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' Thermal Hr1]]ou1n scattering techntques were used to detenmine

.the ue]oc1ty and attenuatwon,of hyperson1c (0 4 to 5 GHz) 'waves in 11qu1d

A

oxygen and nitrogen Each 1iﬁﬂﬂd Was ma1nta1ned under conditions of

- .

' equ111br1um w1th 1ts vapoun and experrments were carr1ed out over bhe

. temperature range from the norma] boiling point (T bp) to w1th1n 1- K of
the cr1t1ca1 p01nt (T ) n. each -Case (90 19 K to 15458 K for L1qu1d
oxygen, and ?? 36 K to 126.26 K for liquid n1trogen) )

.......

Light from a frequency stab111zed Ar 1aser was focused at

* I

"« the centre of a temperature ‘controlled: ce]l contain1ng the - 11qu1d samp]e.

“the transm1tted Tight being detected by a cooIed photomult1p11er ‘tube..

After ‘phase- sensitlve amp11f1cation, the resu1t1ng Br11]ou1n spectrum e

¢

. was dlsp1ayed on a chart redorder S "l '? ) .J-.; ,

-

T;L hyperson1c velocgty resuTts obta1ned showed exceflent

-

from the 1iterature for both 11qu1ds except for temperatures near ‘the

respect1ve iticad ‘points. " In thrs reg1on the hyperson1o ve]oc1t1es

obta1ned for both Wquids were ower, in magn1tude than the correspond1ng

'-u1trason1c velocit1es WFor’ oxygen;{h = 154 58 K) this d1screpancy1
| :.1ncreased from 4% at 150 K_ '13% at’ 153 9 K, wh11e for n1trogen (T
B '126 36 K) th1s d1screpancy ranged $rom " li‘ qt 123 7 K to ~ 3% at .

Since these ddscrepancies are sign1f1dant1y greater than #he

K est1mated errors in thesevreg1ons {a maximum of 1 1% for the hyperson1c‘ o

velocities, i 0 05%° for the u1treson1c ve10c1ties], 1t is conttﬁded that

5 . L]

L1ght scattered at 90° was then analyzed by a Fabry-Perot 1nterferometer,'

-1

LI

agreement with the corresponding u1tra$0nic (1-2 MHz) ve1ecdt1es obtained' ' 4




Sy

'- these hqu1ds behaved s1m11ar1y

these saturated 11qu1ds exh1b1t srgmflcant negatwe dvs“perswn in tjhe

sound velom t1es at temperatures irrlned1ate1y below tJ1e cr1t1ca1 pmrﬁ-... _ . ‘

A MeaSurements of the acoust1c absurptwn coeff1q1ent were -'5150 .

1

made in these same temperature ‘ranges. The resul ts obta:ned‘ for both of

Away friom the cr1t1ca1 point (1 Bes o

, i e K
It - ‘Tcl > 10 K, the absorpt'lon coeff1c1ent was found to 1ncr'ease T R
: Lo T
gradua]]y mth temperature such that the ratlo of the a sorptmn co- . |
. eff1c1ent to the. !‘.quare of the. h_vper.somc frequency varred aDProxlmateU '

11near'|y with ternperature. Howevar, -as El:he cr1 tu:al regwn was

-_hpproached furthelr' ([T - T |< 10 X}, the abSOrpt'lon coefficient lncreased VA

‘rap1d1y by approx‘imate'ly one order of magmtude. Such a behakur Yo ‘
: appears to be charactenshc of these cr:twa‘l regidns : '
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.(Leidecker and LaMacqh)a (1968))a

"._by lattice planes 1n a crystal as shown in F1gure 1.1. -

" ) . T - . ‘_ . - '-I' R N

_ almost 1mposs1ble to determ1ne the1r natural l1ne HTdthSa Consequently, _

'.;one finds considerable d1screpancies in the l1m1ted veloc1ty resuﬂts _

) obtained by theSe earl1er \qvest1gators R ' TR . o

e - e

w1th the advent 1n the early 1960 5: of the laser as an 1ntense

monochrOmatic l1ght source, and also with the development of high resolu-

__t1on Fabry- Perot 1nterferometrY. these d1ff1cult1es~were effect1vely

overcome and this f1eld of. Brlllou1n scatter1ng rece1ved cdns1derable '

.'attent1on Ch1ao and Stoicheff (1964) and ‘Benedek’ et al (1964) were

E L

" amang’ the first to obsefve the Br1llou1n effect in l1qu1ds u51ng a |

.0

e-Ne laser and’ Fabrnyerot 1nterferometry. JIn subsequent years many :

,1qlhst19ators have obta1ned rel1able valueL)of hyperson1c vel0c1ty w1th o

accuraciks better than 0 1% although the accuracy in the measurement of

the Brlllou1n l1ne w1dths is somewhat less, due to the d1ff1cultzes 1n ;'

3r3eparat1ng the natural lIne w1dth from' the 1nstrumental broaden1ng .

1z Brillouin fefect ... ot

The frequency sHﬁfts ofsthe 1nc1dent llght in Br1llou1n '.j_;

' scattering can be deP1ved 51mply by constderlng the 1nteract1on between

a l1ght wave of frequency Vs and wavelength Ay and ! hypersonlc or

1\' I -

. ultrason1c plane wave travell1ng in a g1ven medium with frequency v and

-

-veloc1ty V.’ Such sound waves can be represented as plane parallel

reg1ons of h1gher or lower densit1es and, if the waves were stat1onary,

.”one wou'ld  expect to have the. optical analog of Bragg scatter1ng of X-rays
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- velocity [ uhose magnitude'fs given by ¥, = A_vg» then the Jight reflected

'c0n51der1ng only f1rst-0rder scattering (m 1), Equation Tlill.thenA. )
becomes o o f" - ‘ L
) . . LW
=-2nd Sin- o). 2na_ Sin [QJ R T )
: L2 s T e :
2+, If the sound wave of Figurg 1.1 were propagating with a

a L

-from the _sound wave would undergoa Doppler shift of magn1tude. ' .
.:ﬂ“"l. N - ,_-“ -' ‘2n\-! ’ Cofo) . .
- T s .M.'i 2ty T .. vi Sln [2] . (1.3_)_

uheré'c is_the ve1oc1ty of 1aght in vacug and the p]us and nginus s1ghs
L
are 1nserted to account fdr the shift in frequency of 11ght scattered :

from a suund wave approach1ng or reced1ng from the laght source

Equation (1 3), ftrst deduted by Br1110u1n, 1s known as the Brillduin

Equation. ' o . . . ' L e

The connection hetueen'the simple ekamd1e and the real case is
bprov1ded by the method of Four1er synthes1s- the therma11y generated
denslty f1uctuat1ens in a real medium can be represented by an. approprlate

Fourier.superpos1t1on of s1nusdida1 and mondchromatic plane waves. It is N

. then, in effect 'theSe individual Fourier'components which are observable

by Brillouin scattering s1nce the cho1ce of a. part1cu1ar scatterang -angle -
(8) and 1nc1dent optica] wave'length (:\ ) autcmat1ca1'|y determme&\na
xequat1on (1 2H both the directions and uave]ength of the dens1ty

fluctuat10ns to be detected

" The Br1l1ou1n Equation can aiso be nhta1ned quantum mechan1ca11y

by cons1der1ng the effect as an interaction between an 1nc1dent photon and

P T e

AR SR

e

LN

=
Ly



a phonon beam or sound wave in th.e medium resulting in .the creation (or °.
- ‘ _' annihildation) of a photon as dépic.ted in F‘igﬁre 1.2(@). Lo

+ -

Scattered
' Photon
(a)
() ..~ -
CFIGURE 1.2 - .
i; ) . . - . . ‘ . ‘ ) .
; By con_serv‘atipn of energy and momentum,
£ ' - hv, - h\?' = % hv, . ‘_(_1.4,)'
i; ’ ) T S L. @ >, .-+ o o ) - o
A IR o : Tk, - k' = £ NK G T (1.5):
t . . Lo R . . ) e ' .
. with N-= h/2n, \gtheré h is ‘Planck's constant.'-aﬁj the plas and minus signs- .’

- have‘thé same significance as in equation (1.3) -and’ correspond to’ the
Stokes and ani:i-Stoi(es scati:eri‘ng,' re%;ecti‘ve"ly. The wave ‘vectors (i:)
are related to the freguencies (‘u) and the indices of refraction {n) by:

a7 1.

g et et e Lt ey e
G LR o

By
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i &
j . 2 , |
. ‘ Co .. . \ 7
I _-' .. ) ) . " N i s 5. N . - - ", " 4.
' 1. 3 Classical Theory of Br1l1ou1n Scattermg in L1qu1ds . .
) . Since the experlments to be de5cr1bed in this thes1s 1nvo'lve
C . . -y
B Brillouin’ scatter_mg }'—__I'I‘ 1}qurds only_, we now restr1ct' our d1scu551,dns
‘(‘. o ' according'ly. The appr'opriate c1ass1'ca1__th'e'or}‘ nes- been' presented by
Tl e Benedek and. Greytak (1965) as well as’ Gornal] (1966), and wili.be |
, . R reviewed ‘belaw. ' ' ' o ‘
) . Let an inci‘delnt‘ wave, |
. ) w : . - . +. ey . . | . . - ) i )
E nc(l“,t) =-"E0'i _Expfl(ki*r-‘mit)] I -.; '.- (1.9) .
. . +. impinge on a medium (see Figure 1.3). This wave polarizes the medium v
ENR S _ . Pproducing an ostﬂlating pc]ar1zat10n P('F t) at each-point\? in the medium. :%
L _-~Th1s oscillating polaﬂzatmn in the volume e]ement | dF| of the 111um1nated :}
. . . . - '::_
voTume radiates. an e1ectr1c f1e'|d whose strength at tne field pomt R, is
: T - R i L ' R
. o & (Et) - P.(r,t I-Ii—r[/c) Sin_¢ ldrl TR o
L o . .. -scat L . |R“"| - ‘ B
oo : ‘where ¢ is the angle between 'the' inei'dent 5 field and the wave. vector, C
: ) k', of the scattered 11ght, and P is the second order time . derwatwe of i
| N B
' the po1ar1zatlon, P. I‘
A - ]

FIGURE 1.3 ’ i
) g i. : Rt
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_‘gphn subst{tuting (1.14) fﬁhd (1.1?) we find that ;ﬂg&ﬁime independent % -
(averagej poiarizability <g> produces schttéringfonly in éhe forward
d1rect10n, ie., K = (0, and therefore any scatter1ng 1n d1rect1ons
other than the forward d1rect1on arises entirely from the f1uctuat1on‘

. ~term, Ga(r t}, 1n the po1ar1zab111ty To.flnd the,f1uctuat1oq caus1ng
the scatter1ng in the d1rect1on, K', we white the f]uctuatfohs ina in.

. terms of .its’ Four1er components, ie.,
- . Gu(r,F)‘= ?;;3375 J_ldq| exp{iq:r} éa(q,t} . . -ﬁl.lﬁ}

. Substitutingfiﬁto'equation'(i.ld) we get:

® - . . B ] J s -+ A e ot o
- : I = —2— | |dq] 6a(Qq,t) J exp(i{g-K):r} Jar]. - - {1.17)
where = . .
- f exp(i(a-K)-7 |6F| = (2n)%6(0-K) T (1.18)
: v - o ' Co
g o | o
-where 6(q-K) is the Dirac delta funct1on o S
| This result is equivalent to the Bragg ref]ect1on cond1t1on '
-"_'\ :
discussed prev1ous1y, since it shoWs that the 5catter1ng in the J1rect1on
k' 1s-produced by a f1uctuqtlon whgse wave vectoq_q equals the scatter1ng
St . “vector K. : ' : - J ‘}. - ¢
| _Using Gu(r t) = *Esflgl and 5ubst1tut1ng (1. 18) and (1 17) Tnto B
(1 13). we get _ -j C, \““?*n_;.?.;.._f
' 1(k R - yt) . :
Escat(‘ﬁ t) - . (2n)¥¢ sefkt) oo ,(1.19) |
. '-’HIR - ' . ' . PN
r ‘ I ) .I I



_ & - - “ B . -
. i . _ .
5’ L4 - (" . . p.
.]b' [ -‘ L . .1
i .
. = _ 10
'.r * -_ 1.’ : "
|_ . 1 . a
: + i- | I SR . . ;
where §e{K,t) = 377 J |dr|'exp(—1K‘r} se(r,t) 15 the Fourier fransform .
R (2“ P o ' N -
of Ge(r t) g1ven as the 1nverse of equatlon (1 16) ) , . -
\ To detenn1ne the frequency spectrum of the. scattered 11ght
, intepsity, wé make use oﬂ the fact that the spectrum density of Escat(R t) ’
c_{\;> i5 the Four1er tranﬂform of the corre1at1on funct1on of the scattered S
_ field. The corre]at1on fhnction is dpf1ned as R (r), where T is def1ned
¢ ¥
- as the correihtwon time, Such that: - -
.. % . I ] .
. . + ..* "
RE(T) - scat(R it +x) Escat{ﬁ’&l> :
..‘b Y ". 1 IT s . o+ +* ) r N (1 '20) .
= 1;m1t ET-J Escat(R?t + 1) Escat(R’t)dt . . .
e ) -T, hy .~ : ' -
} . . L .
with the property that RE(1) = 0 when r<0 AP
The spectral dens1ty is’ then g1ven as: L .
v ‘I- ,r/J " s 1 r.nl ) 16}1 ‘-, ; : . - "
SN l - S(K,u) = @;j Re(z) %" dr S (2
L * .using the normalization . . - I - o .
- . S ) FE -. . ) . . ) . -- . '/ . - . '.. ."‘-_‘ B
‘. ' . " . ) ' = - "‘ . ) ' : y :
T RS = R(0) =j SKoaldo - o (L.22)

Yoo B Using equation_(l.lg), the ‘correlation function Re(1) can be

0. - - ’ + - - ) -o + . .
expressed in terms-of the.corre]at1on in 6g(K,t),|1;e., o a

- . .
R o s L TP, P
o
P .
r

'-'hn'r

Re(e). = EZ (o /c)4%¢(2) ¢! ngﬁe )

- :
- .!'

g.
.

i, .

I" : )
.. |’- '
-\‘b N

! ' n -y . )

i
L
t







12

-

i'iu'& T

e :'I Ez (f;]smmd —-—] <lap(K t)I >er "”T' . - (L29) ,,

-.u-. e wave . . . s
Substizuting (1. 29) 1nto (1.24) we get: - ST .

4.

. W, . ? - .

. 2 Y| Sin® ¢* : ! B
${Kyw = £ [—- ——t 20} (55| <lep(K,t)|“> 2o : |
[c sﬂsound o1& ot & )3 [ ]hs‘_lap( R

L i ae

) 2

T T
U
T el Tl e

W T e,

L - Wave - . oo . :
r(K)% + {u-fug-at (KOS 1(R) +{m-(u ug (K))) _ :
- S : These last two terms represent the two Brillouin lines, centered *
' Lo - ' ' e . S . =1
‘v at the frequencies w = vy and = m14m ». broadened by an ‘amount 'ﬁ%
: determ1ned by the *1ifetime’ 1/T of the frequency g thIS 11ne shape 1s ' ﬁg
i';' commonly ca11ed Lorentz1an with full width at’ half " 1nten51ty g1ven by;- ) _ﬁ.
i B . K - Y
| av(ﬁjrl%l Lo -_(1.31) .
x5 ' -Thus, from. the measurements of ms'- w= m1 "and the- 1ine width .
L
. i nu(K). one .can - determine not onTy the speed of sound at the frequency wg
'i: R - but a1so the decay rate of the sound Waves in the med1um ~The' amplgtude '
'i'l * . absorpt1on coeff1c1ent is then def1ned as*‘ _ ; ‘
- ; - 3 . ‘ﬂ - * .. . R
[ . . ) o - H . " . - : .
, .ot S ' : ) - .
' Lt alk) = no k) - T
L . . -+ ’ ’ T i . . - T
' ‘§ Lo where ¥(K) is the speed of sound at'the,frequency g - L -
: . R 3
\ -







o i (pA, - th), where .p is the hydrostatic pressure.. Equat1ng th1s force
to the product of the mass of the f1u1d contained” 1n the volume e1Lment
- ) © and its acce]eratwon (Newton s equat1on), we get S ,f “
: I . . . . -_ . 1 2 . ) . . . -
. : N - o = R gy = Q_E Lo .
N : ) Py - pBl X dx : pdx d'tz- RS ‘ {1.34)
. / ° o e _ !
: .. Thus: ( ol LT L \ SURRNC RS
b : B ST T o ' )
!b *oo . \dz =._’.§.E=.....EI _E. ..E,&. - (1 35)"'
\ : A ax . ap\ TIX ap 2 A
- i e T } o T : . )
L , . and the equation of motdon of the element becomes: - . N
ol ,—-'Ed 5 = p d ot ' (1.36)
f'. ' dtt PPkt : ¢ T
.I._ ' . . _ .: I .
! .-l . which is ‘the equation of wavé motion where'{%E] has the dimensions of a ;
. f'} square of a-velocity V: - . .
A s o . ' . . . .
| . ST aan
. | L ‘ 0 e .
- r .. . .1 ' !
The® so]ug1on of equation (1 36) for the usual case_ in. wh1ch the
. : part1c1e d15p1acement, ve1oc1ty and pressure vary sinusoidal]y with t1me
-5 i e, :
‘ is: v ' -
, L
g(x,t) = g, expliv(t - x/V)T .- . '(1.38)
. -‘, 1.“._1!_“ -
E T

-] - -
s - * e ; * ..
A .o . . . T .
. ) + - N
o ® . ‘/> . .
A " . .
-] . ® PRl R . .
- . ._I
b B
e q ’ o . i
- N i . i
' . a3 LN [ :
[ - - . ? B
r . . ' . . T . '
9 ‘« S - S
. ., . ' f - . ! M

e 1ength of the element is nbw-(dx + dﬁf‘ From conservat1on of mass

conSTdErat1ons, the new valbe of’ den51ty becomes

. . - . .. ..- . .. . - ) ) ; dx ] 25 . .‘- . . . ._'

‘ L ALY - PR T dg _ [} ax] IR (1.33)
. . - . . I‘-‘ . o .

f°r smal1 d15p1acements. The et force acting on the d1sp1aced element
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pressure &p and-density 6p caused by the sbund wave aré,'toifirst,drder'

and. equation {1.36) becomes}

or, equivalently,

where g 1s.the amp}1tude of the sound wave, w s the angu1ar frequency '

and ? 1s the phase ve10c1ty Th1s resuit 13'va11d only .in the acoustIc

-approxlmat1on which asstmes that the. sound anes aré of “such small

amp]ltude that 55 << 1 1n,equatjon (1.33), i.e.y the f1uctuat1ons-1n'

Jin atcﬁracy, nég1igﬁb1e CUmpared-to tHe equi]ibrium values of'pressure

4
.

and density ian the absence of the wave. [f we further“assume that the

v

processes in a. sound wave are adlabat1; and rever51b1e, then we may.

-

re]ate the sound ve?oc1ty to conven1ent parameters of the flu1d T.e.,

its adiabatic bulk—modu1us. -The ad1abat1c bu]k modu]us is def1ned s

r
-

N - ' B . Y
' . l.

Coleifeel () T o isey

. t . -
1 . . 2

e

coe L : . f B - " "L Lo ',.'_
. . B 2:%:1 Tt . .

. 3 Lo , b‘ . . ] . R ) ‘.: . ) .. .
R o= BT v :('1,.41)

* Since the bu1k—modu1us and the density are both temperature o
dependent th1s ‘also. suggests a temperature dependence of the sound
veTocity Thus, equation (1. 41) is the genera] resu1t for low- amp11tude,_j
sound propagatlon in an 1deallzed (non V]SCOUS, non absorb1ng) med1um .

. However, "it 15 well known that acoustic waves are attenuated

in pass1ng through a real med1um. The prob1em for the absorb1ng med1um
b

-d1ffers from.the idea]ized case Just con51dered in that one must use the -

'._ Stokes equat;on for the propagat10n of sound in a viscous med1um.‘ Thus, -

P ]
L] . Lt . ) . 5,



equation (1.36} must include an -additiona] damping term to account for

) . . . ., L . " ‘ ' .
. . . ) R - . .
: . .
o : . v + : A | .
/\. ’ - ) . . L % - ' L B "
- . [t . . . . )
. - R - - ’ 4 [ L .
IR ' -y

: the energy Toss mechanisms. 'In general the wave equation takes the form:.

. O R i A L {1.42)
,where- is the j:;ropagating parameter" of the Wave, x is the dampi'ng' ca- E

ent,’ a.nd 31 g: is the.time derivatwe of the oscﬂlatmg parameter ,‘ N

of ‘the wave. For a gnedtum with a f_l_mte viscosity, frictional losses :

occur and the wave equation becomes ('i_n the acoustic approximation)

L L9 2 X " 2¢ p
’ . szh"UZd 2-'1'[3 ns +-na] 'd_g': 0 - ’(1-4'3]'
. dt dx© PV S E) gy P
BT R I Y e
where —[5 ng + nBJ 5 s the required dampmg term, ng is the coefficient
dx

of sheer vi 5c051ty (correspondmg to the viscous drag experi enced when ) ;
]a_;rers of fluid move over each other), and np is known as the bqu
) “wscosity. It was assumed by Stokes that ng was identically zero and, te ‘
.' “ta 1arge extent, th1s assumptmn marks the d1fference between class1ca1 '
and rnodern the0r1es of acoustic’ absurptwn and d1spers1on } o

: Thus, placing ng = 1) in equat1on (1. 43), we get

o

vl 2. n :
= d_%= VN_M'%_.S—J—“Z . (1.44)
. dt®  dx P dx“dt . :
I , . : . .{ . . > , -
. The solution of equation -(1.44) is of -the form: )
e e Lt = gy @ expliu(t -4/V)) T
: . - . i ) . N B : Cm ) .‘ o
P C o ='EJ- expEm{t - x[};’\f 315}:[ ‘ (1.45)°
. e _‘ . -. - N - . - o " v . w | . ' I‘.
. : ‘ ' . 4 ) ' . :
'l : . w e .
; : | g N
. -3 ]
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where e is the amp11tude of the sound wavé’of angular frequency w and

veloc1ty V and a 1s - spat1a1 ab50rpt1dn coeff1c1ent of the sound wave

defxned such’ that the amp11tude of the wave'is attenuated by a factor of -

aX

Ce as: it propagates a d1stance x in the Tiquid. a defIned 1n-th1s way

-8 the absorption coeff1c1ent whlch is measured ig u]trason1c experiments

N

where the decreases in amplitude of a mechan1ca11y generated sound wave
Q

: 1s measured over a dJstance separating the"transm1tter and rece1ver. On

. the other hand, 1n Br11]ou1n scatter1ng studies, one meaSures a tempora1

L .

absorption: coeff1c1ent, ut, “because the wWidth of the Br1llou1n components'

gives 1nfonmatton about the decay of the tempnra] correlations 1n the

sound, wave.” These two types of amp11tude absorption coeffacjents are

" thus related by the‘relationl = o ,'.I;- . 3\f;'

,_t;‘.'..‘ R 1 :
Ehh R . (1.46)

- -

where V is the sound veloc1ty in. the med1um whlch is. the sdme as Vo {Tow
frequency ve]oc1ty 11m1t) 1f ¢ 1s suff1c1ent1y sma11 The value of -the
spat1a1 absorpt1on coeff1c1ent 8ch due to the shear viscosity effect may

be obta1ned by 1nsert1ng (1. 45) (with'a =-“sh)‘i"t°'(1'44) to give:

I . 2 . )
- S _.87"% 2 ‘ C
a., == v - , o o 1.am)
.sh . 3 gV3 : : R
. ‘fWhere'u'? E"‘ls the frEQUency of ‘the wave, -~ .5

Therma] conductivity of the medium a1so 1eads to absorpt1on of

“thefacoust;c waves At- any 1nstant the h1gh pressure regidns will have -

a-temperature above the average, wh1}e the oppos1te is true for the Tow.

preSSure reg1ons. -Heat ‘will be conducted frum the high to the Tow |

temperature reglons and a compressed region wi]] return 1ess work on
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"expansion that was required to cOmpress it. This leads to-sound absorp-
tion, “th"é"d it can be‘shewh‘(Herzfeld and Litdvit; {1959)) that:
B ot ' w - . B - . 2 . - .

) ) . . N R
. a - 21!_)( ‘I y ) .. (1-48) .
. . th 3 . " .
. ) . pyC ' C
T hS . : . .
. where x is the therma1 cunduct1v1ty, y is the rat1o of the specific heat

&

;at constant pressure Cp and volume C

" The osses caused by both viscos1ty and thermaT conduct1v1ty -

(these caused py the.latter are usua]}y negligible cqmpared to the.former '

R

o iesses), assumed additive, are combined in.the tlassical absorption‘a¢1:

TR, B

.:‘-. ‘+d, '=.2-..“_.. i‘ +.L1"_1)._K_ vz . ."(1.49) )
' ' oV 34 R - I

_Hence, the classical aBsdrptidn of dcoustic waves, in a Tiquid is pro-: -

o ST

v ‘,portiona1 to the square of the sound frequency 'However, it was feund that.lv

E¥ o
.

g

the exper1menta11y measured values of the abserpt1on coeff1c1ent, obs * 15

‘always 1arger than the c]asszcal result a.q- Th15 d1screpancy between' -

PO - o the exper1menta11y observed absarpt1on and the c]assical]y pred1cted .

resu?t. el s norma11y attr:buted.to a non- zero bu1k v1scos1ty, “B (1 e.;,
-

" the assumption of "B = 0°in equation (L.44) is Invalxd)

- A%

'1 5 Relaxatlonal Theory of Sound Absorption . o

ST ' ) " “This bulk v1sc051ty in-1tquids is theorized to arise from two
‘ sources. The first is the energy Joss’ associated with the flow of 11quiu
- molecu]es between high and Tow density regions during a change in voiume

of a given mass: of the ]1qu1d, which is. usua11y defined as-a vo1ume

ow, N
SR e e e,
r

=
3

ay wEH

viscosity. The other contribution ‘ta the bu1k viscasity arises from

4
o~















sdatterfng studies ot cryogenic .h‘quids hav.e been reported- II"Quit'e- a few .
u]trasorﬁc expertments have been performed on these Tow temperature _
]1quio‘s but. because on techmca'l Hrn1tat1ons thlS method is usuaﬂy
restricted to a max!mum frequencyof 0 IGHz " 0n the other hand, '
L . . t-ﬂloum scattermg pernnts the 5tudy “of sound propagatwn at {hypersomc)‘°
o frequenues up to"~ 1IJ GHz whereé: many liquids -are expetted to exh1b1t '
ve]ocity d15pers1on (Fabehnskn (1968)) mth -a corresponding change iri-
. .th_e absorptwn of the.sound waves. ' If such a veloctt_y dispersion were . ‘
" | t’oond to ex*!st,- it could prov'ide information on relaxationa] phenomena in
the liqu'ids ' The objective of this research was to measure the hypersomc
; velomty and absorption for two of these cryogenic 11quids (nitrogen and - o X

oxygen) over their ent1 re norma'l ‘hqutd temperature range and look for S '

Lt

_...
LI
DI -

] : -thermal re1axat10hal effects, espec1a]1y near the ciritical powts where :

theSe effects are expected ‘to- be rnost pronounced

.«

1o B

In Chapter II, a descrtpt'lon of the expertmenta] apparatus used '

i

*‘ e study Brﬂ'loum 5catter1ng in Hquids is given along with the |
‘ - o procedures for hypersonic: ve'loc‘it_v and absorpt'ion measurements
| Chapter IiX dea]s with the exper'imental resu]ts obtained and
.. the ana]ysu of these results. The spectral characteﬂstics of the

N scattered l1ght as well as the measurement of the ‘velocity and: absorptwn

for both’ Hquids are presented for 2 range of temperatures up to- the ’
- .'. o respective eritical po1nts (Hypers_omc velocities for 0, belowits
¢ S : nor‘mal boﬂmg point, Tnbp‘ are-given in the appendix for cdrﬁpletehés‘s.)_'--- |

i . T I _chapter- I¥ consists of a discussion of the results.

Py
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FIGURE 2.1
Block diagram of. the overall experimental apparatus.
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. i ) conséquentdy,'variations in the refractive index of the laser medium as - . ~. ’ 1

; . we]l as the air in the resonator. These were 1arge1y e11m1nated by means .
T . :, i of a. specaal]y des1gned frequency stab11121ng device (Hoh1me g___l., 19?2)
wh1ch had. the effect of lock1ng an appropr1ate cavmty mode to the s1de of
o ;‘ if . the 514 54 nm absorpt1on 1ine of icdine yapour (see Figure. 2. 2)
;l R _' ’ - Coup11ng between the laser l1ght and- the stabilizer was
acc0mp11shed by means of beam sp]itters Approx1mate1y '50% of the
_ f L _”2' '..'_dlverted lith uent through a temperature contro11ed 1od1ne cell and- then
ﬁ‘h\‘ B :to a photo dtode, wh11e the remainder went d1rect1y to a photo -diode.
'The\two signa1s were thenxfed into -a d1fferent1a] dc amp11f1er whose
rf, . “output was, 1ntegrated further amp]if1ed and- then app11ed to.a p1ezo— | o L
| _ e]ectr1c translator (Tropel model 4500) wh1ch supported the Iaser output | -
.'reflector Ihitial adjustment of the steb1]12er 1nvo]ved se1ect1ng a

<

P ,l'.' laser mode {by manua1 adJustment of the 1ntracavity eta]on) which

' o B Cor corresponded to the s1de of the sharp 1od1ne Jine so that the most
| sens1t1ve conversion of frequency fluctuat1on to 1ntensity f]uctuat1on
was ach1eved. The feedback loop was then c]osed and any frequencx_dr1fts
wh1ch occurred on a tlme scale of a few seconds werea effective1y
-compensated for by changes in the cav1ty 1ength resultlng from expans1on
Py l_ or contractlon'of the pJezo e]ectr1c mount. . Y
| | ‘; o Us1ng this ‘method,’ the laser 11ght mon1tored on & spectrUm R o ?l

ana1yzer (Coherent Optics- Inc., Mode] 4?0) was kept within 30 MHz for. b . O

e
.

X . ....' severa] hours and mode hopp1ng e]iminated for lntfzigligaf 24- 48 hr, after't ’ Sl
E .. -.+an initda) warmup time of severa1 hoors _ -

Lo S A second less! sens1tive but very conven1ent laser frequency ‘

-— monitor was used c0nt1nuou51y duning the experiments. It consasted s1mp]y:

. . L .
L .t ' 1 . -
' . s i . . PR .
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" FIGURE 2.3
The Fabry-Perot Interferometer.
‘ A M_ﬁ_rhinure end _p.1ate' {one of t'.l\'u:!).‘“:'h - ' . o --h/.
: I-a-"I/ar rod (one of three at 120°'spac1‘n_g)_.‘ '
¢ Spht tube -clamp (one of three) ' o '
D Hovable mirror mount.. L o
.E .P'tezoe'lectr'lc \c.;-ansducer stack (one of three)
F .H1rror r1ng { ccepts premounted mirrors) (one of two)
G\._ Movable mi rroz - '
H -F'ixed mirror{ ’ .
I 'Fnted mlrr'ur mount . .

.01fferent1a1 screw. (f‘1ne adjustment) (one of three).
'D-i rect drive. screw (cuarse adJustment} (une of - three)
D1fferent1a} stabﬂ‘:zer assemb1y (one of three)
Lock clamp {actwates d1fferential screws) (one of‘ three1
Aperture (one of two) C a -
. ’ y
.A._. . o
” L

tpn b e
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W e construct1ve 1nterference then becomes’:

.
,};E‘ i . - . ' )
K o and' Pm

el " ' ' h‘ <
g — L " . D
.‘_:‘::‘.! I , \ .
. ‘ Coa
H » AN
o . oy o \"
4% . i - - - _ T " _ - ) b - ., . - ) A
- > ST R mr=2nd Cos @~ . c(2.1)
where m = the order of 1nterference number, -

" A E the-wave]ength of the tran5m1tted T1ght

4
¥

R o ‘nx ='4di~.p4/d3 o - R 'i" T23)

where d = the axia] m1rror separat1on (rad1us of curvature),

the radius of the mt bright Fr1nge.

‘ Again, considerind on1y’tﬁe on-axiéxtransmissfon, Pri ='0,Jand equation
' S : . T

3-{- : L --(2-3)'reduces to:

ﬁf_' R f‘_" '.'=J From the re]ationsh1ps between 2 and 4, “we see that by varying

:f% - K f'. - the p1ate separation, d, the order number and the transm1tted wavelength.',' .
;5 o corresponding to a 0 are changed Th1s type of "centra] spot" scann1ng:u

r‘-_“:- ) ,‘ . ' ___' ‘_‘ K o . ' . M ITR = 4d -‘._: . . ‘ ‘--:. h‘ . ': --: (2.4)

. ' n %.the-refractlve index of the medium‘hetweenuthe'biaté55'
d = the plate separataon,~- - J _ ' . L
... and @ = the angle ‘betiden - the transm1tted beam and the ndrma1 to
. the -surfaces. R ‘ '
: Cons1der1ng the 1Tght transmitted a]ong the optical axls. 8= 0 and
;ﬁ equat1on (2. 1) reduces to | ‘ o ‘ '
i L. e o mese2d S . (2 2)
ﬁ: ’ Hhen matched spher1ca1 p]ates are used they are norma11y set
i Co .
¥ in a confocal arrangement where ‘their separatton is accurately adJusted Tl
N . : .
b : - td be- equal to the common rad1us of curvature .The cqndtt1pn for .
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- To provide greater thenmal'and mechanical stabi]ity to the”

system, ‘an. 1so1at10n table and cover were bu11t This consxsted of a
we]ded 1ron ‘frame (3 m.x 1 m x 1 m) e]euated from the floor by Tevelqngf

screws and 1so1ated by rubber pads . The tab]e was covered with 'a solld'

I.birch wood ,top and we1ghted down by concrete blocks. A two meter

.optica1 bench was bolted to the centre of the birch top and def1ned the

opt1c axis of the table.

I

The 1nterferometer was supported by three po1nt contacts and'

.

Placed . 1n an air-tight a]um1num box which was temperature contro11éH to-'
-+ 0.5%- to prevent mechan1ca1 changes and pressure scanping effects An

" the: Fabry—Perot. The a1um1hum box was then- isolated from the table by

'alruhber mounts at the base of‘teve11ng screws The entrance and exit

: given by:

Lo

) W
windows of the box were ant1 reerctzon coated ﬁuartz (5 cm diameter)

T

The whole tab]e contain1ng the 1nterferometer, detector and the .

associated opt1cs was then covered by a styrofoam box which was 2 ‘5 cm

,'.th1ck +and coated with Tight-proof. (b]ack) po]yethy]ene, thus providing

further therma1 insulation wh11e e11m1nat1ng stray 1ight contr1but1ons

~ The scattered 1ight entered the box through a small open1ng in the. front »

end which was equ1pped with an adJustab1e aperture A;* -

‘The main characterist1cs of a Fabry-Perot Interferometer are .
‘1ts free 5pectra1 range, 1ts lnstrumenta] Uandwidth and its resolving
power or finesse. _f o . 'r L '.

The free spectra} range (FSR) def1ned as the’ separat1on (in

frequency or wave?ength units) between adjacent transmission max1ma, 15

*S.-ee Fiéure 2-1- . v o . -- 'I ' >..‘ II'\ I Lo “y
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| ) f1nesse, FR’ is g1ven by : ; \

; o 37
. . P T 4
' bvpep = C72nd - o -
: SR » P1ane mirrors o _ {2.5)
’ AAFSR =, )‘ /2nd ) )
MWrep =C/4d . R .
FSR » . - Confocal mirrorg. ' v {2.8)
. P 2 . . . . ) +
Mpgg = 2 /4d

where c is. the speed of ]1ght in a vacuum.

The 1nstrumenta1 bandwidth. def1ned as the apparent or observed .

'spectra1 width of a munuchromat1c spectra? 11ne, 15 given hy &v or 8X. .

The. f1nesse, s of an 1nterferometer, be1ng the fundamental

- Q ]
) measure of the spectra] resolv1ng power of the 1pstrument, 15 defined as
_the'ratio- of the FSR to the instrumental bandwtdth% i.e., F= ““ 2: .

. The finesse-of the instrumgnt is determined by''a number of factors, the °
‘main ‘ones be1ng the reflectivity and Surface f1gure of the m1rr0rs as well

fas the positton, qua11ty and a11gnment of the opt1cs throughout the 5ystem.

Fbr.perfectly des1gned p1ates of reflect1v1ty, R, the reflectiv1ty 11m1ted

/R

_1 Fr = TI=RT (Plane mirrors) o (é.?) :
Fa —3 onfocal mirrors) . .. - f2.8)
‘ {1-R°) - : , , _

. In pract1ce, for h1gh R m1rrors, the finesse s llmited by the smoothness

of the mirrors across the aperture used such that, for p1ates flat te 1/5

a maximum finesse of S/2 can be expected. Diffract{on_ef 1ight at the

mjrrqr aperture also affects the firessa aecdrding:to the eQUatidn,

“jl%ﬁ:' e

-
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, the solid ang1e subtended at the cell centre as 9 2 x 107° steradians. -

© where r'is the'binhole'radius : Howeuer, while decreasing r tncreases'the‘:

1operat1ng aperture of the plates to the centraI 1 cm.diameter and def1ned"

PR
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from the.scattering site gathered the 909 scattered 1ight through the
11m1t1ng aperture, 1 * (Diam. = 3 mm),and formed the parallel beam for

the Fabry Perot plates. The 11mit1ng aperture, Al’ conf1ned the

Lens, L (f 60 cm), focussed and certred the interferente =

'pattern on a-pinho]e, (Dwam.'= 400 u) 1n front of ‘the detector ~The

" -actual s1ze of the p1nho]e, A2 * is a very. inmortant factor 1n dec1d1ng

the reso]ut1on of the system s1nce the range of frequencies Av- accepted

by Az is' given frOm equation (2 1) by

BV :
L8 =05 (r/fz)?

<‘I¢>
I,
:v]a

0

——

=]

- resolving power of " the system. lt aTso decreases its 11ght gathering

T ability; therefore, it was necessary to choose the value of r carefully
such that a reasonable compromise was obta1ned In the case of the first d
. p]ates, T was = 200 u giv1ng a Av of ~ 30 MHz. | B

The confocaT p!ates were mounted in the same manner as the f]at

o]ates but_their spac1ng was necessarily made to co1nc1de w1th the1r
rad1us‘of curvature.. Due to their spher1cal 1nner surfaces, it was

d1ff1cu1t to measure the1r separation accurate1y with a micrometer

. without damag1ng the de11cate inner surfaces, therefore, the free spectra]

range was, determined experimenta11y by recording a number of Br1llou1n :

~spectra and ca1ibrat1ng them with respect to' the: f]at -plate spectra .

‘obtained under the same exper1mental cond1t1ons.- In this uay. a FSR bf

T

. LI . PR

*See Figure 2,1. °
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tonfocal plates, respectiveTy. Th’e former figure was cons‘ldered A ‘ iy
~ acceptabie because of -the d1ff1cu1ty of ma1nta1n1ng the f]at pTates in - : .':%_
accurate alignment. °A f1nesse of 60 for the- spherica1 p1ates was S .--;f
considered low, however, since these p1ates are re]ative1y insens1t1ve .o “ ,';i
_ to misalignment and Finesses in excess of 100 are cmmnonly ach1eued :?
Carefyl 1nvestrgat1on, 7n fact, revealed- that the observed finesse in f
'the 1atter case was. not determlned by the opt1ca1 quathy of the Fabr - "-f
-Perot reflectors but rather by frequency fluctuations ( J?tter inooo o ‘ “%
. the 1aser output. These fluctuations of up to 20 MHz occurred at - L '.j ‘fé
1nterva1s (0.1 s or less) cons1derab1y shorter than the’ time requ1red BT
, to sweep through a,spectra] 11ne at the norma]-rate, ahd-the response . fﬁ
- time of the frequency stabilizer hqs-too'1ongfto_compensate for these #
- N ‘g

etfects " In order to obtatn‘a higher’effective finesse, and-resd]bing
power, it wou]d have been necessany to acquire a more stab1e laser and/or .-

. a data collectlon system based on photon count1ng techn1ques whereby

- (1} the spectrum is repet1t1uely scarined in periods of ‘15 or 1ess w}th

T

the 1nfonmation be1ng stored in a mu1t1channe1 scalar and (2} spec1a1
prov1s1on 1s made for e]ectron1ca11y 1ockfng the strong central’ component

of the spectrum to a particular reference channe] in the sca1ar,. However! - ;.i.

v

" the resolvingvpower'of 107 already atta1ned was adequate’ for the

detenn1nat1on of Br1llou1n 11ne widths; overomost of the l1qu1d ranges in

. Cor ,..';. =
0y and NZ' so 1t was dec1ded not to delay- ﬁﬁe’project wh11e these Ry
. E :P i i i . _{'

extensive 1mprovements nere,undertaken.' L o o T
e . A Lo : o 3
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2 3 Photomu1t1pl1er Tube and Detect10n System S .

* The detector used 1n this exper1ment was an ILT mode] FH 130

<

photomu1ttp11er tube. (PHT) having S- 20 spectral- response character1st1cs a *

The most important features of the tube were its re]at1ve1y hwgh

' sen51t1v1ty and low dark -count . rate The- low dark ‘count was, due ma1n1y '

to the tube $ sma]l pﬁotocathode area . ( 0 25 cm d1am } which was o
spec1a11y de519ned for" cases where the 1ncident Tight can be focused to..:":
a near spot. Th1s effect1ve1y 1ncreases the SIH rat10n :hat wouTu be _;‘ ;3 ;. f
otherw1se atta1nab1e from a s1m11ar tube with a Iarger photocathode by Lfi-' .

] -}

decrea51ng the number of poss1ble therm1on1c em1551ons

L]

'The dark count rate and tube noise were further reduced b_y

1nsta111ng the tube in a refrigerated chamber (mod€1 T.E. 104 RF,. Prod.

for, Research) - This thermoe]ectrfca]ly cooied RE- 5h1e1ded chamber LT L2,

automatlca11y contru]led the cathode temperature to " -20°C +,0.5° c. - .. .
L1ght passing through ‘the g1nho1e A2 (Figure 2 1), was focused on the -q.
sma11 cathqde surface via a short focal length Tens (f 7 cm)
“in the front end of the RF chamber ' _
. A Brower Laboratories Mnde] 261 preamplifier was used to '
amplify the 1ow Tevel s1gnals from the PMT, while pr0v1d1ng 1mpedance-'“
matching between the tube and the. 1ock- 1n vo]tmeter (mode] 131, Brower

Laborator1es, Inc ) To prevent stné? p1ckup 1n the Teads, the. preamp E

\

Was, p]aced as near as p0551b1e to the PHT R S
" A chopper’placed “in the laser beam beforé it entered the cell - . .
. ) . : . .‘ L) ) Co ; P .,“ - I - a
_provfdedE& reference frequency fo: the ldck-fh voltmeter. .The lock-in . -~ A

voltmeter thus amp1ffiedion1y'the'eigqal from the preamplifier wh{chfwagi -

3o El . - -




wm i, e

., - -
. A . e
e b et ]

.‘conJunct1on with the scann1ng rate to\reduce the 1nstrumenta1 11ne- ~-1. . s -

. pulling effects on the recorded spectra It was’ found that for a s1ngle e

2. f Cell and Gas Hand11ng .S5ystem

- *:1n phase ulth the chopper frequencm. This phase sensitive detection thus

f11ters out most of -the, random noise from the tube while reta1n1ng the A IR

'was soecfa11y des1gned by M J C1outer and H Klefte to N1thstand the

-]arge temperature and pressure var1at1qns 1nvo1ved. The ce]l was nmde

‘design be1ug used’to m1n1mize therma1 grad1ents in the dell. The ifv R L

,,scatter1ng vo1ume was 1ocated at the intersection of three Mutua11y

- . -
- - . - . - .

re1evant 51gna] for further amplificat1on © The resu1t1ng dc s1gna1 was

then recorded on ﬁ TYinear chart recorder (Sargeant modeI SRL)

- ’The time constant of the Brower Jock-in unit’ "was Set in

e

scan t1me of IUUU;Seconds, a 3—second tlme constant was’ appropr1ate for

. the frequehcy shift measurements wh11e, for. tine width studies, it 'was

necessary to decrease 1t to 1 second.
- A

- F )
L

h

o

1Y
3
P i e e el et e e P
SRt e TR e TR 3 T e T T

The scatter1ng cell used in the56°exper1ments (see Flgure Z. 4) -

. L
f’ " Bt

from a BeCu aT]oy in the shape of a cube (= 2. 5 cm), the m1n1atur1zed .

[ :

perpend1cu1ar ho1es, tuo hor1zonta1 (3 zlnn diam )| and one vertica?

e
Vs Npeen T

fThe four open1ngs 1n the horizonta] ho]es were then sealed by quartz " ?J
w1ndous (QI (10 mm diam. X 3.2 o th1ck) us1ng an 1nd1um 0~r1ng seal. y E
P‘Two of these w1ndow§ were: used to dlrect the Taser beam stra1ght through nﬁi . --.iii

“the cell, a tens, LP“ focused at the centre of the’ ce11, co]1ectbd t_e,._“ . . é

”-.999 scattered’l1ght through a third w1ndow and transm1tted 1t to the - ’ .
'1nterferometeru‘uh11e the fourth windoﬁ was used for yvisual obseruation . % :
'? of the samp]es-end,a]ignment purposes h sma11 sta1n1ess sz:1 tube, I. f - fﬁﬁ
- - - ' s SRR ‘hgr : _ R

*See Figure 2.1.
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“ . FIGURE 2.5.°
The ,Gryolstat.'
B A EIeetri.c:ai feédtoroogli. -
" B 'Ekchanoe gas. 'pOrt
.:. ) c- Nitrogen fiﬂ and vent. p
"T ) D '.Nitrogen vent. _' RY
‘_E'.'-Nitrogen f
. ) ¥ Nitrogen reservoir (outer)
- . G -Exchange gas chamber
? . H Vacuum g2,
:I" Sample support tube. : {
‘ I'; .J Nitrogen reservoir (1nner) .
E ,‘K-- Outer taii section _ _ - . E
" - L Nitrogen temperature radiatiun shield
M Heat snk. '
; - '.‘N‘ Sampie cell. )
i 0 - Quartz window (one of Four)
. ___P .Copper braids. |
. 5
.; l -

T

T
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2.6 - Ana]_[msProcedures ‘. . L

Usmg the expemmenta'l setup thus described, at 'Ieast ten
spectraTorders were scanned at each'-temperature setting for the Tiquid
02 and Nz-sammes and the resuits permanent'ly recorded on chart paper
The centre of each spectral 11ne was carefu'l‘ly located, through wh1ch a

straight Tine was drawn to represent 1ts central frequency The ', L

e re]ative separations (measured from these predetermmed 11ne centres}

between the Ray1e1gh 11ines and the‘ir corresponding Bri'l'lomn Hnes ‘as .

' _well_ as between consecutwe Raﬂeigh Tines (1.e., interorder s_pe_c_'ing),

we e measured direct1y nith' 'a"'lin'ear sca]e. -Th‘e ’Brﬂ]ouin shifts,.‘

e pressed as a fractwn of the FSR, were then obta'lned as - the CIuot1ent

f the relative Rayle'lgh -Brillouin segarations to the correspondmg v
‘_1.nterorder spacmgs. These quot'uents were then averaged ‘over a1l the
orders scanned for each spectrum. the mean valees ’of which were -mn]tip]ied
'by the FSR- of’ the mterferometer to obtain the.Br'i“I‘iouin frequency shirts. :
'm GHzI. T | . '
A A s1mﬂar prooedure was foﬂowed for the determination of the .
recorded full mdth at han-—maximum (FHHH) of the Brjl]o_uin 11nes,,the
ha!f-maﬂmum. points were taken m1_dway between th"e 'peak maximum and the “
Jnterorder i'ntensft} minimum for eachhri'l]oﬁn"'liné Once the half-.

maximum points were determined, the full wi dths of the 1nd1v1dua] lines

were mea5ured at th?se po1nts and expressed as fractions of the 1nterorder ar

Y, spac‘!ngs These fractions were then averaged over zll the Spectra]
orders recorded ?or each spectrum with the mean va1‘ue again being
mult‘lp'lied by the FSR to detennine the FWHM (dB be ) of the observed _
Hr']ﬂouin line mdth in MHz.I L :




: 11nes cou1d be reso'lved as the cr1tica1 points vere approached

'.-']1ne of the laser (A =

' s_ystom wh'ich made the sample pur1ty questwnable. ’

v coo1ant consumpt1 on.

it was consequentw dec1ded ‘to. termi nate th'!s stage of the project

v -

In cases where l1nepu111ng effects were .present (mainly near

_the cr1t1 cal pomts where the Ray1e1gh 1ntens1ty becomes relative1y high),

efforts were made to reconstruct the true Hne shapes by. subtracting the -

’overIapping wings d1rect'ly using graph1ca1 5uperp051t10n tenhmques
before measurements of 'Frequency shifts or line w'ldths Were attempted
'These 11nepu111ng effects’ ult1mate1y hm1ted how accurate'ly the. spectra]

At one -
: t1me, efforts to approach the»cntutal point more c]osely u51ng the"lﬂué - '

488 0 nm) were attempted but . the resu]ts obta'nned

were cons1dered 1nconc1uswe due to suspected leaks tn the gas handﬁng '

]

001nc1dentall_y mth thelatter prob‘tem a Teak also deve]oped ”?

. i

between the atmosphere and the ma1n vacuum space of the cr_yostat which ,\
led tp thermal 1nstab1‘|1t‘ies at the sample site and an extremely high- " - ~’

‘Unfortunately, 1t was fmmd that the poss1b]e

so1ut1on to this problem 1nvo1ved extenswe repa'lrs to the’ cryostat and

_w'ithout further invest1gat1ng the critwa] region. -
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Brillouin spectra of saturated 1iquid nitrogen. .~ -

a. b.-C. ,anq'lkd',wer:e__rgcof-ded using flat p]_ates" J

with a FSR = 3.400{1) GHz,.

...... .- @ was recorded using the confocal m1rr*or;s"' -t
" 'witha FSR = 0.9909(0) GHz. ‘
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S FIGURE 3.2 . -

' Bri]1ou1n:'5p,ecmsatur3ted 14qd'd oxyyen. !

a, b, and c were recorded with a FSR = 13.05(1) GHz,

d wds recorded withea FSR'= 2.937(5). GHz.
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" TABLE 3.1, continued

[}

Frequency  Refractive  ‘Hypersonic Ultrasonic

Temperature .  Shift- - - Index Velocity Velocity
‘ T(K)- " Aw {GHz) . n v (ms"l) : v (ms.-,lA)
| Flat Plates, FSR = 2.9375 GHz | P
o 150.84 e 0.7799 11265 251.9 - 259.6
- *151.95 _0.7021 - 1.1206 ‘2079 240.0
- . 151.97 0.6982  1.1205  226.7 2306
.. 152.66 0.6345 . 11170 206.7 2259
; 15320 - 0.6063  1.1136 "‘ 198.1 . 214.7
: 153.37 Cose2z Lazs o 1937 210.9
153.51 -0.5678  1.1108°  186.0 . 207.3
153.77 9-5457. 1083 . 1785 . 200.4 .
' i53.962 ' 0.5276 - 1.1065 SIS VAR 197.0
154.04 . 0.4956 - 1.1049 Cles2. —
154.06 0.4826 - = 1.1045 1890 L —
*‘ihe iﬂtra;dn‘lc data was 'interpo]ai:ed from the results of
Van Daél et al (1966). - ' | '
“
i%tﬁ3 | *
: )









e

*Thefultrgsonic-daté were inteipo1afed from the

Van Dael et al, (1966)..

resu]tﬁ of

+Pd§sib1é_1nbreased Uncertainty'dué'qO 1inepulting effects, =

y
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TABLE 3.g,tcontihueﬁ S
o . Freqﬁeﬁcy Refractive Hypersonic Ul trasonic
Temperature’ Shift Index . Yelocity Velocity
T(K) - .4y (GH2) . o V(msh) v (ms”h)
‘Confocal Riates, FSR = 0.9909(0) GHz |
123.74 0.7092 . 1.1128 231.8 2338
| i24.09 0.6777 L1l “221.9 225.2
._2 124,42 0.6495  1.1091 2131 216.6 -
124:90 06022  .1.1063 1981 o 200.0¢
125.20 0.5674 1.1044" '186.9 I1éo;1 '
izs2s 05833 Lo 182.3 187..8
125,37 " 0.5473 11032 181.4 186.1
125.47 0.5013.  1.10%4 178.7 183.7
125,525~ 0.531 . - 1.1021 177.0 182.5,
125,63 - 10L5551‘ ‘11012 173.8 —
125.68 0.51% - 1.1008 170.4 o
125.70 0.5117-  1.1006 169.2 —
 126.79 0.5072. . 1.0999 - 167.8 —
125.84 . "0.4954  1.0994 163,9 —
125.89 . - 0.4955 - 1.0990 164.0, —
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< FIGWRE3.3

" L S - Plot of 50und’ vei'c).cii:.y vs. femperétdra for s'at_n_.urated'}‘iqu_id -
SRR oxygen: 'The tri'ang;es represe-nt hypersb'nic (0.4 to'5 GHz)

% . R vlel.ocitie.s.“'The_‘eiperimenta'i;' error in these measurements

’n . ._“ _' '._~ V. ', is less fhan 0.5% near Tn't;p a;m_:l i'ncpeases gradu.a.'l]'y to ~ 1%

“ . ‘ . near T.. The splid curve repre’s'ent_s thc‘a_ ultrasornic '(1_.2 MHZ) ..

B\: A ) . ' .ve'lo.c'it"le_;s as  measured by Van Dael et al. (1965) 'wi?ﬁ a
a AR : ‘cl‘aimed.apéyiﬂacy 'ofA.]e;ss than 0:05%. R

. . . : ' . \
4 . . . .
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1 non-]inearity in the vo]tage versus- displacement function of the Fabry-'
Perot This effect was systematic in nature and gave rise to a change
. in-the separation of the adjacent Ray\eigh peaks of about.1% between
- successive orders . The averaging procedures used Ln measuring the o

L Briiiouin shifts were found to reduce thiS error c0n51derab]y and it

- LI

wiil be treated in assoc1ation with the random error determination tor
follow. | _ ) '

Since the interferometer was scanned through at 1easf"six
orders for each temperature setting. the individuai frequency shTfts
were measured for 'each order and then an average value was obtained as
discussed previous]y (see Chapter 2) An examination of the. scatter of
the indiv1dua1 measurements about the mean value reveaied that any

., - systematic variations assodiated with the Fabry-Perot scanning mechanism
¢ were of the same order or less than the random measurement errors so .

i

that the »standard or rms deviation of the 1ndiv1dual frequency shifts

-

L ma s LN LR L

* from the average value was considered to be a reasonabie estimate of thef_ﬂ
- - %
) overa]] error in the frequency measurement, Av. The percentage error
‘f; »

thus obtained was obvaously related to the magni tude of the frequency ‘

shift and therefore increased with temperature as the Briiiouin shifts'u
decreased " o S T .\\ ER

F

The f]at>piate separation of the Fabry-Perot was measured-,_
“directiy with a-micrometer to an accuracy.of better'than 0'01% uhile-'t
. the confoca1 pTates were caiibrated with respect to the fiats to v

determine ‘the free spectra1 range (see Chapter 2). Using this method
the estimated uncertainty (rms) in the va1ue obtained for the FSR of

i' ' the. confocai p1ate5 was ca1cu1ated to be ~.0.24. In both cases, ‘the

Ng

“w



est1mated error-in the ca‘lcu!ation&f the FSR of the 1nterfer0meter‘

. was neg]1glb1e cornpared to the random errors in the measured frequency
sh‘fts. o . . ..' . ."-, . ) . . . ; - '." . ‘- ‘,' h . - . .. ‘ . . - A N |-} .'

The flat- p!ate 1nterferorneter was used thr‘oughout the | . ' ’-:_‘.*'- i
. C ternperature range investtgated for both ox_ygen and n1trogen where 1t, .
Was found that the estlmated (nns) errors in av ranged frorn A 0 3%

<

the lower temperatures to ~ 1% near the crtt1ca1 po1nts. However, the e N

confoca] plates were. also used at the 1ntermednate and higher.

L SRR temperatth-es of mtrog&n where, due o 1ts srnal'ler FSR, the random ' .
AT error wals found _to n0.3% at T = 100\1( ‘to ‘a.maximum_ of ~. 0.5% near the - ‘ '_.“
T “ ,. t::r-'it'ic:ﬂn 'Po,'i.nt. | L 1 . :I. S el ‘ B |
} o (b) Index of efractlon,,n_ CoL . - R ER .'_' . ._
; . " - . . ' From the ql.orentz Lorenz relatlon used to ca]culate the mdex ::‘;
C o of refract1on values; the acouracy of n depends on the accuracy of the g :
i‘. S den51ty data. which was stated as ~ 0.1%," and 't-h}e as_Sumed constancy of lr R
i’g C o -»”The values of ny, from Johns and Hl'lhe]m (1937), used to ca]cu'late .L were | R
| : B c1aimed accurate .to -t 1east 0. 05;: for both ox_ygen and rﬁtroggn wht]e
RS o _ cah:u]ations showed that L var1ed b_y a inaxunum of only 0.2% for ooth
,:‘3; . _. B . ]-.qu'nds over the telnperature ranges from 65 K to T bp i l ' ’ -
v : t T The vahd1ty of tl;e a55umption of L be1ng 3 constant for o‘
: .'. - . ';'. : . T Tnbp for oxygen was Just'lf'ied \nth reference to measurelhents of the e

s.tatlc d1e‘lectr1c constant (c) due to .‘foung'love (1970). Us1ng thesé
3 oo -
\'\ - e va'l'ues of-c and dens1ty data from Heber (1970) “in \he CTausius-Hossotti

o A - . S . oo . .:H-_ T e SRR
:r'_ . \ L relats'lon. LT . T v i e St "
A . . - . . . I b -. . ! i
; . . . L - ] . v o+ .2 e e Ty
| PRI io Tt O 2+ 0 W) B AU I S
S e AL (3.5)
. 7] . . L] < * . . A #
L . "” ) . . " -
. e . ' ’ ¢ v - : !
- ' -4 13 ‘- . =
r k * - * -
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. : 'the polarization; P, varied by a maxfmum of only 1% over the:tEmperature:

TR o range from T nbp -
L e :However as p01nted out by Younglove, thlS apparent den51ty dependence -

" up- to temperatures quite near the cr1t1ca1 point.

.0f P was. dﬁ1te possibly due to 1naccurac1es in. the measured dens1t1es

especia]ly at temperatures near “the- crit1ca1 point. However, the value

. of n, ca]cu]ated Using equat1pn (3 5),d1ffered by a max1mum of 0. 2% from

. 'those ca]culated using a constant L and th1s va]ue was expected to be a :'
! ‘t - Il reasonab?é est1mate of the' error in the values of n used _

T Unfortunate]y, thelﬂ"were no' correspouding data avaﬂable on

-.%égu1d n1trogen to Just1fy ‘the a55umed constancy of L d1rectly 1n this

lcase. However. oased on the results obta1ned for 11qu1d oxygen as we]]

S T s similar- resu1ts obtained for other 11quids such as argon (Teague and
: ”P1ngs (1968)), th1s assumpt1on was expected to hold qﬂual]y we]] for -

n1trogen. alsa. - In any case,lthe reSu]ting error. 1n n-would be only

L L‘,‘ - 0. 2% even if L varled by as much as’ 1. 5% over. the temperature range !

] ' .
1 . ' . -

‘ conSIdered Therefore, the uncerta1nty 1n n 1s eytimated to<be no greater \
g _‘than 0 21 even at the- h1gher temperatures, wh11e for the lower temperatures

(T " T ), the accuracy is probably better due to the smal1er error in the

. )/i“' .~a1ue of t itself. ) ‘._' '; i . s 9
‘_; . i . . .

(c) Havelength A

The weve?ength s of the incident 1aser beam was “taken to be

-

. ,‘ i .r,.- . ;
_: frequency was stab1]1zed by means of 1ock1ng 1t to the stde'of ‘the- we]l- ’

known iodine absorpt1on ‘line which is centered: at 514, 54 nm therefore, P
R S assum1ng A accurate to the fourth figure, 1. e..»

-resu1t1ng uncertainty would be on]y 0. 081 Laser ‘Jitter and’ draft

. [l
g » . *

. :. .
r 4 s ' LR ’ T N T

5iﬁ 5(4) nm and was assumed to-be quite accurate s1nce the 1aser . of"-

= 514.5 nm, the- 3. a _ "','.
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‘of approximately 30 Miz (see Chapfer-2) contributed an error of ~ 1075
to the abso]ute value of A and Was obv1ous]y qu1te neg11g1b1e in i

compar150n to the va]ue quoted ebove. J e

(d) Scattertng ang1e, ' - “: . ‘ . '
« .. The scatter1ng angle, 8, was determ1ned by triangu1at1on
methods us1ng a h1gh qua11ty pentapr1sm which 15 de51gped such that
. I1ght 1nc1dent on e1ther surface is transmitted at exact]y r1ght ang]es
:to the 1nc1dent path- The qnc1dent Ar , 1aser beam was directed ',‘
" through: the scatter1ng ce11 as discussed prev1ou51y wh11e a second
(He Ne} 1aser was al1gned such that its beam passed d1rect1y thrgugh
the celI in coincidence w1th the axis of the collection opt%cs .
ﬁ?'i.: - . , Possible refract1on of the beam5u1n pass1ng{through the optical windows i:'
'infthe ceil'and crydbtat‘was minimfaed by taking care to ensure that .
| L _ _f"the incident beams were normal .to the respective windows; this was _Sf
ERE accomp11shed by carefu] a11gnment of the aoptics such that the 1nc1dent
e B 'i . and ref1ected heams c01nc1ded as losely as possible, Th& pentapr1sm
, .. . was: then p]aced 1nto the path of‘the in¢cident He-Ne beam, thereby .
. . ,redigecting it in the direct1on of the 1nc1dent Ar beam The snatiai

1
drate | . f . ,

i T 'separat1on between the two beams w. sasured near the cell s1te S
? ) _

"and_thén,as far as°boseib1e the ce11 Ustng elementary trigo—

. nometry, the difference - .-n these two measurements was converted
B “into an angular measureme

o - "-;, 90 0 with a maximum uhce'.-

WEREEE . e <o oo
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- 3.3 Overall Error infﬁeiocity-Detenminations '
3 By combining the inYividual uncertainties thus obtained the - .
_re5ult1ng uncertainty in the veiocity measurements were obtained. '
. Egquation (3.3):gi!e$. for the velocity_v. v -
' " * M A U I * |
. . V = \_..q—..i—.-g-—-.-_ . _'_' : (3-6) .
_ (o | ]
- o 2 nI51n Eﬂ,.

. By partial differentiation of equation (3.6), one obtains:

. 3.4f Line Hidth HeasurementE and Attenuation

. tend to be noticeab]y broader than the central Rayieigh 1ines as well

- R - . . l " . . ’ . +
. (o . .
Ak Av Cot |5 .
"‘V—“'=—'+—s'--_——U~2 se - & -(3.?)\'“\" ‘
. . 1 \.’s 2 ) , . ' : P

" . [ '.\ .‘.‘
By Substituting In the prev:ousiy determined va]ues of the L,
£

uncertainty in Ajr Ve and 9. one finds that to a good approximation,

-the estimated “uncertainty in the veioc1ty measurements {U) arises
o primarily from the uncertainties in the frequency measurements (auﬁ),with
-f.: combined contributions from the other sources being quite negligible ih o

comparison to this maagl“uncertainty Therefqre, it is fe]t that the

estimated percentage uncertainty in. the frequency shift measurements
. tr

quite adeouately represents the uncertainty in the veiocity resuits

.ll-.

o,

From: FigurES 3.1 and. 3.2 we. see that the Bril]ouin components *

-

‘as tending to increase in. width as the temperatures approach the =

- critical points This phenomenon is due to the damping of ‘the sound
"waves which give risa to the Bril]ouin Tines. According to c1assica1

’arguments (See Chapter 1), this damping or- attenuation is due to an '

L - ' "t . -









’ with gbod accuracy for F > 30.

7

i

To Just1fy the assumed shape ‘of the 1nterferometer s trans- ,

mission fuhction, one can show that, for relatiueiy high finesse, the

~general transmission funct1on reduces to a Lorentzian The Fabry-Perot

transmission funct1on is g1ven generai]y by theaAtn{HFonmu1a (Stone

t

(1963) ) _ .
. I~
. o o S
Tz —tAX__ — s T (3.10)
1+ FSin" e . . B
where T, 15 the maximam transmission of the etalon;. ) ' _ :,

., v ~
- "

F is the finesse of the 1ostrument.

ahd e is the relative phase differencelbetheen the interfering beams;

LT [ \ . .o ;
If we. conslider points near a transmission maximum, 1.e., ¢ 1s°

tlose to m where m is an integer, then Sin2 = Sinz'(c-mn) - (c-mn)zJ I
" Then equation (3. 10) reduces tq: ' - L
T a—2 Tmax' o ng; .o Tnax_F (3.11) -
' . = . T, 7 STl
21+ F Sin?,e 1+ Fle- ) %-1:(5 = mn)

'which 1s a Lorentzian Iine shape valid for smaTl Ev For F = 120,

€@ lfF o 51n e to the seventh decima] p]ace, this approximation ho]ds ’

-4 .
1
1

The assumed Shape of’ the Briltouin 11nes 1s based on present .,P?

theory (see Qhapter 1) which suggests that these 11nes are highly _
ot o o Y
Pt . , _

Lorent:ian in shape . )
' In the special ‘case that all the re1euant 11ne shapes are ,

' Lorentzian, the deconvolut1on procedure is greptTy s1mpl1f1ed since the

' 1nd1v1dua1 line widths then add djrectly to, give the total observed FHHH
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TBLE 3.3

Brillouin Iine width data for saturated liquid n1tfog§n*

-

TR -

\’.

(GHz)

Ay

-(HHzI)

Yobs

R ] 1 . ) L
INI- o &.\,B ﬂvA : b\JB

(WHz) (MHz)  (MHz). (MHz) :

91.3(7)
95.2(5)
101.7(9)

'105.0(3)
107.5(4)

108.6(8)

- 113.5(5)

114.4(5)
115.7{0)
116.9(8)

' 118.0(1)
122,5(8)
' F]

123.1(4)

124.1(0)
- 124.4(2)

2.287
2.136 .

1.870
1.726
1.616

1.562

1.390 -
1.287

1.219

1.147

1,115

0.8097
0.7575
0.6777
0.6495

40.5
40.0
38.9

42,0

42.7
“41.7
42.2

. 41.7

43.2
1.1

43.6 -
54.5 .
64.1

66.4
70,7

16,4 0.613 - 31.

16.4  0.602  33.7,

7.1 0,633 29.7  12.4  I7.3
7.1 0637 29.1 116 17.5- -

7.1 0.645 278 . 10.1 17.7
16,4° - 0.611  32.

6.4 0.607 ..32.

8.75 24.0

o~ O

o

8.45 ' 23.2

6.4 0.610 32.1 7.5 24.6 |
6.4 0.613 _ 31. 6.9 24.6 - -
16.4 0.604 . 33.

16.4 0.617 -31.

6.60 26 -
6200 288 .0

o W O

7. 6.03 277 . -

6.4 0.551° 45.4 . 4.38° 410 .
16.4° 0.522° 56.5 ° 4.10 s1.4 ¢
1.4 0517 5.9 3.7 542 -
16.4 0508 . 62.4 ' 3.5 589 RS

f;ga.s(o). 0.5022 79.2  16.4 0.498 '-?1.1‘ 3.25 679" E
.*For‘* a discussion r;f‘ e-r'r'ors,' see ‘page 86. | | 7?/ o r._:~
o g o A
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E , L _ TASLE 3.4
'Hyper'sonic absor:p;tion coefficient data for
L o _ saturated liquid nitrogen*
. R - E .4
I._ I . 4 } I _
- 1'[.6\.' e - .
: ! . B.© o 16
"1y (eHz) T amwz) (emy (cm

TR |

t

"152)

- . =

’ .- i

'.9'1.3(}]_- 704.2 . 2.287 - 173 . 1M . ¢ 1.48
95.2'(15) ssﬁ.a - 2.138 _' 1?5 sz 1.
_ l_ _101_.7(9')' 3.2 - 1.870 '1:;.; YT 2 T
R s0.0(3)  £0.9 726 227 | 120 | B4z
. 'T-,j.' o '19725_(4)'. 508.4 - 1,616 T’ém' u80 - 5.67
_ . 108.6(8) 2.2 1562, 232 . 180" s.fbl.s: |
1T nasls) mLE 1L3%00 266 150, 906
_ ‘ ' U 114a(5) 09,8 1.287 246 1890 . 114
P YUNs7(0) 9.4 1219 267 260" - ' 145
é | | 1’16.9(3). 367.3 1.;}47’» 288 2120 16,1
R ‘18001 (57..-8" s g - w1960
122.5(8)  263.5 0.8097. 4L0. 4890 T,

.-

123.1(4) . 247.0 .0.7575  51.4 6540 0 114 X
124.1(0) - 221:0 0.6777 542 - 7710 168
124.4(2)  213.1 -0.64% . 583, 8680 206 °

i
1

. .
. ' *For a discussion of errors, see page 861 K o
l“i' - ) ‘ I 1] ‘:- . ot
-~ [} . .
k . ‘ p '
- ! .\ i J
- F » al b
A+ .

o A T 83 .

124.9(0) - 198.0 0.6022 67.9° 10,800 287 . .- Ll

v

C
-
-
(]
-
%
V
-
i
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. 134,8(6),
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Brillouin iﬁde‘width data ?Qr;safuratedf1iqu1d.diygen* .

e,

e

’T

Lo

LT

v

'TGHz)

" BVohe,

: ;-(MH;)

< F

D {hz) . (2)

. dvé

A
BvVa

et

.(MHZ)

-

98.7(2)

126.5(6) *

143.0(7),

'149.8(8)
- 152.3(5)
1153.7(5)

L 2.801
'105.b(5),-'
"115.8(1)  2.280
1.856 -
1,552

1.202
0.8428

0.6816 |

0. 5456

. 43.1.
e N 3‘%34

- -
Y- WA
2406

. 50,1
711",

N
. 0.513

8l.3

. 42,9 -

2.602- - 42.4.

0.665
“0.660
'0.654 .

0.711
0.692

0.674
I
0.634

301,
. 29.5

22.5
26.9

' 38.1
" 60.6 "
7.3

"o

L 45,27

-30.3 .

BTN

<141
- 12 "‘2 '
' 10.0-

a0
_5;50
"4.56
.3.69:
2,95

15,0
154
S18.1

_:_12.5’;31'

165 .
36;9:_"

84

{33.5ii:h S

56,4

68.4 .
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TABLE 3.6
N o . =

. - R Hypei:._é.onic.a'bsbr'ptjon coefficient data for

\ ) L T ‘saturated 11'qu1'd'oxygen“"

) v v T Av,  a = o Zx 1077 ‘., :
T(K) : B o F - 3

-1)

. (ms {GHz)  (MHz) +  (om

-

,e8.7(2) 88,0 - _é.ao1 15.0 4 ° 561 - 0.715

-'Qﬂ/xlos:otsf- 782. |
IR | 115.8(1) .634.
| - 126.5(6) | .571l
T 1aa.s(e) . 48l
Cuzomy .
- : ‘49.8(8) 271
' 152.1(5) . 221.

CO153.7(5) 179,
- ‘ -

‘2.602 154 617. . .0.912° . . ¥
'2.250 " i8.1. 831 164 L
1.856  12.5 © 685 - }?Qg :
1.552 165 1070 AT

?

1.202 . 20.9° 1730

0.8428 336 3896 54.8 |
| G.6816 56.9 AsoB0 174 - ‘4-;_|_ '
‘0.5856 68:4 ' 12,000 . 403 .
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FIGURE 3.8 " i ** . AR

'

© Plot of the absorption -coeffic‘ient (a) vs. tempef-at'ure (1)

_'and fre@ency (v) for‘ saturated ]1qu1d n1trogen. (qp - g
critical pomt ) The solid curve represents a 'best fit' '
to the present dqta points (open ci r‘c]e;) (For e
T-T | p 10 K, .the'data are expected to be ‘accurate to at
'least + 15% whﬂe. for the Iower temperatur‘es, greater " o
1 . s,
- uncertainty may exist. A [ -
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