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ABSFRACE . v
Lineshape data have been obtained Itfr the’ polarized Raman (Q bl“n‘ch)
spectrum of HD in the critical region (To = 35.91 K)., Th; temperature depen-
dence of the spectrum was investigated in the single plmev repon ql;zfx.isocho:s
col;rspoudin; to the critical density (pgd; 0.5pc, and 2.25p¢. Sl;zcln of the
~ § llqmd and vapor were also obtnned along the cmhucz hne down to minimum

(NS
temperatures of 18.14 K and 31.96 K, rupetuvely Emphuu is gluen' on the
—

P in li observed on the critical isochore where the;

behaviour iy ilvnerpreied: in terms of three eﬂ'ects: (i) normal pressure broadening
(i) aim.:t, or pure, v/ibruionﬂephasing, and (iii) 8 specific kind of critical

s bmndenhg‘,'.which ‘occurs in the immediate vicinity of the critical point.
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FIG. 2a.

FIG. 2p,c

FIG. 3.

‘LIST OF FIGURES

The light scn‘tered_by an asymmetric molecule’ is unpo-
. 3 -
larized, without regard to polarization state of inci-

Sl

. dent mdinion H

() polnmed {(for example laser llght)

(b) unpolanzed (for éxlmple mercury nc)

€,, and'e, aré polarizability vettors explnincci in

the text (in the next section).

Rayleigh scattering. L-initial state otk molecule, F-
finkl state of molecule, .M-intermediatelsnu"ol mole-
cule, ny ,-number of photons with wavevector k
and polsrizabﬂiiy along ¢(®) direction.

‘Raman scattering. In these cases scattered radiation '
is polnrizedlalong the ) direc'jion and have wave-

vector k', (éeé explanation in the text)..
1

Clusiﬁclt#n of Raman scauermg Irpg diatomic molecules

N Accordlng tL the laser frequency. (a) The incident laser

q |s fnr lrom with any real

\ . : )
wNomlln "‘\- \ is ob: d.

(b) The umdmt laser l'uquenim in the region of dlurele

levels of & sr‘elutmnlc intermediate atn{\We mm
R 8
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\
this process D

(¢) The incident frequency- is in the rln:e of dlsocntlve

_ contunmm levels. We label this process Conﬁnnum

Rmnmee Raman Scnturl.ng. (From Rel. 37).

FIG.4. + Vibrational and rotatiorai levels of two el ic states 19

" of g molecule (schﬁaﬁc)‘ Only the first few rotational

and vibrational level; are drawn in ea‘ch case. (Ref. 33).,
: (R ?

- ) FIG. 5. Frmck-Candoq; incipl ding to wave mechanics. The 22

potential curves are sa drawn that the "best” overlappmg

%

A% of l.he elgenﬁmct?Qns ocaurs for v'=2, Il"—O (see the
byoken line). (Ref. 33).
\ . FIG. 6. lﬁtermolnul?}lwrutions ) ’ 26

(n)Vibrltiqn . Energy Relaxation L - 3

(b) Resonance Vibrational Energy Transfer

;-(C)'"‘ ional Dephasing (see explanations in the text)—

41 . FIG.7.  Critical ph in 50, (see explanation in the text). N e
 FIG. 8. Be-Cu sample cell., V is the uolatlon valve, T the carbon 45 &

=2 - thermomometer well and W the quartz window (Ref 20).

- FIG. .9. Schematic-diagram of the experimental setup. C.is the 47
’ * cryostat; SF the spatial ﬂlte:; PRI and Pﬁ thexuncon;d N .
glass nloetor?, St, §2,and sa the electromechanical shut’
“ters (S3 shutter was not used in ex];ariment with thé¥D),
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FIG. 10.

FIG"10.

‘ FIG. 11a.

FIG. 11b.

o

FP the Fnbry Bemt mteﬂeromek PMT the coolgtl photo-

’
mulhplm tube, OF the optical fiber, uP the mlcroprocu- . /"/ B
sor, DAS the data scquisition system, and SP the Ar* ln- ER
ser(Rel. 20). !
r ¥ . E =
The Q-branch of HD vapor at 32.3 K‘\' - 54,

’ (a) c\obser,ved_ on the screen of the DAS-1;

xt

(b) after substracting the background, triming the tails
of s;ecl.ru/u, .nnddhre&po:int smo&thing, ) ’ . N

N
(¢) after ﬁuin/gvé Airy function to the tails of the

- spectfum. ‘o P

The Q-branch of HD vapor at 32.3K. ! 55

7 (d)the spectrum from (c) compared with the spectrum

after deconvolution, e

of the. Fourig

(e) sine

o . L.
(f) cosine:coeflicients of the Fourier ‘transformation .. ° =

(dotted line is final fit, and solid line is first

. approximation). . . o

The Q-branch of gaseous HD at different temperatures 81

(in Kelvins) slong the ®ritical isochore (oo =357 ama- i

gat, SFR=215 GHz).

*The Q-branchof gaseous HD st different temperatures T e . -

(in KeWins) slong isochore p=2.26p5 (SFR=117
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FIG. 11c. The‘ Q-branch of gaseous HD l,l diﬂ'ergnt temperatures
i P ' i Kelving) along isochore p=0,504p (SFR=117
o ) GHz). - '
Ve * FIG. 11d. ‘The Q-branch of HD vapor sl‘on; the vapor-liq_llid cor

5 A existenge ;nne (SFR=215 GHz).

# 7 "FId. 1le.  The Q-branch of liquid HD, Alogg' the vapor-liquid®co-

éxistence curve (SFR==215 GHz for a-¢, and SFR=117

\ © GHzforfh) e ,
ks \FlG‘ 12. The Q-brénch for different densities at 8; K, (left
siafo'rﬁl?m.) and room tempe{ature (right side)
(Rel.7).

_ FIG. 130 Iem]zerature and density dependence of the spectrum

asymmetry : .‘ < o
(a) along critical isochore p=pg =357 lmlg&".,
(b) along isochore p=<0:504p;# '

() xlung,isgholl‘ p=2.25p¢.
e

FIG. 13. Temperature and density dependence of the spectrum
. ;syﬁmﬁﬁﬁ H )
i (d) in vapor along npor-liguid coexistence curve
(¢) in liquid along vapor-liquid mexiste;nce curve

s The uymmgq.l;y was helﬂl\lﬂd asa ntr:' of half-widths
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R at half-maxi (HWHM) ding to the high- .
v S SN "
“hift side [HI] and.the low-shift side [L@)] of each ,
% v
‘profile. . .
FIG. 14. Temperature. al"ld density dependence of the Q(0) peak . -
posi ; . : 5
. S~ * (a) along cfitical isochore p=p =357 amagat,
P (b) along isochore p=0.564p¢,
. - .. ’ . (¢) along isochore p=2.25p5 v ] v, g
N 4 FIGs 14: Tempémulre and density depéndence of the Q(x) 1;enk .18
. . . : . v
" ¥ $ posllmu N T -
i N
T s 2 (d) in vnpar along vapur-lxqmd coexistence curve,
. T & .
(e) itk liquid along vapor-liquid coexistence curve: .
In each case the relative posmol of 0 GHz is mlgned . '
. - »
m the hlghul VA]\I! of the Raman shift (i.e. the ordi- .
‘ & ue
nate values mean decreasing shift)~ r 5 P
FIG. 15. Plot of the relative Raman shifts versus de‘n'sjyy for HD A R '
~ \", vu’por (upper part of figure), sgd liquid (lower), along S
v P, = )
. the vapor-liquid coexistence curve. The calculated slo> - F
pes are shown. N . : ' o7
~ 5 . A
- FIG. 186. Tempeuﬁne dependence of FWHM for Q(0) band me: 83
. - " ~ N ¢ *
o ¢ = k shred . e . .

' (a) llon; crmnl isochore p.—pa_3$7 nmn;n
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* Natural logi.rlthﬁ the squ'areflot of the P(p) second

-Xie i N
" (b) along uochcre p—o 504pc,
(e) along uochore p—-2 25p¢c .
Temperature dependence of FWHM for Q(0) band mea-
sured : ' ‘

: J . 2y
(d) in.vapor along vapor-liquid coexigterce curve

(e) in Ilquid albn?vapor-liquid eoe);ia'tence curve
Plut of the Fill- Wldth at Half- Mn.xlmlun (FWHM) of
hquld HD Q(0) lme along the hqlud-vapor coexistence .
curve versus ;nvel:e density. -~

Logarithm.of the linewidth (FWHXf) versus the loga<

rithm of the reduced temperature (¢) for HD. Slo- . -

pes of lines are indicated.
el

Te&npeuture dependence of the relative importance of

* the Gaussian versus Lo‘rentzig content as measuréd by

the ratio vafvy
from Eq. (3-6) :
(a) along critical isochore p=p, =357 amagat,

{b) along isochoréw‘ 0:504;:0, :

() in vapor along vapor-liquid coexistence curve

(d) in liquid along vapor-liquid coexistence curve

(e) slong isochore P=225pc.
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moment ¢ (in amagat units) versus ¢ on the eritical

isochores of N, (Ref. 20), Hy (Ref. 25), and HD.
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. CHAPTERI - - .

INTRODUCTION
Molecular hydrpgen and its isotopic variations have always played a very
important role in ‘molgcular physics, becayse they are well suited for both

theoretical - calculations and experimental observations. When compared to H,

' and Dy, the molecule HD has additional properties which make it'unique‘. It isa

fermion, while D, "and Hp are bosons. It has no cen’ter of symmetry, which results

in a permanent (although small) dipole moment, and additional angle-dependent

intermolecular forces not found in H, and D,. Its lack of ortho and- para species

and larger cross section for inelastic rotational collisions!? together have the
. ~ -

result that observation of the particular ph of Q-branch’ ing® is
# P ng

far more accessible than for H, or Dy. By comparison with H, and Dy, theregare
relatively few pu‘blicntions on the Ramai spectra of HD.
In 1931, H.C. Urey, F.G. Brickwedde, and G.M. Murphy* discovered the

hieavy hydrogen i;y,bpes HD and D, properties of which were summarized in

1'032‘by A. Farkas®. The first of the Baman lineshape of liquid and '

solid HD were perfornied in 1962 by Bhatnagar and covorkers’. (in 1972 Dion and

May ® measured Raman spectra -of gaseous HD for different densities..In 1976

similsr measurements were made by Witkowicz and May?. They published data
X % : o .

- o °
for gascous HD at different pressures, at room temperature and 85* K. Work by
- . g . . .

Bonamy and 15 chnins heoretical considerati about lineshift and

—_ ‘ g~
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bandwidth. This work is based on };rcv;ious experimental data, and develops the

concept of motional narrowing;~ which was introdu:ed‘ byv Fiutak nn;i Van

Kranendonk® . and A]ek‘seyev,lv Sobélman and their coworkers'®. Work by

Marsault-Herail and coworkers'! contnix)xs new data for rotation and rolation-

vibration Raman spectra of HD compressed by argon at room temperature and
N gl

¢ N
175 K. Some theoretical considerations were distussed.

There are several publications concerning the infrared spectra of HD (see

Ref. 12, and 13, and references cited therein). However, this vork is not direetly

< ;
relevant to’the present experiments.

The present thesis contains Raman lineshape data of gascous HD for the
critical density(pe = 357 amagat”), and K densilics 2.25 = 803 amagal,
and 0.504p;, = 180 arﬂ.ngn't, Liquid and vapor spectra were also obtained at
various temperatures from the triple point (16.6 K) lhrt;ugh the eritical point

(3591 K) to 55 K. . L

These experiments are a continuation of previous, linesh studies in the
5 g z
vicinity of the liﬁuid-vapor critical pojnts which were performed in this labora-

tory. Since 1077 Clouter, Kiefte and coworkers!5:18 invEstigated the vibratiopal ~

~Raman spectra of N, and O, along the co-existence curve from the triple point,

through the normal builihg point, to the critical point. Then similar investiga-

g 3
tions'™18 were performed for CO, CH,, CF,, and far CO,. New work about the -
The term amagat denotes the dimensionles relative dessity p/psp where psp = 001486 mole I from .
Rel. J4 w

e
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vibrational Raman spectrs of N, in the critical region'®% contains bigh- resolution

dats, recorded under isochoric conditions st densities ranging from .| 2 times "

the critical density. Relsted work by Tuszynski }nd qm;}en”'” is strictly

theoretical and develops the Landsu theory of phase transitions® for the case of

finite systems in the vicinity of the critical point. The most recent, unpublished -

work?:25 is concerned with the spectrs of Dy snd Hy.

" Before ‘presenting -the new results for HD it is appropriate to review some’
. Sk - )

. background inf i ining o the theory of Raman (scntering (Chap. ),

and theoretical approaches to the behaviour of substances in the vicinity of the

critical point (Chsp. III). ‘ )



' CHAPTER NI
THE RAMAN EFFECT

1. HISTORICAL REVIEW - )
In 1021 Prol. C.V. Raman began a seria of experimental studies on the
scattering of light by trapsparent media. Thue investigations revulad the pru-
4 ence of :feeble type of segondary radiation of altered wavelengh in hqmds, ery- -
= ystals and;;lassa. The iptensity of the secondary udmtlon was found to be depen-
dent oh ;he wavelength ;:l the incident radiation and it was strongly polarized. It
* vw“ recognized immediately by Raman as a new phenomenon of a fnn‘d-menhl
character scattering, analogous to the Compton effect. The first announcment of
che'd'wur} of this phenomenon was made on March 1641928%. The possibility
of the occurrence of this process hud been pr;iiﬂed by A® Smekal m‘ 10237,
Smek-l pouned out that scattering might be ucompuved by s chmfe in tbe
energy of the sesttering lysum, with the scntured rnduhon MenT:Z from the

ides was

incident radiation by the [ ies ch istic of the system.

. ‘(urther' developed by Kramers and Hei_senherg’l in their.treatment of the quan-
. tum theory of dispersion, and also by Dir'u’_' in his radiation theory,
After announcment of Ramsn’s discovery, investigations wer urri‘ out by

many workers Iloul.ld the world. During the twelve years t“llia event, the

:nnpbe,r of papers published on various sspects of the phenomenon was more than




- .5z
4 % — =
1800, In the early stages, the interest changed from an explanation of the Raman
= -
effect, to the correlation of the eflect with the modgs of molecular vibrafion.

During this period (1928-1940), morethan 2500 dlﬂerent suhstancss were investi-

" gated. Later, conslderuble progress was made in knowledge of the Raman spectra

_ of erystals and their interpretations.

Simce about 1085 the laser was has been used extensively in the study of the -

anau effect. Laser light is S hromatic, has small band idth (in the present :
expenmenz 16 GHz}, and may be highly intense and polarized. For these reasons *
investigations of "the Raman effect using Iuers are much simpler, spectra are

recorded easily in small amounts of samples or in gases under low'pressure, andf

precise information cam be obtained on the width and fine structure of the

Raman lines. These latter ad ges are most i it for the investigation of
the shapé of the Raman spectrum in the pre‘sent work.

The above section is based primarily on Ref. 30. -




2. CLASSICAL THEORY OF E.AMAN‘SCA‘TTEIUNG '
The following classical treatment of the Raman effect, and the associated
Rayleigh effect (i.e. seattering without change of frequency), is based primarily on

. References 31, 32 and 33. '

B
Let us consider s molecule which vibrates and rotates in dn electric field.

This field oscillates with the frequency v, , (E = E,sin2xv, th-and the electron

) \
cloud of the molecule is deformed, in response to the applied field. This delorms-

] tion gives rise o an electric dipole moment, P, which may be expressed as:
3 7

where ais the molecular polarizability and is a second order tensor. The polari-

zability is modulated by the motions of the molecule (vibrations or rotations) and

may be expressed as: | *

Ve
o= a, + asinrv, £, (22)
\ %
‘where v,,, is a given normal mode of vibration or rotation”

By subsituting Eq. (2-2) into ﬁq (2-1) the genersl expression for the dipole

moment is obtained in the form33:

P =, E,sinkry, | + %n,E, [cos2n{y, v )t - cos2i(v, +v,)t]  (2-3)

We/l\nny "note that the intersction between the molecule and the incident radis-

oy

tion gives not only‘ radiation with the same It v, (Rayleigh

g A
but radiations which have frequencies (v, -v,) and (v, +v,,). The Raman lines

shifted” toward longer wavelength (v, -, ) sre called Stokes lines and those
w

(P| =a|E|=dlE, |sinin,¢, @1)-

\i




se 7
) e
displaced toward shorter wavelength (v, +v, ) are called anti-Stokes lines.
g R
«The polarizability tensor o may be decomposed into a sum of two terms®!:

- d

1
Gy & Oy oy
G Oy Car L[rool: .
4 oy @ [ = F 01 0fEF [y ay-gE ay (2-4)
’ Gy O 001 . . I ) .
i . ] b, oy a,, -En ) . )
. ahd '
. e=lareg, i (2-4a)
\ 3

where I is the unit tensor and & = Tr(a;) = @, +ay, +a,, . The diagonal ten»’/

sor @l is independent of the ori jon of the lecul %h respect to a fixed

referenee frame, because the diagonal tensor element a;" is a coordinate-

‘indepenaent, scalar quantity. Thys we may split the polarizability tensor (scatter-

ing correlation !m:mlion) iffo an sngle-independent part &l and an nngle:
- . dependent part B, 'eanh of which may be invatiéated experimentally® (Fig. 1).
In ti\g} case (a) the source of radiabion is poisri‘zad’(luer light) and in the
- case (b) thaXQ\u’ce of light gives nnphlarize(‘i radiation (for exn@ple mercury .arc).
A ,4Tha scan.end l}gﬂe, at 900 along the y-axis for eXQmple, may Z/malyzed for {

polarization parallel to the z axis (intensity I, ) andApolarization: P! \nllel tothe z

axis (I, ). The ratio:

- Ces)




PR,

(«/ % A
FIG. 1. The light d by an i lecule- is larized,
without regard to polarization state of incident radistion: (s) polarized (for exam-
ple laser light) (b) unpolarized (for example mercury are). ¢,, and ¢, are polariza-
. bility vectors explained in the text (in the next section).




o e . s

when incident light is«.polnrized along the 2 axis (éue (a)), is exprsse&‘u:

% . _ L a7 . ‘ "
\)~ =g = 5504+ -
’

P = 0oty PGy - bl -y Pt Had harod )] (2:00)
for case (b), when incident light is unpolarized, then:

/
' (2-7)

bo=—— -
. 45ah4T? °
By measuring I, and I,, we may draw some lusi abou‘t the izabilil
tensor and about the properties of lecule. For example, if

i éhen_p, =0=

IMa,, =oag5 5% a,, then by measur-

ay; =0y =

: '
" ing p, and pgwe may delerming @,, and a,,. For this kind of experiment we

may define isotropic and anisotropic intensities:

Fotropic = l..—L-}ru = (Traff = 3" (28)
=1, ~ ’(2-9)
The first one is obviously independent of the molecul i ion. The intensity '

1,, is called anisotropic because it depends on the ol-diagm‘ul terms of the tensor

a, (i.e. of the tensor §) and is dependent on\%he molecular orie‘ntigon (i.e. on

molecular rotations). The present work is rugrhicud to the study of vibrational

Raman spectra where tHe isotropic intensity is most important. To consider more
o

closely this intensity it is ‘necessary to 'apply the qusntum mechanical theory of

=

the Raman effect.
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3. QUANTUM THEORY OF THE RAMAN EFFECT

-

The classical Hamiltonian for a system of N nonrelativistic particles, and for

the electromagnetic field genented by them, has the form*35:38;
4113‘

momentum vector of j-th particle.

equation for A

oy Y . 1
tion for A enclesed in a box taken to be a cube of side L=V 3:

P H =K +7, +Hy, _ (31)
~ where Khis kinetic energy, % L/
(32)
x
V, is Coulomb interaction: ,
e e
V. = M ! 3-3)
e St s
and H,,, is free field Hamiltonian:
- d A
Hu = [aV(IBI*+|BI% = 3 av |va1?+»| ” @4
v

In these equations A is the vecior potential of the magnetic field, p; is the’

7

The vector potential may be chosen in such a way that'it satisfies the

- Coulomb gauge, and from the Maxwell equations it is easy to obtain® the wave

(35)

-




- F%

Alx,t) = #?Eﬁ,.(ne'ﬂlz"*'w cholt)dehx . (ag)

Here ¢y lt) = cal0)e, w="klc , a=12 and e @ are called
“ ) .
polarization vectors which depend on’ the p\ropsgalio'n direction T : | in such a

way that all three form a right—‘handed set of mutually orthonormal vectors.
If we define generalized positions and momenta as

Y. Qua=teda+ei) , @

'

{¢ka - Choa) » s (38)
then we may expr d » J_

Hoy = 555 (PE, +0Ql, ). - @9
\ ko x

Fro‘m this equation it is cléar that the radiation field may be,described by a sys-
tem of harmonic oscillators.

The aboye consideration was within the framework of classical electro-

dynamics. According to the ption which was made'by Max Planck in 1901,

each oscillator has an energy which is integral multiple of % w. Following the
3 . i) 4 ~
Dirac formali the ical d ical variables of radiati il B{-e

operators, not numbers, We may intioduce operators ay , sid ayf; , defined as:

: 1 5 (%
Ofa = m‘("’? kot Pra) i Cxa=c 35 ke (?'lol

FORECD WA Py ) s el = L 3
e = m(ka,a- Pra) 3 Cha = ¢/ 5o0ka (3-1)




.12

: ] 2 :
where ay , 3nd @, are the annihilatiod” and creation operators well known from

hanics. Their multiplication gives a number operator i
Nioa= as0xa 2 (312) 2
. N - .
. ’ ¥ e
and we may introduce the so-called nymber states
. Nial ko> = nia | nyo> (3-12a)
.

7Eq. (36) for th quantum mechanical magngtic potential has the form: ™ .

1

- 1 . ] ~
A(x,l):—ﬁgze 4 R : ' (3-13) .

X [akutl")exf)(ik-x—x‘u() + 0ty €exp(~i kextiwt )]
Ay . )

and the Haniltonian (3-1) may be rewritten in theform:
l Ho=h, W) . G

whete Ho is the part of the Ham;uoni_au connected with the energy O p;\rticls' .

and the energy”of the pure field’ both of which are st Thi H, (s the part

of the Hamiltonian connécted with the coupling of the field and the particles, and

;’nay be simply expressed as . ‘o .
~
-~ e e2 " ot .
Hi(t)="Hy = ]ﬁ_l——m—c Alxi,tp; + 2mc2A[x,v,! YAl t) . (3-15)
v "

i o B ., "
When we lreat Hy, as a time dependent perturbation to H,, we may introduce

the energy cigenfunctions U, (x) such that

HLOM=RGE . (318

in the absence of atime dependent perturbation. '
4 \
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e . . .
~ £ The giml‘;&ép;ndenl Schroedinger equ‘ation is
y -
. : o Ly W+ HY = M% “ 31
L) -
where ¢ -~
- — ‘ B N -
§ oy 5 o ¥= ?C. t)U, (x)exp(—lT) . (3-17a) .
. . . R » : v i ’ .
From first-order perturbation theory, C. (t) is exprmed L .
\ g . ;
N S ; ; (En-Ep)" , .
‘ . A (l)—\,,,jdt <k|H,(fo>exp — (e,
When ‘we have elastie seatteri o tight ( ‘,A igh Seattering, see Fig, 2a), the
only nénzero contnb\mons toﬁhe C}n(t), are from . w )
H,,,. = 2 A(l, o M(i/-‘) ‘Q’k,«ﬂ Ka +adaay, - (319) -

"ﬁ\ this case, !he atom before and lner hgln scattenng is in the same sute, and
R

the mlmber of photons is conshnt ie I> =|F> and | o> = | ny>, The

transition amplitude is exprussed by:

s : . ! T (BB (o)t
G = const xbyp el {,,_[;(_F_'iﬂﬂ] ity

(3-20)
\ X X L X )

For the‘cne of inelastic liéht scatterin& (Raman £ffect), we may consider two

. cases™ (Fig. ‘2!) llld 2¢). In the ﬁrst cue, there is lbsorpllon nl’ a. pholon'

| nye> | nk,-l>, lnd the atom. is shifted from che lmml sme > to the B

" mlsrmedutf}hte IM)v after tlm, thgrg is’ zgnmngn of the vphntop, pnd we have v‘

. ‘the same number of photons: | ny,> = | nyy>, but the waveleng".'hx ,are,
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different, the polarization.is changed, and the atom is in the final state different

from the initial obe. ) . 5

Tlie second process has emission at ﬂnt, md nbsovption‘ after, and once
again, the atomyis in a dlﬂ'erent final state, the wuvelength of light is shifted, and

the polarization is chpn;ed" (see Flg 2¢). In these cases, we should use second

order iti i (for si we puﬁi=l|:

t ¥ ' -
CB(t) = const X(ayg)r [dtoexpli(Ep-Ej+o/~a)ty] ,  (3-21)
o -

whefe: LI~ B . \
~ (owadie = <I | oad | F >, (3-22)
and . -
3y
) | e ) .
(“n/a)/F=E<FIP‘ lM><M|pj( N> (@23)
: n -E-w
b SE L | M><M |pe| 1>
Ey -E +w
Also, ay, = elael is the larizability tensor, as introduced earlier in the

framework of clusnul mechanics. Eq. (3-23) i called the Knll‘lers-Heiaenbu;

equation. : ; s ’ .

‘According to the character of the i diate state we may consider three

cases™ (gee Fig. 3):

l)N;amnl Rarhan Scatteri g - where the i diate state is between two -

electronic nn-tu,

/‘.\.
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= - DISCRETE CONTINUUM |
5 RE SONANCE RESONANCE "
RAMAN . RAMAN ‘ RAMAN
SCATTERING. - SfAH‘ERING SCATTERING
. 3 ‘
FIG. 3. Classification of Raman s ing from dinomic molecules accord-

mg to the laser frequency.
(8) ' The incident laser frequency is.far from rmnmce with my rul electronic
. transition so Normal Raman Scattering is observed.

(b) The incident laser frequency is in the reg\on of discrete levels of a smgle elec—
tronic m!ermedule state. "
We term this proess Discrete Resonance Raman Scattering. -

(¢) The incident frequency is in the range of dissociative continuum levels™

We label this process Continuum Resonance Raman Seattering. (From

Rel. 37) N i
.'; 1 ' j




" be written as: i

2) Discrete R t Rsman gttering - where the i diate state is

some discrete state of higher electronic energy,

3) Conti R Raman Si ing, where the i diate state is*
within an electronic-energy continuum. N
?
Roughly speaking the motions of the molecule may be divided into vibra-
tional motion and rotational motion. In the first approximation we may assume

that molecule is a rigid rotator which has encrgy™: .

Eror = B, JU+1) @29

" where B, is rotational constant [B, =Fl'],' I is'moment of inertia and J is
¢ . .

the quantum number of the rotational state. Additionally we may suppose that

this rotator vibrates as a harmonic oscillator and the energy of this vibration may

Eyip = Vope lv+—] (3-25).

When we take into i i 2 of‘ the molecule during rota-
tion, lnhnrmomcny of vibrations and coupling between mutlon\nnd vibration,
then the plclnre becornes more complicated, but the states of a moleeule such as
H, may be depicted as in Fig. 4. The lreqienciu for different modes of motion in
a given state may b expmsed ag®:

u—v,+v,+u, (3-28)

Where .




W d '
FIG. 4 Vibr'n.io:_ul and rotational levels of two electronic states of a

molecule (schematic).” Only the first few rotational and vibrational levels are
drawn in each case. (Ref."33)
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-1 v, = frequency tiue to the given electronic an;.e.
v, = (uguency due u; the vibration of molecule.
v, = frequency due)o the rotation of molecule. .

The value: v, = v, + v, is a constant for a specific vibrational transition,

but v, is varisble and depends on the different values of the rotational quantum
N

number in the upi)er and lower states. By studying the matrix elements '

/

- My =<F [pe | M><M |ped| 1>, (327

;

3 . “
we may infer selection rules for the Raman eflect. Namely®, for vibrational tran-

s
sitions: ©

. AN
Av = &1 , (3-28)
and for rotational transitions :
AT =0,42 . i T (3')

For the other combinations of the states the matrix elements give zero values.

"Thus for given vibrational transition there are three branches correspond-

ing to; :
tAl= +2 and Av = Av, +B{J+2)(J +3)}-B,»J(J+1) , (3-30a)

which is called the S - branch; a

AJ =0 and Av= Au; +(,B,r—B,-).I(I+l) T (3-25%)

which is called the Q - branch;

AJ =2 and Av=Av, +B,J(J-1)-B,eJ(J+1) ,  (330c)




ihich is called the O - branch. Generally B, ~ B,s, such that Av=Av,, m‘d“
for vth‘is‘rcmn the-Q branch tunsition‘s are referred to.as pure vibrational transi-
tions. This thesis is concernéd exclusively with the Q branch of HD.

Besides the selection rules, thé Franck-Condon Principle nls;w governs the

transition probabilities. The basic ides® is'indiuted_ in Fig. 5. The transitions

- - vertically upward or downward in the potential eﬁergy diagram are most intense

if-the overlap integral

\ s K R & [dr¥, ¥, "33y

functi di

is maximum (here ¥/, ¥,» are cor

i

to the vibrational

levels v’ and v").

¥ s ) : pos

~A



FIG. 5. Franck-Condon principle'according to wave mechanics. .The poten-
" tial curves are so drawn that the "best” overlapping of the elnnlunehonl occurs
forv'=20"= o(neethebtokenvuhulhne)(l{dai) s
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4. SPECTRAL LINE SHAPE STUDIES, AND INTERMOLECULAR

INTERACTIONS |

The ion for the di i ion for Raman ing into a

solid angle d) and frequency range [w, w + dw| was derived in 1931 by Plac-

zek®, and is proportional to the polarizability tensor:

2 -
d%- 2
e l'xl] IE'.|<I|([°)a('d'|F>'2p, HE -Ept+w)  (+1)

where X is the wavelength of scattered light, p; is the probability that the system

is initially in state |I$. €l®) and €l®) are polarization vectors introduced earlier,

and & is the Dirac delta function.
The scattering inlensily is proporgional to the cross-section and we may

write it usinglge Fourier transform-of the Dirac delta® function

) / .
1)~ D f dexplilo-Er+E30)| <I | dad) | F> (25 . (42
o 1 4

From quantum mechanics®

S<I|A|F><F |B|I>=<I|AB|I> (£2a)
= ! :
Yo <I|AB|I>=<AB> . (4-2b)
O 1 »
Calt)= o iHt g it - \ . (42)

where <C> is the equilibrium ensemble average of the operator inside the

bracket. - =
) \

o
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Finally we obtain:
N .
- () = - die™™" <ag{t)aged0)> (+3)
o > o
[ 4 or: N
+00 : e
C(t) = <agut)agd0)> = [ dwe=i" I (w) (4-3a)

Then the spectral density of a band contour and the correlation function of o gre
= mutual Fourier transforms®’, The C(t) is an average scalar product of the

observed polarization tensor taken at two different times. The .a,,,(t) is fixed in

1 1

. the molecule or within a group. Variations of lar positions and

3 . . s i
orientations as well as variations of vibrational (amplitndes and phase relations -~

determine the time dependence of C(t). Because we only observe averages, then o<
we must take the average value, and C(t) is a statistical quantity®!. »—
We may expand aft) into'a series in terms of the atomic displacement ‘coor-_

2 . . »
dinates (normal di ) of the vibratio; ode, j:

.

s C el =)+ Sk gm0t + BT P
. PS i 9% & § .

+o0 Lo ’ -
oteoic FNLAle 1 Bloy>- < 2o B :
Fasrepic Li:‘"‘ ,Z,;<Q,"(f10, 0> <Yog g > WY

The first part of Eq. (4-5) is associated with the vibrational motion of molecule,
o . N
the s_eco_nd with rotational. <Q;‘(t) _q,P(o)> is the correlation function between
. vibrational modes of the particle of interest (B) and- the neighbouring particles,

. . o5

&
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(including the particle of interest). The influence of the-neighbouring particles on

the particle of interest is reflected by processes, which are observed as broadening

Processes

of the spectral profile. These p are called Vib

and they may be divided into five groups?4® (see Fig. 6): "

(a) Vibrational Energy .Rela.xntion. 2
Some authors calI\Q:h/iQ process Populaliou‘ Relaxntit;n, or by analogy to
nuclear-magnetic relaxation - g, process. In ‘this process mclem‘xles, which are in’
excited vibrational levels’ return to3the ground level and dissip‘ate the energy
0 difference into the translational ene@ of surrouinding molecules.
(b) Resonance Vibrational Energy‘T[ansfer (I"tesounnt Transfer)
In th;s process the diﬂ'e‘rgncz in energy between the excited and gmnndv levels

is transferred to an adjacent molecule. In the other words, two interacting

lecules interch

ge their vibrational energy. : -
5 ;-
In the case of both/of -the abové processes the eyefted level has finite life-

-
time ,7, which may be described using the Heisenberg uncertainty principle:

where Aw, is\lhe bandwith in the processes (n)\n;:d (b) described above. The
. ©

bioad

/N broadening effect caused by these p is called h

(¢) Vibrational Dephasing. .

5 This is. frequently referred to as Pure D'epbasing.‘ or in nnaloéy to magnetic

»rélnxltion - T, process. In this process, if we bave a long lifetime for the excited

-




- (a) Vibrational Energy Relaxation

it
——!!— excited state

F /N \UN\U U U dissipation of energy

" ground level

(b) Resonance Vibrational Enz Transfer .

(¢) Vibrational Dephiasing

&

e~

&

N

excited
state -

ground
level

(see explanations in the text).

FIG. 6. Intermolecular interactions
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energy level (> 10"%ec.), then the local perturbations. between the molecular

- oscillator of interest and the environmental molecules, cause slight shifts f the
aeor A

oscill;;tor energy levels (without emhsion),lsée Fig. 6)

_ AE = E,-E,wAw,\ i

where Aw, is the band "".due to the Vibrati '_’4‘ phasi "Process. h‘x the

other words elastic collisions of molecules ¢ause modificati Mvihe phase of
e

vibration motion, whi® observed as broadening of energy Ievels If the ume

scale of the penurbmons is long compared'to any other time scale of interest,

~this broadening is cnlled i broadening. In such cases the. local

chnnges in the denslty"of surrounding molecules are directly reﬂected in the
broudenmg of the energy levels. ! -
a 2

(d) Intramolecular Vibration-Rotation :bAupling (VRC)O,
« ¥ 3 % 3
In this case moletules in different rotational states have slightly different
p ‘ .
vibrational r ies. Then rotationally inelastic ‘collisions cause the scattering

molecule to radiate at a slightly. different Vibrational frequency. - This is properly

. g -
regarded as an indirect vibrational dephasing process.

(e) Motional Nnr‘rowing". . 5

For higher densities the number of inelastic and elastic collisions increases

(Vibrational Dephasing and Vibration-Rotati Colipling iesses oceur more
frequently), and different coherent contributions [ron; the small volume elements

begin-to interfere. Then previously well resolved rotational components_within a.




—
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L band begin to overlap and collapse to the center of gravity of the unperturbed
i . B 5

- band.

a DN

The general sah;uon of Eq. (4-5) is very difficult. This theory remamsrpurely o
formal, unhl some npproxnmnte model is miroducerf for the correlauon anuons

The I‘ormal theory and a revxew of approxnmate models are prtsented in pnbhca—

non by-Oxtoby™. In the next section we discuss a partjcular model for Vibra-

tional Dephasing, s proposed by Rothschild?!.

-~
s . .
s
. A .
v N f
N -
N .
a
i 3
A
v P
- i




4
-20-

6. ROTHSCHILD THEORY-OF. V'IBR'.ATIONAI\. DEPH\AS!NG

This theory is based on Kubo's stochastic treatment of line shape and relax- -
) 1

ation phenomenat!.
" Let us consider’.a two-level vibrational system for an individual oscillator,

where the lifetime of the upper vibrational level is very long, even at liquid densi-

ties. The sharp transition frequency (w, ), which one could normally expect for

. this two-level oscillator is, in general, smeared out into a coptinuéus, nonresolv-

able distribution of vibrational ition f! ies because of interactions

between - the oscillator and surroundipg molecul,a. This results from the distribu-

tion of relative positions and ori i ‘which cause per

shifts of the lower and upper oscillator enérgy levels, thus leading’ to a "splitting”

of the n-fold deg te [ into some distrib of f ies around
w, . This piogas _i.stoften referred to as inhomogenému b'ros;iening.
The H;mﬂmniun in th‘isv c.lse may be written ix;lhe form:
H = Hoaw + Hoaa + H(0) = H, + 1) 1)
* where ”l“i—h—'»he Homiltoni which describ "' g between oscil and’ -
the heat bath H, is the unperturbed H. itoni Because fuctuati in the
density ‘of ur di lecul cnu;e hoogi of this cbupling H'amwmiln,

this p:rt. of the. Hamiltonian is timedependent.

S

4

The. formalism developed by Rothschild® yields :

’ : 1 oL ¥
<QUIQO> S epl-fdrfat<utaltl> 69



. b '
where for simp lici

iodal mode, and particle
number are dmpped‘ and 3

wlt) =Hyt) =u(t)-uw

- e
is the instantaneops oscillator enag shift cul:;d by the perturbed-Hamiltonian
H. . ' ' ’
Fi mm\lhe properties of the correlation function we obtain:
O <wam> = <u(-tm@> . 60
ati using\zl\.f )

> #-" we may define:

<ufn(0)> = (< | wi0)] %> (55)
o where W(T) is the normalized autocorrelation function of the frequency shift wy(t)

(or of the perturbation Hamiltonian H, (t)). In thé case Eq. (5-2) has the fonw\ )
¢
<Q(£)Q()> = up[A<!u.(0)|‘> J41=1) m')l =dt) _(58)

and we may define the correlation times

1= 74’ <H (1H\(0)> = ?dl <wy(t)wy(0)> = fde¥(t) , (57)
o o " o

e =,{d¢ <QNQO)> = [dt ¢t) (6-8)
0
© Two i ing situations can h!‘ lyzed: when the perturbati b &

{correlation time 7,) decays much slower (s) or much faster (b) than the .unpli-

tude coherence (mﬁlntbn. or lifetime 7, ).
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(a) 7. >>7,. In this eLs; the perturbations, or in other words fluctuations in
the density of surrounded molecules, are much slower than chm;u of amplitudes
of the vibration molecule of the interest. We mny nonsequently put ¥(t) = | dur-

" ing the lifetime 7, of {t). Then Eq. (5-8) slmphﬁa to:

w~ up{-< PSS )

is determined

and we obtain for I(w) & Gausgian profile whose width r=

process with an

- entirely by the i

_static_distribution of local envi . This is referred to as the slow-motion

\
(or static) Jimit, and is fr ly characterized by the condition I'r, >> 1.
v
(b) 7, <<7,.In this case the perturbations are very fast compared to am;)li;

tude changes of a single particle, then we may approximate ¥(t) by a delta func-

o~ . = . M~ - 2o o -
tion. By sub t + 00 into the limit and from Eq. (5-8), the first

. . i -
integral gives t~1“&nd the second integxal vanishes. The result is:’

) = en{-<10(0) 157, ¢) on

and 1 (w) is the Lorentaian profile whick-is normially abserved in fluids far sway

from the critical point. This is the :o-ul];d fast-motion limit, which is al 1)
ch;rgcte\;iied by the condition I'r, <<1I; ie. the Ilomogen’eo‘us width = 1! is
much greater than the inhomogeneous contribution.

It should be emphasized that this theory applies only to the normal fluid,
-where 7, is to be associated with the ﬁnt‘a.k in the structure ;u!or. Nen-‘l

L
L




critical point -the situation i3 complicated by the need to consider a second, much

longer correlation time, which is 2

d with the "slowing-down” of the

&
bydrodynamic modes. The first theoretical trestment of this problem ‘was pro-
poséd by Hills and Madden*? and is discussed in the following Chapter.

B
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CHAPTER Il

»
CRITICAL EFFECTS

1. INTRODUCTION R

The first critical point (i Iuiti carbon dioxidle) was discovered®® by T.

. Andrews in l;ﬁﬂl Suppose (au:nmine' a se’lled glass tube containing CO; at an
overall densit;' of 048 gem (ie. the criticnlv‘d'ensil.y, o ) nnd‘; number of small
particles whose densities m‘disilibut!dr about the CO, value¥. Ata temper;—

ture of about 20°C (see Fig. 7), or much lower, we observe that all of the parti-

cles sre floating on a sharply defined interface separating liquid from vapor. This

- - -coufirms . the familiar situstion where the liquid and vapor densities are widely

diluent:lmm one another ss well s from the mean value (pg). At s temperature
of 3C, theinterfue is more diffclt to deest and the lesst dense particle are
observed to float upward into the vapor, while the densest ones ‘sink downward
into the liquid. This demonstrates {hdt the liquid aad vapor densities are more
neatly the same (and almost equal to pg ). At 31°C the interface is hardly discer-
. mible at all, and" the presence of particles ;t all vertical levels throughout the fluid .
indicates zhn»:‘ﬁe CO, density is essentially uniform from top to bottom. This
constitutes the ;Ieﬂllliop of the (liquid-vapor) critical point: namely, it is that
well defined point in'the phase disgram (see Fig. 7), where the densities of coex-

isting liquid and vapor converge to the same value. Careful messurements on

3

e




HOdVA

QoS

Y

inOf')z (see

FIG. 7. Critical ph

in the text).

(-
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CO, revesl that this point corresponds to Te = 31.04°C, po = 0.48 gem™, and
po=1 nmosphga. . )

Similsr phenomena have been observed in widely different systems such as*3:

y & /7
(1) 'medrthe Curie temperatare in a ferromagnet like Fe (as discovered by J.

Hopkinson in 1890%) -

@

the order-disorder transition in an alloy of Cu or Zn,

(3)

the transitions to superfluidity in He* and He’+He* mixtumes.

i ’i’i:ue phenomena are-all characterized by the onset of la’rg&amplilude
\ ;

fuctuations in one or more thermodynamic parsmeters ss the critical point is

approached.

In the case of the liquid-vapor system, which is of primary interest here, the

of thé inerphase boundary s ied by the onselof mitros-
copie /ﬂhc'tun.ions in density which pervnde_ the entire fluid, and which render it
opaque to visible light at the critical point. The scattering of visible light (critical
‘oplln‘seence”) has consequently been used to create advantage in studying these
fluctuations™. Neutron and x?ny scattering have also been extensively employed
to obtain information which, as for Light scatte@g, pertains to length scales
down to about 500 nm, and time scales as long as ~ 1 us.
The emphasis in this thesis is on the unique property of tlle_ vibrational

Raman scattering process, which makes it possible to probe fluctustions in the

lecul i with a characteristic length scsle of = 10 nm: No
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comprehensive theory has yet been developed to permit detailed interpretation of
these experiments. Apart from the ;emi-quantiiive tresiments which have been
described in publications from this laborstory, the work of Hills snd Madden®® is

the most relevant of at most 5 publications in the field.
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3. THE CRITICAL EXPONENTS AND THEORY BY HILLS AND

r

MADDEN CX~
=

In the of critical ph it is to introduce the

reduced temperature,

(where T, is critical temperature) and to invoke the well-established "universal-
ity bypothesis” which states that the important thermodynamic parametéts of
5 o . ®

the system:behave in accordance with payer laws of the form €. The z's are

called critical exponents, and for liquid-vapor system the most important ones are

identified as follows:
X
for density p;
Pig. ~Puip S l€l? (@2
for specific heat;
Cy(Tly =~ |e|™, (2-3)
Cy(Thp. = €|, (2-3a)
for su‘sceptihilily; -
g
X le]? ) (2-4) .
where
K‘
Xx=—= (25)
- . K

@y
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K$ = — is non-critical contribution, and Ky = — [ a—’ is the isothermal

4
I
compressibility of the’ﬂmi

As discussed in Sec. II-4 the process of Vibrational Dephasing is caused by

fluctuations of dénsitf of the surmnndin; bath¥, ’l_‘hag fluctustions msy be

described by the correlation f
g .

<AOPR)>~ e ¢ (2-8)
where R is a specified range, and £ is called the ‘correlation‘length'f. In the noo-
critical fluid & lm“z length of a few nm, but in the vicinity of the ‘cyilical point it
becomes very large (== 1 y‘n;n).and becomes comparable with the wavelength of
visible radiation. The medium will then contain vﬂllcl.\ut.ions or inhomogeneities
og {hat scale, an& thi§ will give rise to strong scattering, i.e. to €he critical opales-
cence (unusual strong intensity of seattered light). When we introduce the in’velu
correlation length, & = -;- then stother crtical exponent is defined via the rela-
tion: e
' K=K ' (2-7)
which, vuonsequeully, is expected to be of importance in understanding the

behaviour of near-critical spectra.

‘ A similar power law also Rkolds for the thermal diffusitivity, Dr, i.e.:
N Dy = plers N (2.9

where D is thermal diffusitivity-in the non-critiesl region.

e
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A theory for determining values of critical exponenits frlom vibrational

Ramao data was first given by Hills snd Madden®?, under the basic sssumption

that pure dephasing (PD) was the only signifi line deni h

They used an approach similar 1o that applied in neutron scattering®, snd X-ray

scattering®”. Namely, the rate of vibrational dephasing of lecules in a liquid is

regarded as being determined (i) by the dynnmiyl/ structurei of the fluid, S(k,w),

which is the Fourier transform of the density-density correlation function and (1)

by a probe-fluid potentil‘l. V(k),Avhich effectively picks out those k-Fourier com-
5 /5 -
ponents of the density fluc %l’?, that are most effective in causing the dephas-

ing. The frequency depend_encal of the scattering intensity is then described by:

o . N AR . . :
Iw) ~p, fdk k2 S(kw) VAE), (29)
°
where p, is the equilibrium liql;id ‘density, and ‘w is spectral linewidth: The
dephasing rate is thus expressed as an integral of the dyn\aminl structure factor
S(k,w) over all k-Fourier components weighted by VZ(k).

'

A ing fast-modulati nditi to apply, Hills and Madden showed

that the PD contribution to the linewidth could be written as
° o
Tpp =2 limyp 3 By [ k3dk S(k w)Vi2(k) , (2-10)°
i Ry .

where Li\:hlrulcrizu the manier in which the interaction transforms urder rots-
25N,
tion, N

( »
..
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An important simplifying jon made in this was to regsfd

the density fuctuations as being charscterized by two distinet time scales.” First,

there are the normal, or itical, i which are iated with the

(; ﬁr‘sv. peak in the alrl!Fture lnck);'. In this case the time scale is & 1 ps and, with
experimental support from other sources'?, the associated contribution (T 8p) to

’ the‘ linewidth is, not expecte;i to e):hih"itt any critical effect. Second, there are the
hydrodynamic ﬂucuuutioAnS _which  are in fact responsible for the, critinl!

) phenomenon, snd which are characterizéd by a time scale as long as &= I ps.
The effects observed near the critical point are thus associated entirely with the
latter brbadening contribution (Mpp ), and the two cnnlr{i‘bu‘tions are regud:i 83
additive:

Tep =Tl +Mp . (2-11)

The problem is then reduced to determining the behaviour of I'pp .

From classical hydrodynamics, the (Ornstein-Zernicke) Structure factor for

hydrodynamic ﬂl::tuations near a critical point is given by 8 -
Lo Kr & 1 _«
. B A MUY, Qi S g . 4 5
be ) KR w+k? 7 Py 1)

\ ;
where 7 = Drk?, Dy = —ch' X is thermal wavelength, and ¢, is specific heat
e -

at constant pressure.

Assuming that on approsching the critical poi;n V(k) ~ V(0) ~ const, we
may solve Eq. (2-9), sod in the end obtain the contribution to the spectral width




° % o -4L-

from the tong-range hydrodynamic modes of the fuid, i.e.

L ; .
. ~ K. ) w] )7 we | .

) Prp ()~ 19 *l ot +[ = 1 d_m,l (2-13).

' where : ¢ =2 Dy. : . . w

&

Two cases are now considered. In the case (I), where w << ¢ (the ‘case
# /' further from the critical- point, V’Ihel’! the correlation length is very short and

linewidth wjis small), then Eq. (2-12) reduces to the form:
w5 \ - 3

. ; ) - .
. L r‘”’(“')~1(_,93r_ . . (2-14). s
Egs. (2:5), (2-7), (28) then yield
q
C g C Dl et (215)

.0 -

Taking values for 4 = 1.25, v = % and & = 0.5, which-sre obtained by the

. three' dimensional Ising model, or from experimental measurements*®4%, the
afthors*? obtain:

‘ ‘2y+v+aR-131 . (2-16)
-

For the case (II) 2->>l, or w<<g, (in the vicinity of the eritical point, correla-
tlon length long) Eq. (2-0) reduces to ., . 5 /(

pp(w)w"—,,n (2w T,
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3
- 2t
Dpp(w) A e 2 2 (2-18)
o . ¢ Q
Again, the sbove critical exponent values®:4 give
3 g a . 7 ' L
e g 0% B (2-19)

‘ In the regioii very close to the critical point; Hills and Madden also consider the

! special case (I) where‘ 8 ition to sl ti ditions oceurs and Eq. (2-9)

does not apply. This case is called the "statistical” or "rigid-lattice” limit, and
the speétrum I(w) simply reflects a time-independent distribution of local environ-
" . & P ’

ments in the fluid. The Hills and'Madden result for this case is
w

o K
/(,f T'pp ” K—;,Nz i L 4 (2-20)

Dpp & T | T ey
w0 Y (2)
Hills and Madden point out that the assumption of fast-moti ditions is

nppropriate for liquids ‘N, and O, because experimental data'® show the Raman

spectra to be highly Lorentzisn unless the critical point is apprcuched veéry

closely. They also showed that the Imewnith d-tl"’ were eonmstmt with cm

(1), i.e. Eq. |2-1s). wlnch is the most plausible lor tl:e pven experimental condi-
“liots. On this basis they claimed ‘snppor‘t for the v‘didity«al tlm'g theory.

In » subsequent publication!” Clouter el af. questioned, the-sppropriatencss

of using the data for N; and O, as a testing ground for this theory. They cited

g




=

g

evidence which indicated that the Raman linewidth in these liquids involved con-

tributions from other ‘than the pure dephasing |£echmism so that the basic

assumption of Hills and Madden could be seriously compromised. New data for
. N

& - g
the totally symmetric mode of CH,. were proposed .as a more clear-cut test case,

and it was Qun’onslnted that agreement with the theory could be obtainéd by

using a more realistic form for the struct\ne factor, than the simplest hydro-
dynamic model This provided a conslstent interpretation of the data I'or all

“
three systems. -

The Hills and Madden theory should consequently be regarded as a

moderately successful first ntt;mpt which is applicable only in the minority of
O

cases where pure dephasing is the exclusi hanism. As will be di d later,
‘.

in the HD case pure d: appears to be i domil for this theory

to apply.

N
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CHAPTERIV ‘ :

APPARATUS AND EXPERIMENTAL P,ROCEDURE

1. EXPERIMENTAL ARMNGEMENT

The experimental set-up bas been described in more detail in a nﬁmbqr)or

" theses and pnbl-ications (for example Ref. 20, 50, 51). Therefore only a Iékiz[

description will be giver{ below. . -

vThe sample cell was made from a Be-Cu alloy, which is characterized: by
high tensile strength as well as high thermal conductivity. The former propetty
was required for containment of the high pressure (< 1000 bars), while the latter
property was required.in order to minimize temperature gradients within the
near-critical samples. The construction of the cell is shown? in Fig. 8. The mass
of the ce‘ll is about l‘kg, and its internal volume (0.5 em®) consists of twé mutu-
ally perpendicular and intersecting bore boles of 3.2 mm dismeter.' They sre
clo’sed (by quartz windows (w) of ';.2 mm-thickness and 10 mm diameter. The
remniz;ing hole at '.(I;e top of the cell was connected to the external ‘I.’-hlldli{ls
system through an isolation Vvalve (v), whose closure point was located about 1
cm above the scattering \Colume.

Coo.‘ling was achieved by conduction through a copper block (not lhw? ‘in
Fig. 8) which was elﬁpd to the cell and to the second-stage eold ie’n:l of

" closed-cycle He-gas cryogenerator (Air Products CSA-202). The cell was placed in
“oe K y

« '
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FIG. 8. Be-Cu sample cell. V is the Eolmon valve, T the carbon thermome-
ter well, and W the quarts window (Ref. 20).
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a vacuum insulated chamber with an intermediate radiation shield which was
kept at a temperature approximately. 50 K nk;ove that of the cell by thermal con-

Decting to the first-stage cooling element of the cryogenerator. Fine temperature

control was provided by (1) a calib d carbon i h placed in
the thetmametgﬁm in Fig. 8, (2) _’twa 20 0 heaters, which were connected in
series and mechnicall'yv clamped to the body of the cgll, (‘“3\) a programmable digi-
tal ohmeter (Fluke 8860A), and (4) a power ampliﬁer.\ The olimeter was pro- -
grammed to compare the resistance of‘ the.;arbon thermometer with *l preset
re!'erence value, and to send an appropriate correction signal to the' power
amplifier, which gvas capable of delivvzripg a maximum power of about 2 W to the
cel\l heaters. The oversll arrangement was cha:a;teriud by a thermal response
time of aboit 30's, and pr(‘)vided long-term control wh‘ich'wag stable to within

0.01 K under optimum conditions.

The overall arrangement of the apparatus is’shown in Fig. 9 (Ref. 20). The
exciting radiation was provided by an Ar* laser (Spectra Ph&sic; 165-08), operat-
iig in a single cavity mode with a npminal w‘tve length of 514.5 nm, And”a.power
output of 300-500 mW. )

The sp’eetmmetet consisted of a scanning Fabry-Perot (FP) interl'er‘ometer

(Burleigh RC-10), a cooled photomultiplier (PMT) detector (ITT FW:130),-pho-

and 8 bined dat isition plus Fabry-Perot con- '

" trol system (Burleigh DAS-1). The spectra were acquired by a process of repeti-

tive scanning with a peri;)d of about 10 s, and the total accumulation time
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DAS
+

FP CONTROL

DISPLAY .
) .

VAX 11/780

FIG. 9. Schematic diagram of the experimental setup. C is the cryostat; SF
\ " the spatial filter; PR1 and PR2 the uncoated glass Meeh?n, S1, S2 and S3 the
\ electromechanical shutters (S3 shutter was not used in experiment with the HD),
“FP the Fabry-Perot interferometer, PMT the cooled photomultiplier tube, OF
the optical fiber, uP the microprocessor, DAS the data scquisition system, and

s : SP the Art luer (Rel 20).

8
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required to achieve lec;ptlble signal-to-noise ratio was 3 to 24 heurs. It was con-
seq\lentl): necessary to fully utilize the feedback control cspability®® of the DAS
in order to minimize the effects of long term drift in the interferometer align-
ment. The reference signal recquired for this purpose would n‘ormally be the
plmitic Rayleigh pen‘k .which was eliminated by ﬁl:;hg in ‘this experiment
(ﬁller IF in Fig. 9). The required alternative arrangement (Flg 9), uuluzed \

uncoated glass reflector, PRl to deﬂect a sample of .the. laser output through an

* optical fiber 10F) when the shutter Sl ‘was open. The light wblch emerged from

_ the ﬁber was collimated and accurately directed, by uncoated glass reflector I;RQ,

along the axis of li)e scattering optics. The action of shutter S1 was controlled by
a micrgprocessor (4P) which utilized the master clock of the DAS as a time base.
S1 was programmed to open at a point nenrat,‘ the beginning of each sweep,
where resonant transmission of the lue‘r frequency was about to occur, and it was
closed immediately aftérward, so that no laser radiation reached the detector dur-
ing scanning‘ of the Raman line. The microproccissor also controlled ghutter 52
‘which was used to monitor the ambient bukpoum’i during ;he 'bum@\ﬂ' condiT
tion. A representative displ.ly, as it vviould appear on the CRT screen of th: DAS,
is shown at the jyottom of Fig. 9. Data were transmitted from the DAS to &
Tandy 1200HD computer and stt;red for further processing as described in section
) L4

3.
N
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).‘ SAMPLE PREPARATION
‘Experiments were performed along three constant density (isochoric) pnbn,
correspondmg to bulk density (7) values of 0.504p¢, p¢, and 2.25p. . The critical
densnty or 357 nmlgu.""*“ was established by first filling the cell with liquid at a
lzmpeuture about 0.1 K below that yhen the interphase boyndary disappeared.

Material was then extracted from the cell in stages until (wnth the liquid level at,

approximately the half- henght pomt) it was gbserved that the interface disap- E

penred wnlhc\lt verhcll movement as the lemp\ntnu of the isolated sam;;le was
slowly raised. This method was quite accurate and did not require precise deter—
minations of either pressure or umperatur‘m

In order to establish other sample conditions it was necessary to obtain
information for HD densities at temperatures between 25 K and T¢. Since no
such data were available in the literature, it was decided to apply: the methods
proposed by Rudenko and Slyusar*sS, They pointed out that for the same
reduced temperatures, ¢, the densities of H, and D, ;r:r: simply related through a
constant of proportionality. From available experimental data for normal H, and
D, they determined pp /py, = 2.25 (Where p is in g/cm®), and predicted that a

similar procedure should apply for HD. Present calculations, using data in the

range from 16.8 K to 25 K, ‘yielded the consistent ratio pyp /py, = 1.58+0.02.

This value predicted a eritical density of 355 amagat (st Tp = 35.91 K) as com-

pared with the experimental value®?®® of 357 amagat. This agreement was con-

lidered,_lo be Mhﬂl s0 that the densities of liquid and vapor HD were
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subsequently determined (for given ¢) by multiplying l;nown normal Hy densi-
ties®5® by 1.58. .
. - »

The condition for the lower density isochore were now established by start-
ing with the cell parl:ly filled with liquid at 34.64 K. Gas was vremoved from the
cell until the liquid .jnsl disappeared ’complétely, and the density of the remaining
vapor was calculated as above to.be 180 amagat or 0504/ Slmlhrly, th
higher |sechore densny of 803 amagat (2.25p¢) was obtained &'\e refully clos
the valve when the cell was completely filled wnh liquid at 26.19 K This mothod
was convenient because it did not require précise measurements of the pressure.

The HD gas used in the experiments was acquired cammel_'cially (from
Merck, Sharp, and Dohm) with its. principal impurities being isotopic variants Hy
and D,. The level of each of tbm‘e impurities was estimated from the intensities
of their vibrational Raman spectra to be approximately the same, x;nd it was con-

- cluded tlha‘ the minimum HD content was 93%. While it was considered unlikely
that these impurities ,_v{muld have an;' significant et?ect on the HD Raman spectra,
they probably account for the fact that ﬂ.‘l&le of T¢ as determined in the
present experiments was 0.37 K higher than the published?5® value (35‘,9[ !() for
pure HD. ’i‘he observed increase in this value is'consistent with the melho;

(above) by which the critical dition was blished. Since the

involved in this process were greater than T¢ for H, (33.00 K) while below T¢
for D, (38.3 K), it is reasonable to expect that fractional distillation would

enhance the latter impurity at the expense of the former and thereby give rise to

. sy
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a slight increase in Tc. At the same time it should be noted that this method. for

determining Ty, is a definitive one, and no alternative was available. Thronghout

the remainder of this thesis it should therefore be assumed that the appropriate

value for T¢ is 36.28 K. &
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3. DATA ANALYSIS

The 512-channel output from the DAS was processed on a Tandy personal
computer, using programs orginally writ".n by M.J. Clouter for use on the
upiversity Vax system, shd modified by R. Craig for the Tandy. The first stage
involved three steps, w;:i:h may be brieﬂ-r described as follows®:

“Jgyan average background level was caleylated from the 490 to 510 ch.n:;a_

signal provided by‘shuuer S2. This value was /staged for later use, together with

other manually entered parameters such as free spectral range (SFR), tempera-

ture, pressure, etc.

(2) The data for the instrument (un;tion, as provided by shutter.S1 was pro-
cessed by a least-squares routine which yieided a two-parameter fit to the
theoretically predicted Airy function:

Cy

Si(v) = s (3-1
» [1+Csin¥()]
R =
where. C,, C, are the adjustable p which determine peak height and

width, respectively. R is the known spectral free range (SFR), of the interferome-
ter, and v is the frequency relative to the peak of the profile. )

(3) After this op;rliion only about 200 points mlﬁpri:‘mg the Raman spec-

trum were retained, with iate channel identi for ing the posi-

tion of the spectrum relative to the peak of the laser reference line. The remain-

ing data from the DAS output were discarded.




,

- transform of above equation reduces it to the simple form:

-§3-

The second si;ge of the data processing made corrections for the finite

instrument resolution. In this case the following steps were performed:

_76 The three-point smoothing routine was applied to the Raman data, in

order to reduce the undésirable effects of high-frequency noise (see Fig.10a"and b).

-

(2) The wings of the i ined inf

Fohxnmple, in the Fig. 10a there nppéars a weak higher order of the laser line
which was not cdmpletely removed by the optical filter (IF in Fig. 9) used in the

experiment. Such features were removed by ing the tails of the sp

and an Airy function ggﬂgﬁpulnﬁon was used uzgenemte the interorder minima,

15 to 60 points from original spectrum were use

|
(3) A smoothing operation was once again applied to the spectral wings,

to generate these new tails.

where high-frequency noise was removed by using an n-point (n < 10) averaging
process. This process wnl’ weigi)led 50 that its effectiveness was maximum at the
extremes of the data, while falling rapidly to zero at a point about 0.3 R from-the
petk on either side. ’l:he result of these processes is shown‘\ in Fig. 10c.

4‘) Thie observed spectrum Sy, (v) and the "true” spectrum S(v) are connected -

by a relation which involves the instrumental function Sy (v):

So(¥) = S(¥)*5;(v) , # (32)

where * signifies, the hemati jon of ion. The Fourier

FlSoW) = FISWL FIs; () , 4 33)
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FIG. 10. The Q-branch of -HD vapor at 32.3 K.

observed on the screen of the DAS-L,

after substracting the background, triming the tails of spectrum, and three-
point smoothing, -
after fitting the Airy function to the tails.of the spectrum,
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/ FIG. 10. The Q-branch of HD vapor at 32.3K.
(d) the n from (c) compared with the spectrum after d 1
S (e) sine ients of the Fourier ansfc

. (1) «osine coefficients of the Fourier transformation (domd lme is final fit, and

solid line is first lppmxim-ﬁon) v
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or,
Iolt) = () Silt) .. @

The recovery of the'"true® spectrum by a process of deconvolution is then
. . |
achieved by the relatively trivial operation: !
, ()= Ioll)/SHlt) 1 T@e
/ : . . -
and’ S(v) was obtained directly as the jnverse transform, of §(f). Since the
. mstrnmenlal function was symmetnca.l its tlmnslorm consisted slmgly ol asetol -
cusme coe!ﬁclents Ay, o which were obtained directly from the lnalyhcal solu-' X

tion: - < % ' .

i[n-(uéz)%].]. C@8)
C, 24 M - x

with 1=0,1,2,... e ; o

. Lt
.+ Because'the So pmﬁle was genenl]y y ic, 50 that the dis

Fourier sena mcluded hoth cosine (Ao W) and sine (Bo ») termx 'The number of

terms requu-ed was d by 3 visual’ ison (on 8 vndeo termmd
screen) of the invene transform with the smoothed dats. In general it was not "" ]
possible to 'distinguish betieen the two sixptrimpéaed displays with o in the

range ﬂ<n<20

The deconvolved ("lrue") specmlm S was thus obtained lmm s Fourier

series with meﬂiclenta given in ucprdlnee wlﬂl Eq (3-4) as A, = Aa.. /A],. pid

and B = Bo o/Ar, . Fig. 10d shuws s compinson between proﬂlel for So wd B
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S. The sptcl;um taken for illustrating these procedures. (Fig. 10) was garrow,

and the i jon had s signifi effect on the spectrum. For most’

" dats this eflect was much smaller.

As distinct from the case of previous N, experiments®, this stage of the data
processing was complicaud by the overlapping of two Raman lines eorrsponding
to the Q,(D) and Q,[l) transitions. This placed additional demands on the accu-
raty of the deconvvlutlon prccas, and is responslble for the extraneous oscilla-
_tions which are evident in Fxg.flod. This was not & serious problem, however, ,
because emph;:sis was placed on the recovery\of Q,(0) dats. The Q.(l)‘leature, .

.\:leose inténsity was temperature dependent, \‘vns slways quite weak. and some-
times undglectx;ble4 ‘The consequences were, however, somewhat more serious in
the Uollo’wiﬁ) final stage of data processing. .

In the last, (third) stage of the data analysis, attempts were made to
represgpt the deconvolved spectra in terms of analytic ‘l‘nnclinns“-”. For the sin-
gle (isolated) Ramsn line these functions are theoretically®4? predicted as Gaus-
sian, Lorentzian or Voigt profiles (the Voigt profile is obtained by convolution of

Gaussian and L ian functions). The Fourier tnnslorm of the Voigt function

is as follows: — Vod |
. |

(&-8)

A() =FIL ()46 ()] = vo expl-

- -
(see Fig. 10f). The Ao coeflicient was exclided from the fitting procedure. This

diseriminated against the presence of any bmci—bnnd signals which were not part

_of Q;(0) spectrum®. In some .cases it tended to "wash out™ the weak Q,(li
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component in the tail of the spectrum, but the Qi(qQ) profiles were reproduced
correctly. For the cases where overlapping of the Q,(0) and Q(1) compu{:eiqu
was strong, the§pectra obtained by this procedure were in excellent agreement
with the original spectra. . =
Highly symmetric, non-critical spectra were reprmpl.ed by a periodic super-

position of Voigt profiles, V(v),with the periodicity‘ R required by the Fabry-Perot '

interferometer :

" S = S VwemR) : (27)

where the sum is ovér the integer m. The V(u) functions were obtained as the

) , 7 .

inverse transform of A(t), which was least-squares fitted to "the experimentally
-

d P - i

d cosine for each (_

‘The spectra for HD vapor near the critical point, and corresponding spectra
on the critical isochore were highly asymmetric. In these cﬁa, a3 Was done for
the spectra of NJ°, the required sine coeflicients were repruented‘by the empiri-
cal form, '

B(t) = bg exp(-b,¢ )sin(b5¢ ) , (3-8)
where the b; parameters were again determined by le‘dwquuu fitting (see Fig.
10¢). The inverse transform, using both the fitted functions A(t) sad B(t), pro-
duced the more general profile, I(v), corrapom;ing to & single period of the
Fu’bry:l’;rot spectrum. The entire Pnbry-P‘erot spectrum could then be g.eneruted

by a periodic superposition analogous to Eq. (3-7).
1




° true spectrum than I(v)itself.

' -5

The S(v) ions were ‘introduced because they p

of s
S h

better approximation to the hﬁud Raman spectrum. In principle, the effect of ’

inter-order overlsp, which is characteristic of the Fabry-Perot\interferomeur, can

be reduced (or even elimi d) by ti dditional Fourier coeffici from
the fitted A(t) and B(t) lunetions via interpolation.- If the number of coeficients
4

is increased by a factor of 5, for example, it has the effect of expanding the S(v)

period by the same factor;i.e. %

5W= Slv+smR) , (39)

and thereby redices the overlap in the wings of I{w). The validity of this pro-
cedure is determined by the accurdcy with which A(0) is known, and in the
present case this nccumcy’ could not be assessed. The procedure was nevertheless

carried out on the grounds that it should produce a better approximation to the
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CHAPTER V
o
mséu;son OF RESULTS

1. GENERAL REMARKS "

The first vibrational quantum of HD has an energy of sbout 3812 em™! lnti

(as also_ for H, and D) it is only at temperatures well above room temperatuie~~
. .

that the anti-Stokes (deexcitation) spectra to v=1 » v==0 are
observable. All the HD syectr‘n which are to he‘discussedr(Fip. 11a-¢) are conse-
quently Stokes (excitation) spectra arising from v=>0 +v=1 transitions, and the
scattered radiation involved was red shifted to ~~640 nm from that of the excit-
ing laser. line (at 514 nm). It was not possible to measure this (absolute) shift
with any mm‘mey using s Fabry-Perot interferometer so that relative shifts only
are ll};rred to in the following discussion.

In addition, since all spectra were Obl.i;ltd at temperatures below 60 K, only
the J=0 and J=I rotational levels (of the grouad vibrational state) were

ifl pop d. Calculations® show that at 30 K the relative populations

of these two levels are 0.96 and 0.04, respectively, so that the Q(0) transition can
,Pq expected to dominate while the Q(1) feature is only merginally observable.

The effect of on the spect is d d by the results of Wit-

“kowicz and lﬁly’ which are reproduced in Fig. 12 for room temperature (300 K)

and 85 K. The present spectra are similar to their lstter results with the
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- FIG. 11a. The Q-branch of gaseous HD at different temperatures (in Kelvins)
+ along the critical isochore (pp = 357 amagat, SFR=315 GHz).
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FIG. 11b. The Q-branch of gaseous HD at different temperatures (in Kelvins)
along isochore p = 2.25 p (SFR=117 GHz).
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. FIG. 11d. The Q-branch of HD vapor along the vaporliquid coexistence
curve (SFR=215 GHz). y
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FIG. 1le. The Q-branch of liquid HD along the vapor-liquid coexistence
curve (SFR=215 GHs for s-¢, and SFR=117 GHz for {-h). "
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FIG. 12. The Q-branch of HD for different. densities at 85 K, (left. side of
figure) and room temperature (rightside) (Ref. 7).
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difference beeing that the Q(1) feature is much weaker.
-~ 5
The tpectra of Fig. 12 also demonstrate the collapse of the entire Q branch

into & single component as the density is increased above about 300 amagat.
Thi;marks the onset of a particular spectral narrowing process whichv arises from

1 motion via vib tation cqupling.

the indirect dephasing of the

. “This phenomenon has been discussed ul Chapter I and to a first approximation is

to be regarded as distinct from the direct, or pure, dephasinﬁ process considered
by H’ills and Madden (fo}~ e;mple). It has been the focus of attention in several
p;lblicati;na’-7-" on HD, and is reasonably well understood. In the present me' it
is a ‘matter. of e;iuciden,ce that the critical density of HD (357 amnga‘t) is

sufficiently high for the eﬁ‘ect to warrent consideration. There is, for example, lit-

tle doubt that the effect, is responsible for the absence of the Q(1) transition as a

separate component in spectra recorded on the critical isochore. In Fig. 11s the

only ‘indication” of its presence is in the asymmetry of the 55.28 K profile where

its'intensity is- enhanced by the relatively hi‘gh i . It is also

to tote.tht in this (crit‘iul‘isochore) case the circumstances whicb‘ give rise to
the culllpsa of the Q(O) and Q(lf.leltlua into a single component are unique.
Normally’ the proms occurs W\th lnermlng density as praauwbmndenmg

causes the individual features to overhp (ue Fig. 12). From the. behmour of the

upecﬁ- in'Fig. 11a (as d.lscussed below) lt Is apparent that the broadening of the

individual features is primarily,a enhul effect which occurs'at constant density

P PP

as the ) hes To. The situation is icated, ih"o'wever, by the

A . FE
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rapid weakening of the Q(1) with decreasi Bd it is

deb3table w’hether this icul: hanism_ has any  signifi A effect on the
spect:l profile near T¢ .

For the-higher isochoric deasity of 803 amagat (Fig. 11b) there is no evi-
dence of the Q(1) feature, and the spectrum is consixjer;bl_y narrower, as
expected.’ On 'lhe lower density isochore at 180 amagat (Fig. 11c) a’ weak Q(1)
component is evident at the higher temperatures where its visibility is enhanced
by its smnlle‘t width' (since the normal yrns’sure-br‘oidening ‘m;du'mism is less
eﬂ‘éctiv: at Iov'v d’ensitia),. In th;sc latter spectra \lhe measured (=275 GHz)
separation of ‘the two components is in agreement with the-results of Witkowicz
. and May’, , . .

It shunlz;l Ye.noted that most of the spectra were objsined using a SFR of
215 GHz snd the Q(’l)ﬁomponent. where visible, occurs (e.g. spectrum o, Fig.

. 11a) in the same Fabry-Perot interference order ;9 Q(0). In these cases the rela-

five positions .of the two components are correctly represented, with the Q(1)

component on the low-shift side of Q(0). In ‘cuu where a smaller SFR ql'l}‘l

GHz ‘was required to resolve the spectrum the Q(1) component, where visible, is
shown in an adjacent interference order.and is not in its correct relative position

(see Fig. 11c). Fortunatelyt because of the weakness of the Q(1) feature, this
* )

situation (wh‘ich‘wu largely unavoidable) did not seriously affect the analy$is "

which is described in the loﬂnw?xﬁéigns. Attention will be drswn to cases

where the effect is believed to be sij ant.




— &b In comparing the v,mu pmﬁla (Figs. 11a-¢) the zero of intensity for each -
iss ively iner ‘hpmtmkmgm any variation of -
B = Bey R “~ .
“ pesk frequency with tempétature or density bas, for feasons of clafity, been
eglected. 1{;0 ineshil elev‘:ts are di ina up:nu section below.
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3. SFEG’I‘RAL ASYMMETB.Y

The asymmetry ol’ each specmlm Was measul as'a simple ratio of the

'hnll'-wndths at lnl!—mmmum (HWHM) wh\ch were tnhn to be mmnsluli@‘pom- *

tive. In Fig..13 this measure is gIVH.'I as HW]-M[H]]/HW!M[LO], where the [Hl]
designation refers to higher Ramsn shl{u and [LO] refers to lnwu Raman shifts:
for convenience it will be referred to as. the uymmetry f-cbor, AF. Values of
AF=-1 indicate a high degree of symmetry, and it will be noted ‘that‘valuu which

. R 4
are significantly <1 or >1 occur.
. .

On the critical isochore (Fig. 13a), for ex;smple, AF rises sharply to a max-

imum value of about 1.3 as the critical point xs spproached. This is characteristic”

of the critical effect which h‘as been observed in other systems®, and the sens‘e of
the asymmetry (AF>1)'is opposite to that which one might expect from the
presence of a weak Q(1) lme This observed behaviour of AF therefore indicates
that the Q(1) feature is sufficiently weak so that the associated modification of
the near-critical bmﬁle may perbaps be ne;lec!e&. At higher (>40 K) tempers-
tures the AF values tend to be less than unity, and this rgerul of the asym-
metry i.; consistent with the emergence of the Q(l);:t‘rmsitioe as s separate

~
feature (see spectmm n of Fig. 11a).

The ;onapnndm( plot for the low denmy isochore (0 604p0) is shown in

Fig. 13b, In't thi; case the choice of SFR=117 GHz represents geompromln where .

the resolution Is less than optimum but serious overlsp of the two Q lines is

) i . . i
l\gaided. As » result the uluu/q! AF are less accurately determined. At

By
£

4o . ) . 3 M
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FIG. 13. Temperature and dedgity dependence of the spectrum uyml“nelry H
(d) in vapor along vapor-liquid coexlistence curve, -
(e) in liquid along vagor-liqaid coe.mtence curve, o
© The asymmetry was mw\lred as a ratio of half-widths at half-maximum -
(HWHM) corresponding to the h,ifh-uhin side [HI] and the low-shift side- [LO] of
each profile. )
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temperatures below about 40 K (i.e. closer to Tc ), where the Q&l) component
was not detected, AF is less than unity as in th; nearcritical vapor (see below).
As pointed out above, the Q(1) feature becomes visible at the/ higher tempera-
tures :‘qd occurs in an tdjuz;n '1gx.ter!erence order on the high-shift side of Q(D)
It has the ax;r;neql;s effect of nullifying the lower temperature ;symmetry.

For the high density (2.25p¢) isochore of Fig. 13¢ the’same SFR (117 GHz)
was used for ;he same reasons: It turned out, however, that the Q(I) component

was nowhere visible as a distinct feature because of the collapse and narrowing of

the entjre spectrum with “increased density.‘(see Fig. 11c). These proﬁlﬁ were

bighly symimetrical and only three spectra were recorded because of the relative
insensitivity to tempemure. ‘

The behaviour of the:vapor spectra (Fig. 13d) is similar to that for the low
denxﬂ isochore (Fig. 13b) in that AF<1 md decreases as the critical pomt is

approached. The difference here, of c is that the density increases from

0.28p; to =pg over the temperature

approaches the mnfnﬁ: values observed on the critical isochore. It was for this

" reason that the SFR was chosen to\be 215 GHz as in the latter case. There was

little evidence of the Q(1) component in these spectrs, and it is reasonable to

assume that it canbe neglected. The asymmetry is opposite in sense to that

observed on the critical isochote but the same (in sense) as that for the low den-

sity isochore near T . This behaviour is, again, consistent with results® for N; .

and appears !o:lu characteristic of thﬂeﬂlieﬂ effect. ! ™
' . '

~ .
of Fig. 13d,-and the spectral width

aya
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’

‘Most of the liquid-phase spectnk were also recorded with SFR=215 GHz
because.near Ty the })dtll incu\u/;i\\o"guﬁaﬂy the same values as for
corresponding spectra on the eritical isochare and in the vapor. Only the lowest
temperature (highest density) spectrum of Fig: 1le’was sufficiently narrow to
require SFR==117 GHz. Again, there was no evidence of the Q(1) memt and
the spectra were for the most pubhi;hlx symmetrfe. There w: sorie evidence

for AF >1 near critical point.
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3. LINESHIFT ) 2
The thedry of the density dependence of the vibrational Raman shifts in Hy Y

; ¢ i B
was first proposed by May and coworkers®®, and further developed by Gray

and Van Ki donk®8. The effect i iated with p ions of the vibra-
tional motion by isotropic intermolecular forces for which the Lennard-Jones

icts that the Q-

potential provides an adequate descriptilon. The theory prec

l‘:ranch Ran;an shifts can be expressed as an expansion in powers :f the density :
8Q=0Q-Q =gttt @1)

where Q represents the shift at density .p, and Q, is the shift for p‘-»O. The -

co;ﬂ'lcients a; and b; depend on the (lower state) rotational quantum number, J,

and also op the lemp;latur!. At ltemperntures below‘sbout 300 K the a, values. .

are expected to be (ir‘ncreuin’gly] negative as a reflection of the-more important

role played by Lhe attractive intermolecular forces. Xn usummz tlus theory to be

generally Valid for the hydrogens, it was noled”"ﬂm the a, and b, values were

predicted to be the same for botlr H, and HD. The results of Witkowicz and

' May” showed this to be approximately true, but there were other points of detail
| luded? b

which cast doubt ui)on this assumed lity. It was

that further theoretical work was required in this co‘nnectian/

-
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TABLE L. The temp depend the ag and by coeflicients for HD.

TEMP. % bixlot

K GHz/amagat AGHI/‘Iml;It’

203°  -0.034:0.002 1.62+0.78

85¢  -0.165:0042 0

<3510°  -0.273002 0

.a- Ref. 7, b - present studies.

In the present case the results which are most :p;}mpriate for comparison
with the above work are for non-cri}icd liquid and vapor corresponding to the
regions below about 35 K in l-“ip 14d and e. These :'éults a:re of cvurs;, also
subject to the influence of varying tempeutnre Howeve‘r, the isochoric plots of
Figs. 14b and ¢ show this effect to be of order‘ 5% as compu'ed to the nveull
liquid nnd vnpor shifts, and for de present purposes n will be neglected. ln
accordance with Eq. (3-1) the data are plomd as a function of p |n Fig. 15. The
liquid data exhibit a distinct break between two linear regions :orrespon_qling (i)
to the low-density, near-critical regimé and (ii) to the high-density, ‘ho\'l:—t‘:riticnl

. conditions which ae of interest in this particular comparison. A similar -
less distinct behaviour is also observed for the vapor, ll:ld in thiscase u’uenlion

should be focussed on the lowest densilfes-Where the slope is complrlb&to that
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(d) in vapor along the vapor-liquid coexistence curve,
(e) in liqui¢ along the vapor-liquid coexistence curve,

In each case the relative position of 0 GHs is assigned to the highest value of
the Raman shift (i.e. the ordinate values mean decreasing shift).
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(upper part of figure), and liquid (lower), alo}

the vapor-liquid goexistence curve.

FIG. 15. Plot-of-the relative R;mnq\;)hiltu versus density for HD vapor

‘The caleulated slopes are shown.
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region {ii). From the average of these s_lopm, m’d’ recognizing that Q(0) was the
only component present Ai:‘both cases, it is concluded that a;=-0.27 GHz.
amagat™! and "‘o=°- These values are included in Table I, which demonstrates a
consistéucy with the data of Witkowicz and May in two respects. First, i)o=0 as
for their lower temperature rgsuits An:i[ second, the magnitude of ay exhibits an

obvious trend to*higher values with decreasing T. The latter behaviour is not

d

given the i d domi of ive forces at lower tempera-
tures, but beyond th_is, little further comment can be made. .

The behaviour of the remaining data in Fig. 15 is most pmbu!)ly d;ermined |
by critical effects. The possible contribution of Q-branch collapse can be readily
estimated because its maximum effect is to displa'ce the Q(0) peak position to the
centre of gravity of the branch. Since the Q(1) component has a relative intensity
of only 4%, the maximum con!:buti}m is of order 004x75~=3 GHz, and this is
small compared to the ~~20 GHz cimnge’ in peak position which occurs through
thg.non-critical region in each of the liquid and vapor cases. Furthermore, the
effect should be such as to enhance the normal density dependence of the shift
(see Fig! 12), whereas the converse is observed. On the other hand, lbb’ile‘ 20 GHz

“the change ls about 1/3 of the full-width at hslf-maximum (discussed in the next
f .
section) at the critical point, so that deviations of the ;lupe from -0.27 GHz

amagat™! could quite conceivably result from rather subtle changes in the shape

of the profile which y the critical broadening. This is also borne out by

the behaviour on the critical isochore (Fig. 14a) where the normal density

\

~
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dependence of the shift is absent. In this case the change in peak position
through the. nearcritical region (where the sharp increase o’ccnrs] is about 10
: ) ¢ <

GHz. Given, a ‘Taximum contribution of 223 GHz from other sources, it is con-

éln‘ded (consistent with the discussion of spectral asymmetry above) that the pri-

s [y .
mary effect-is associated with the critical phenomenon.

. v :
* Further to the last comment, there is also a minor contribution to the shift

varinlﬁou on the critical isochore arising from the normal temperature dependence

of ay. This is‘ more clé;Lly/ i ed in "he. tant-density (0.504p¢,
2.25p¢) plots of Figs. 14b and ¢ where critical effects can fe neglectéd. In both
cases the peak position changes at a rate of abbut +0.35 GHz K-' which is -negli-
gible compared to the near-criticai slopev in Fig. 14a. It is noted in passing that
-the pure temperature dependence of the shift has the appropriate sign to be con-

i hY .
sistent with the idea that the dominance of the attractive forces is eroded’ with

increasing temperature.
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4. LINEWIDTH _ ' '
- &
On the basis of the (orgkoing, the mechanism of Q-branch. collapse, and its

particular contribution to the | ing of the gp n at high den-
. IS p ) E;
sities, will be regarded as Igible. It will b luded from ideration“in the

linewidth discussion. The contribution to the spectral width uri.;ing from the

i “ P . s
finite lifetime of the v=1I-state (i.e. energy relaxation) can also be-quite gafely

neglected because the inverse of the known®® (30 ms) lifetime for Hr. is 9 orders of

magnitude less than the presem.ly observed wldths The effect of fmnmmt.

lransfer of the v=1 exulahon between raolecules can be assessed by lsotoplc

the

dilution of the active specia, This_wns eﬂectively done in the present case Vi
spectra of the Hy and D, impurit"{es.‘ These spectra were vcry'weal‘c (at concentra-

tion of ~3%), but it was'nevertheless c\e;lr ‘that the effect can as a first approxi- s
sstion Besmegtactal, 1 appropriitiiyiregseied s mattse ol darall whiskiweiss:

rents further investigations in thé future. & B

Apart from critical effects, this leaves only two identifiable me: isms) for

consideration; namely, pressure b and pure dephasing. The first of
these is responsible for the  behaviour at low densitics, where the individual Q ’

.cbranch components are observed to broaden with increasing density (see Fig, 12},

, [
while the second c-;‘ be expected to cause the reverse effect of narrowing at high \\)

| . densities. This behavi is -in fact d d by a ¢ i of Figs. 16b Kl
4 . ! * s — <
_\ * and ¢ where the densities dili‘er by a factor of ~%5 and yet the widths are edsen- .

tially the same. This is also consistent with;the behaviour of ‘th.e iiql;ld nu? vlpo; ,
- i 3 g
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. cntlcal da'.s and-the assocmted theory.

o .
. 8- e

(Figs. 16d and e). |{ is.thus apparent that the maximum width nr.ising froin the

interplay of thék two mechadims ocgurs at densities ggmparable to pg, but the

. details of the normal behaviour are obscured by the mu}e -dramatic critichl effects..

pe
(Flgs 16d sn* e). Tlns is further supported by a closer exammauon of the non-"-

\

The theory of pugﬁr?}rm@umg has becn treated in considerable detail by

Van Kranendonk an coworkers®®, (They- have shown that for: the Rx;mgn Q
. H ;

branch the priﬁcipal eﬂ'ect is associ.’\ted with rotationally inelastic f’ollisions which

limit the lifetime of states mrrespondmg to different J The low dnnsﬂ,y results

.
of Wn.kowxcz and May? confirm the linear denslty dependence or the leadcnmg

as well as the d

8

example,_their B values for the Q(0) line at 203 K- and 85 K were quoted as (.86

‘GHz amagat~* and 0.15 CHz .amagat™!, respectively. While no direct determina-

tion. of B was made in the present experiments an estimate can be obtained by

"the comparison. of non-critical widths at the denéims of pc ‘and’ o.so’a,c (Figs.

163 and b). The value of 0.08 GHz amagnt‘ obtained at T~245 K is'undoubtedly

an imate because of dditional (critical) ‘broad effgcts at the hlgher

. density. It is nevertheless conslstent wnh the expected lrend and a corrapondﬁg

estimate obtamed from the low-denﬂty vapor (Fxg 16d) is<in~ ngreement The
slight .uu:rease m w:dth which occurs wnh n{ecreasmg tempernture in Fig. 16b™

appears to be in contradiction. However, as noted in the case of Nz and in the

discussion of spectral asymmetr, Anbove, an effect of thi;\n!agnitude' cduld tas‘ily

.
\\ '

d of the broadening coeflicient (B) on temperature. For ~

)




g ot B bé associated with a residual-critical broadening which appears to persist on this

lower densn.y uoclmn ¥

£ 5 ~ With respect. to lhe dlu on the high d-nly uocbore (Fig. 16c), the liear
decruse in Width at'a rate of about 0.9 GHz K' may be s:gmﬁcmL This is con-
sutent wlth theory which pmhcts'“ that lhe deplnsmg linewidth in the mouon:l 3
n-rrowmg limit shnuld be propomonal to the T'/D, where D,, the cneﬂ'cwnt of

B @ T self d:ﬂ‘usmn, can be mumed proportional to T at tempentlgr\zs not too ‘close to

a phase transition poinl The non-critical liquid dau ‘of Fig. 17 also appear to
confirm the expected!? p ot dependénce of the linewidth at hlgh densities. How-

'

:ver, the

of thae two depend suggests a llqm(* lmewni‘h at.18
K which is considerably less than the 7 GHz vllue actually observed (Fig. 16e).
Tlt may result from amore 1 rapid decrease ol D, wuh' lemperature as \ha l!’lple -
- point (16.60 K) is approacHed. =
= - The befviouron lh; critical isochore (Fig. 18a) is again dox;li:;'aui‘l by eriti-
cal*brbadening which gives rise to.a 2-fold increase in width. The sligilt inc: '
in width at the highest temperatures is ‘dne to the emer;en‘ee of the Q(:l) com-
ponent (sz-e Eig. 11a) ;rlhose main effect is to increase the asymmetry (AF<1) of
g © the Q(0) pruﬂle (n; 134). S
. g i
The liquid data of Fig. 16e offer an opportnnlty for comparison with lheory‘
of Hills aid Madden*? (see qh.pur ) becaia (i) it follows from previous con-

that the behaviour is domi by the pure deph i mechanism,

and (ii) the linesh to be discussed below, was d ined to be L ian so
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that fast-modulatiof conditions cad be sssumed to lpply. Fig. 18 shows the
- appropnate plaﬁor thls purpose, where the symbol ' now shnds for FWHM

Two linear segments are appaleut nearest, the critical point (where s> $) the

slope is Mopxp

-0.09, while furthest fr_om ch!cnncal point (where I''<<"¢) it is

=-0.43. Using published values for the, critical exponents®!-*"the simplest

hydrodynnr’ni_c appl‘-ox'imation‘2 predicts

BNEE » - r w o -, "
— N l - 157 < Xjeare. < - 113, % (41) -
. ; = § .- s - : 5
. T~ 056 < Mg < -0.16, . (42)

or by usipg the Kawasakj correction® 5 \

-0.22 < Mgoare <016 . 4-3
v

(Note that X, is not affected by the Kawasakj correction). Thus the observed

value, )\zsxrpr,‘llld calculated values Mygcazc, are in approximate agreement,

P

while ‘such is ‘ot the case’for X\y: This is in ' with the cor
oo analysis" of data for liquids Ny, O,, and CH« and leaves little AOHbt that Hills
and Madden approach i is not nppmpmte I‘or large €. The reason is pnsumably

. that the use of c}hcal exponenu is not Jushﬁed in this region.

N
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6. LINESHAPE ANALYSIS . .
Thé Gaussian Versus Laorentzian character of the profiles was determined

1 a least-squarés ﬁt of Rq (3-6) to the cosine trmlorm of each’ specl,mm,

with the-ratio ul the vy (! ian) and vy (L beﬁg used as

a characteristic measure. The vo/vy vulnes obtained are plou.ed in Flg 19 and '
¥ clearly show that lhe Q(0) proﬁle is aqcnrntely Lcrenman in shape under nll con-
/’?‘\ dlhons except “for the smallest, ¢ values on the cr‘hcal uochore As dlscussed

o . above, the latter spectru were also distinctly asymmetric so that the Vcngt profile .
\.\—) . alone can not be expected to accurately descnbe them. ]
Attempts were. consequently made to analyse these speetrab\y‘ the semi-

. empirical approach previously. applied for N2 and H. The basis of the

. e e

h is that the dominant Gaussian ch istic for € +0 signifies the onset
o of the slow-motion congition which is expected?% to obtsin'in this region. In
. A N

other words, the longlived spatial fluctustions in local density associated Wwith -
. the hydrodynamic modes gives rise to an inhomog'ggeuus bfondening in excesg of

the normal homogeneous width due to the high frequency motions. Under these

conditions it is ‘reasonable to ‘model the spectrum as 8 superpos\ition_ of local

‘(Lorentzian) spectrn. whose charanterm;cs,,are‘*{emuner} by the observed non-

—" . critical behaviour."The model is represented symbolically by the relation- &
. o : :
% » AWy =S pLWp) Plp)dp , . (5-1)
. ° .
: E . . B ‘v
where [(v).is the observed spectrum, v is the shift relative to the peak of the K
. ; . B B
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profilé, and'p is the local density with p,- taken ss"a reasonable upper limit

corresponding to the triple point value. L (v,0) is a Lofentzian function al__ .qnit

L(u’p)_ —[1+[ s | ] (5-2)

»

This. function models the local spectmm wn.h a P“k lnzquency, vp,eand

FWHM=T which defpznd on p in acc d with lhe itical behaviour. The
& ¥ = -
inensity of each vﬁ)ezl spectrun is deternined by 'the Gaussian weig}gtiiﬁﬁnc-
! : i

tion, P (p),". 2 e

 g—

deilsities The additional p factor -occurs in the integrand of Eq- (5-1) for the
obnons reason um the intensity of ueh locnl spectmm is also pmpon/n.l’ﬁ'
the local denslly The only free pnunetu- in thn mod:l is 6 ie. the sqnm root

of the second moment (—0 425xFWHM) of the Gaussian distribution, and it is

consaquently the qunntlty al lnterest which-can be determined by the application

" of least: q Mting _‘ i This d e was applied with consldenble

succesd for both N,” and HP®, and revealed an ‘exponential dependence ‘(see Fig.

" 20) for v'(e).which did not. conform with_the pow;hlnw behaviour predicted by *
s N s . G s

al theory. Subsequ S of the theory?"?2, which include the

o 4 “ o e
effects of finite volume, appear to satisfactorily explain these results.
X ) z - ’

N

. ‘F(pleag ylep[-£2E) e

which is,tllg' first imation to the probability distribution for different local *

i
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FIG. 20. Natural logarithm of the square root of the P(p) second moment &
agst units) versus-¢ on the dritical lsocbors of Ny (Rel. 20), H, (Rel. 25), °

(in am;

and HD!
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2 N
the presence of the weak Q(1) line. As noted u: the discussion nl asymmetry
. above, the dl'ect o! the Q(1) component beoomu more significant as the tpen-

" tureis YI.ISGAi along the enuul isochore and, mdeed/beeomu an unportu:t ractor

|n deummﬁn; the shaye of the spectnl wing.on the low-sh\lt. sndr_ ‘er conse- .

$ queucu -of this are :pptrent in Flg 20 where the (posnbly) hnear fegion at smltl
“u,

¢is not sntlsfactomlly defined !or lm‘&the behaviour Ior large £isin clen

dungreemenl with that for Ny nnd H,. The stmght line shown in Fig. 20 for HfD

was obtained by usinghe gnr}e T(p) and vy (p) dependences as prevnously deter-

mined® for Hy, namely, I'=constant= 10 GHz and v, =v, -0.147p (where v, is
" .

g '.E free-molecule frequency for HD). Given the Jack of success in applying this -

e, it was not wsidered while to persué the m";ﬁ;e-r ‘further. A

more el;bonte mmodel whleh mxght anemvt to account for the presemce of the
-
o Q(l) eomponent was not consldued I'emble becul.of the eompheatlon: associ-

alod with the collapse of the Q branch occurring simuluneously vlith the criticll

broadening.

The anal dure was not fil for HD, atly because of

.



‘6. GONCLUSIONS - . =« ..

* The behaviour of the G(0) Raman’spectrum of HD in the critical, region is.

' . X B D)
sitis[actorily'aphine’d inf terms of three mechanisms' :- (i) “normal ‘pressure.
e i — .

g B

brondenmg at row densmu, (n) pure ibrati : deph at high densiti (rid

(m) a speelﬁc kind of cnhcal brondem.ng wlnch OCcIlN in the mmedute vmmty %
e

ol the cmml pomt The specul phenomenon o! Q brlJch collnpse. whlch |s in

ther compnnenl of the

braneh usmely Q(l), was mé‘rgmally oburvable\(th ;_relnuve intensity o{

5 ~
A ‘%4%. T \ (

yowo g

. The critical bipadening is consisteit with nding effets observed in’

Nz anyH, where modellmg n( the hnwhape revealed ngw lﬂ'mmon pertammg

to the behsviour of the pmb;blhty hmcnbn for locnl density. In the case of HD,
—

s o thm\_proved not to be feasible because of n(otherwxse negligible) distortion ‘ol the
o e s . b 1
5 near-criti

] lineshape due to the préence of the weak Q(1) component. .
The results suggest mutnre work, in this region of the phase disgram
sho‘uld focus on those details of the behaviour whicll nre. determined l;y the nor-

S g msl]y active mechlngslns identified as (i) and (lll above: Each of thae meclnn- .

isms can, in principle, be<y ', d ind dent], by workm; at .éxtrémes of

. ] . !
density wher,qxhe mplicati o[ cnncnl‘ adening are negligibl The ln(or-

mahun oblmned could prowde lmpehu for tuﬂlxer theomlenl work on s pmicf

fan lsrly mnple fuid system whcro eﬂ‘echvely all the moleciiles are in thm mund

'yle opermve at densmm near pg, lppeul! to-contribute Q),lhe hneshupe ir WL, i
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