty 

in the pressure U(p) is given by 

U(p) = JPDt CM PD, (3.4) 

where PD is the column matrix U(ai) (g:). Here U(ai) are the uncertainties in the 

expansion coefficients ai, F is the polynomial, and C M is the correlation matrix. In 

this case the correlation coefficients generally tend to reduce the overall uncertainty. 

The calibration programs were also modified to include the effect of the uncertainty in 

the input pressures Ps and Pt, which came from the limitations of reading the analog 

gauges. These experimental errors were set to one fifth of a division of the calibrating 

analog markings and were due mainly to parallax variance, were propagated through t he 

calculations by normal means and also add an uncertainty to the final result. 
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The density of a gas for the recorded pressure was calculated from its isothermal PVT 

data. A least-squares fit was used to determine the coefficients in the polynomial rela-

tionship 

(3.5) 

where ai are the regression determined expansion coefficients, P is the pressure in atm 

and p is the density in amagat. 

To calculate the partial densities in a mixture, first the fixed base density Pa was was 

directly obtained from its known base pressure using equation 3.5. The partial density 

Pb of the secondary gas was then calculated using the approximation l48J: 

(3.6) 

where (Pa)P and (Pb)P are the densities of gas a and b respectively at the total pressure 

P of the mixture, /3' = Pb' / Pa, where Pb' is the approximate partial density of gas b 

corresponding to the partial pressure Pb = P - Pa , Pa being the base pressure of gas a 

in the mixture which is measured directly. It is noted that Pa + Pb represents the total 

density of the mixture. 

Since equation 3.6 is nonlinear it lends itself to an iterative solution, where conver

gence was defined as the point at which the difference between successive values of Pb 

was smaller than 10- 4 %. This limit is set much larger than the machine precision limit 

of 10-
13 % for double precision reals, which were used for all numerical calculations, as 

all such densities calculated have uncertainties of~ 1 % anyway due to uncertainties in 

mea · sunng the corresponding pressures. 
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The above algorithm had been previously implemented in a FORTRAN program[44] 

and was enhanced during this work through the addition of code which performed error 

propagation on the uncertainties of the input pressures described in the previous section 

through all stages of the above calculations. In addition the slight temperature variation 

of the system due to changes in room temperature was taken into account using an 

interpolation of the relevant expansion coefficients[49J in equation 3.5 to calculate the 

magnitude of its influence. 

3.7 Reduction of Experimental Data 

The experimental data is first collected as a two column file consisting of a drum num

ber, which is an incremental step of the screw which determines the frequency of light 

collected, and the corresponding intensity at that drum number. Supplementary data 

is added to this file which includes the time, a predefined user description of the region 

and mixture composition. A measure of the trace quality was also added to the file and 

was determined by sampling at the start and end of the spectral region with the shutter 

closed. This measurement of the line noise was used to weight the quality of the trace 

so as to allow greater precision through averaging. The spectral region was scanned for 

multiple passes at each specific mixture density composition and at least five consecutive 

traces were found to be consistent before the the mixing was consider to be complete. 

Before the data can be "reduced", which is to say, the desired absorption coeffi

cients calculated from the recorded intensities using equation 2.17, it is necessary to 

"normalize" [171 and then average the data sets to reduce the random errors and system

atic variances. The normalizing process takes into account several systematic factors. 

First , there can be a systematic drift S in the drum number n due to the stepping mo

tor not being in the same starting position for each run. This occurs mainly due to 
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dom loads on the power line which may cause an extra step. This would not be a 
ran 
rnajor problem by itself as it could be eliminated by aligning the spectra using known 

constant features of the spectra, such as the positions of the water vapor peaks. However, 

the problem is compounded by a couple of other systematic factors which may also be 

simultaneously present in the trace. 

Apart from the drift S, the intensity can also be affected by a multiplicative factor 

Nf and/ or an additive factor A. The effect of each of these factors is very small and is 

of the order of less than one percent. These factors can often be ignored; however, in 

the present case, there is a low signal to noise ratio in the low wavenumber wing and 

thus it is critical to minimize these random variations to maximize the quality of the 

spectra. The signal to noise ratio is low in that spectral region because of limitations of 

the light source and the detector. These small factors do not have a large effect on the 

calculated absorption coefficients, but are critical in the profile analysis. Previously, the 

algorithm implemented to perform the required calculations necessary for the reduction 

was a segmented one, which dealt with the aforementioned factors individually and was in 

part not rigorously quantified statistically as it depended on human judgment in certain 

cases rather than a statistically- defined selection criteria[44J. 

During the course of collecting the data for this work, it was desired to minimize 

the human influence in the reduction of the data to allow for a more robust data set 

to be determined. This was achieved by combining the various FORTRAN computer 

programs into one cohesive package by defining the problem in terms of a quantity which 

represented the quality of the optimal trace. This then allowed the determination of 

the three variables S, M, and A by a least squares regression. The quantity which was 

minimized during the regression is the expected residuals R(n) between two traces which 

is readily defined as : 
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R(n) = Ii(n) - NI Ij(n + S) +A . (3.7) 

Here Ij and Ii are the intensity of two traces i and j, The wavenumber-independent re

gression constants S, NI and A are simultaneously obtained by a nonlinear least squares 

fit using the Levenberg-Marquardt algorithmr50l. The complete process took one refer

ence trace Ji and deduced the three constants for all other traces Ij to minimize those 

systematic errors. As a further enhancement to the existing algorithms, the median trace 

was then taken to best represent the spectral absorption instead of the mean as was used 

previously as the median is a more robust estimator, especially when dealing with outlier 

contamination. 

The program which implemented the above calculations also performed many sec

ondary calculations and provided additional output such as the mean deviations between 

the reference trace and all other traces individually which was used for checking the 

stability of the traces and the overall quality. Additional refinements were also made to 

the program such as it could either use the entire spectral region for comparison or a 

number of restricted subsets. Care must be taken in the defined subsets as in order for 

the algorithm to determine a set of accurate constants the regions specified for compari

son must include data with three distinct behaviors : the spectral region I with distinct 

peaks allows accurate determination of the shift factor S; the spectral region II of low in

tensity allows accurate determination of the additive constant A; and the spectral region 

III of high intensity allows accurate determination of the multiplicative constant M in 

equation 3.7. The intensity in regions II and III should be close to uniform to minimize 

the correlation from A and Nf to S. In the current spectra, the low wavenumber wing is / 

of uniform low intensity so it was chosen to be region I and the high wavenumber wing 

contains a uniform high intensity section with distinct water vapor peaks so it was chosen 
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to be regions II and III. 

As noted in the above the goal of the procedure is to reduce human subjective bias as 

ideallY the data reduction should give the same results regardless of the operator who per

forms the calculations, from this perspective the influence of the selection of the reference 

trace Ii(n) is equation 3.7 was examined with use of Monte Carlo methods[51, 52, 46]. 

Specifically a wrapper was added to the regression program used on equation 3.7 which 

took each trace in succession and calculated the median trace after the systematic fac

tors were removed and thus a set of medians were produced. This consistency check 

was performed on several sets of data periodically throughout the analysis and found to 

not cause a significant difference. The final implementation of the above algorithm sim

ply picked a trace at random using a built in random number generator for a reference. 

As a precaution, the traces were initially plotted and compared visually to ensure the 

elimination of a large systematic distortion such as a power fluctuation. 

On a final note, the "averaging" described in the above could be performed with a 

direct minimization on the set of traces producing one data set which has the minimal 

residual when compared against the other traces when taking into account the systematic 

errors S,1\1, and A. This is a more robust method, but the previously described algorithm 

was a natural extension of the existing procedures[l7, 44] and it has the added benefit 

of producing the normalized traces individually which can be viewed by. the operator 

performing the data reduction as yet another consistency check. 

3.8 Calibration of the Spectral Region 

As noted in the previous section the spectral intensities were recorded as a function of 

the drum number of the spectrometer. The drum number is a counter, incremented 

uniformly during the rotation of the stepping motor which turns the littrow mirror M4 in 
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Simple Monte Carlo methods were used in the present work as a natural exten
sorne 
. of the existing linear regression routines[l7, 50, 441. A wrapper was written for the 

s10n 

FORTRAN regression program which took the set of wavenumbers v, drum numbers n , 

and associated uncertainties and created a user defined number of data sets distributing 

the values of n and v about their uncertainties assuming a normal deviation. These 

synthetic data sets were then fitted and the results compiled and analyzed. Due to a 

high correlation between n and v the reversed uncertainty ratio did not actually make a 

large influence on the calibration, but the same technique was used to more significance 

during the calculation of the absorption coefficients (see Section 2.3) . 

One final comment on the calibration is that since the drum numbers are not deter

mined absolutely, the absorption spectra need to be aligned with the calibration spectra 

before the results of the regression on equation 3.8 can be applied. As the CIA and stan

dard spectra are very dissimilar, the method used in the previous section to quantify the 

shift factor S can not be used. Traditionally, any shift in drum number was taken into 

account by graphically aligning the spectra to a standard mercury line or water vapor 

peak[57l. Here the existing calibration program[l7] was enhanced by directly minimizing 

any systematic shift using a weighted average[46J of the difference in positions of a user 

defined number of reference peaks (usually five sharp water vapor peaks were chosen) in 

both the absorption and calibration spectra. The mean shift S which was determined 

from the weighted average, given by 

(3.9) 

where N is the number of data (in the present case N is equal to 5) , Xi is the difference in 

peak positions of the i'th water vapor peak in the calibration and absorption spectra, and 

wi is the weight which is the inverse of the variance of the difference in peak positions. 
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The variance in the peak position difference is just the sum of the variance in the peak 

·tions which is the square of the uncertainty in determining the position of the central 
pOSl ' 

l
·rnurn of a given peak, usually 1-5 drum numbers. The error 8s in the shift was also 

rna:x 

calculated by the standard formula 

"'N 2 N 
8~ = ( ul NWiXi - 52) . 

2::1 Wi N- 1 
(3.10) 

The uncertainty 8s was propagated through the calibration by adding the difference in 

the calibrated trace shifted by S and by S + 85 to the existing uncertainty in intensity. 

3.9 General remarks on data _handling 

As the existing algorithms for the collection, reduction and calibration of the data were 

modified, there were two general goals always in mind for the enhancements. The first 

was that all measured data have corresponding estimates of quality. These uncertainties 

were used in all calculations of quantities from said data and by error propagation allowed 

the determination of uncertainties of the resultants. When the calculations are simple the 

error propagation is achieved by the required differentials using equation 3.4; however, in 

some more involved calculations such as those involving iterative algorithms, the influence 

of uncertainty is determined by a Monte Carlo simulation, repeating the calculation with 

normally distributed perturbed values. 

The second goal of the refinements was to reduce operator bias. This was achieved 

by examining how human judgment was performed and by defining a corresponding 

mathematical criterion in its place, such as the use of the F statistic to judge the quality 

of additional terms in regression analysis. When it was not possible to eliminate this 

judgment, steps are taken to minimize the effect . For example, as noted in Section 3.8 on 

calibration, peak positions for water vapor are still determined visually. Determination 
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of the positions of the water vapor peaks mathematically is not trivial because of the 

highly irregular shape in the region of maximum intensity due to spectral noise. Thus to 

minimize systematic error from human bias, multiple standard peaks are used to obtain 

any shift. 

These methods were started in earnest during this author's work for M.Sc. thesisl44
J 

which described in detail much of the statistics. The methods were extended during the 

present work to the remaining calculations, and existing programs enhanced with the use 

of median based statistics and Monte Carlo methods. 



Chapter 4 

First overtone band of hydrogen 

4.1 Introduction 

Before proceeding to the first overtone band, it is worthwhile to note that in the funda

mental band, which contains absorption from both overlap and quadrupolar induction 

mechanisms, the use of the Birnbaum-Cohen lineshape (equation 2.46) was found to give 

a high quality fit to the spectra, in particular in the wings. Figures 4.1 , 4.2 and 4.3 

show the BC lineshape applied to data collected by Youden[58) in this labratory using a 

stainless steel cell with a two em sample pathlength. 

4.2 Experimental Details 

The data of the first overtone band of hydrogen discussed in this chapter, was gathered 

earlier by van Nostrand[16J in this laboratory, who performed experiments at three differ

ent temperatures. Forty-eight densities of hydrogen were examined in total, and specific 

details are given in Table 4.1. The analysis of the data by van Nostrand included the 

calculation of the absorption coefficients and a nonlinear fit to the spectrum using the 

Temperature 
K 
77 
201 
295 

Table 4.1: Experimental details 
Path length Number of densities used Maximum density 

em amagat 

194.6 14 365 
194.8 18 403 
209 .7 16 433 
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Figure 4.1: Analysis of an absorption profile for the fundamental band of hydrogen at 77 K. 



(f) 
c 
(1) ..._. 
c 
(1) 
> 

1B 
(1) 

a: 

3600 

I= 1.824 em 
T =201 K 

I 

I 

I 

I 

~ \ 
I. I 

I I 

I I 
I , · 

I 

I 

• I I I 
• I . I I 
y / I 

;,. · -/· -· I 
. ..... \ 

4000 

/ " 
\I \ 

1\ \ 
I . \ 
I \ \ 

---·~ 
\ I 

y 

.' \ 
\ I \ 

\ 
\ 

\ 
\. 

4400 4800 

H
2 

1-0 Band 

Observed • • • • 

Fitted 

Overlap 

Quadrupolar 

"" \ .. 

5200 

Wavenumber (cm(-1)) 

5600 

Figure 4.2: Analysis of an absorption profile for the fundamental band of hydrogen at 201 K. 



(f) 
c 
Q) 
+-' 
c 
Q) 

> 
+-' m 
Q) 

a: 

3600 

I= 1.944 em 
T=298 K 

I 

I 
I 

~I 

I 1.\ 

I 

I 

4000 

I 

I 

~~ 

' I 

r . I 

I " I \ 
I \ 

\ 

\ 

I 
I 

I I 
I I 
\ 

\ 

\ 

\ 
\ 

\ 
\ 

\ . / 
/ 

' 
/. \ 

\ 

\ 

I 

I 

I 

I 

\ 

' ' 

I 

' ' ' 

H
2 

1-0 Band 

Observed • • • • 

Fitted 

Overlap 

Quadrupolar 

...... 

4400 4800 5200 

Wavenumber (cm(-1)) 

5600 

Figure 4.3: Analysis of an absorption profile for the fundamental band of hydrogen at 298 K. 



Chapter 4. First overtone band of hydrogen 51 

modified Lorentzian lineshape function. 

The results presented here offer two refinements to the lineshape analysis performed 

by van Nostrand. First, the more recent Birnbaum Cohen lineshape function was used as 

an update to the modified Lorentzian lineshape function to provide a better fit, especially 

in the wings of the spectra. Secondly, and the main point of the reanalysis, was an explo

ration of the density dependence of the matrix adjustment factor used by van Nostrand 

to allow a satisfactory fit of the experimental data. The proposal and implementation 

of the matrix adjustment factor was originated by Gillard[l?] to explain a discrepancy 

in the overtone band of deuterium between the observed and fitted spectra. A similar 

method was used by Xiang[41] on the second overtone band of hydrogen. 

Essentially Gillard noticed there was a distinct and systematic difference between the 

6v = 1 and 6.v = 2 transitions, specifically the 6.v = 2 transitions were too high and 

thus reduced the corresponding matrix elements to compensate. This was not a proposal 

of the need to correct the matrix elements themselves, this was just a computationally 

efficient way to effect the necessary alterations to the intensity of the 6. v = 2 transitions. 

Gillard investigated the adjustment factor over a range of magnitudes and concluded 

that 0.68 was optimal considering its average effect on all spectra recorded. 

The present work is an extension of the method used by Gillard, van Nostrand and 

Fan. Here the analysis procedure was modified by including the correction factor as a 

direct parameter in the nonlinear fitting. This was accomplished by merging the pro

gram which calculated the necessary intensities with the program which implemented 

the Levenberg-Marquardt algorithm. This modification to the FORTRAN code allowed 

the optimal correction factor for each spectra to be determined directly by including the 

correction factor as a parameter in the nonlinear fitting. This was not possible at the 

time the data were collected due to the complexity of the calculations and the computa

tional resources available. The individual correction factors determined from the nearly 
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fifty spectra showed a clear linear dependence on density of hydrogen and temperature 

of the system. 

4.3 Absorption Profiles 

Three example absorption profiles of the first overtone band of hydrogen, one for each 

of the temperatures, 77 K, 201 K and 295 K, are shown in Figure 4.4. Like all spectra 

produced from collision induced dipoles, these show the characteristic broad peaks as 

compared to the much sharper transitions seen in allowed absorption. 

The most striking feature of the profiles is the total lack of absorption from the overlap 

induction mechanism. While the overlap induction mechanism features quite strongly in 

the fundamental band of molecular hydrogen as well as the second overtone band, it can 

be inferred to be absent from the first overtone band due to the complete lack of any 

dip in the spectra, a critical feature of absorption induced by the short range overlap 

induction. 

It is also clear from a quick visual overview that there is a strong temperature de

pendence on the width of the peaks as the features narrow and become more distinct 

as the temperature drops. The reduction in width of the components, which is directly 

translated to the overall profile, is due to the drop in kinetic energy of the molecules at 

lower temperatures which results in longer collision durations. 

The observed spectra peaks have been labeled with the corresponding component 

assignment given in Table 4. 2 (except for the first peak, all the peak positions were 

determined by van Nostrand). It is observed that the features become more refined at 

lower temperatures and additional peaks become visible due to an increase in separation 

between the various components. In particular the 77 K profile clearly shows two peaks, 

(5) and (8) , which are not readily visible in the spectra recorded at 201 and 295 K. 
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Table 4.2: Assignment for the absorption peaks of the H2 first overtone band in the pure 
gas at 77, 201 and 295 K 

Peak Wavenumber Transitions 
77 K 201 K 295 K 

1 7578 Q2(J) + Oo(3) ,02(3) + Qo (J ) 
2 7750 7750 Q2(J) + Oo(2) ,0 2(2) + Qo (J ) 
3 8085 8100 8100 Q2 (J ) + Qo(J) 
4 8310 8325 8320 Ql(J) + Ql(J) 
5 8410 Q2(J) + So (O) 
6 8655 8660 8660 Q2(J) + So(l), Q1(J) + S1(0) 
7 8875 8875 8870 Q2(J) + So(2), Q1(J) + S1 (1) 
8 9200 S2(1) + So(1), S1(1) + S1(0) 

4.4 Profile Analysis 

The generation of the synthetic profile was carried out using a non linear least squares 

fitting procedure developed in the previous work[44] based on programs originally written 

by Gillard[17l with use of algorithms outlined in Numerical Recipes and refinements to 

the convergence criteria based on the work of Le Roy[59) and Watson. It was ext ended 

in the current research as noted in section 4.1 to allow an efficient exploration of the 

matrix adjustment factor as well as modified with extensions for stability and speed 

such as the ability to perturb the calculated parameters and refit to test robustness and 

the "compaction" of intensities to allow for a quick first pass fit to generate baseline 

parameters. The compaction would take a set of intensities and generate a set of pseudo

intensities by compacting all lines within a user defined percentage into one line. This 

reduced the number of transitions which needed to be calculated per iteration. This was 

turned off after the initial set of parameters were determined and then the fitting was 

redone with the full intensity list for maximum precision. 

Using the calculated intensities for the spectral components and the Birnbaum-Cohen 

• 
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lineshape function in the nonlinear fitting program it was found that the agreement 

between the observed and fitted spectra was rather poor with the calculations performed 

by van Nostrand. An example of such a fit at 77 K is shown in Figure 4.5. 

As previously noted, a similar discrepancy was studied in detail by Gillard(17J m 

the first overtone band of deuterium. A systematic analysis of the difference between 

the observed and fitted profiles lead to the discovery of a systematic pattern of too 

much relative intensity for the transitions involving a vibration change of 6. v = 2. This 

systematic difference is illustrated at 77 K in Figure 4.6. The same discrepancy was also 

found to be present in the 201 and 295 K spectra. When the fit was adjusted so that the 

observed and calculated spectra agree in the regions dominated by the 1-1 transitions 

(which refer to when 6. v = 1 for both collision partners) namely peaks 4 and 7, the 

intensity is too high in the regions which are dominated by the 2-0 transitions (which 

refers to when 6. v = 2 for one molecule and 6. v = 0 for the other which makes a pure 

rotational transition). 

To reduce the intensity of the 2-0 transitions, the corresponding quadrupolar matrix 

elements were reduced via a multiplicative factor. This factor was adjusted until a best 

fit was obtained using least squares criteria. Using a similar procedure van Nostrand 

optimized the synthetic profiles of the first overtone band of hydrogen and found that an 

average reduction factor of 0.68 gave the best fit for all spectra. Gillard performed the 

same procedure and found the same average factor to be optimal for the first overtone 

band of D2 . Xiang used a similar method with the same adjustment factor in the second 

overtone band of hydrogen. 

It should be noted clearly that this correction method does not imply that there is an 

inherent problem with the quadrupolar matrix elements. The uncertainty or error in the 

calculated matrix elements is very small, not nearly large enough to induce the magnitude 

of discrepancy being observed. This reduction of the 6. v = 2 quadrupole matrix elements 
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Table 4.3: Results of Profile Analysis 

Temperature 
(K) 
77 
201 
295 

Halfwidth Parameters 
61 62 

cm-1 cm - 1 

57(3) 
96(2) 

120(3) 

108 (20) 
197 (18) 
227 (11) 

58 

was just a computationally efficient way to adjust the necessary intensities. The physical 

behavior of this systematic discrepancy is proposed to be the influence of the mixing 

term between the anisotropic overlap and quadrupolar induction term which induces a 

negative influence on the overall absorption of those transitions being reduced as noted 

by equation 2.11 in section 2.1. 

Implementing the nonlinear fitting with the more recent Birnbaum-Cohen lineshape 

function and matrix element reduction, the Birnbaum-Cohen lineshape was found to give 

a better fit in a least squares sense (lower residuals) than the fourth power law lineshape 

used by van Nostrand. In agreement with van Nostrand, Figure 4.7 shows the huge 

increase in quality of fit due to the use of the matrix adjustment factor, this is the same 

experimental spectrum at 77 K as shown in Figure 4.5, the difference in agreement is 

simply due to t he effect of the matrix adjustment factor. 

Figures 4.8 and 4.9 show sample fits at 201 and 295 K respectively which also show the 

strong effect of the matrix adjustment factor. Due to the significant increase in number 

of components at the increased temperatures, 74 for 201K and 101 for 295 K, compared 

to just 28 at 77 K , the individual component profiles were not plotted for clarity. The 

fits at 201 and 295 K show the same high quality of agreement between the observed 

and fitted spect ra as the 77 K profiles. The fitted lineshape parameters for all three 

temperatures are presented in Table 4.3. 
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Table 4.4: Matrix adjustment factor statistics 

Temperature Slope Intercept 
(x 10-3 ) 

77 K -0.481 (15) 0.8046 ( 40) 
201 K -0.497 (38) 0.779 (10) 
295 K -0.54 (11) 0.777 (27) 

The molecular halfwidth 51 of the Birnbaum-Cohen lineshape were found to correlate 

strongly with the square root of t he temperature which was found by Van Nostrand for 

the 51 parameter when using the modified Lorentzian lineshape. A plot showing the clear 

linear correlation is given in Figure 4.10. The slope of the least squares determined line, 

with the intercept constrained to zero, was found to be 6.83 +/- 0.44 cm- 1 jVK. A fit 

was also performed with an unconstrained intercept, which was found to not significantly 

differ from zero. 

With the behavior reported by Gillard and others confirmed, a systematic study of the 

magnitude of the matrix adjustment factor was performed for all spectra, determining the 

optimal factor for each individual spectrum at each density for all three temperatures. 

Once all t he calculations were completed the results showed a strong and systematic 

correlation of t he matrix adjustment factor to both density of the gas and temperature 

of t he system. The matrix adjustment factor increased in magnitude wit h decreasing gas 

density, however does not extrapolate to one (no correction) at zero density, and to a 

smaller extent increased with decreasing temperature of the system. This relationship 

between the matrix adjustment factor and the density of hydrogen and the temperature 

of t he system can be seen in Figure 4.11 , with statistical details given in Table 4.4. 

It is clear there is a very strong linear correlation at all three temperatures, and aside 

from some spectra with high scatter at low densities (due to the recorded intensities 

-
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being very weak and thus having a low signal to noise ratio), there seems to be a clear 

temperature separation especially if the 77 K and 295 K data are compared. 

4.5 Conclusion 

The spectra of first overtone band of hydrogen was analyzed using the Birnbaum-Cohen 

lineshape as an update to the modified Lorentzian lineshape. In addition, the average 

rnatrix adjustment factor of 0.68 determined by van Nostrand was optimized for each 

spectrum for all densities at the three temperatures studied. These "fudge factors" were 

found to be strongly density dependent, slightly correlated to temperature, and to not 

extrapolate to no adjustment at zero density. This adjustment factor is interpreted as 

the influence of a mixing term containing an anisotropic overlap component. 



Chapter 5 

The fundamental band of D 2 in D 2-N2 and D 2-CO mixtures 

5.1 Introduction 

Collision-induced absorption (CIA) of the infrared fundamental band of D2 in the pure gas 

was studied at room temperature by Reddy and Cho[48J and at 22 to 77 K by Watanabe 

and Welsh[60J. Penny et al.[6l] investigated the band in the pure gas at 77, 196 and 298 K 

and analyzed the absorption profiles using the Levine-Birnbaum line-shape function in the 

form of a modified Bessel function of the second kind and Van Kranendonk's dispersion

type line-shape function for the intracollisional and intercollisional part, respectively, of 

the overlap-induced Q components and the symmetrized dispersion line-shape function 

for the quadrupole-induced 0, Q and S transitions. Gillard et aU62J investigated the 

81 ( J) + 80 ( J) transitions of D2 in the pure gas at 77 K, also in our laboratory. 

The enhancement spectra of the CIA of the fundamental band of D2 in binary mixtures 

with He, Ar, and N2 at room temperature were observed by Pai et al.[63] and with He 

and Ne at different temperatures in the range 77-298 K by Russell et al.[64l. Those 

two experimental studies were performed without a detailed analysis of the absorption 

profiles; the quadrupolar contribution was calculated from the molecular constants of the 

colliding partners and the overlap contribut ion was obtained by subtracting the calculated 

quadrupolar contribution from the total absorption of the band. 

In the present chapter the results of a study of t he enhancement absorption of data 

collected by G. Varghese on the fundamental band of D2 in D2-N2 and D2-CO mixtures 

66 
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is reported. These experiments were carried out with base densities of D2 in the range 

12 to 20 amagat and the total gas densities up to 130 amagat. When the data were 

collected the methods used to fit such spectra had not been developed in our laboratory 

which prevented the analysis from being performed until recently. This chapter presents 

the results of those methods being applied to these data, in particular the necessary 

frequencies and intensities for the required transitions were calculated to allow the spec

tra to be modeled with various semi-empirical lineshapes, and the binary and ternary 

absorption coefficients of the absorption profiles were determined along with other char

acteristic spectral quantities such as the band center and division of contributions from 

the quadrupolar and overlap induction mechanisms to the total profile intensity. 

5.2 Experimental Details 

A transmission-type absorption cell of sample path length 105 .2 em constructed of stain

less steel[43J was used to contain the experimental gases. A Perkin-Elmer Model 112 

single-beam double-pass spectrometer equipped with a LiF prism and a Golay detector 

was used to record the spectra. The light source was a water-cooled Globar operated 

at about 150 W. An instrumental slit width of 100 pm gave a spectral resolution of 3 

cm- 1 at 2994 cm-1, the origin of the fundamental band of D2 . The known absorption 

frequencies of atmospheric water vapor [65] and of liquid indene bands [S3] were used to 

calibrate the spectral region. Since the spectral region of D2 in its high wavenumber wing 

overlaps with water vapor absorption bands, the optical path was boxed in a polyethylene 

enclosure which was continuously flushed with dry nitrogen gas. 

For the experiments, research grade D2 and N2 were supplied by the Matheson Com

pany of Canada. The base densities of D2 were obtained directly from its isothermal 
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data[66] and along with the isothermal data of Nk671 and C0[68] was used in an interpo

lation method described previously in section 3.6 to determine the partial densities of N2 

and CO. 

S.3 Absorption Profiles and Absorption Coefficients 

A set of typical experimental profiles of the enhancement of absorption of the induced 

fundamental band of D2 in D2-N2 and D2-CO mixtures at room temperature are presented 

in Figures 5.1 and 5.2 respectively. The base density of D2 for both mixtures was 15.1 

amagat. The positions of the single transitions 0 1 (J) with J = 2 and 3, Q1 (J) and S1 (J) 

with J = 0 to 4, calculated from the molecular constants of the free D2 moleculel69J, 

are marked on the wavenumber axes. All profiles show the usual splitting of the Q 

branch into two well-defined Qp and QR components with their minima at the position 

of Q1 (0) . The splitting is similar to that observed in the fundamental band of H2 which 

is explained by Van Kranendonk[29J as an interference phenomenon occurring between 

the overlap dipole moments in successive collisions. In the collision-induced-fundamental 

band of D2 the isotropic part of the polarizability of D2 in the quadrupole-induction 

mechanism contributes to the intensity of the transitions 0 1 ( J), Q1 ( J) and 81 ( J). The 

isotropic electron overlap induction mechanism, on the other hand, contributes entirely 

to the Q1 ( J) transitions. The enhancement in the integrated absorption coefficient can 

be expressed as an expansion in density as shown in section 2.2. 

Plots of (1/ PaPb) aen against Pb for both D2-N2 and D2-CO mixtures are shown in 

Figure 5.3. The intercepts and slopes of the straight line graphs give the binary and 

ternary absorption coefficients, respectively, which are presented in Table 5.1. The en

hancement in the integrated absorption coefficient can also be expressed in dimensionless 
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Table 5.1: Absorption coefficients for the fundamental band of D2 enhanced by nitrogen 
and carbon monoxide. 

Mixture 

Binary abs. coeff. 
LXab 

(10- 3 ) cm-2 amagat-2 

2.82 (6) 
2.61 (1) 

LXab 

(10-35) cm6 s-1 

3. 73 (8) 
3.53 (1) 

Ternary abs. coeff. 
LX2ab 

(10-6 ) cm-2 amagat- 3 

5 (1) 
3.9 (1) 

form as shown previously in section 2.2. The new binary and ternary absorption coef

ficients represent transition probabilities induced in collisions of the type a-b and a-b-b 

respectively. The average values of the band center are 3140.0 cm-1 for D2 - N2 mixtures 

and 3074.8 cm-1 for D2 - CO mixtures. The values of the absorption coefficients in cm- 6 

s-1 for these two mixtures are also listed in Table 5.1. 

5.4 Profile Analysis 

Using values of 1.22[3] and 1.27[261 for t he quadrupole matrix element <Q> of N2 and 

CO respectively, and 11.8[271 and 13.2[281 for the isotropic polarizability < a > of N2 and 

CO respectively, the required binary absorption coefficients were calculated (equations 

2.31 and 2.33). For D2-N2 or D2-CO mixtures the following double transitions occur : 

01(J) (D2) + Qo(J) (N2 I CO) 

Q1 (J) (D2) + Qo(J) (N2 I CO) 

S1(J) (D2) + Qo(J) (N2 I CO), and 

Ql (J) (D2) + So(J) (N2 I CO). 

At room temperature the rotational quantum number J takes values 0 to 4 for D2 and 

0 to 25 for N2 or CO. As a result, the computation for the overlap component was 

performed for five J values (0 to 4), but for the quadrupolar contribution there are a 
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Table 5.2: Overlap and quadrupolar components in the CIA 1-0 band of D2 in D2-N2/ CO 
rnixtures at 298 K. 

D2 + N2 I co 
Overlap components 
Qoverlap(J), J=O to 4 

Quadrupolar components 
01(J); j=2 to 4 + Q0 (J)T J= 0 to 25 
Q1 (J), j=2 to 4 + Q0 (J), J= 0 to 25 
S1 (J), j=2 to 4 + Q0 (J), J= 0 to 25 
Q1 (J), j=2 to 4 + S0 (J)~ J= 0 to 25 

Total number of quadrupolar components 

1 Subscript 1 indicates tJ. v = + 1. 
2 Q0 ( J) indicates orientational transition. 
3 80 ( J) indicates pure rotational transition. 

Number of components 
5 

78 
130 
130 
130 

468 

series of transitions to be considered for each gas mixture producing five overlap and 

468 quadrupolar transitions as listed in Table 5.2. These were used in the appropriate 

line-shape functions (equations 2.50 and 2.51) to compute the synthetic profile. 

Examples of profile analysis of the enhancement absorption profiles of the D2 funda

mental band in D2-N2 and D2-CO mixtures are shown in Figures 5.4 and 5.5. Here 

there is an overall good agreement between the experimental and synthetic absorption 

profiles. The best fits are obtained without any shift in the overlap components Qov ( J) 

but there is density-dependent negative shift for the quadrupolar components. The re

sults of the profile analysis are presented in Table 5.3 which also includes the percentage 

contributions of the overlap and quadrupolar induction mechanisms to the enhancement 

profiles are also listed. 

In the present profile analysis the BC lineshape function was also used for the quadrupole 

components, but did not provide an improvement over the dispersion lineshape. However 
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Table 5.3: Lineshape parameters for the fundamental band of D2 enhanced by nitrogen 
and carbon monoxide. 

Perturbing Gas 5d de dq Td Tq % Contribution 
cm-1 cm-1 cm- 1 10-14 10-14 Overlap Quadrupolar 

2 131 ( 4) 1.5-2.5 71 (3) 4.1 7.5 46 54 
co 132 (2) 1.0-1.7 70 (3) 4.0 7.5 47 53 

in the analysis of the CIA spectra of the first overtone band of H2 in the pure gas at 

77, 201 and 295 K and in the binary mixtures of H2-Kr and H2-Xel62J, the BC lineshape 

gave a better fit to the experimental spectra, especially in the wings. 

5.5 Annotation 

This results of this chapter have been published in the Journal of Quantitative Spec

troscopy and Radiative Transferl15J. 
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Chapter 6 

The fundamental band of D 2 enhanced by helium, argon, and krypton 

The fundamental band of deuterium was studied in the binary mixtures of D2-He, D2-Ar, 

and D2-Kr, for several base densities of D2 and mixture densities of D2 with He, Ar and 

Kr, at 298 K, details are given in Table 6.1. 

6.1 Absorption Profiles 

Three examples of the enhancement absorption profiles of the D2-He mixtures are shown 

in Figure 6.1, similar profiles for the D2- Ar enhancement band in Figure 6.2, and for 

the D 2-Kr enhancement band in Figure 6.3. As with all spectra produced from collision 

induced dipoles, these show the characteristic broad peaks as compared to the much 

sharper transitions seen in allowed aborption. The contribution of the overlap indue-

tion mechanism is quite strong as illustrated by the sharp dip at approximately 3000 

cm- 1 . The observed spectra peaks have been labeled with the corresponding component 

assignment given in Table 6.2 . 

Table 6.1: Experimental details 

Gas Number of base densities Range of D2 Number of mixtures Range of perturber 

He 
Ar 
Kr 

4 
4 
3 

amagat 
16- 42 
3- 20 
9- 20 

77 

29 
17 
18 

amagat 
10 - 300 
10- 280 
10 - 110 

I 
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Table 6.2: Assignment for the absorption peaks of the D2 fundamental band enhanced 

by He, Ar, and Kr at 298 K. 

Peak Transitions 

1 01(2) + Qo(J) 
2 01 (3) + Qo(J) 
3 01(4) + Qo(J) 
4 Q 1 ( J) + Q 0 ( J) 
5 51 (0) + Qo(J) 
6 51(1) + Qo(J) 
7 51(2) + Qo(J) 
8 51(3) + Qo(J) 
9 51(4) + Qo(J) 

Table 6.3: Absorption coefficients for the fundamental band of D2 enhanced by helium, 

argon, and krypton 

Perturbing gas aab 

(x10-3 ) cm-2 amagat-2 

He 0.79 (1) 
Ar 3.01 ( 4) 
Kr 3.98 (4) 

6.2 Absorption Coefficients 

The spectral intensities were integrated to obtain the total absorption which was fitted 

using a linear regression model to determine the absorption coefficients. It was found 

that the influence of ternary absorption was not significant (p < 0.05) so only the binary 

coefficient was well determined. Values of the binary absorption coefficients so determined 

for the mixtures are given in Table 6.3. One of the main reasons for the extreme difference 

in the absorption coeffients is the polarizability matrix elements are quite different as 

noted in Section 2.4. 
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6.3 Profile Analysis 

The generation of the synthetic profiles was carried out using a non linear least squares 

fitting procedure adapted from programs originally written by Gillardl
17

l with use of 

algorithms outlined in Numerical Recipes and refinements to the convergence criteria 

based on the work of Le Royl59J and Watsonl70J. Using the calculated intensities for the 

components and the Birnbaum Cohen lineshape function it was found that the agreement 

between the observed and fitted spectra was good, with standard errors of approximately 

1 for the majority of the spectra. Comparisons of the synthetic profile and the experimen

tal data are given in Figures 6.4, 6.5, and 6.6, for D2-He, D2-Ar and Dz-Kr respectively. 

The full list of parameters for all spectra for D2-He is given in Table 6.4 to illustrate the 

distribution of the parameters in detail, similar spreads were found with D2-Ar and D2-

Kr. The overlap induction halfwidth 6d was quite consistent, the quadrupolar halfwidths 

6
1 

and 6
2 

less so, and for a few of the spectra the 62 parameter diverged and the lineshape 

in effect was reduced to the dispersion lineshape as noted in section 2.5. The parameter 

6c was found to be density-dependent on the amount of helium, (p < 0.05), as shown in 

Figure 6.7, for D2-He, Figure 6.8 for D2-Ar mixtures. and Figure 6.9 for D2-Kr mixtures. 

A weighted average was used to estimate the values for the overlap induction halfwidth 

6d, and quadrupolar halfwidths 61 and 62 with the results given in Table 6.5. 

As noted previously the influence of the overlap induction mechanism is quite strong. 

Specifically the percentage absorption due to the two induction mechanisms is given in 

Table 6.6. A histogram for the quadrupolar percentage for D2-He is given in Figure 6.3, 

to illustrate the spread is unskewed normal for the percentage absorption, the overlap 

spread was identical in behavior. The spread for the percentages in D2-Ar and D2-Kr 

followed the same distribution. 
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Table 6.4: Lineshape parameters for the fundamental band of D2 enhanced by helium. 

Density odl od2 od 

D2 He 
amagat cm-1 cm-1 cm-1 

16 302 156 (2) 321 (8) 148.8 (0.1) 
16 195 140 (2) 245 (8) 142.2 (0.2) 
16 127 161 (3) 271 (14) 148.0 (0.2) 
16 41 130 (16) 250 (96) 157.6 (0.8) 
22 128 173 (3) 269 (10) 145.8 (0.1) 
22 98 164 (4) 284 (16) 146.9 (0.2) 
22 72 183 (5) 347 (26) 147.7 (0.2) 
22 55 142 (4) 241 (18) 142.5 (0.3) 
22 37 120 (6) 219 (31) 149.9 (0.5) 
22 27 124 (7) 234 ( 43) 148.9 (0.6) 
22 17 128 (16) 230 (85) 148.0 (1.1) 
22 8 141 (140) 359 (1300) 146.6 (2.2) 
30 168 149 (2) 284 (7) 149.1 (0.2) 
30 114 149 (3) 268 (13) 148.9 (0.3) 
30 76 130 (3) 356 (24) 149.5 (0.3) 
30 46 121 (3) 241 (19) 148.8 (0.4) 
30 28 115 (4) 239 (32) 152.0 (0.6) 
30 17 95 (7) 247 (76) 159.1 (1.1) 
30 8 130 (47) 250 (270) 167.5 (2.0) 
42 126 153 (2) 270 (8) 149.2 (0.2) 
42 106 149 (2) 281 (10) 148.7 (0.2) 
42 82 150 (3) 273 (13) 147.9 (0.3) 
42 62 158 (3) 262 (13) 146.3 (0.3) 
42 50 150 (4) 273 (17) 148.7 (0.3) 
42 39 133 (4) 246 (18) 144.2 (0.4) 
42 27 241 (13) 214 (23) 151.4 (0.5) 
42 17 184 (16) 189 (33) 149.6 (0.7) 
42 9 130 (10) 250 (53) 148.1 (1.3) 
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Table 6.5: Lineshape parameters for the fundamental band of D2 enhanced by helium, 
argon and krypton. 

Perturbing Gas 6dl 6d2 6d slope for b"c vs density 
cm-1 cm-1 cm-1 (x10-2 cm-1 amagat- 1) 

He 148 (3) 273 ( 5) 148.8 (9) 5.0 (3) 
Ar 64.8 (9) 291 (25) 112.8 (5) 9.7 (3) 
Kr 54.6 ( 4) 319 (10) 109.3 ( 4) 9.6 (9) 

Table 6.6 : Percentage of absorption due to the quadrupolar and overlap induction mech
anisms in the fundamental band of D2 enhanced by He, Ar and Kr. 

Perturbing Gas 

6.4 Conclusion 

He 
Ar 
Kr 

Overlap percentage 
72 (2) 
60 (1) 
67 (1) 

Quadrupolar percentage 
28 (1) 
40 (1) 
33 (1) 

The enhancement spectra of the fundamental band of D2 in mixtures with He, Ar, and 

Kr was studied at room temperature. The binary absorption coefficients were calculated 

along with the percentage of absorption from the quadrupolar and overlap induction 

mechanisms. Appropriate lineshape functions were used to determine the synthetic profile 

and thus obtain the characteristic lineshape parameters and relevant density dependence. 

The parameter b"c of the overlap induction lineshape was found to be density-dependent. 
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Chapter 7 

Conclusions 

A brief summary of the work previously described in this thesis as well as a short com

mentary on possible refinements to the methods and the experimental setup and possible 

future avenues of exploration are described in the rest of this chapter. 

7.1 First overtone band of hydrogen 

Chapter 4 was a refinement to the lineshape analysis performed by van Nostrand on the 

2-0 band of hydrogen. With a method first proposed by Gillard for the work on the 2-0 

band of deuterium and later used by Xiang on the analysis of the 3-0 band of hydrogen, 

van Nostrand used a multiplicative "fudge factor" adjustment to the calculated spectral 

intensities to allow the synthetic profiles to match with the experimental profiles. 

Chapter 4 examined this "fudge factor" in detail which was previously calculated as 

an average correction for all spectra, but in this chapter it was included as a parameter 

in the lineshape analysis which allowed it to be refined to an individual "fudge factor" 

for each absorption profile at a given density and temperature. This made it possible 

to determine a definite correlation between the magnitude of the "fudge factor" and the 

density and temperature of the gas. 

Specifically the "fudge factor" has a linear dependence on the density of hydrogen and 

it increased as the density of the system decreased; however it did not extrapolate back 

to one (which would be no correction) at zero gas density. The "fudge factor" also tended 

to increase with decreasing temperature; however as only three temperatures (77, 201 

92 
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and 295 K) were available , there was not enough temperature data to give a statistically 

sound correlation. 

This "fudge factor" correction to the 2-0 calculated intensities in the overtone band 

of H
2 

is proposed to account for a mixed term between the anisotropic overlap term and 

the quadrupolar induction term which gives a negative contribution to the total intensity 

of the 2-0 transitions. 

7.2 The fundamental band of D 2 in D 2-N2 and D 2-CO mixtures 

The CIA fundamental band of D2 in D2-N2 and D2-CO mixtures was found to show the 

expected properties of collision induced absorption such as the broad peaks and relatively 

low intensities compared to the allowed spectra. In addition, the absorption profiles 

showed the specific Qp and QR splitting due to the presence of the overlap induction 

mechanism. 

The integrated absorption of the band was found to have a slight but meaningful 

ternary coefficient showing the influence of triple collisions on the total intensity which 

was characterized by the ternary absorption coefficient, a2ab, representing collisions of 

the type D
2
-D

2
-X, where X is either N2 or CO. The binary absorption coefficients were 

also calculated. 

The spectra were fitted with a number of semi-empirical lineshapes and were best 

fit by the dispersion lineshape which accounted well for the spectral intensity except 

for a small discrepancy in the region 3400 cm-1, which accounts approximately for one 

percent of of the total intensity. This discrepancy between the experimental and synthetic 

spectra was not reduced by the more complex lineshapes such as the BC lineshape as 

the 6
2 

parameter diverged to infinity which reduced the BC lineshape to the form of the 

dispersion lineshape. 
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As these spectra did not contain both the 1-1 and 2-0 transitions as presented in the 

work on the 2-0 band of hydrogen in Chapter 4 a "fudge factor" was not necessary to 

give a satisfactory fit of the synthetic profiles to the experimental profiles. 

7.3 The fundamental band of D 2 in binary mixtures D 2-He, D 2-Ar, and D 2-

Kr. 

The CIA spectra of the fundamental band of D2 enhanced by helium, argon, and krypton 

showed the same general structure for collision induced absorption spectra of D2-N2 and 

D2-CO mixtures as shown in Chapter 5. The spectra of Chapter 6 showed the same broad 

features characteristic of CIA and the specific dip due to the overlap induction mechanism 

found in the spectra of the fundamental and first overtone bands. The main difference 

between the spectra in Chapter 6 and the spectra presented in Chapter 5 is that in Chap

ter 6 mixtures produced enhancement spectra and thus the perturbers only underwent 

orientational transitions as they lack a quadrupole moment. The spectra of Chapter 5 

have perturbers with quadrupole moments and thus N2 and CO can undergo rotational 

transitions along with the vibration-rotation transitions of the deuterium molecule. 

The results of the analysis showed a significant difference in these spectra in regard 

to the integrated absorption as the ternary absorption coefficient was not found to be 

significant for the enhancement spectra of Chapter 6 though it was for the D2-N2 and 

D2-CO mixtures of Chapter 5. In the lineshape fitting a much better agreement to the 

experimental data was achieved as compared to the work presented in Chapter 5 which 

showed more discrepancy between the experimental and synthetic profiles, particularly 

in the wings. This improvement is due to three factors, first the lack of a significant 

ternary interaction gave a better estimate of the ArM factor in equation 2.39, second the 

enhancement spectra do not have the level of approximation of the D2-N2 and D2-CO 
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intensities which assumed a constant quadrupole and polarizability for the perturbing 

gases of which the J dependence was not known which added a level of uncertainly to 

the calculations. Finally many of the experimental methods had been refined since the 

D2-N2 and D2-CO data were collected which allowed the enhancement spectra of D2-He, 

D2-Ar, and D2-Kr mixtures to be collected and reduced with a much higher precision. 

In particular there was no smoothing of the experimental data which illustrates the level 

of noise in a meaningful way and the much better tapering to zero of the profiles in the 

wings due to the refinements of t he procedures used to deduce the absorption coefficient 

from the recorded spectral intensities as described in Section 3.7. 

7.4 Possible suggestions for improvement 

It is suggested that the experimental setup could be improved in a few ways. A number of 

alternative light sources were used during the course of the work as the traditional lamps 

used have shorter lifetimes. There are a number of very long lifetime lamps available, 

such as regular car headlights ; however, the filament image is not suitable and thus the 

intensities obtained were too low. A custom version of t he same basic lamp would solve 

the problem of frequent lamp replacements which produce significant down time because 

as the lamp is replaced new base spectra have to be recorded so the mixtures have to be 

started over from the base density. 

Secondly the greatest source of uncertainty in the spectral frequency is the lack of 

definite knowledge of the step counts. It was possible for the spectra which were to be 

averaged to be different by one to two step counts due to a number of factors such as 

load on the line which could cause the motor controller to skip. This was dealt with by 

the methods as described in Section 3. 7 and this could be refined if the exact angular 

rotation of the screw was recorded independently and there are devices in the market 

-
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which would allow such a determination to be made. This would not functionally change 

the nature of the information which would be obtained, but would just allow slightly 

more precision, especially in calibration. 

For the analysis of the experimental data, the main refinement would be a shift away 

from mean centered analysis and towards median based statistics which would be a major 

undertaking as it would require all affected programs to be completely recoded. Some 

of the programs for the data analysis were shifted to median based statistics during the 

course of the present work, but some are still mean based including the main program 

for the fitting of the spectral data. 

In terms of experimental work, an obvious extension would be to use the data of 

the 2-0 band of D2 recorded by Gillard and the data of the 3-0 band of H2 recorded 

by Xiang and perform a similar "fudge factor" analysis as was carried out on the 2-

0 hydrogen data of van Nostrand and verify if the correlation holds for the other two 

gases. Additional temperature data could also be collected using a boiling water bath 

for example to determine if a systematic connection could be found between the "fudge 

factor" and temperature. 
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