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ABSTRACT
Experimental studies of the isothermal density dependence of

frequency shift and line-width of the Raman Q-branches of N,, O

- it
and CO gases have been done. Light (514.5nm Wavelength) from an
Ar-ion laser was focused at the centre of a temperature controlled
cell containing the sample, and'scattering at 90° was analyzed
and recorded by photon counting techniques using a piezoelectrically
scanned Fabry-Perot interferometer, photo-multiplier tube and a
data acquisition and stabilization system.

* The isothermal Raman frequency shift and Iine-ﬁidth (FWHM) data
were collected over a density range of 10 Amagat to 450 Amagat
(70 psi - 1000 psi) for a set of temperatures close to the critical
temperature (Tc) for each gas (NZ’ 02 & C0). It was found that the
density dependences of both the shift and width exhibited anomalous
behavior under near-critical conditions. The anomaly reduced for
temperatures away from the critical temperature, and was found to
vanish completely in the case of frequency shift at T-TC > 3K.

The observed effects are qualitatively interpreted in terms of

'local density' fluctuations associated with molecular cluster formation.

It is assumed that cluster condensation occurs at a particular value

of density Pec? characterized by a large and sudden change in the
mean cluster 1ife-time. It is interpreted that for densities

P < Pees the observed Raman spectrum is mainly due to unclustered
molecules and for densities p > Pec? the observed Raman spectrum
is dominantly due to molecular clusters. Finally, it is concluded
that the Raman effect could be of great importance as a probe of

density fluctuations in the critical region.



ii

ACKNOWLEDGEMENTS

The author is greatly indebted to Dr. M. J. Clouter and
Dr. H. Kiefte for their continual guidance and encouragement
throughout the course of this work and in the preparation of
the thesis. I wish to thank My;. R. Guest who devoted much
time to the reproduction of the figures suitable for presenta-
tion. My thanks are also due to Mrs. G. L. Kerri for typing
the thesis.

The financial assistance of Memorial University of New-
foundland in the form of a graduate fellowship qnd teaching

assistantship is gratefully acknowledged.



ABSTRACT

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF TABLES ' g

LIST OF FIGURES

CHAPTER 1

CHAPTER 2

2.

CHAPTER

CHAPTER 4

Sy O BB W N

INTRODUCTION

THEORY

Frequency Shift due to the Isotropic Intermolecular
Forces .

(a) The linear coefficient, a
(b) The quadratic coefficient, b

Motional Narrowing

APPARATUS AND EXPERIMENTAL TECHNIQUE

Laser

Interferometer

Photo-multiplier Tube and Detection System
Data_Acquisition and Stabilization System
Scattering Cell and Temperature Control

Cryostat

RESULTS AND DISCUSSION
Procedure

Data

Discussion

iii

Page

ii

iii

vi

10
12
14

17
17
20
22
23
25
31

- 3B

35
40
40



REFERENCES
APPENDIX A

(a)
(b)

Relative Raman shift, vy,

Line-width (FWHM), r

iv

Page

77
91

96
99



Table 4.1

Table 4.2

Table 4.3

Table 4.4

LIST OF TABLES

List of critical constants Pe> and Tc and

calculated value of (vQ—vQ) for NZ’ 02 and CO.

List of the relative
the Raman Tine-width

densities, for N2 at

List of the relative
the Raman 1ine-width

densities, for 02 at

List of the relative
the Raman line-width

densities, for CO at

Raman frequency shift and
data, at different

three different temperatures.

Raman frequency shift and
data, at different

three different temperatures.

Raman frequency shift and
data. at different

four different temperatures.

Page

41

42

48

55



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1

Ty

13

3.1

3 £

N

3.4

4.1

q. 4.2

4.3

LIST OF FIGURES

A resolved spectrum of the Raman Q-branch

for dilute gaseous nitrogen at 77K.

The Raman vibration-rotation band for N,
which shows resolved 0 and S branches but

an unresolved Q-branch.

A resolved Raman Q-branch spectrum for H2

at a density of 200 Amagat.

Block diagram of the overall experimental

-set up.

The scattering cell (vertical section).
Block diagram for temperature control.
The Cryostat.

Shows a typical Raman Q-branch spectra for

two different densities.

Plots of relative Raman shift vs. density

at different temperatures for N2‘

Plots of relative Raman shift vs. density

at different temperatures for 02.

vi

Page

- 18

27

29

33

38

64

66



Fig. 4.4
Fig. 4.5
Fig. 4.6
Fig. 4.7
Fig. 4.8_
Fig. 4.9
Fig. 4.10

Plots of relative Raman shift vs. density

at different temperatures for CO.

Plots of the full width at half maximum
of the Raman Q-branch vs. density at

different temperatures for NZ‘

Plots of full width at half maximum
of the Raman Q-branch vs. density at

different temperatures for 02.

Plots of full width at half maximum

‘of the Raman Q-branch VSs. density at

different temperatures for CO.‘

a) Plots of relative Raman shift vs.
density at temperatures closest to Tc
(taken in this experiment) for P 02"&
CO0, and b) corresponding plots for line-

width.

Showing the variations in the density
distribution of unclustered molecules and

clustered molecules with bulk density.

Showing the Raman spectrum due to unclustered
and clustered molecules and how this gives rise

to the anomaly in v - v _ near the critical region.

vii

Page

68

70

72

74

76

83

86



viii

Page
Fig. 4.11 Shows the occurrence of the anomaly given 90

by the equations (4.8) and (4.9).



CHAPTER 1

INTRODUCTION

The study of intermolecular forces by spectroscopic methods
has been a fruitful field for many years. Such investigations when
carried out with compressed gases, where the density and temperature
can be easily and independently varied, are of special interest.
There are of course a great variety of spectroscopic methods which
can be used; these can be classified in a general way as emission,
absorption and scatteiring procedures.

This thesis is concerned primarily with the density dependent
effects of intermolecular forces upon the vibrational Raman spectra
of simple gases. The gases chosen for this particular study were
N2, 02 and CO.
As is well known, Raman scattering (1, 2) arises in gases as a
result of the change of the polarizability tensor, caused by either
rotation or vibration of the molecule. The anisotropic part of the
po]arizabi]ity tensor is responsible for the rotational and rotation-
vibrational Raman scattering while variations in the isotropic part
cause vibrational Raman scattering. The isotropic Raman scattering
is highly polarized and occurs in the purely vibrational transitions
(Q-branch) of the rotation-vibration Raman band of a totally symmetric
vibration mode.

The selection rules (1, 2) (av = +1, ad = 0, *2) for the Raman
spectrum of a vibrational transition allows for three branches namely,
S-branch (aJ = 2), O-branch (Ad = -2) and Q-branch (ad = 0). The S

and 0 branches are very much weaker since their lines are not

superimposed. They form a series somewhat similar to the R and P



branches of the infrared bands except that the line separations
(2) are about twice as large. A Raman vibration-rotation band for
N, is represented in Fig. (1.2), which shows resolved 0 and S
branches but an unresolved Q-branch.

A Raman Q-branch is a series of closely spaced lines corresponding
to the complete (populated) set'of rotational states of the molecule.
For the O -+ 1 vibrational transition the difference between the rotation
constants B0 and B], responsible for the separation between the'Q—1ines
of a free molecule is very small; consequently all the lines of the
Q-branch are very close. Fig. (1.1) shows a theoretically calculated
spectrum of the Q-branch for dilute gaseous nitrogen at 77K. When
the molecule is subjected to collisions in a compressed gas the
individual lines of the branch broaden; however, when they overlap
completely, as they do for most molecules at relatively low pressure,
the phenomenon of "frequency degeneracy" (to be explained in chap. 2)
occurs and the broadening ceases (3). It is for this reason that the
Q-branch of N2, 02 and CO in the course of this work is observed as
one unresolved band over all pressures used. The only molecules for
which the Q-branches are readily resolved into individual lines upto

fairly high pressures are H2, D, and HD. A well resolved Raman Q-branch

2

spectrum for H, is shown in Fig. (1.3) at a density of 200 Amagat.

2
Since the effect of vibrational perturbation is superimposed
on the Raman Q-branch, it is, in principle, an ideal one to study
the action of intermolecular forces on molecular vibrations. The
isotropic Q-lines are broadened and shifted in frequency due to
molecular collisions. The theoretical investigation of collision

broadening and shifting of the Raman spectra was done by Van

Kranendonk and co-workers (3-6) using the so-called impact collision



FIGURE 1.1
A resolved theoretical spectrum of the Raman Q-branch for dilute
gaseous nitrogen at 77K.

(Reprinted from Ref. (21)).

FIGURE 1.2
The Raman Vibration-rotation band for N?, which shows resolved 0
and S branches but unresolved Q-branch.

(Reprinted from J. Opt. Soc. Am., 58, 311 (1968)).

FIGURE 1.3

A resolved Raman Q-branch spectrum for H2 at a density of 200
Amagat.
(Reprinted from Ref. (10)).
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approximation. The theory showed to a first approximation that the
shifts in the Q-branch are produced only by perturbations of the
vibrational motions of the molecules. Gray and Van Kranendonk (6)

have shown that the anisotropic forces which broaden the vibrational
lines do not contribute to the shifting. A somewhat different approach
was proposed by Gordon (7, 8) but explicit calculations were not
performed. Extensive experimenté] study has also been done. The work
of the molecular physics group at the University of Toronto is of
particular interest (9-17).

The Raman frequency shift measurements of the Q-lines of the
hydrogen molecule has been well studied by May et al. (9, 10). These
results were interpreted on the basis of a statistical model, with
the basic assumption-that the shifts are due entirely to vibrational
perturbations. Their model shows that a systematic shift in the
phase of the vibrational motion which leads to a shift in theAvibrationa1
frequency is caused by the isotropic intermolecular forces. Experimental
results on the Raman frequency shift for Hys N, and HD molecuies (9-17)
have been interpreted quite well by this model.

With respect to the vibrational Raman spectra in particular,
there is another effect due to collisions which is the optical
analogue of the motional narrowing in NMR (18). This effect was
first observed by May (19) for CO and later by Varghese (12) for N, .

It was shown by Stryland et al.(20) that the width of the Q-branch

of N2 decreases with increasing pressure. The band profile was found
to be highly asymmetrical at low pressures, while very nearly
symmetrical at high pressures. Observations of Scotto (21) and
Clements and Stoicheff (22) have also shown that the band-width is

further reduced in the liquid state and is much narrower than one



would expect from the splitting that arises from vibration-rotation
interactions. |

A partial explanation of the effect was given by Fiutak & Van
Kranendonk (3), who refer to it as a "frequency degeneracy" phenomenon.
The first theoretical exp1anétiqn‘ of the "motional narrowing"” of
the Raman Q-branch was given by Alekseyev & Sobelman (23, 24). They
have determined the density depehdence of N-branch profile from
independently broadened components at low densities, to overlapping,
and then to narrowing of the band at high densities. Very recently
Temkin & Burshtein (25) have also given a theoretical treatment of
motional narrowing which is in agreement wifh the similar work of
Brueck (26).

Experimentally, motional narrowing has been observed by May et al.

(27), Wang & Wright (28) for N, and CO molecules, by LeDuff (29) for

2

N, dissolved in SF., by LeDuff & Holzer (30) and by Altmann et al.(31)

2 6’
for H2, 02’ HF and N2 molecules dissolved in inert liquids. A qualitative
agreement has been found between the theory and the experimental results.
It has been quantitatively analyzed by May and Co-workers (14-16) for
compressed HD where the Q-branch components are well resolved over a
wide range of densities. A theoretical calculation for Q-branch of
HD has been presented recently by Bonamy et al.(43). Recent obser-
vations by Clouter and co-workers (32-33) for pure liquid Ny s 02 and
CO as well as the theoretical work of Brueck (26) indicate that
motional narrowing may be the dominant effect over most of the liquid
range. However, at the highest 1liquid densities, near the triple

point, a different broadening mechanism comes into play. This effect

which is referred to as "vibrational dephasing" has been investigated



in some detail by Laubereau and co-workers (34-36), but since it is
not particularly relevant to the present work no furthef e1aborat{on |
will be given. A more detailed resume of the theory associated with
the vibrational frequency shift and motional narrowing is presented

in Chapter 2. Chapter 3 gives a detailed description of the apparatus
and the experimental techniques - used. In Chapter 4 new data for

the Raman Q-branch near the critical point of Nz, 02 and CO molecules
has been presented.

The main result of this work is the observation of previously
unreported anomalies in the density dependence of both the frequency
shift and width of the Q-branches under these (near-critical) conditions.
A similar anomaly in intensity of the vy band of CO2 in pressure
induced absorption has been reported by Mannik and Stryland (37).

A qualitative interpretation of the anomaly given in Chapter 4 indicates
that such measurements may be of great value as a probe of the

critical phenomenon.



CHAPTER 2

THEORY

Since Raman scattering (1, 2) arises from the polarizability
of a molecule one can see in a semi-classical way how collisions
influence the spectrum. The polarizability tensor can be decomposed
into a spherically symmetric component and an anisotropic component.

The anisotropic component is a #unction of the phase of rotation and

of the orientation of the angular momentum of the molecule. Thus

either rotationally inelastic collisions cr collisions which change

the orientation of the angular momentum (or phase of rotation of a
molecule) will broaden and shift the rotational Raman lines. Similarly,.
vibrationailly inelastic collisions or collisions which shift the phase
of the vibrational motion will broaden and shift the vibrational

Raman Tines.

There is also an indirect effect due to the rotation-vibration
interaction which leads to the motional narrowing phenomenon. Molecules
with different quantum number J will have slightly different vibrational
frequencies, and rotationally inelastic collisions will cause the
molecules to hop from one vibrational frequency (in the same vibrational
level, due to very long 1 - 0 relaxation time) to another. As the
collision frequency increases the individual components of the Q-branch
start overlapping, and in the region where the rotation-vibration
interaction is comparable to the collision frequency the overlapping
is complete and motional narrowing starts. In the following two
sections, the Raman frequency shift and motional narrowing are dealt

with separately.



2.1 Frequency Shift due to tne Isotropic Intermolecular Forces

In a practical sense the perturbation of the vibrational
frequencies of molecules is the most important.of the spectral
effects of the intermolecular forces. May et al.(9, 10) and Welsh
et al.(11) have measured the frequency shift of the individual
Q-branch components of compressed hydrogen molecules. Their
interpretation was based on the principle that the frequency shifts
associated with isotropic Raman scattering arise entirely from
perturbations of the vibrational motion by isotropic interactions.
It has in fact been shown by Gray & Van Kranendonk (6) that the
anisotropic forces do not contribute to the shifting.

It was determined that the obsgrved shift of a given Q-branch
component (e.g. of HZ) could be expressed in a virial type expansion

in powers of the density (9, 10, 38), -

\)(J)p = \)(J) =a.o+tbp + ... (2])

J )

where, v(J) is the Raman frequency of a free molecule in rotaticnal
state J, ay and bJ are J-dependent and temperature dependent constants.

The co-efficient a, has been found to be of the form,
ay = a; + a_ (mJ/m)

where, a; and a_ are constants and mJ/m is the relative population

of the initial rotational state J. The first term in equation

(2.1) arises from binary interactions (9, 10), whereas the second
term gives the contribution due to triple interactions which includes
the contributions from the non-additive intermolecular forces

(38, 39).
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(a) The Linear Coefficient, a
The coefficient a that describes the frequency shift due to
binary interactions can be determined by assuming that the molecule
is an anharmonic oscillator with an internuclear potential of

the form;

U= f(r-re)2 + g(r—re)3 + j(;—re)4 +..... (2.2)

The isotropic intermolecular potential of a pair of molecules

1 and 2 distant R12 apart can be written as,

Vip(Ryp) = Vg, + (aVy,/ary ) (ry-ry) + (1/2)(azvlz/ari)e(rl"h)z

2
+....+ (3 Vlz/arlarz)e(rl-re)(r2~re)

f....+ (avlz/arz)e(rz-re) S R (2.3)

where ry and r, are internuclear distances of the two molecules.
In the calculation of the shift due to the isotropic forces, for
binary interactions (apart from a 'couph‘ng’I effect to be discussed
later) one can write for the potential energy of the perturbed

molecule 1 with the help of equations (2.2) and (2.3):

U, = f(rl-re)2 B g(rl-re)3 + j(rl-re)4 + v;(rl-re)
- (V;/Z)(rl-re)z toonn. (2.4)

[}
where,_V1 = 6V12/6r1, etc.
The perturbation of the frequency of a Q-transition of molecule
1 by the second molecule due to istropic intermolecular force is

found to be

v, = C1V1 + c2V1 (2.5)
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where, C] and 02 can be calculated from the known constants of
the free molecule. Expressing the intermolecular potential in

the Lennard-Jones form

12

6
Rz -

V ]2’

= A/ B/R

12

and differentiating V with respect to r, one gets after substituting

in equation (2.5),
av; = (CqAy + CAT)/RIZ - (C B, + C,8,)/RS (2.62)
Vi 1™ 7 2t 2 11 7 2712 -0a
or one can write

_ 12 6
Avy = Krep/Rlz - Ktt/Ryo (2.6)

Thus Av; can be represented by the difference of two terms due
to the repulsive and attractive forces and characterized by the

parameters, K and Ka

rep tt’

The mean value of the total shift is obtained by summing the
Av; over all perturbing molecules, multiplying the result by the
molecular distribution function and integrating over all configuration
space. This amounts to weighting equation (2.6) with the pair
correlation function g(R]Z) and‘integrating over the variable R]Z'

An important assumption is made here that g(R]Z) can be expanded

as a power series in the density that takes the form,

9(Ryp) = 9o(Ry,) + Logy(Ry,) + L%%g () + ... (2.7)

After going through the procedure mentioned above one finds that

a; can be expressed as



12
d7-5 KrepI] - Katelo (2.8)
where, I1 and I2 are temperature dependent integrals given by,

= szR]g exp(-V(R;,)/KT) {exp(—V(R13)/kT)41}

: : 2
. {exp(—V(R23)/kT)—]} QwR]ZdR12dx]3dy13dz13, (2.9)

with gq=12 and q=6 for I] and 12, respectively.
For the calculation of the small 'coupling' term a.»

the potential energy used is;
Ui = Fry-r )2 + f(r,-r )2 + (Vll ) (ry-r ) (r,-r ) + (2.10)
12 1 e 2 e 12 1 e 2 e o .

If the L-J potential is assumed for the interaction as was done
for a;» after applying the same statistical procedure as that for

ass the mean shift due to coupling can be obtained as
avg =(u/8FMAHI, = By, I ) (my/m)

and a, =(me/8f){A - By,I,}

1241 © Brela
where, I] and I2 are the same temperature dependent intebra1s as

above.

(b) The quadratic coefficient, b
The coefficient b describes the contribution to the shift
from the triple interactions including the non-additive contribution

and can be expressed as,

- 12 (1) 2 2
b = Lav(Ry,) 577 (Ry,) 4n R,dR;, + L7 (av(RiRRy) - av(Ry5)
- (0) 2 52 p2
av(Ry3)}  f377 (RR,RJ) 167 Ry, Ry dRy, dRyo (2.11)
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where, L is Loschmidt's number; and the quantities Av(R]RZR ) and

3
Av(R]z) = Av(R]RZ), denote the vibrational frequency shift in a
cluster of three and two molecules respectively. The function
fﬁk) (R] ..... Rh) is given by

Y =k§0 fﬁk) (18 ’
whére, Y is the configurational probability density; for h=2 it
is the same as the pair distribution function g(R]Z) mentioned
above. The first term in the expression for b in equation (2.11)
is due to the density dependence of the pair distribution function.
The second term gives the contribution from the non-additive part
of the shift in a cluster of three molecules.

The non-additive intermolecular potential, Vna(R1R2R3) in
a triple interaction is defined by

V(R]R2R3) = V(R]Rz) + V(R]R3) + V(R2R3) - Vna(R]R2R3)

As a model the theoretical expression taken for Vna is (40)

V__(R,R,R,) = 2h(R.R,R,)

na( 1723 1723

where 2 =(3/2) (E]+E2+E3) E]E2E3a]a2a3/(E]+E2) (E2+E3) (E3+E])

= 3
and h(R]R2R3) = (3c056]cosezcose3+1)/(R]2R13R23)
In the above expressions, & and o denote the ionization energy and mean
polarizability of molecule,i and 61> 8, and 6, are the internal
angles of the triangle formed by the three molecules.
Representing the additive intermolecular potential by a L-J

model, one finds that
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b =K (I3+I

rep 5) - Katt(I4_16) * Khal7

] "
where, K and Katt are the same as for a; and Kna = Clz + C22 , while

rep

C1 and 02 have the same meaning as it is in the case of a, and the
dash denotes differentiation with respect to the internuclear dis-
tance in the central molecule. I3 ...I7 are temperature dependent
integrals similar to I1 and 12 (10,39).

It is worth noting that in the present work, the linear term

is by far the most important. For interest sake, the magnitudes

3

at 85K are -9.76 X 10~

of a. and bj for H cm'I/Amagat and 6.28

J 2

X 10° cm'I/Amagat respectively, for J=1 (10). The repulsive part
of aj is found to be strongly temperature dependent while the

attractive part remains practically constant.

2.2 Motional Narrowing

It was Alekseyev and Sobelman (23,24) who first gave the
theoretical explanation of motional narrowing treating the collisions
between the molecules as binary and instantaneous with a simple
two level model. Very recently Temkin & Burshtein (25) have developed
a theoretical treatment of the motional narrowing of the Raman
Q-branch in the strong-collision approximation.

When Jl-J transitions occur because of inelastic rotational
collisions, a change in the free molecule Q-transition frequency

takes place. If the collisions are strang enough, then the prob-

Note: Section 2.1(b) has been outlined only in brief since it is
not necessary for subsequent analysis.



ability of changing the frequency coincides with equilibrium

Boltzmann distribution ¢(J), given by
¢(J) = 8(23+1) exp {-BJ(J+1)}

where, 8 = h2/2IKT
T, is the temperature and I is the moment of inertia of the

molecule. The spectrum can be given by
G(v) = (1/x) Refon(t)exp(-iv(t+2h/2kT))dt = F(v)exp(hv/2kT)

where, dQ(t) is the correlation function of the polarizability

tensor, and F(v) was found to be,

F(v) =(dQ(o)/mvg) I ((exp(-2)) E;(Z)/1+iy(exp(-2)) E;(2))
where, S = fQO;(J)dJ = o T/(h%/21K)

Z= v/CQ - iy, and v = 1/3q1,,

and 3 is the relaxation time of the rotational angular momentum
and vQ is the frequency of the individual Q-branch components in
the free molecule limit, given by vq © aeJ(J+1).

Now consider the two limiting cases of densities namely the

very low density case (y»0) and the high density case (y >> 1).

In the Tow density 1imit F(v) reduces to the intensity distribution

of a free classical rotator. While in the high density limit

the half width of the isotropic band is given by

= (Gb)z 5

15



and the peak frequency of the band shifts from vQ by an amount
(vQ - CQ), where vQ is the peak vibrational frequency of the Q-band

for the free molecule. Considering the case of gases
_ -1
TJ = (pko)

where, v = average thermal velocity

a; = cross-section for the scattering with change of
rotational state

and p = gas density.

The full-width at half maximum (FWHM), T, is given by
— ".lr. 2
r = Z(QOJV) 1(ae/Be)(kT/h)} .

Hence, we see that the width of the isotropic band decreases
inversely as the density increases. This is what is called

the "motional narrowing" effect. It has been observed for
gaseous N2, CO and HD (13-17, 27, 28) and for liquid N2, O2 and
co (21, 32, 33).

Apart from motional narrowing, at very high densities the
band may show some pure vibrational broadening. It has been
reported for liquid 0, and N2(32). At very high densities (e.qg.
liquid) where motionai narrowing is complete the Raman line-width
may be due to the "vibrational dephasing" as claimed by Laubereau
& co-workers (34-36) for liquid N2. However, it is the motional
narrowing mechanism which is of greatest importance in the present
case; therefore, no further elaboration of vibrational dephasing

will be given.

16



CHAPTER 3

APPARATUS AND EXPERIMENTAL TECHNIQUE

The overall arrangement of the apparatus used in this research
js shown schematically in Fig. (3.1). Briefly, light from a
single mode Ar-ion laser was fogused at the centre of a temperature
controlled cell containing the sample. The Raman scattered 1light
at 90 degrees was analyzed by a piezoelectrically scanned Fabry-Perot
interferometer (Burleigh Model RC~10). Photon counting techniques
were used, with cooled ITT FW 130 photomultiplier tube (PMT) as
the basic detectar followed by an amplifier/discriminator (Princeton
Applied Research Model SSR 1120) and a Fabry-Perot Data Acquisition
and Stabilization System (Burleigh Model DAS-1). The apparatus
and experimental techniques used will be described in some more

detail under following headings:

1. Laser

2. Inteferometer

3. Photomultiplier Tube and Detection System
4. Data Acquisition and Stabilization System

5. Scattering Cell and Temperature Control

6. Cryostat

3.1 Laser
The incident 1ight source used for the Raman line-width
and frequency shift measurements, was an Ar-ion laser (Model

165-08 Spectra Physics). Basically, it consists of a high current



FIGURE 3.1

Block diagram of the overall experimental set-up.

18
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gas discharge tube, excited with a direct current of about 25A

and placed in an optical cavity of length 1.18 m. The principle
laser emission was in the blue-green region of the Yisib]e spectrum.
By the use of an intracavity prism one particular laser line at
514.5 mm was selected out of several individual lines, and was

used throughout this research., The laser action of this line was
restricted to one mode by using a temperature controlled intercavity
etalon assembly (Model 589, Spectra Physics). The laser was found
to be very stable and “"mode-hopping” was absent for many hours

of operation. The average width of the laser line due to high
frequency "jitter" was found to be about *5 MHz.

The laser beam, always polarized perpendicular to the
(horizontal) scattering plane, was focused at the centre of the
sample cell by a lens (Li) of focal length 29.4 cm, through an
aperture (A]). The Raman scattered 1light at 90 degrees was
passed through a filter of about 10 inm band-width and was then
collected by a second lens (L2) of focal length 50 cm, through an
aperture (Az) and then directed into a Fabry-Perot interferometer

for centre spot scanning.

3.2 Interferometer

The Fabry-Pérot (FP) interferometer, basically, consists of
two partially transmitting mirrors held parallel to each other
in an invar structure. If the FP cavity is illuminated by a beam
of monochromatic Tight, it will transmit the beam when the condition

for constructive interference

2nd cose = mA (3.1)



js satisfied.
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n is the refractive index of the medium between the two surfaces,

d is the mirror spacing,

@ is angle between the transmitted beam and the normal to
the surfaces,

m is the order of interference,
~and A is the wavelength .of the transmitted light.
Since the light transmitted along the optical axis (i.e. 0=0°)

was studied, therefore equation (3.1) reduces to,
mx = 2d, (n = 1, for air).

By varying the spacing (d) the order number and trahsmitteq
wavelength corresponding to 6 = 0% are changed. Scanning is
accomplished in moving one mirror with respect to the other by
applying a highly linear sawtooth sweep voltage to the three
piezoelectric elements (PZT's), supporting one of the mirrors
at 120° spacings about its circumference. To a good approximation,
the mirror separation (d) varies linearly with the voltage applied
to the PZT's. Alignment of the mirrors to A/250 parallelism is
achieved first by differential screw adjustments and then by means
of applying independent adjustment biases to each of the PZT's.
The later operation was performed by the use of the Data Acquisition
and Stabilization System (to be described later).

The main characteristics of the Fabry-Perot interferometer
are its Spectral Free Range (SFR), and its Finesse (F). The SFR,
defined as the separation (in frequency or wavelength uynits)

between two consecutive maxima, is given by



SFR = C/2nd * (in Hz)

where, C is the velocity of 1light in vacuum. In these experiments
several different SFR's were used by changing the mirror spacing.
The instrumental width defined as the line-width (full width at

half maximum) of a monochromatic light, is given by;

’

Av = SFR/F

where, F is finesse. Consequently, we see that the finésse is
the fundamental measure of the interferometer¥ resolving power.
The finesse is determined and limited, mainly by (1) mirror
reflectivity of less than unity, (2) lack of parallelism and |
flatness of the mirror surfaces and (3) diffraction loses dué to
finite aperture of the interferometer. Contributions (1) and (2)
are usually dominant. In this experiment A/200, 2-inch plates
with 98% reflectivity were used such that contribution (1) and (2)
are approximately equal and the total finesse is given by
F2 = §F;2 (Fi's are the individual contributions). An over all
finess; of F = 60-70 was attained throughout these experiments.

Further detailed description of the F-P interferometer can be

found in the M.Sc thesis of I.E. Morgan (41).

2.3 Photomultiplier Tube and Detection System

The light passing through the Fabry-Perot interferometer
was focused with a lens (L3) of focal length 78.3 cm onto a
pinhole (A3) placed in front of a photon detector. The detector

used was a sensitive, low dark count, photomultiplier tube (PMT)
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(ITT FW 130, Electro Optical Products Div. ITT). The low dark
count was mainly due to the small photo-cathode area ( 0.25 cm
diameter). The tube was mounted in a thermoelectrically cooled,
RF - shielded chamber (Model TE 104 RF, Products for Research).
Consequently, controlling the temperature of the cathode to (-20
iO.S)OC further reduced the dark count to a value of about 1 count
per second. |
A lens of focal length 7 cm was installed in the front end
of the RF chamber to focus the Tight, coming through the pinhole
(A3), on the small cathode area. The signal from the phototube
was amplified and pulse-shaped by an amplifier/discriminator (AD)
(Model SSR 1120, Princeton Applied Research) which was placed close
to the phototube to prevent the attenuation of weak signal and
stray pick-up 1in the leads. The amplified signal from the AD
was fed to the scalar of the DAS-1 system in the form of 1 volt

pulses (each pulse corresponding to a detected photon).

3.4 Data Acquisition and Stabilization System

Basically, the DAS-1 (Burleigh Instruments Inc.) provides
for a digital voltage sweep to scan the Fabry-Perot, automatic
correction for thermal drift of the mirror spacing and frequency
drift of the source, automatic finesse optimization of the Fabry-
Perot, and a 1024 channel multichannel analyzer (MCA) to accumulate
and manipulate the data. The instrument was designed for recording
weak spectra and hence repetitive scanning of the Fabry-Perot

interferometer is employed.

A ramp voltage supplied by the DAS-1 is used to drive the
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.PZT's of the Fabry-Perot through a high voltage amplifier. Each
of the 1024 channels are sequentially addressed in synchronism
with the scanning of the FP by the same ramp vo]taée. Each time
a photo-pulse arrives a count is added to the memory channel cor-
responding to that section of the ramp voltage. The number of
the incremented channel éorrequnds.directly to the ramp vo]tage..
As a result, the frequency spectrum'of the scattered 1ight accumulates
in the memory of the DAS-1. Data acquisition is prohibited by
logic circuitry during the fly-back portion of the ramp wave-form.
The axial drift stabilization pbrtion of the DAS-1 e]iminates
fhe effect of long term frequency drift of the laser or axial drift
of the interferometer cavity. It does this by centering a given
line in the spectrum (in this case a laser component) in a sensing
window consisting of a group of channels bracketing the peak of
the Tline. After each sweep the instrument performs a comparison
of the number of counts in each half of the window and any tendency
of the chosen line to drift from the center of the window is
nullified by the application of a correction bias to the PZT's
of the FP interferometer. The magnitude of the correction bias
can be adjusted by a factor of 16:1 in steps of 2x depending on
the ramp repetition rate and the drift rate. |
Finesse optimization (i.e. correction for misalignment of
the interferometer cavity) is done by a similar technique as axial
drift stabilization. Counts in the finesse window centered on
the reference 1ine are accumulated on each sweep. On every second

sweep,asmall test voltage is applied to the PZT elements to tilt
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the mirrors first in ¢ direction and then in @ direction. The
logic circuit compares the counts and tries to maximize the number
of counts by applying proper correction voltage.

The DAS-1 also incorporates a provision (Segmented Time Base)
that allows the ramp to slow down for specified regions of the
spectrum; speed ratios and the g}tent of the fast and slow regions
are manually adjustable. Since the ramp addresses both the FP
and the channel numbers, the display remains linear in frequency.

As the count rate was very low in these experiments, the
above provision was used to reduce the time for spectra recording.
The spectrum is simultaneously accumulated in the DAS-1 memory’ ‘
and is continuously displayed on a CRT. An intensified spot
called "Bug" can be positioned to address any channel of the
memory. The alphanumeric portion of the CRT displays the Bug channel
number, the total number of counts in that channel, and the full
scale of the CRT display. Background subtraction 1{s another useful
feature of the DAS-1. The output from the DAS-1 is fed to a strip

chart recorder to record the spectrum permanently.

3.5 Cell and Temperature Control

The scattering cell used in these experiments (Fig. 3.2) was
specially designed by Clouter et al.(42) to withstand the large
temperature and pressure variations. The cell was of miniaturized
design for mainly three reasons: (1) the effect of differential
thermal expansion between the different materials involved would
thereby be considerably reduced; (2) in view of the type of the

cryostat and the cooling method employed, small sample dimensions



FIGURE 3.2

The Scattering Cell (vertical section)

I Gas inlet tube.
Brass post (one of two).
Free gap. i

Quartz window.

O O =M W

Epoxy resin cement

Cu Copper foil.

In Indium solder.

Wp BeCu window.plate.

0 Indium O-ring.

T1 Platinum thermometer well.

T2 Secondary thermometer well (not used in present experiments).
The control thermometer (GaAs not shown) was located on the

front face of the cell between.the posts P.
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would serve to minimize the thermal gradients which could otherwise
contribute significant errors in the temperature measurements;

and (3) the working space within the cryostat was somewhat small.
The cell was machined entirely from a 5 cm length of 2.5 cm diameter
BeCu alloy. The scattering volume was located at the intersection
of three mutually perpendicu]ar'poles; two horizontal,one vertical.
The horizontal holes were of 3.2 mm diameter. The four openings

in the horizontal holes were then sealed by quartz windows (Q)

(10 mm diameter and 3.2 mm thickness). The manner in which a
reliable seal was obtained between each of the quartz window

and the cell body is shown in the Fig. (3.2). A ring of 0.025mm
copper foil was soldered with pure indium to the insidg surface

of each of four ?eCu window plates (WP) and the windows were then
attached with epoxy resin cement to the copper foil. Each of the
window plates were sealed against the cell body via an indium
0-ring (0) and four steel screws (#2-56); the mating surfaces
were pretinned with indium.

The mechanical. flexibility of the indium/copper foil/epoxy
sandwich proved sufficient to relieve any stress due to differential
thermal expansion between the BeCu and the quartz. In addition,
the formation of this seal on a separate window plate instead of
directly against the cell body resulted in the internal pressure
assisting rather than inhibiting the seal. Also, the cell was
surrounded by the cryostat vacuum so that when the cell was evacuated
there was no back pressure which would tend to break the window

seal.
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The laser beam passed straight through the cell via two
windows; the light scattered at 90 degrees through a third window
was analyzed by the FP and the fourth window was used for visual
observation of the sample and for alignment purposes. The gas
inlet tube I (3.2 mm diameter stainless steel, 0.15 mm thick wall)
was hard soldered into the top of the cell providing communication
with the gas handling system. '

Thermal contact between the cell and the cryostat was made
by two copper braids which were soft soldered to the posts (P)
(180 degrees apart) and extended upwards up to about 5 cm at which
point they were attached to a heat sink at the bottom end of a
heat exchange column of the cryostat. Two electrical-heaters of
resistance 25 ohms each were wound on the posts and connected in
series; these were used in conjunction with a GaAs thermometer
to control the cell temperature (see Fig. 3.3).

The GaAs diffused junction thermometer is a diode whose
forward voltage changes with temperature when a constant current
is passed through it. In these experiments the constant current
was 10pA. The signal was fed to a differential voltmeter, and
was compared with highly stable internal set point voltage; the
difference (i.e. the error signal) was fed to an amplifier and
the amplified signal was used to regulate the amount of current
f]oQing through the heaters wound in series around the posts.

This automatic control of temperature was stable to within about
0.02K for a few hours.

A platinum resistance thermometer, T], to measure absolute

temperature, was mounted on the cell as close as possible to the
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scattering site. This thermometer was calibrated (Cryogenic
Calibrations, Pitchott, England) according to the International
Practical Temperature Scale (1968) to a claimed accuracy of +8mK.
The temperature measurements were made on a null detector (Medistor
Model A75A) before and after each spectrum.

The gas in1ét tube was exte;nally connected to the sample
gas supply as well as to a series of three Bourdon tube gauges
which permitted accurate (0.2% to 0.5%) measurements of pressure
in three stages (0-60 psi, 0-300 psi and 0-1000 psi) over the
range from 1 to 50 bars. A pressure fuse of the rupture-disc
type was installed to prevent accidental pressure build-up in

excess of 70 bars.

3.6 Cryostat

The scattering cell was suspended in the tail section of a va-
riable temperatufe cryostat (Andonién Associates, Model IV-4-0500)
(Fig. 3.4) by way of a vacuum 0-ring seal whose flexibility permitted
some vertical and rotational adjustments for alignment purposes.
The gas inlet tube was surrounded by an annular exchange gas
chamber, G, and was insulated from it by a vacuum space (H).

The exchange gas chamber was closed at the end by relatively large
bfass ring, which served as a heat sink for the system. The gas
exchange chamber was surrounded by concentric liquid nitrogen
coolant reservoir. The thermal contact between the liquid coolant
(J) and the exchange gas was attained by a common wall. The
outer reservoir (F) which was not used in the present experiment

was replaced by an aluminum radiation shield.
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FIGURE 3.4

The Cryostat.

Electrical feedthrough.
Exchange gas port. d
Nitrogen fill and vent.
Nitrogen vent.

Nitrogen fill.

Nitrogen reservoir (outer).
Exchange gas chamber.

Vacuum gap.

Sample support tube.
Nitrogen reservoir (inner).
Outer tail section.

Nitrogen temperature radiation shield.
Heat sink.

Sample cell.

Quartz window (one of four).

Copper braids.
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The internal volume of the cryostat was evacuated to 10-5
torr by a portable vacuum system (Diffusion-Rotary Pump, Alcatel
Model 5477). The exchange chamber was filled with oxygen gas
which established a thermal link between the cell and main coolant
(1iquid nitrogen) reservoir of the cryostat. Oxygen gas in
the exchange chamber condenses on the cold wall of the liquid
nitrogen reservoir (J) and falls to the heat sink (M) to which
the cooling braids of the cell are connected. The sink temperature
goes down on evaporation of the oxygen droplets. Coarse control
of the coo]ihg power, thus provided to fhe cell, could be achieved
by varying the pressure of the heat exchange gas (oxygen). This
way, temperature down to 85K was easily obtained, whi]g temperatures
down to 78K were achieved by lowering the vapour pressure of the

coolant via a vacuum pump.
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CHAPTER 4

‘RESULTS AND DISCUSSION

4.1 Procedure

The sample gases used were supplied by Matheson Gas Product
with purities of 99.9995% for NZ’ 99.99% for 02 and CO. The
pressure of the gas in the cell was recorded with an accﬁracy of
~ 1 psi by Bourdon tube gauges as described in Chapter 3. The
temperature stability was controlled using a GaAs thermometer and
monitored with a platinum resistance thermometer indicating a
stable temperature within about +0.02K.

The experimental technique used is described in Chapter 3.
Since the DAS-1 needs a spectral line with at least 10 counts/sweep for
drift stabilization and finesse optimization, the laser line was
chosen as a reference line rather than the Raman line itself because
of its very weak intensity. With the help of a shutter mechanism
shown in Fig. (3.1) a small percentage of the laser light was allowed
to pass through the Fabry-Perot interferometer for a brief interval
of the sweep, so that only one order of the laser line could be
seen on the CRT screen of the DAS-1, which was then used as a
reference line. The amplitude of the ramp voltage was chosen such
that two orders of the Raman band could be recorded. Use of the
"Segmented Time Base" option of the DAS-1 was a great help in
saving time in recording the Raman spectrum because of its very
weak intensity. After the optics were adjusted for maximum finesse,
the drift stabilization and finesse optimization windows were centered
on the reference laser line.

To study the frequency shift and line-width dependence on

density near the critical temperatures of N2, 02 and CO gases,
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Raman spectra were accumulated in the DAS-1 memory normally for

about 1 hr, for different pressures keeping the temperature constant.
A few sets of temperatures were taken for all the three gases.

Being very close to the critical point it was necessary to wait.

about 1 hr to reach thermal equilibrium and run another spectrum
after Ehanging the gas pressdre.‘

Actual measurements of the spectra were made directly on the
DAS-1 CRT screen using the readout features described in Chapter 3.
For the frequency shift measurements it was made sure that for a
given temperature the order of the Raman spectra remained the same
for different gas pressures except for slight change in peak
positions due to the density effect. The Bug was placed on each
peak of a given spectrum and the channel number as well as the
corresponding number of counts in that channel were recorded.

Assuming the frequency shift of the Raman Q-branch to be zero for

the highest possible density that could be reached, by reducing

the density the Raman Q-branch was shifted from the previous position.
By recording the channel numbers of.the two peaks of successive
orders of the Raman line, the number of channels the Raman line
shifted by reducing the density, was measured.

Figure 4.1 shows a typical Raman Q-branch spectrum for two

different densities. The frequency shift was calculated as follows:
Bin cht = ((Ty-Tp) + (Ty- Tr)1/2

av =({(T;-T,) + (T,-T,)3/2(T;-T,))X SFR (GHz.)



FIGURE 4.1

Typical Raman Q-branch spectra for two densities with the
same reference line. The spectrum shown with dashes is at density
Py while the other spectrum is at density Py Various measurements

made to determine the frequency shift and line width are shown.
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Data for the Raman frequency shifts were co]]ecteé for different
densities as described above. Considering the shift to be zero for
the highest gas density (approached), the gas pressure was reduced
in succession down to a density as low as ~10 Amagat for all three
(N2, 0, & C0) gases till the Raman Q-branches showed asymmetry and
also became very weak. This frequency shift was plotted against
density and was extrapolated for 'zero density. The origin of the
frequency shift scale was, then, shifted to the zero density value.

For the line-width measurements, the full width at half maxiﬁum
(FWHM) was found from the spectrum recorded on the CRT screen of
the DAS-1. The Raman line peak counts were added to the backgrgund
counts and for half of this sum one position on each side of the
peak was located in channel numbers. The difference between these
channel numbers gave the FWHM in number of channels. This way the
width was found for both the orders and an average of the two was

taken. FWHM was converted in GHz as follows:

M(pq) = U(ry#77)/2(T,=T;)} X SFR GHz
similarly,

T(pz) = {(r2+ré)/2(T2-Té)} X SFR GHz
where, I'(p) is the FWHM at density o. The instrumental width was
determined from the width of the reference laser 1ine by the same
above procedure. In this experiment this width is mainly due to-
the resolution of the Fabry-Perot interferometer and was about
1.8 GHz which was always less than 20% of the measured Raman line
width r(p), except for very high pressures in case of N2. This
instrumental width was subtracted from the r{p) to give corrected"

Raman line-width (48).



4.2 Data

The experimental results for relative Raman shift and line
width (FWHM) are presented in Tables (4.2-4.4) against density (p).
These data for the relative frequency shift (v-vo) and the line
width (T) were plotted against density (p) and reduced density
(p/pc) and represented graphica11x in Figs. (4.2-4.8), showing the
anomaly due to the critical effects. The quantity Pe is the critical
density given'in Table (4.1).

Gas densities were determined using the published PVT data
for 02(45) while the equations of state were used for N2(46) and
CO (47). It is estimated from the scatter of the data that the
random experimental errors in measurements of relative frequency
shift and Tine width are aboﬁt 2% and 7% respectively. The critical
fluctuations as well as the experimental errors in determination
of density may cause a considerable uncertainty in density measure-
ments. It is estimated that this uncertainty in density may be
as high as 15% (particularly in the case of C0) close to the critical
density.

The anomaly, which occurs close to the critical temperature
(TC), is quite reproducible and it is very unlikely that the
experimental errors could account for this anomaly. It is the
qualitative features of the observations that are to be emphasized

in this thesis.

4.3 Discussion
In the treatment to follow those ideas pertaining to the

interpretation of the observed anomaly are due mainly to Clouter
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TABLE 4.1

List of critical density (pc) and critical temperature (Tc)

and the calculated values of (VQ—;b) for NZ’ 02 and CO gases.

Gas pc TC (\’Q—.‘-;Q) :
(Amagat) (K) (GHz)

N2 250.9 126.25 12.43

02 304.2 154.57 17.74

co 239.6 132.85 12.67



TABLE 4.2

List of the relative Raman frequency shift (v—vo), and the
Raman line-width (FWHM), r, data at different densities (p) for

Nitrogen (Nz) at three different temperatures.

a) For T—Tc = 0.73K
b) For T-Tc = 1.80K
and c) For T—TC = 5.73K
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a) T-T, = 0.73K

- olor v-v, r
(Amagat) (GHz) . (GHz)
0 0 0 e
16.25 0.065 -6.1 9.5 .
21.83 0.087 7.6 . 9.9
29.02 0.116 -10.2" 9.4
40.17 0.160 -12.4 i3
51.78 0.206 -14.6 10.4
66.41 0.265 -17.2 8.9
78.94 0.315 -19.2 7.9
95.20 0.379 -21.4 —
95.20 0.379 -21.4 8.1
110.29 0.440 -23.1 8.5
142.8 0.569 ~24.7 8.9
189.2 0.754 -26.5 8.2
235.7 0.939 -29.5 9.4
258.9 1.032 -31.6 10.9
269.3 1.074 -33.9 1.7
284.4 1.134 -41.5 12.5
296.0 1.180 -45.3 8.1
318.1 1.268 -46.8 -
349.4 1.393 -47.7 5.3
366.8 1.462 -48.5 5.4
377.3 1.504 -48.5 5.6
377.3 1.504 -48.5 5.2
389.4 1.552 -48.7 5.0
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Continued

P o/o. v-v r
(Amagat) (GHz) (GHz)
397.0 1.583 -49.0 4.6
402.8 1.606 -50.1 4.2
407.5 1.624 -50.5 4.6
412.6 1.644 -50.7 4.1
416.1 1.658 -50.9 3.9
19.1 1.670 ~51.1 3.3
419.1 1.670 -51.1 4.1
423.7 1.689 -51.3 3.5
427.5 1.704 _51.3 5.8
430.0 1.714 -51.5 3.5
433.5 1.728 574 3.7
436.1 1.738 -51.7 3.8
438.8 1.749 52.2 3.7
441.6 1.760 _52.6 3.4
444.2 1.770 -52.3 4.7
446.5 1.780 52_5 5.5
448.8 1.788 _52.8 3.0
451.1 1.798 -53.1 9.3
453.2 1.806 -53.1 2.9

* See page 40 for discussion of errors.



b) T-T. = 1.80K

p v-vo r
(Amagat) (GHz) (GHz)
0 0 -~
13.23 - -4.7 -
19.74 -6.8 ’ 10.0
29.02 -9.9 9.8
39.01 -11.9 8.8
51.08 -13.8 8.0
- 64.32 -16.0 8.3
80.11 -18.6 8.3
99.84 -21.1 8.6
120.7 -24.1 8.7
120.7 -24.1 9.1
135.8 -25.9 9.1
150.9 -27.9 9.0
164.8 -29.1 10.1
197.4 -30.7 10.8
222.9 -32.5 11.6
236.8 -35.4 12.3
250.8 -39.1 11.3
268.2 -41.7 10.
285.6 -43.3 8.5
319.3 -45.4 7.3
344.8 -46.2 7.2
365.2 -48.0 5.5



continued

p V=V, r
(Amagat) (GHz) (GHz)
379.9 -49.0 5.6
394.3 -50.1 5.2
399.8 -50.1 4.8
409.8 -51.2 4.2
417.5 -51.7 3.8
423.7 - -52.4 3.9
426.3 -52.5 3.8
433.7 -52.9 3.8
438.1 -53.4 3.5
442.3 -53.7 3.3
c) T-T. = 5.73K
0 0 ==
12.77 -3.5 9.5
16.72 -6.4 10.4
28.56 -8.5 =
37.38 -10.7 8.7
47.60 -13.0 9.7
59.91 -14.9- 8.7 -
76.16 -17.3 7.6
93.34 -19.4 7.7



47

continued

p v—vo r
(Amagat) (GHz) (GHz)
113.3 -22.4 Fid | -
$13,3 -22.4 =
133.7 -25.9 . 8.8
149.1 -27.4 8.9
166.0 -29.2 9.2
186.9 -31.4 8.4
204.3 -33.4 9.3
228.7 -35.5 9.7
257.8 -38.6 9.2
270.5 -39.4 8.6
291.4 -41.9 7.7
319.3 -43.7 6.7
340.6 -45.4 6.2
355.7 -46.3 5.8
366.9 -47.1 5.5
376.2 - -47.9- 5.2
385.4 -48.3 5.6
393.3 -49.1 4.7
399.6 -49.9 4.2

403.3 -50.5 4.1



TABLE 4.3

List of the relative Raman frequency shift, (v—vo), and
the Raman line-width (FWHM), data at different densities (p)

for oxygen (02) at three different temperatures.

a) For T-Tc = 0.12K
b) For T-Tc = 0.95K
and c¢) For T-T. = 7.87K -
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a) T-T, =0.12K

P /e, v=v, r
(Amagat) (GHz) (GHz)
0 0 0 —
17.9 0.059 -7.6 -
27.2 0.089 -9.8 14.9
34.1 0.112 -14.2 14.8
45.6 0.150 -15.9 15.0
54.6 0.180 -18.7 13.7
65.0 0.214 -20.4 13.7
76.2 0.251 -20.6 14.0
92.5 0.304 -25.8 14.1
108.7 0.357 -28.6 15.5
123.3 0.405 -30.6 14.7
139.0 0.457 -32.9 14.9
151.9 0.499 -34.7 15.4
165.9 0.545 -36. 8 15.1
190.6 0.627 -38.0 16.9
215.2 0.707 -39.7 16. 9
241.0 0.792 -41.3 17.8
262.3 0.862 -42.9 18. 1
276.3 0.908 -44.4 18.0
283.6 0.932 -46. 7 18.8
289.2 0.951 -49.9 20. 2
294.8 0.969 -53. 6 20.3
299.9 0.986 -55. 8 18.0
312.8 1.028 -59.1 13. 2



continued

P : p/pc ‘ vy, T
(Amagat) (GHz) (GHz)
323.4 1.063 -60.2 12.2
332.9 1.094 -60.8 12.0
343.6 1.130 . -61.5 .3
367.7 1.209 ' -61.8 11.1
396.7 1.301 -62.9 10.4-
433.3 1.424 -63.6 9.4
442.8 1.456 -64.4 9.4
450.6 1.481 -64.8 8.1
458.5 1.507 -65.3 8.1
465.2 . 1.529 -66.2 8.3
471.4 1.550 -66.5 7.9
475.9 1.564 -66.7 6.4
479.8 1.577 -67.1 7.1
483.2 1.588 -67.7 7.5
486.0 1.598 -67.7 6.8
b) T-Tc = 0.95K
P b 5
(Amagat) : (GHz) . (GHz)
0 0 —
16.25 -6.9 16.8

26.34 -10.2 16.0



continued
) =Y. r
(Amagat) (GHZ) (GHz)
34.19 -13.0 14.8
44.84 -15.6 14.6
54.37 -17.7 ; 15.1
64.46 -19.3 15.7
72.30 21.2 15.3
88.00 -24.4 14.6
102.6 ~26.7 14.3
116.6 -28.7 15.1
127.8 -30.7 14.8
143.5 -32.8 15.1
155.3 -33.9 14.9
163.7 -35.3 15.7
172.6 -36.7 16.1
187.2 -38.3 15.8
195.6 -39.9 17.3
228.8 -81.7 17.6
272.4 -43.8 17.9
294.8 -45.4 19.0
309.4 -48.7 18.6
313.9 -49.4 19.2
320.6 -50.0 18.4
329.6 -53.7 17.0
337.4 -55. 1 16.8
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continued

p v=v, i 3
(Amagat) (GHz) . ~_ (GHz)
341.9 -56.4 15.9 .
345.3 -56.5" ' 15.6
348.6 -57.8 15.4
353.1 -58.2 14.€
357.6 -57.9 13.9
392.9 -60.6 11.3
408.0 -61.4 11.1
417.0 -61.8 10.8
420.4 -62.1 10.8
426.5 -62.6 10.5
438.9 -63.9 8.9
447.8 -64.3 8.1
454 .6 —64.8A 8.6
464.7 -66.1 7.8
471.4 -66.6 7.1

c) T-Tc = 7.87K

0 0 —
13.0 =5.6 17.5
19.6 ' -7.8 17.5
27.0 -10.0 - 16.4

34.7 -12.5 - 16.5



continued
o] v=v o : T
(Amagat) (GHz) (6Hz)
40.7 -14.2 16.0)
45.5 -15.2 16.@
51.9 -16.4 15.3
61.0 -18.9 15.2
70.3 -20.7 15.1
78.8 -22.2 14.9
89.8 -24.2 15.3
99.0 -26.1 15.5
107.5 . -27.3 15.4
116.5 -28.7 14.4
125.0 -30.4 15.6
134.0 -31.7 15.5
142.0 -32.5 14.4
152.5 -33.9 15.4
162.5 -35.1 14.9
170.0 -36.2 14.7
178.0 -37.2 15.1
187.0 -38.6 14.8
187.0 -38.6 15.1
193.0 -39.8 14.8
200.5 ~40.0 16.1
209.5 -41.4 15.5
224.5 -43.0 15.5
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continued

o} V=V, r
(Amagat) (EHz) (6Hz)
238.0 -44.4 15.6
247.0 -45.6 15.6
256.0 -46.6 15.1
270.5 -48.3 15.4
299.5 -51.8. 15.0
318.8 -54.0 14.2
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TABLE 4.4
List of the relative Raman frequency shift, (v—vo), and the
Raman Line-width (FWHM), r, data at different densities (p) for

carbon monoxide (Cb) at four different temperatures.

a) For T—Tc = 0.13K
b) For T-Tc = 3.46K
c) For T-T_ = 8.92K
and d) For Lo AL 17.03K



a) T-T,=0.13K

p p/pc v=v, r
(Amagat) (GHz) (GHz)
0 0 0 -
10.20 0.043 -5.6 7.9
22.50 0.094 -8.7 9.8
36.00 0.150 -11.5 8.3
48.4 0.202 -14.3 8.2
62.00 0.258 -16.0 8.5
73.20 0.306 -18.0 8.5
84.50 0.353 ~-19.7 8.5
98. 30 0.410 -21.6 9.1
113.2 0.473 -23.5 9.3
123.9 0.517 -24.9 10.0
132.5 0.553 -26.0 10.7
142.2 0.594 -26.7 11.3
142.2 0.594 -27.2 10.7
153.4 0.640 -28.4 12.3
165.3 0.690 -30.1 12.9
250.0 1.043 -31.8 15.5
305.0 1.273 -34.4 15.9
311.3 1.299 -38.7 17.2
313.4 1.308 -42.8 13.6
317.1 1.323 -43.3 13.0
323.2 1.349 -44.9 12.4
333.2 1.391 -46. 3 10.5
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continued
p p/pC v=v, r
(Amagat) (GHz) (GHz)
340.0 1.419 -46.6 10.0
350.9 1.465 -47.9 9.4
360.5 1.505 -48.6 9.2
370.8 1.548 -49.5 8.6
377.1 1.574 -50.0 8.6
384.0 1.603 -50.4 8.0
390.8 1.631 -50.9 7.8
397.1 1.657 -51.6 7.8
402.3 1.679 -51.9 7.5
407.1 1.699 -52.5 7.6
412.2 1.720 -52.8 7.2
416.5 1.738 -53.3 7.1
420.7 1.756 -53.6 6.9
424.7 V. 7713 -54.0 6.8
b) T—Tc = 3.46K
o] \)-\)o r
(Amagat) (GHz) (6Hz)
0 0 .
9.90 -5.3 =
17.60 -7.9 8.6
24.30 -9.3 9.2
31.40 -11.2 9.0
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continued
p VR, T
(Amagat) (GHz) (GHz)
38.80 -12.2- 9.1
47.20 -14.1. 8.7
56.20 -15.7 8.4
67.00 -17.6 7.9
77.30 -19.0 8.4
85.60 -20.1 8.6
85.60 -20.1 8.8
95.00 -21.3 8.9
103.5 -22.3 9.2
113.2 -23.7 9.6
124.6 -25.1 10.0
136.3 -26.5 10.2
147.1 -28.1 10.7
164.1 -30.0 11.4
176.5 -31.3 12.7
194.4 -33.5 12.8
224.6 -36.8 13.4
242.4 -38.2 13.4
276.4 -41.4 12.1
285.1 -42.5 11.7
304.5 -44.2 10.4
321.7 -45.4 10. 1
329.4 -46.1 9.7
338.1 -46.6 9.5
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continued

o V-V, T
(Amagat) (GHz) " (GHz)
342.8 -46.8 9.3
350.9 -47.6 ’ 9.0
357.8 -48.1 8.8
363.5 -48.6 8.3
367.9 : -49.1 8.4
372.8 -49.5 8.0
377.3 -49.9 7.8
380.4 -50.1 8.1
384.3 ~-50.5 7.4
388.0 -50.9 7.4
391.3 -51.4 7.4
394.5 -51.5 7.9
397.5 -51.7 7.6
397.5 -51.7 7.3
400.3 -52.1 7.5
400.3 -52.1 7.3
403.3 -52.5 7.4
406.2 -52.7 7.4
406.4 -52.6 6.9
7.5

408.5 -52.8



c) T-T, = 8.92K
o v-v r
(Amagat) (GHz) (GHz)
0 0 -
'09.40 -5.4 10.2
18.00 -7.6 10.1
27.00 -10.0 8.9
35.70 -11.9 8.3
43.90 -13.7 " 8.4
53.00 -15.1 8.4
61.90 -16.5 8.4
70.60 <T8. 1 8.6
80.3 -19.5 . 8.8
90.40 -20.6 8.7
100.4 -22.3 9.1
11.7 -23.5 8.5
124.6 -25.3 9.1
139.6 <27.2 9.7
154.4 -28.8 10.0
171.8 -31.0 10. 1
186.9 -32.5 10.5
205.5 -34.4 10.5
224.2 -36.4 11.0
236.5 -37.6 1.0
247.4 -38.8 11.0
264.2 -40.5 10.3
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continued

P Y Na r
(Amagat) (GHz) (GHz)
275.5 -41.6 10.4
282.4 -42.3 10.1
288.8 -42.7 10.0
296.9 -43.5 9.4
311.0 -44.8 9.0
326.8 -46.5 8.7
336.7 -47.5 8.3
345.0 -48.2 8.2
352.5 -48.7 8.2
359.2 -49.3 7.8
d) T-T_ =17.03K

0 0 k.
15.70 -6.4 e
26.60 -9.1 10.2
37.60 -11.7 9.4
48.90 -13.6 8.0
59.30 -15.5 8.3
69.40 -17.0 8.4
80.20 -18.9 8.6
91.20 -20.5 8.5
102.9 -21.7 8.3
113.2 -23.2 8.9
124.4 -24.8 8.6



continued

o = r

(Amagat) (GHz) (GHz)
136.6 -26.0 8.7
150.0 -27.4 9.3
162.3 -29.0 8.6
176.8 -30.3 9.3
191.1 -32.1 8.9
204.3 -33.2 9.0
218.2 -34.9 9.3
229.9 -36.2 9.4
244.0 -37.8 8.9
254.7 -38.7 8.5
268.0 -39.4 8.8
277.9 -40.7 8.8



FIGURE 4.2

Plots of relative Raman frequency shift (v—vo) vs. density

(p) for N, at three different temperatures,

i) T-Tc = (0,.73K
ii) T---TC = 1.80K
and iii) T-T. = 5.73K.
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FIGURE 4.3

Plots of relative Raman frequency shift (v-vo) VS.

(p) for O, at three different temperatures,
2 :

i) Tl = 0.12K
ii) Vol = 0.95K
and iii) Trrd ™ 7.87K.

density
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FIGURE 4.4

Plots of relative Raman frequency shift (v-vo) vs. density

(p) for CO at three different temperatures,

i) T—Tc = 0.13K
ii) T—Tc = 3.46K
and iii) T-Tc = 8.92K.
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FIGURE 4.5

Plots of the full-width at half maximum (FWHM), T, of the

Raman Q-branch vs. density (p) for N2 at three different temperatures,

§) T-T = 073K
ii) T—TC = 1.80K
and iy -1 = 5.73K.
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FIGURE 4.6

Plots of the full-width at half maximum (FWHM), r, of the

Raman Q-branch vs. density (p) for 02 at three different temperatures,

i) T-T_ = 0.12K
i) T-T_ = 0.95K
and  iii) T-T_ = 7.87K.
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FIGURE 4.7

Plots of the full-width at half maximum (FWHM), r, of the

Raman Q-branch vs.

1 Tl

i1) T-T,

i) T-T_

and iv) T-T,

density (p) for CO at four different temperatures,

0.13K

3.46K

8.92K

17.03K.
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FIGURE 4.8

(a) Plots of relative Raman frequency shift (v-vo) VS.
density (p) at temperatures T-T_. = 0.73K, 0.12K and 0.13K for

N,» 02 and CO respectively,

and (b) corresponding plots of line-width, T vs. density (o).
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et al.(49) and have previously been outlined elsewhere (see Appendix

A).

(a) Relative Raman shift, V=,
The relative Raman shift, V=Y is plotted against density
(p) and reduced density (p/pc) in Figs. (4.2-4.4, 4.8a) where Pe is
the critical density. The quantity v = v(p, T—TC) is the vibrational
Raman. frequency at density p and temperature T, while the quantity
Vo = v(0, T—TC) is the vibrational Raman frequency for the free
molecule (p = 0), which is obtained by extrapolation as mentioned
in the previous section. Since the temperature dependence of
v(0, T-TC) is negligible in the range of temperature considered in
this work, it is reasonable to consider v(0, T—Tc) = v,
The distinct feature of the relative Raman shift curves is the
anomalous behaviour near the critical density (pc) for temperatures
close to the critical temperatures (Tc)' The anomaly diminishes
away from the critical density and as the temperature is increased
from the critical temperature the anomaly vanishes considerably
faster as shown in Figs. (4.2-4.4). It is noted that the peak
positions are shifted for N2 and CO from the critical density.
The large uncertainty in measurement of density close to critical
density (mentioned earlier) may account for this shift, and the
quantity o to be defined later, should perhaps be close to
critical density (pc). Another interesting feature of the Figs.
(4.2-4.4) is the non-linear behavior at densities p<150 Amagats.
It was found by May.ggjgl:(lo) for H, (where the Q-branch

components are well resolved) that for low densities (p<300 Amagats)

the vibrational Raman frequency is proportional to the density.
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One can expect a departure from this behavior in the present case

(in case of N2’ 02, & CO where Q-branch components are unresolved)
because of the "motional narrowing" effect discussed in Chapter 2.
The unresolved Raman Q-branch is highly asymmetrical and this asysmetry
reduces with increase in density as a result of the motional
narrowing. At high density ( e.g. p>150 Amagat in present case)

the band is highly symmetrical. There is a frequency shift of the
peak associated with this process in addition to the shift due to
perturbations in the vibrational frequency. This shift, given by
(vQ-;h) as shown in Chapter 2, is responsible for the observed
non-linear behavior of v-v, in the region p<150 Amagat. At the same
time it can be noticed from the Figs. (4.2-4.4) that a linear
behavior of V=V, js exhibited for densities p>150 Amagat, for the
temperatures where critical effects are not evident. A direct effect
of intermolecular interaction upon the vibrational frequency is
represented by a linear extrapolation of v-v in the region p>150
Amagat, shown in Figs. (4.2-4.4) by dashes, considering the facts
cited above. The calculated values for (vQ436) is given in Table
(4.1) for N2, 02 and CO, which is the difference between the observed
frequency shift and the liﬁearly extrapolated value at p = 0. After
this extrapolation, it is easy to see that apart from the anomaly
the rest of the v=v, VS p curve is explainable on the basis of the
equation (2.1). It has to be emphasized that it is the linear

term in equation (2.1) which is more important in the present
situation with a small contribution due to the second, quadratic,
term at high density which is evident from the curvature of the N2

and CO curves at high densities and temperatures.



To account for the anomaly a quantity Av is defined as
Av = v(p, T-Tc) - v(p, TM-TC) (4.1)

where, TM stands for the temperature farthest from Tc (in this
experiment) and T is any temperature between T. and T,. This
quantity (Av) represents the difference in relative Raman shifts
between the temperatures T and TM. It has positive as well as
negative values for 02 and N

2
respectively, while it has only positive values for CO at all

at T—Tc = 0.12K and T-Tc = 0.73K

temperatures (Fig. (4.4)) and at other higher temperatures for 0Z
and N, (Figs. (4.2, 4.3)). The relative Raman shift on the basis

of equation (2.1) can be written as

v-vb = ﬁ an(T)p" (4.2)

Before an attempt is made to explain the anomdly one should
consider the short-range nature of the intermolecular interactions
with a range parameter of order 1 nm (44) and the large density
fluctuations close to the critical temperature. Based on these
facts it is convenient to introduce the idea of 'local density’,
Ploc’ which cofresponds to a volume of (1 nm)3. It is the local
density to which a single Raman scattering event is sensitive
rather than the bulk density. With the introduction of the 'local
density' idea and the density fluctuations near Tc’ one can think
of a density distribution function P(p]oc). The relative Raman

shift in the critical region can be given, on the basis of equation

(4.2), by

a n
v-v, = ﬁ an(T)<p]oc> (4.3)
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where, <> means average over P(p]oc). From the Eigs. (4.2-4.4),
it is noted that apart from the anomaly the curves for different
temperatures overlap quite nicely. This indicate negligible
temperature dependence of an(T) in the present case, and it is
consequently assumed an(T) >a. for small n. Then the quantity

L

Av can be written as-

; o n
Av' (v-vo)T - (v-vo)T =fa <pjgc>-Fa,p

M n n 0

" n n
or Av = ﬁ an(<°10c> -p) (4.4)

To see whether this expression can account for the positive as well
as negative values of Av, at least a few orders of equation (4.4)

have to be considered. The first order is found to be zero, as
Av, = a, (<p]0c> -p)=0

Since, the average of local density is nothing but the bulk density.

The second order gives,

bv,= 3 (<03oc> - o) = agM, > 0

where, M2 is the second moment of the density distribution which

is always positive, and the experimental data indicate a, > 0.

Similarly, the third order gives,

3

e +aM,>00r <0

> - 07) = 2a3oM, + agMy

Av3= a3 (<9

" where, M3 = <(p]oc-p)3> is the third moment which can be either
positive or negative, while the sign of as is indeterminate.

Therefore, the contribution to Av due to three orders is,

80
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av = (a, + 3a3p)M2 +agMy > 0o0r <0

and one must go at least this far to obtain an expression which
predicts possible negative values of Av. It can thus be inferred
that non-zero values of M3 play a key role in this respect. It
is now necessary to emphasize that from the data of relative Raman
shift it is the constant a, which'is most important and consequently
can be determined accurately. The higher order constants (a3 in
particular) are almost impossible to dgtermine accurately from the
data. Furthermore, it is not possible to say how many orders are
needed to adequate]y'accdunt for the positive as well as negative
Av.

At this point it is clear that if the anomaly is to be interpreted
(even if qualitatively), some different ideas are to be introduced.
In the above discussion it was found that it is M3 (third moment)
which could be responsible for negative values of Av. On this basis
one can think of a density distribution function, P(p]oc), which is
asymmetric particularly for bulk density close to Pe-

At this point then the concept of molecular clusters is introduced,
and fluctuations in Ploc 2re considered to be caused by formation
of these clusters. In the simplest approach one can make a sharp
distinction between two species of molecules, namely, clustered

and unclustered, and thereby also differentiate between the local

density of unclustered molecules and the internal cluster density.
The number and size of the molecular clusters are expected to be
very small for low bulk density and an increase is expected with

increasing density. Again for simplicity, consider the density



"FIGURE 4.9

Suggested mode] for the density distribution function P(ploc)
involving unclustered molecules (solid curves) and clustered

molecules (dotted curves):

(a) for bulk density Pqe
(b) for bulk density P2>P 1>

(c) for bulk density P3>Pys
(d) for bulk density P4 %P
and (e) for bulk density PE>P e



83

(b)

(c)

(d)

(e)




distrisution function P(p]oc) to consist of two separate Gaussian
distributions for unclustered molecules and clustered molecules

as shown in Fig. (4.9). A suggested evolution of the distribution,
P(p]oc), with bulk density, p, is also illustrated and, of course,
in general the distribution is asymmetric. It is suggested by

Clouter et al.(49) that a cluster condensation occurs at a particular

bulk density Picrs (corresponds to vertical dashes in Fig. (4.9)) which
is characterized by a large and sudden change in the mean life

time of the clusters (rc). A; a consequence of the above it is
expected that in the region of the anomaly for PXP e the unclustered
molecules give rise to the sharp component in the Raman spectrum
accompanied by a very broad and weak component due to the clustered
molecules, where as for P>P e the sharp component is due to the
clustered molecules accompanied by a broad and weak contribution

due to unclustered molecules, as shown in Fig. (4.10). Since, the
effect of cluster-formation in the region P<Pcc is to make more room
for unclustered molecules and hence to reduce Ploc for unclustered
molecules, therefore, the relative Raman shift is expected to be
less than those obtained using p (bulk density), this can account
for positive Av. In the region P>P e the_internal cluster density
is greater than p, therefore, one expects to observe a relative
Raman shift greater in magnitude than obtained using p, thus
accounting for negative Av. A sharp change in v-v, can well be
attributed to the cluster condensation which reverses the roles

of clustered and unclustered molecules. The whole process is
pictorially shown in Fig. (4.10). Any increase in density beyond

the anomalous region will eventually make the mean internal cluster
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FIGURE 4.10

Suggested synthesis of the Raman Q-branch intensity
distribution due to unclustered molecules and clustered moleculas

is shown for densities close to Pec”

(a) Intensity distribution due to unclustered molecules

(solid curve) and due to clustered mo]ecuies (dotted curve) at

bulk density P<P e

(b) Intensity distribution due to unclustered molecules
(solid curve) and due to clustered molecules (dotted curve) at

bulk density P>P et

(c) Indicates how the frequency shifts of the individual
components due to unclustered and clustered molecules near Pec

can give rise to anomalous behavior in (v—vo) VS. p curve.
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density equal to the bulk density and hence the anomaly will disappear.

Based on the ideas introduced above the anomaly has, in
particular, been discussed in more detail for 02 in the Appendix A.
It is noticed that the effect of being farther from Tc is more on
the negative part of Av, this implies that the number of clusters
and their lifetime decreases, in other words, the mean internal
cluster density quickly approaches the bulk density, which is
evident in the Figs. (4.2-4.4).

In the case of N2’ Av has positive as well as negative values
(1ike in-Oz) at T-T_ = 0.73K; and T-T_ = 1.80K, while it has pnly
positive values at T—Tc = 5.73K as shown in Fig. (4.2). It is
found that in the case of CO there is absence of negative Av even
for T-Tc = 0.13K. This can perhaps be understood for two reasons,
i) the value assumed for Tc may be greater than the actual value
(there is a discrepancy of about +#0.1K in the value of | for CO
in the literature and ii) the mean internal c]usfer density in
case of CO quickly becomes equal to the bulk density even for
T-Tc = 0.13K. It is expected that the negative Av can be found
for CO also if TC were approached more closely.

To further extend the ideas introduced earlier for a qualitative
interpretation a very simple calculation is presented as a first
approximation. It is assumed in the most simplified way that
P (loc) is a é-function in each of the ranges, p<p_. and p>p ..

A feﬁ quantities are defined as follows,

Y

n = internal cluster density, assumed as a constant (approximately),

mean number of molecules per cluster,

]

C
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c = Mean number of clusters per unit volume V,

=20 2

= mean number of molecules per unit volume, it is nothing but
_bulk density.

LA VI VA )
Nc/N = n, cluster concentration.

Considering the fore said assumption and equation (4.2), the relative
Raman shift v=v, for clustered molecules will have only a first

order term, namely,

= "

(v-vo)c = ayn

for a.I = a

s N,
(v-v,), = an (4.5)
Similarly, for unclustered molecules one can write
- i A "o }
(v-vg), = a (N--eN)/(1 =iNen/n) (4.6)

N N
where, (N - ch) = mean number of unclustered molecules per unit

volume,
n . d
(1 - Nen/n) = fraction of unit volume available to unclustered
molecules
n,

and, Ncn/ﬁ = fraction of unit volume oOccupied by clusters.

The equation (4.6) can be re-written as
L") ’\1 n .
(v-vo)u = an N(1 - cn)/(%-- Ncn) (a:7)

where, cn = fraction of molecules in cluster form. Now, Av in the

region P<P e considering the s-function assumption is given by



FIGURE 4.11

Shows the occurrence of the anomaly in Av vs. p, given by
the equations (4.8) & (4.9). Av, is contribution due to

unclustered molecules and Avc is that due to clustered molecules.
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n, n,
av, = lal N {1 - ® (1 - cn)/(R - Nen)} (4.8)
>0
- N
where, (v-vo)d = aN . Similarly, in the region P>P (o with the
N

help of equation (4.5),

Av = Av_ = (v-vo)x - (v-vo)c

and
= n
Avc = la] (N-n) <0 - ; = (4.9)

From the equations (4.8) and (4.9) it is easy to see that a plot
of Av and p = ; will look like a curve as shown in Fig. (4.11).
It is noted that both the positive as well as negative feature of
Av is evident even after such an over-simplification of the problem
by assuming a s-function distribution. This supports the ideas
introduced for at least a qualitative interpretation of the anomaly
in the relative Raman frequency shift studies.
(b) Line-Width (FWHM), T

The full-width at half maximum (FWHM), r(p, T-Tc), at
temperature T, of the Raman Q-branches for NZ’ 02 & CO molecules

is plotted against density (p) and reduced density (p/pc) in Figs.
(4.5-4.8). A quantity AT is defined as,

AT = T(p, T-T_) = Tlps Ty-T.) "~ (4.10)

where, T and TM are same as in the case of Av. Similar to Av,
AT can also have positive as well as negative values. It is

noticed from the Figs. (4.5-4.7) that AT has negative values only
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for 02 at T-TC = 0.12K, while for N2 and CO only positive values
of AT are evident.

It is pointed out in Chapter 2 that the process of motional
narrowing is of greatest importance in the bresent context.
Consequently, it is expected from the theory of motional narrowing
(23-25), discussed in Chapter 2, that the Raman Q-branch line-
width should vary approximately as p_] in the density range where
the band is symmetrical (p>150 Amagat in this experiment). The
anomalous behavior exhibited in the Figs. (4.5-4.7) is in contra-
diction to the behavior expected for -the motional narrowing phencmenon.
This anomaly §in width can also be interpreted (at least qualitatively)
in terms of the ideas of 'local density' and 'cluster formation',
already introduced in the previous section.

Similar to the case of Av, it is the local density of the
unclustered molecules which is perhaps responsible for the Raman
lTine-width in the positive AT region. For PP o the presence of
clusters tends to decrease the local density of unclustered molecules,
as mentioned in the previous section. As a consequence, the
Raman line-width (because of the p'] dependence) will be greater
than expected due to the bulk density. Increasing the bulk density
(in the region p<pcc) may further increase the cluster concentration

with negligible effect on the cluster life time t., and this leads

c
to a further decrease in the local density of unclustered molecules,
and hence a further increase in the line-width. This accounts for
the positive values of AT, at the same time it is evident from the

Figs. (4.5-4.7) that the width T(p, T-Tc) is relatively greater



(in region close to pcc) than the extrapolated value at p = 0,
{(i.a., r{0. T-Tc). This is not explainable in terms of the
motional narrowing phenomenon.

To account for this behavior it is proposed by Clouter et al.
(49) that the 1ife time effects of unclustered molecules should
be introddced. A quantity Ty is defined as the average life time

of the unclustered molecules. If Te js the 'cluster life time'

than one can assume that:

,TU = '(1/nc = ]) Tc. (4’]])

where, nc is the fraction of molecules in cluster form. The

contribution to the line-width due to Ty will be of the from,

o -_'l
Ty & {(1/nc - 1)rc} : (4.12)

where, Por is defined as the line-width due to T, If the line-
width due to motional narrowing phenomenon determined by local
density of unclustered molecules is denoted by Tau’ then the total

line-width in region p<p, Can be approximated by,

C

r=r10 4T (4.13)

If it is assumed, as mentioned above, that an increése in the bulk
density in region P<P e has the effect of an increase in cluster
concentration (with negligible effect on rc) then it has a two-
fold effect on the line-width. Firstly, a decrease in Ploc of

~unclustered molecules leads to an increase in the line-width as

93

discussed earlier; secondly an increase in the cluster concentration
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leads to a decrease in Py (eqn. (4.11)), which in turn leads to
a further increase in the Raman line-width (see egn. (4.12)). This
accounts for the Raman line-width being greater than the extrapolated
value at p = 0.

It has already been suggested that,at Pec the role of unclustered
molecules is reversed by that of the clustered molecules and there
is a sudden large change in the cluster life time leading to cluster
condensation. This is consistent with the sharp decrease in line-
width at Pect

In the region P>Pics the Raman line-width consists of two
contributions namely, i) PﬁN, the motional narrowing contribution
due to the mean internal cluster density and ii) Pc’ the cluster
life time contribution. Therefore, the total width in the region
can again be approximated by:

>
Y Pec

T e I‘MN + I‘C (4.]4)

Since, the mean internal cluster density is greater than the bulk
density, rﬁN will be less than the width due to the bulk density
(determined by motional narrowing), PﬁN. To have a negative value
of Ar, as observed for 0, at T-T_ = 0.12K (Fig. (4.6)). The
condition (rﬁN * rc) < rﬁN is necessary. It is expected that in
the case of 02 for T-Tc = 0.12K, the cluster life time T is

Targe enough near Pec (in region p>pcc) so as to contribute very
Tittle to Te- This in turn may lead to the condition (rﬁN + rc)

< rﬂN, giving rise to the observed negative value of Ar for 02.

There are no negative values of AT observed at T—TC = 0.95K or

higher for 02 or for any temperature in the case of N2 and CO.
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This would mean that the condition (rﬁN + rc) = rﬁN is probably

fulfilled . If in 0, (at Yl & 0.12K), N2 (at I=F = 0.73K)

and CO (at Tell, = 0.13K) it is assumed that for densities very

close to pcé (p>pcc) the cluster 1ife time t_ is small enough to

contribute significantly to the width P, then the condition

(rﬁN + rc) = rﬁN may be full filled leading to the observed results.
An interesting feature of the data presented in Figs. (4.5-4.7)

is the persistence of a broad maximum even for the highest temper-

atures where no critical effects are evident. This is in contra-

diction to what is expected on the basis of motional narrowing

- theory (p'1 dependence) for higher densities. This effect could

be attributed to the pregence of.Van der Waal's molecules, which

are expected to e;fst even at such high temperatures (49). If it

is assumed that the concentration of such molecules is determined

main]y-by temperature-whi1e their life times by.dens%ty, then the

observation of the broad maximum in the Raman line-widths, with

no such effect in relative Raman shift data, can be understood

easily. As for the above assumption it is the 1life time of

Van der Waal's molecules which is mainly responsible for the

broad maxima at a certain temperature.
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APPENDIX A

Anomalous Behavior in the Vibrational Raman Spectrum of Oxygen
under Near-Critical Conditions

M. J. Clouter, H, Kiefte, and N. Ali
Department of Physics, Memovial University of Neufoundland, St. Jokn's, Neufoundland A1B 3X7, Canada
{Received 24 February 1978)

The isothermal density dependence of both the shift and width of the Raman @ branch
in oxygen gas have been found to exhibit anomalous behavior under near-critical condi-
tions. The observed effects are interpretable in terms of moleuclar-cluster formation,
and it is concluded that the Raman effect is a potentially valuable probe of density fluc-

tuations in the critical region.

The density-dependent effects of intermolecular
forces upon the vibrational Raman spectra of gas-
es have been the subject of extensive experimen-
tal and theoretical work.! As a result, these ef-
fects are now fairly well understood for values
of reduced temperature (7/7,) greater than about
2. In the present context the essential points are
(i) that at low densities the resolved structure of
the pure vibrational Raman spectrum is charac-
terized by frequency shifts which are predomi-
nantly linear in the density,? and (ii) that at suf-
ficiently high densities this polarized Q branch
is subject to a narrowing process where the width
varies as the inverse of the density.® In this Let-
ter we present new experimental results for O,
gas in the neighborhood of its critical point where
the influence of density fluctuations may be re-
sponsible for departures in the behavior of the
polarized spectrum from that expected on the bas-
is of previous work. As a consequence we sug-

1170

gest that such experiments are capable of pro-
viding significant information regarding the na-
ture of these fluctuations.

The data, which are presented graphically in
Fig. 1, were obtained using previously described
interferometric techniques.* The experimental
errors in the determination of the relative fre-
quency shift and the width are estimated to be
+ 2% and + 7%, respectively. Gas densities were
determined using published PVT data 3 the ab-
solute temperature and pressure being measured
within limits of £ 0,02 K and * 0,07 bar, respec-
tively. It is recognized that the resulting uncer-
tainty in the density may be considerable in the
neighborhood of the critical density® (304 amagat).
However, in this preliminary report we wish to
emphasize the qualitative features of the observa-
tions, it being considered highly iniprobable that
experimental errors could account for the anom-
alous, and quite reproducible, behavior which oc-

© 1978 The American Physical Socicty
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FIG. 1. High-resolution data showing the behavior of
the Raman @ branch of O, gas in the critical region (o,
= 304 amagat). (a) The peak frequency shift relative to
the value at zero density (vy), as a function of density;
(b) the full width at half~maximum, as function of densi-
ty. Measurements were made usiog a scanning Fabry-
Perot interferometer with a spectral free range of
110.7 GHz and a finesse of ~ 70. The maximum attain-
able density for T —T_.=7.87 K was determined by the
pressure limitations of the sample cell. See text for
discussion of the linear extrapolation to p =0 in (a).

curs for T - T_.<2 K. This comment is directed
in particular at the occurrence of a sharp maxi-
mum in the linewidth data of Fig. 1(b); sucha
phenomenon is not amenable to explanation in
terms of possible gravity-induced density gradi-
ents, for example. In addition, we point out that
considerable care was taken to ensure, insofar
as possible, that equilibrium conditions were es-
tablished for each measurement. Each pair of
data points in Fig. 1 represents an average ini-
tial waiting period of ~ 1 h followed by a spectrum
accumulation time of ~ 2 h,

The vibrational Raman frequencies, v(p,T - T,),
are plotted relative to the value for p =0 (which
was obtained by extrapolation), the temperature
dependence of the latter quantity being negligible

over the ~ 8-K range so that (0,7 - T/ )=v,, As
discussed below, the nonlinear behavior of the
data at low densities (p <150) is to be expected
on the basis of known effects already treated in
the literature; it is the nonlinear, dispersionlike
behavior in the region 150 <p <440 which is of
primary interest here. Figure 1(a) demonstrates
the essential characteristics of this phenomenon;
in particular, it is only readily observable for
T-T,<1K. A similar comment also applies to
+the linewidth data of Fig. 1(b): The broad maxi-
mum which occurs in the region 150<p <440 for

. T -~T7,>1K quite abruptly develops into a very

sharp maximum for T — T.<1 K. The correlation
between the behavior of the shift and width is also
apparent, and a vertical dashed line has been
drawn in Fig. 1 to emphasize this point for the
caseof T-7.=0.12 X,

Additional data not shown in Fig. 1 igclude a
corresponding series of intensity mea$urements;
and, in this conneection, we emphasize an impor-
tant characteristic of Fabry-Perot spectrometry
as employed in these experiments: A spectral
contribution whose width is greater by about an
order of magnitude than the component being ex-
amined will occur only as a background level re-
garding which very little information can be ex-
tracted.* However, since the Q-branch scatter-
ing is highly polarized, it was readily verified
that a substantial contribution to the @-branch in-
tensity was contained within the above-mentioned
background. These measurements were per-
formed under conditions of lowest practical reso-
lution” with the scattered light restricted by filter-
ing to a bandwidth of ~ 5000 GHz, centered at v,
It is consequently concluded that the complete
spectrum of the polarized Raman scattering in-
cludes not only the sharp component to which the
data of Fig. 1 apply, but also a contribution whose
width is greater by at least an order of magnitude.
The intensity of the polarized background rela-
tive to that at the peak of the sharp component at
T -T,.=0.12 K was found to exhibit a distinct min-
imum in the same narrow density range where
the corresponding width of Fig. 1(b) reached a
maximum, i.e., for p=290.

Published data® for H, at 85 K, for example,
show that the vibrational Raman shifts are pro-
portional to density in the region p <300 where
the individual @-branch components (of H,) are
well resolved. In the present case of O, the (zero-
density) @-branch structure is unresolvable and
the departure from linear behavior for p <150 is
to be expected on the basis of current theories®-®
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of the particular motional-narrowing phenomenon
which becomes important when the frequency of
rotationally inelastic collisions is comparable (in
appropriate units) to the vibration-rotation inter -
action energy. The narrowing which occurs with
increasing density is accompanied by a change in
the shape of the band from its characteristic
asymmetrical form at very low densities® to a
highly symmetrical form for p >150. The shift

in the peak frequency which is associated with
the latter process is also responsible for the non-
linear behavior of v — v, in the region p <150. It
is to be noted that the shift data for T'—- T, =7.87
K exhibit the anticipated linear dependence on
density for p > 150 and, as a matter of interest,
Fig. 1(a) includes a linear extrapolation to zero
density which, we feel, represents the direct ef-
fects of intermolecular interaction upon the O,
vibrational frequency when critical effects are
negligible,

Any interpretation of the previously described
anomalous behavior must recognize the essential
short-range nature of the intermolecular inter-
actions involved. The range parameter is, in
fact, of order 1 nm,' so that the density to which
a single Raman-scattering event is sensitive
should most appropriately be identified as a “lo-
cal density,” Py, corresponding to a volume ele-
ment of ~1 nm?®, rather than the bulk density, p.
Consequently, under near-critical conditions,
one can sensibly expect that fluctuations in p;o.
will play a key role in accounting for the observed-
behavior of the Raman spectrum.

In the following discussion, attention is focused
on the observations for T~ 7T.=0.12 K and, for
convenience, we define the quantities Av=v(p,
0.12) - ¥(p,7.87) and AT =T'(p, 0.12) -T"(p,7.87),
which have positive and negative values through-
out approximately the same density ranges, name-
ly, 150<p <300 and 300<p <440, respectively. We
associate fluctuations in p,,. with the formation
of molecular clusters, and suggest that a cluster
condensation occurs near the critical density, p..
The basis of our interpretation is the assumption
that this cluster condensation can be character-
ized in part by a large and sudden change in the
mean cluster lifetime, 7. As a consequence, the
sharp component which is observed in the high-
resolution Raman spectrum behaves as a selec-
tive detector of (i) unclustered molecules in the
Av >0 region and (ii) clustered molecules in the
Av <0 region. This proposal and the ensuing
ideas are, we feel, substantiated in an important
way by the intensity measurements previously
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described.

At the low-density extreme of the Av> 0 region,
one can argue (i) that the fraction n, of O, mole-
cules which occur in cluster form, as well as the
size of any such clusters, will be small, and
(ii) that 7 may be comparable to the mean colli~
sion time. Under these conditions, any Raman
scattering from clustered molecules will be weak
and conceivably recognizable only as a background
contribution to the high-resolution spectrum bhe-
cause of its large, lifetime-limited width. The
sharp spectral component which is observed in
this region can thus be associated with unclus-
tered moelcules, and the principal (observable)
effect of cluster formation will be the indirect one
of giving rise to a decrease in the local density
of these unclustered molecules. This, in turn,
will give rise to observed relative Raman shifts
which are lower in magnitude than those expected
from a linear dependence on bulk density. I a
small increase in p is now associated pmimarily
with an increase in n, there being no gré&at change-
in 7, the effect upon the shift will be enhanced so
that the quantity, Av, can be expected to increase
in magnitude with a positive sign, as observed.
As implied above, the cluster condensation may
be regarded as reversing the roles of clustered
and unclustered molecules due to a sharp in-
crease in'7; that is, for p >p., # may approach
unity and most of the molecules are presumed to
occur in the form of relatively long-lived clusters
of large size. The Raman scattering from un-
clustered molecules then becomes very broad
and weak so that the observed component be-
comes, in effect, a probe of the internal cluster
densities which, being higher than the bulk den-~
sity, can account for the negative values of Ay,
As the bulk density is further increased it will
eventually approach the mean internal-cluster
density at which point the effect should disappear,
again in accordance with observations for p =440,

It has been demonstrated?+®'!* that vibrational
dephasing processes represent the most impor-
tant contribution to the linewidth at the highest
densities in the saturated liquid. In the present
case, however, it is most probable that, of the
processes which have been discussed in the liter-
ature, it is the motional-narrowing mechanism
which is of greatest importance. Consequently,
the width can be expected® to vary approximately
as p~ ! when the density is sufficiently high so that
the @-branch profile is symmetrical, i.e., for
p > 150 in the case of O,, This behavior is obvi-
ously not reflected in the data of Fig. 1(b), but



Vorune 40, NUMBER 1S

PHYSICAL REVIEW LETTERS

102

1 May 1978

-~

ideas already introduced are consistent with the
observed behavior.

Given that in the AY'> 0 region it is the local
density of unclustered molecules which should
determine the width of the observed Raman line,
then, because of its inverse density dependence,
the linewidth should indeed be greater than ex-
pected on the basis of a bulk density calculation.
However, this effect cannot account for the fact
that I" exceeds its (extrapolated) zero-density
value over a considerable part of this region, so
that some additional contribution is apparently in-
volved. In this connection, one can naively define
a quantity 7’ representing the average time dur-
ing which a typical O, molecule is nof part of a
cluster. The equilibrium requirement, 2/(1 -#»)
=7'/7, then leads to 7’ =(n"! - 1)7, whence it is
apparent that 7° can be expected to decrease with
with increasing p in this region provided, and as
previously assumed, that n increases substantial-
ly with p while there is no great change in 7.
Such a decrease in 7' may consequently account
for the additional contribution to I'.

The sharp decrease in linewidth which occurs
near p. is clearly consistent with the presumed
nature of the cluster condensation as already
outlined. In addition, the existence of a AT’ <0
region is to be expected if the linewidth in this
region is not limited by cluster-lifetime consid-
erations. Such being the case, I' could be deter-
mined primarily by the (mean, internal) cluster
density via the motional-narrowing process;
i.e., the associated inverse density dependence
together with a mean local density which is high-
er than the bulk value could give rise to negative
values of AT,

An additional interesting feature of the line-
width data of Fig. 1(b) is that an approximate p™*
dependence is not apparent even at temperatures
as high as T - T_=7.87 K, whereas v(p) reverts
to the expected linear behavior for 7 -7.>2 K.
It seems reasonable to attribute the persistence
of a broad maximum in I'(p) to the presence of
small, residual clusters in the form of van der
Waals molecules, which indeed can be expected
to exist at even higher temperatures. If it is as-
sumed that the fractional concentration of these
van der Waals molecules is determined by tem-
perature rather than density, while the converse-
is ture of their mean lifetime, then their mani-
festation via I'(p) is understandable within the
framework of the ideas already advanced. It
would therefore appear that it is the distinction
between the processes of small- and large-clus-

ter formation which is of essential importance
here.

It should be emphasized that the segregation of
molecules into two distinct species, namely,
clustered molecules and other molecules, repre-
sents but an initial attempt to account for the
gross features of the anomaly. It is hoped that a
better understanding of the anomaly will result
from experiments which are now in progress to
examine more carefully the broad-band charac-
ter of the polarizeq scattering using a grating
spectrometer. These results, together with cor-
responding high-resolution data for N, and CQ,
will be presented in a more comprehensive pub-
lication to appear in the near future.

The experiments described here were under-
taken following discussions with Professor H. L.
Welsh, Department of Physics, University of
Toronto, whose prior work with C. L. Jolliffe
had demonstrated unusual behavior in the frequen-
cies of (v,,27,°) Raman doublet of CO, under near-
critical conditions. The authors are indebted to
Professor Welsh for communication of these un-
published results and for continuing consultations.

Valuable discussions with Dr. J. C. Lewis, as
well as helpful comments from Dr, R. C. Desai,
Dr. J. Van Kranendonk, and Dr. A. R. W. McKel-
lar, are also acknowledged. This research was
supported by grants from the National Research
Council of Canada.
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