BRILLOUIN SPECTROSCOPIC STUDIES OF THE

ELASTIC PROPERTIES OF ICE UP TO 10 KBAR

ROBERT E. GAGNON













e S
T
; . 8 -
“o ¥ CanadianThesesSefvice Service des thases canadiennes ]
KIAONS - - o
PP | 77 C
s i . ] > %
' ! '\ ,,
- \‘\ . ..-
& 5 2 ¥ . [
i R B i 1 R 1 L
LNOTIOE - v e T A S

Euamy of the. original thesis submfnad for mlcmnlmlng b

rspmduuion possible. - . - g
p?“ are mlsslng. contact the umvemlv ‘which, q-amed

lusanmorbv

Rbm:dudbnln!ulwhpa

‘ Blbll‘olmg:o nﬂhna& g

Some. s may print sp)d%lne‘
wﬁwww ,

m c)ﬂm(ﬂlmsd ,(' 9 M'
,RS.C. |970 C.w“’d :

»r
ualité de calls micmlnrme dépand grandement dn la

qua 6 de Ia thése soumise au microfilmage. Nous avons
" t%ul fait pour assurer une qualité s&énema de mploduc

S'I mamlm| es paaes. veqilsz pommmlquev avoc

a conféré le grade.

ité d'impression de cerlaines pagaspenl Ialsw n
mr sunou si les pages ongcm!ss onl dacty
aide d'un ruban usé ou I‘unmnsic nous & lan
> palver’lv une phnlocop de qualité inférieur
/
_Les documents qui fant déja Fobjet dun’ droit d'auieur
articles :: revue, tesls pwﬁés elc.) ne sonl pas

La lion, méme
3 la Loi

efle, do cette microforme G
ienne-sur ie Aroit d‘aulwl SRC




. 3 24 p -
BRILLOUIN SPECTROSGOPIC STUDIES OF THEBLASTIC
- Ll

z - . -t |~ PROPERTIES OF ICE TFT0 10 KBAR

wel \ »
A A ’l'hesis submir.ted in partial fulﬁumnc T2 N
: iy B ) :
4z e efthe tequlremnnts for thé dégree. of -
; v + . SRR Doc:or of Ph\bsmphy K

anqmant of Phyalcl

Memorial University of Nevfotmdllnd
November 1986 oy 5 ; B R




! Permission ‘has been granted .

3 the National Library of
' canada - *0 microfum this.
" thesis. and to lend.or sell

has reserved .other
publication rights,  and
neither' -the thesis  nor

_extensive -<éxtracts from it’
may-'be printed. or otherwise
reproduced
written permission.

..o IBBN

ples of the film.o = -,

The author (copyright: owner)

‘without his/her,

de.. véndre des exemplultea;’
. £ilm,

L'autorisation a été aecozdée
i la 'Bibliothghue natiopale
du .Canada - de microfilmer :
cette thése ‘et .de préter ou,
u,

Y] auteur (titulx;ixe ‘du’ d:oit

d'aufeur) se' réserve ].ea.

© autres ‘droits de publication;

ni . la. thdse “ni. de’. longs
_extrait¥ .de. . celle-ci -ne ¥
“ doivent &tre. imprimés ouwf "

0-315-39463-3" L iy

autrement repraduits-sans. son
autorigation écriteé.
& y TN




i .bun de ;emlmd in the tamparntm:a range L°c to +35%C.

pxeanura rlnga of ph-u ucnbllu:y and metastabilisy; O - 208 Woar,at=

-35 50¢% The tampeia:ure depandenca of ﬂa elas:i: com:anu ‘has also o

;?Gmoelectrlully coolad cryoscat und ‘a 10 kbu\' op:ical cell

ere o house’ b1 cylindr(c-l . -Sanples were

prepnred Erom h:se ungle crysuls o

H‘anha!l glactal ice. Priok'to.
g - B

the laser- :cutteting éxperiments.., the c-axis orfentations of .the.

to within 0.5° by a unique.

ystalline s wers -
e " <

The-‘élastic constants ‘were da:amined \:y annlyzing :h‘mutn

frequency shifts.as a f :of crystal on. The

‘zero ptauuxe values ‘ug:eed “to _about” 1% vt:h. " other Brillouin.
Rp-c:zoscopl: ll:udlen of ice Ih. ’n\g per:antnga chnnges in the el-s:ic
‘constants’ ey, s s ey, C “' lnd bulk modul.us, aver the full
pzessuu tange, . }L 3.0, ‘9‘.4 8.0, 2.8, _-x 5 and 5.1 percen; per kbar )

y. The ’,' e 4 of c“, which. L:

»

lof\:unlns of the‘shear modes, indicatés decréasing crystal stability ‘as !

the phase. transition to tce YII' (at):3 Kbar) ‘{s approachéd. *'ju-

deterntnad for isotropic, finely polycrystalline, aggregates o




llodull dntbud from’ this dll:l a.:ae to Hi!hln 5\ vlch

"extst: s

/high pmm- oo ﬁ. e bulk modult #5%) dn:lv'-d !'roﬂ

valoclry dltl. fot 1cc ll. Ill V:and VI are 138.9, 98.7, 161, 9 and
181:4. kbar te:pcc:lvoly“ .
: X o
~To obuln ice - densities, so that nfncnvo ‘dpdices could be:

enleuhmd/ for use in the !rlllouln equation, a nchnlq\n “has bﬁen

daveloped vhersby the- variation of sample volume with pressure has been
measured directly in"the Préssure range 0.- 10 "kbar, ;n:h-mn bulk

the ‘adiabatic

e A lchama has ‘been ! worked" ‘ot ro classify tho Mlo\u\ tee phases,

] 5

. bnud o knowlnd ‘of: the hydroger bondl which'can qulllcntlvqu axplll.n

be yad ‘to. predict Yo

the obsemd voloclty data and" e

lppzoxhu:e velocities for phne’ ‘For which'no ‘velocity: data presently

Tape
'There 1s excellent, agreement’ betwebn'the ‘pre cnt longitudinal

=

v_alooizy results and nchqr ﬁ\uuhad data. There age dhcrep-ncla-

between previous and present shear wave velocity. result:

'htnl!v?t. The
present values appear to, .l.n more uéun:a(\ic :ha: pressures of “the."
nidpoints of the phases at: lesst, as lndlh&)by the constscency of.
the values for the” bulk moduli derived using the pnnn: dunl!.cy data -

and che ptclenc velocity data.
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CHAPTER 1

LITERATURE REVIEW AND INTRODUCTION 70 THE BRILLOUIN TEGHNIQUE (.

11 Thg Imgortam:e DE lca Studies

“Water, s substance; which "has several hydrogén-bonded crys:alllne -

polymorphis (n: mm 13); 1s fasclnacin;ly aind, The, hydmgan bond -

in loliMm:er thu‘

“ds essentuuy alaecroscuic and is comp:ua

u"f a 'n:om batwaen two " eluctroneguciva

atous.’ ‘In the case of water the alec:umegscive o 43 oxygen, uhue

other examples Ihelude nitroger

hydragan bqnding plays’-in,

The lction of glues and udhesives, the ‘structure of p:‘o&ains. and- the

"‘adhesion ef «dirt’ to buman’ skin are pringeily e ‘rebilt of “hydrogen

bonding. Our own bodles are

and@%l e petvulva rola whilch
x_ physital “surro 'ungs ranks :m. L

" in:aractlon as’ one of £he most £wporcanc of ali moleculnr interactions.

of malnly drogen-bonded .

naterials.. Mich  effort ‘Ha therefors gone ‘into  modsll 0g. this |

tnteraction potentisl.

Since tha most cowpleta hydrqgen—bonded m:e:hls are 'pt hably t:he

'-varxous solid exystalline ﬁ..ss of water, these subs:nm:eq are ideally

*"these . models Have ‘been, proposed and: studied.

l:tnnﬂtlonn in ice huve -1» been condumd TV

'sutted to s'tudies vhich provide lnfomatinn “which can ba used to kefine :
. hydto;en-hindlng modals 6f the vater -water intarucuon. nunber of .
Theorstica

!xpo 1menc- on. the .

S

-




o sy.m. has given, added inportance ‘to the study of ice. Mishina '

\
“ behavioyr

' the liquid.

dnnrlp:lo b cnmtl as 'dlrty snowballs’ ‘might be refined

relationships, characteristic lattice mode spectra, the pressire-

) ) o - x »
temperdture conditions and modes of ‘phase transitions and elastic
37739 ' 411 provide useful data to stringently test models of |
| R P f ‘
the water-water potential, much more so. than the relatively tmprecise”

method of requiring that a potential piedict radial/distributions for

. In._thie engincering cohtext, the study of the elaftic .properties of: .

m and ‘their depe u 7‘,, for ¢ .the

nachantcs of fco xmpms, e.g. icabar;s with offshore structures, for

nnllyslng the dynlmlcu of glaclarl.»for lnterpratln; seismic ‘probes oé

“the meun of. glucleru .and ice ¢aps, and for understanding the :

" 'role of ))ulymcrphlsm in the demouézm of ics masses-by explyuvasl

!n recent ynnts the dilcnv.ry of uxttacqr:astrhl H,0, which exists '

in'low mpez.me and/or- high' pr,esauu envirunmenr.s dlsewhére’ In the

et al.*! used data on the lnfrured Ahlutptivlty of - sound waves in ice

“ 1h;" coupled ‘with t:hn ed thermil o of brigh to

“estimate’ the ‘rhlckneu of the icy rings of -Saturn. whauey ‘and

iqnuuirin have suggested that cubic crystals of various subscancu

Vlncluding wa:ex ice, ‘present in” the atmosphexes of plnne:s lnd

satellites, could be detected by their cha -1stic ref i Esios
Comet nucm are known. to contalh lirge amounts .of vater' lce

(Hhipyle %). Klinger*!

and ‘Patashivick et a1, propised thit a’ phsse
transition fron amorphous. to cubic icé, inducéd by solar heating of

conet :nuclel, 'may explain the asymmetry in gas produstion with respect

to perihilion exhibited by~ some combes: As -an:‘aside, ‘Wnipple's

Leele by




{nfrared 2 y and

s likaly that phase

refprring to them as dirty lcebergs instead, given the results of
] ° d J

recent encounters of various space probes with Halley's Comet, which

indicate that some comet miclei, st least, are large itregular shaped-

chunks of dirty fce. - .
¢, Many pllmtaty nc:llﬁ:n :hxwp,hnu: the solar lyl'h- gonsist to a

substantial degree n! water and other ices ( >40¥, Cannnha‘m %), such

as o,/ Ch,, ete. Hepburn!” proposed that the six imner uuuu‘.a of .

Saturn vere largely made up of water ice. This.conclusion vas: based ‘on

the lov dgnﬂclas thch he had estimated fot these bodlal }acen:

by Clark and Owensby'®, Morrison ‘et al.*® and Fink ot al.*®

fcé. on  satellites of Jupiter and Saturn. Hodels of the 1néém.1
@

structure and evolution of these bodies (Squyru - Ctmlolmlgnn und-

52 53

Lewis™?, Reynolds and Cassen*®, Parsentier and Het®* "85 require P-V-T
data and 1nfozna:itm ‘on the elastic properties of the poly-orphs of
ice. Also, the elastic properties have h'w{»znm: appliication r’.r.:ed

to the tidal -dissipation of - ensigy, vhich determines’ the rate of
o

orbital evolution, of these u:allltu (Cessen’et. a1.®

, Yoder and

Puale et nl ) A critical p.tmte: in the :Aleulatinn of the -r.ld-!

energy auup-uon is “the rigidity of the lcy part of the moon i

question. <

Catney and mmn". and Caffney’’ have deternined that it

pnaue. ortas amounts of hxgh

pnmn 1cés when objel::l lmpnct the surt‘uces of cold-fcy sltallh:el,

such l! jm!e of Saturn: and ' more - remote planets’, Poirier’? . has
» ¥

‘revieved the rheology of ices aid how they Influence the tectonic’
3 a8 Eront

behaviour of icy satellite

r‘fl!ctinl\‘ : have. béen used

6 tdentify




The - processes 'behind the considerddle surface and Inteymel
geological ‘evolution which these moons experfence cad be understood .
only when the physical prupaz;!.a, of fce at low temperature nnd/or high. .
prell}rc aro kniown. The not unlikaly prospect of a space probe nission
to land on one’ of thesd 1ey¥satellites, o .a comet, som time in the

] near future lends particular importante :o I:ha 'pursuit‘_/of such, f

infornatgon: . Lo : g

n axcallam: ravhv nf the work on. extxaterrastx‘ial ica see

For
“Kiinger.®® il e -

‘1.2-The Discovery of the .of Ice and Their Crystal Str -

THe' water . substance,. though chemically. quite simple, has many

f uud phases. smmnuy 1t: is perhaps one of the most complex. '

>l cry;ulllna tompounds. The free vater molecile conbists of. two. hydrSgen

ed molecule with

+ atons and ons éxygen atom vhich form a triangular \fh

~ an'H-0-H angle of ~105%. and 0-H bond length of .97A. Distortions, of : the T :
bond angle’ and’ length accouit for the variety of crystalline wu:g}'_'
structjres. In the solid. £6rm each molecule is Warogen hm{dea_- to four

netghbourtng olecules in a roughly tetrahedral shape,” depending .on

'ch polymorph 1s considered. In ordinary

ice Ih the shape ‘. -

-menrly exact and the H-0:H bond angle devlacas«only ulightly from

-its frée mblacullr value bacausp of 1ts proxinity to the tetrahedral

% . 0-0-0 .n;la of 109,50, Gonsiderable vﬂutlon ex{sts for -the 0-0-0

TR . angles, in.the other phnus, froi 769 in fcs VI (Kamb®®) to “the
7 extraordinatily large value of 1430 ‘for 1de 111 (Kanb and Prakash®®) . . SR

A The phase diagram for 0, Figure 1.1 (Hobhi®®), and the structures

“of the various polymorphs. have been studisd {ntensively uncrt‘hr*h




measured °

Figuxe b 3 o8 Phise dingram for thel olid phlsu of wi

ater, ————
'stable line: ‘msusurad mecuseable

R _axt:_npcl‘ni:ed‘ or estimated stable line
trapolated o

at 1ine
(1974).. The thick ® solid

horizontal line

pressures at which most. Bf the present o
perforied. -

to. the (735.5°C) and- range of
xperiments.were
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1012 ]
PRESSURE (kbar)
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Figure 1.1




Dennison’” to determine theé structure of ice Th. The
c symmetries were shown to be represented by the P6,/mmc
space. group.. Later the positions’ of protons in ice Th were determined

using nuclu‘\;igi:uc resonance (RMR) by. Kume'®, Kue and Hoshima'"

13 74

Korst et al.,”” Barnaal and Love,’* Rabideau and Denison’* and sx‘a;‘u
75

and Wiethase.”® One profon vas shown o lie approxinately ‘on the Iine

betueen each pair of oxygei atoui sk a. posttion dividing the 0-0 lengeh

in the {atlé of about 2:1. The unit cell connhu k nolacu

‘water hn two, uud

At e > L And low

ph es, lmurp'hnu: 1ca ﬂnt ohservad by Burtun and ouvu unng x-hy

o4

'l'hn unit cell in ice Ic contains 8 holecules. ! =

observed' by Komig'' using alec::on atefaction “techniques.

. diffraction, and a:cubtc ghan fee Té, rspraunud by the space group

Tammann'® wgs the first to. investigate the high pressure reglons of-

‘the phase’ diagras. At approximately 2.2 kbar and Between .-30°C and
_-50% he found ‘that ice Th ‘transformed into a denser'solid, later

nﬂa IIT by lrldgum U.ln; x-ray data from powdered and single
o8

determined that

< u—yun samples. Kasb lnd Datta®’ and Kamb and Prakasl

‘it has a tetragonst stricture. The spucn group is P4;2,2 and the unit

cell contllns 12 ‘molecules. 5 v A

At a temperature between. -70°C and no‘ﬁm-m“" dlscnvnre:d the
formition of.a denser phase, ice 1I, at a pressure just belov 2 kbur

Kamb," " using x-ray ditfnulon dn:u, da:ermimd that the n:tucl:ure t-

!htpbnhadrnl with un£= ulll con:llnlng 12 water molécules. The s

group “is'RY.

Bridgman’® found that at 3.7 kbar icé. II1 transformed to. the denser




solid fee V. Bertie et al.*? and Kemb and Knobler'®. determined the

.structure of ice v using x-ray powder 'patterns. Momoclinic cells

N " jontatn 78 water’ woldeules’ and the space group is AZ/B, "Bridgnan®*

.u.cma another polymorph, ice IV, which jometines forned 1n the

reglon of Phase stability of ice’ 'V and which vas conpletaly unstable

with ruped: o 1ce V. ‘Its s::uccumhu Been deternined by Engelharde

and Kanb*® by ‘use of %e uy diffraction. The unit cell is’ :hombahedm'

And contlinl 16 ,molecu.le: “The spacé %roup ls R3e.

brldgmnn found.:\h)a: lce v t:xansfamed to the danser Lce VI ac 6

kbu mb" used x-ray. diffnétion data . o :h.: :ha stricture’

\cnmuna of :attagonnl untt’ cells which ‘contain” 10 water moleculey_,

nnd :hu: the .space- group is P4yjnmc.’ later Bridgmun?

Lea VI trinsforned to fcé VIT betussn 20 kbax and 25 kbak. X-Ray. powder

diffraction patterns for this phase were obtained by Kamb and Davis'’

0 and the was Ly. found o be body-centered cuble vith
= cty-tn\" v 1 I by the space group Pn3m.’ Each’ }\
co11 tontatns 2 molecules, i %, t ‘ et

“The firat’ indfcation of lrw:her‘ phase: {n this pressure’ nglon carie -

from Brldmln," who noted that he P-T.phase bundary betwioen !.ce 't

"and m vir- chariged ahnpa ‘nest 09C, The existence 'of Lee VIIT vas

.:hugy \igmm:ucaa by Uh-uay et al.
# A:z‘ucr,uf—jf fce VIIL is the: same as, r.hn: of ice vmxcep: that e LA

using dielecr_tic nathod! ;

'-n:royy wer because the ptutnns are ordered in ice VIII, that s, Ly

:hoy remain at one site, Hhutsu! in ice VII :hare are a: large mnnbﬂr of -

. . ukaly proton conflguta:ions




whereas fce 11T 1is disordered.

T andatuiies St anater phass, 168 X, has béen ripopted by Polian,
and Grimsdfuch. ®* The phiase transition from fce VIT 50 lce Xuat 4 GPa,
was detected through the Iﬂl]lll of~ Brillouin fr:qum:y g}:lfn of
1ight” scaet £ron 1 iy -ound\-v

in thé ice.

rm- C!lnsll:im was .ho ohunmd in’the Ranian scattering nxpnzl-nn

Tt of Hirsch aid Holzapfel. -n.. structure of thid polysorph hes not yet '

n detérmined" axp.zsmnnuy. though 1:1- authors -uuu: :h-: 1 any

be  the rsyme o-is by. >

clnttuymetxlc ‘fodel the u,o molecule is not - the bnu bunuxn,

In “ thig

block "Instead of having hydrogen bonds chie model has an, tonte

.- structure,
oxygln atoms. " g, 5 : 2 N %

~been 9pcmd by Suga.’™ :I\: structure, according to neutron

diffraction experiments hy Leadbetter " et al.,”>® .p't.xi to be

“of their

. 1,3-THéory of Elasticity )
i y E 5 ) r
¢ K :oud is' said to dsform elastically if it returns/to its exact

lhl e qféq:\tha rlmovnl of thc ||:rcls which caused :hl det‘omlt&an,

Ths upld mu:ul dutotm:i.on.l-u'incllhd with the pzopn;-:ian of fow.

upu:uda ncou:lc vaves_ -n l'luﬂc phenomena. The btresses and

th which hydrogen atons are .h.na hnt‘hn nalghbuuting :

Most recently a'mew low tesperature vater polymorph, ice XI, .has
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strains in a -deformed ‘elastic solid’ are related according tq Hooke's

o ‘Law. B .

: £ z i“uuen ) oa-y

o . . EnlLm1

=} ¢ Inthig axpression the ‘element of the stress \tensor, o, o is the J'th,
* component of force, ulth pnits of pressure,'acting on the unit Siensnt

05 . "of surfnu ‘area nomal to qoetdhut! 1. The; an—u‘n' tefisor elements;

,hohgvi_uur of & ':ys:.xum ‘soua gtpbject "o =y sma!.l‘sttassﬁ‘

ieap’fzg'\&.:‘xon-,

In the case of 1ic

. _' ; -
€110 G121 C130 g:,, and; ¢ ¢ uha:g a tuo subscripr. n :ncien ‘has been o

11 230r 320k

i 22 %2 " Y 130r 31 *3\’”

Ta agl “‘uo':-‘zm»\s.'



howevar, th;y are




3 P § oo .
' % L
"y = cos1( (cos sind Feost) sz ) P ey -

AL 3, = e .

“vhere ‘4 is the angle which the .ceaxts makes vich che ‘vertical -

‘laboratory z axis and @ is the angle which the proy.ccton of the:

km on the ‘lab x-y phn: in snmhrd Euler, mgla mcntion

1€ acoustic v.alm:ltlu are knwn ior a variety of erystallographic

! d!" 0 than the | '_ : f chh 3 alntlc wave ptnpuga:lon

d:tnnlnam: ‘The alamnu oi uha ‘matrix -are unen conﬂ:lm:lom’ bf the .

elastic constants and cha produc: of. :hq densicy with the :q\ure of the'

‘veko:h:y Three’ uluusm usu).n from I:hi' and yield

to r_hrae

. & ae:-uu &
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3 In the .sbove exprassions p_denotes d;-ux:x. v -nu 4y, are v-!ou:l.d-s

" far predorgnantly longl tudinal and . trensverse - .%nuuu modes

respectively and V;, ‘is the velocity of .4 purely transverse mode with
"polarization u:ci.o;ou!. to the othér transverse model,

- f %% g 3 BB

1.4 The Blastic Properties of Tce " ) . & H

clrr.led out on ies Ih ncl\ua of tha ra’h:ivc ecse of axp-:!.nanntion

complrad with studies of eh- Sth T polymorphs. aw § ot

Dorsey”® has Feviewed, the upz;c

«créep, involved static cmquu

wuaa to pulynrys:ll’unn samplos.

The :uulu axh\ibi:cd ecnsldatublefuncur The * few. dynamic

which _ inw Sound vc‘loch.y measurenents -on

S " " polycrystals, yielded wiluas oo Young's mdul\u ‘and Poisson’s ratho

which were ressonably consistent. The main source of efror in these

was due to. crysul Dynamic
0

:a:hniques, up—m:u " that time; were not mfﬂchn:ly pracua to

deternine’a Hill it of elastic constints for single ctystals of ice
Tasls Th. _‘ e .
B \
[The m—s: culplll:n set of elastic constants for-ice Th vas derived

g by p.nny in1948"using the ordinacy thuory of lattice dynanies

..+ 'and Poisson's x‘ltin for polycry,;vllina ice obtained by Not:huood.

B Yy ;n;. polycrystaliing data vere' linked to the

zy.eu- hy use of the .vuqmg ptoccduu of v.u;:."

Hose of che work an the.elastic propercids of “solid’ #0 has been

th Th up” Gie1 - 1.9Ao Most of

:hesa expaxlmentu, llhi.ch .were . nubject to error -rintng t‘rom pITtic’

1c qom:mn ‘of -ln;l;'

'ln' -plt- of




‘ . . » / BUT

" Y o ) o
midvay between oxygen atoms, ‘her valuu for tlie elastic constants would

‘have agreed remarkably well with those’uf more recent experimem:s had

e
the ﬂn:axcnin:les inherent in Vulg: s aveugmg prncedurs, and in the

results oﬁ Northwood, nec been presant.

oI 1952 Jona and Scherrer'®® reported m first experlman:al

-determination of the full set of elastic moduli'for single erystal ice

Ih. o+ The Schaefer.—ﬂetymnn method, which makes- use.of the dlfftac:ion of

lono¢! tomntlc 1ight b; ncuus:icnll induced eriodic spatial var(a:ions
5 Y. >4 P

' other nhzee elastic noauu“

ARG

of the matrix of
& s Zi i

“of rafzuc:iva ind!m in tna\'\sparel\t -lalids, was . \ued E’or these
,dac«mmacim m nztificlnlly grovn_shmples were " “held at “a

camparnuu of - 16°c during :hesa axparlment 5 The dtffxar.-clon pu:c:rn!

‘were used to obtnm the ncousr.ic wnvelangth of? the sound 1n :h ice and

the velncl:y vas, thin dsdusia-Econ the nown, resonant. fraquency of the

quartz :rsnsducer uhich was used: to generate thu acuuscic waves.. The

results: of these ‘experiments agreed to us:hin ;xps:imenul uncen:ni,m:y
‘sl those, of Penny."’ -

In wss Green and Mackinnon'®! conducted experiments on si'ngle

crysuls ‘of ice Ih using ‘the pulse transmission. me:hod Tmmsl: cimes
were deca:lﬁned for dnmprésstoml arid shear waves travelllng .1an5 the

c-axis, - from which :he elascxc constants' c,) ‘and c,, were calculated
-

Penny s three theoredcnl uh:lons were then used to decamina- :he

There wvas ‘approximate dgresment between
thess results. snd thwe’of Jon snd Scherrer.***

 The “bar was used t6 dete thé complete set

of 'elastic. compliance . constants . for gonocrystalline ice by Bass et

? in|1957. The métrix of -compliance constants [s,,] is the inverss

{ffness constants [c,]. The method involved setting




: } g

up acoustie resonarc vibrations in bars and puLs of ice and nbserv{.ng

the  tnduced modal ns. The atw ence of the

compliance ssactirwad aisd deternined in f“' range -2°C to -30"0.‘ N

ogorodskil, ®® 1n 1964, was the £1¥st to determine the 1l set of
/& \ d .

elastfc moduli for natural ice. Acoustic travel times were measured in
lake ice .single ‘crystals for three different crystallographic
dtreccions. Howsger, the slastic comstants calcilated ‘from thess

measurements had a' falily high dagre- of \lm:srtnim:y (108) ‘because of

imprecislnn in the velocity results.
In 1964 Brockszp and Que:furth used 'the _ultrasonic “pulse

transmisslon tschnlque to datamlna the ells:lc modult for attlfichlly

4
grown lca in the tampe:ntu!e :ange -20°G to .near 0°c. R;sults ugreed

well vuh those of Jona snd Scherrer 9

. Very near the malr_ing pnmc,

houever :here was an unexpu:t!d .58, dtnp in the alascic moduli.

108

Also An 196A Zur!mbovitch nnd thAne used the Scaner-B?rbnAnn

method to 1nvescigace the :empera:ure dependence of tup of the ehstic
constants, c,-, and ¢y, ThAir nusu:emen:s dt 16°c were i.n axcellenr_'

. dgreement with those of Jona'and Scherrer. oes

14 1966 Proctor'®" used an ultrasonic interf finthue: by

B

" investigate the' alxrdp ties of fce Th'in the temperature range .

-2230 ep -230C, /G ive acoustic pulses were transmitted through
56 that thetr reflpctions within the samples cancelled eich other. The
. uepnrltion wag then used to ¢alcuhte “the ultrasonic valocuy. The full

set’ of elastic cans:nnca. and " their temperature dependences, . were

the ature rangs, -213°C to -163°C,

107,108,108

Dnntl conducted. a comprehensive series of ultrasonic

.. the single crystals.and the separation of the pulses was then adjusted




ny
4

“whieh Danel atéributed to, an‘aging proc

16
experiucgts to detoraine the slastic moduli of ice Ih over the
temperature range, -140°C to -.7°C, and to also investigate their
frequency dependence over the range 5 MHz to 140 MHz. A pulse echo

technique, which involved the measurement of round trip transit times

of acoustic pulses emitted.ind by a quartz tre ‘bonded
to the ice specimens, was employed to measure relative velocities. A
double pulsé interference technique, similar to the method of Proctor, .

was uged to the te.velocities. The most striking aspect

a
oF the “rasults vas that the elastic coustants vere approxlmltely 5

Tower l:hln previously ‘accepted values, no:lbly Jona and Schexn:.“"‘

the eleétric potential vhich. develops along & growing ice crystal as it
freezes. The monocrystalline ice:used:by Dantl had been:aged for eight

months at a temperatire near the melting point, prior to the

s, and this 08 lained the di s in the

tic contants obtatned from other experiments.

110

In 1969 Mitzdorf and Helmreich'® uséd the pulse echo method to

determine k.\, full set of constants, and their temperature
dependence, “for D;0 ice in the range 0°C to -140°C. From these data the
molecular force cynu-nu for change in bond length; "and change of

0-0-0 angle, ‘vere calculated. With the exception of c,y, the elastic

constants of deuterated ice ‘were found to be higher than those for .
ordlnlry ice.. The force constants vere also higher in ‘the deuterated

ice and they uxh!.blcad a taup-!lture deperidénce similar to the elastic

conltlntl .

The" Elrst of elastic constants for y ice. and

deuterated ice using Brillouin spectroscopy (described in Section 1.5)

s caused by ‘the relaxation of._




172 0 >

' 11 1975. The main purpose of thege experiments was

was by Eroliete
to investigate an anomaly in the temperntuta dapendence of v:ha elastic
noduli in the temperature ringe 70 K to. 130 K. Only the Hodult ;o
33, and ¢,y were deternined for ordinary-lice, and c;, for deuterated
ice. ’ s 4 %

Until recently ‘Dan:l's"' results have been accepted as the

standard values for the elastic moduli of fce Ih; Gammon et al.,''?'''®

. however, have ‘used Brillouin spéctros to deternine the lete set
4

of elastic .:onsm:s of ‘glacial oo, dake ice, sea fce and artifictally

‘srown Roe.; For ‘Feasons dlecussed Tn Section T3 this optical, technique
»ptub_lb],.y yielded the best values for the el‘u's‘tu:‘:enstln:s to. date. "’
Nowhere in cb€ experlmentul results Was there' any evidence of an aging .
process, suggesCad by Dantl. "’ 1°% 1% Glacial ice, which was very’
'51d, ylelded essentially the same values for the elastic moduli as did
fresh lake ice and artificially grown. tee. - s
The £IFst nvestigation of the pressure dependence of the elastic
constants of single crystals of ice Ih, in the pte;s‘uta range 0 bar fo
400 bar, was reported by Brockamp and Riter''*. using. the ultrasonic
"pulse’ transmission method. A linear increase of about. 3 m/s -per 100
bar's was ob‘:ervn’d fn the velocity of longltudinal soupd waves, SR °
‘decrease of ‘About 2.2 o/s was x‘nportud for transverse waves. The '

pressire dapendences of the "full set of elu!tic constln:a were:.also

‘Using, thé averaging techni of Voigt®® and Reuss,''®

. [ . . : ; .
the | authors wvers 'able to calculats the elastic cén’cantn for .
| ;
pnl.ycryuuiuna "nonporous fco n.. The pressure dapandanca of the

longitudinal wave velocity' for porous, aggregates of l:a xh vas alub\

calculated.
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The first determination of longitudinal sound wave velocities in

Righ pressure ice polymorphs was by Polian and Grimsditch,''® using

Brillouin specEroscopy. A diamond-anvil cell was used to pressurize

11quid Hy0, at Toon temperature, until @ froze into solid fce VI at
approximately 1.5 GPa. Further application of pressure precipitated
another phase transformation to ice VII -at sbout 2.5 GPa. Mgs
eﬂgtmané- were t:.art_i‘ed out olf'ﬁelycrysullln; samples, though in some
cases it was possible to grow single ciystals of ice vi through 'careful
ad]ustmant of the pressure. The authors eployed the Brillouin equation

((l 9). of tha fnllovlng sectinn),_ in’ conjunction’ with t:frac!:iva

E lndtcss calculated from an expression which related E,ulerlan strains to ;

‘refractive tndices (using‘ the density data of Bridgnan el

al.'*®) to détermine velocittes bised ofi'the measured Erequericy sHifts:
The Eulerian strain expresslon relates the density to the refractive
¢ ' oo~

index of !:!\a scatvering medium. Velocities were obtained in the

pressure ranges 1 GPa to 3'GPa; and 2 GPa to 30 GPa for ice VI and ice

\ ~ .
VII respectively, ‘and di uitfes were at phase
transformations. Effective elastic moduu were calculn:ed and enmpued

with other bulk modult. 114118

The pressure dependence of the effective

elastic modulus vas about the same for both ices. Ice VI appeared to be

elastically fairly isotropic whereas ice VII exhibited elastic

-nhocropy which . with 4 The density

depéndence of the ealettaes i both ices was approximuly the same,
and closo co that of fce Th. - sl E

“Brilloutn lpucctescopy was again used by Pnlinn and Grinsditch®®
lzudy ice ptnsuriud in a ‘diamond-anvil eéll up t6 67 GPa at room

At

ly 44 GPa a df ty 1 in-.the

and Mynro et




raréfaction ¥ithin® the meds

‘e

. curve of frequency shift versus -pressure. This indicated a phase

transition to a previously unknown polymorph, ice X, which the authors,
sugfested was the 'synmetric’ phase predicted by.Holzapfel.®?~

Apart from the present work, the most recent report of elastic wave

velocities in high pressure polymorphs was by Shaw.''" Longitudinal and
or .

transverse 'wave velocities were obtained from polycrystalline .

aggregates of ice Th, III, V and VII, using the ultgasonic pulse

transmission method, at -259C. The ice was pressurized in an evacuated-

cylinder apparatus, Bulk ‘and shedr moduli were calculafed for each

: Bn : "4n longltudinal wave velocicy hen

tee Ih transfnmed :ok 111 vas also tepurted sn-w s, resules will bé

- zuscussed in 7 detall in-relationship € _l:he present results

in Chapter 4. .

1.5 Brillculn sEecuu“u E X
Brillouin spuctroseopy: Ls an opl:inal :echnlqua which has been used
to .investigate the acoustic .properties of a variety of condanseq

naterials. These include/™for example, liquid crystals, metals, layered

compounds, semiconducto:,g arid molecular crystals, 0t 111"113,116,1202128

Unlike ultrasonic :echniques which tequ[re piezoelec\:tic tunsdueen to,

generate and recelvé acoustic signu).s, cm ‘8rillouin method is uua\n}"“

measure the velocu:y of spontineous- thernally induced ,sound waves or,

‘in quantun mechanical terms, phonons.

\Acoustic wvaves -are cumt\:aad ‘of regions of compression‘ and

Which® cause fluctuations” Qm the

¢ index. In.a aediua, such: as e, Light beam




of the change in the index of refraction. Furthermore, since theswave
{s moving, the light frequency is Doppler shifted. The Brillouin method
- employs a highly collimated and highly monochromatic light source, a

laser, to accurately measure the degree of Doppler shift. Then the

Brillouin equation, derived below, is used to determine the velocity of
the scattering sound wave. The Bragg interference condition is

satisfied so ‘that the optical wavelength 1is equal to the path

%

difference between light from two adjacent . Hence,

.for a fixed geometry, only one’ acoustic wavelength is selected. out of a

fegion, hovever\ so thur. the. ieasured phenon Velocity is rﬂpauentutlve
of the broader range. Figure 1.2 is a classlcll :epr&antltlm of vhat
‘is essentially a quantum mechanical p‘mnomnen of ‘photon-phonon

scattering, however, it is adequate to explain what 'is’ physically

bserved. . =
A-reflecting vavafrom: noving with uniform valocity as it deflects
. ugh: to an observer, is depicted at time t, ‘and f,. According to
Figure 1.2 the optical path diference between path'l and path 2 in a
nediun with refractive index n'is as given blow. - ] 3

A_ .

e - a))
5 2 ' . (- cosa). ' (1-8)

) - nd/stn(a/2). (2 stni(as2)) 7 ‘

F

- 20d ‘striCa/2);

.- Since the differance in optlcnl path due to _the- mavxng plane ‘at
time :, and :, 1s given by (1-8), the, lightvuou:ce will appear: to have,
" velocity 2vn uin(n/Z) relative to the, observer. This: gives rise to &

"btud range. The phonon dlsparsloﬂ curve is essentielly lnear in this




L21-

e :

Reflecting’plane (wavefront)
at time tf and,t;

moving wilth constant
velocity V=d/(t,-t;)

% \
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Doppler shift in the frequency of the light (Jenkins and White'

o .
‘ ' ] Q = (v/c) 20V sin(e/2)
) (1-9)

. = (20V/3) sin(a/2) :

where v and'A are the'frequency and vavelength of the ineldent 1ight
and 0 ls'the frequency shift. vExpresslon (1-95 is known as the
h Brulouin aqu.:ion Tne frequency shifc may be positive or nagncive
5t depandlng on: vhathet the velochty: of :he acous:ie wavefront tends to
B lncrease or_decrease the.optical p.ch

pracasses undetlying Brilloutn sguntrescopy can'be Found n the attl:le

ei namaak and Fritsch. 3o . ; Tt N

. .The. elas:lc conscancs of czystuliine media. can be found by using

ucnuaeic valocl:y lnfomn:lnn “obtained from the Brillouin equation in

*+ " .7 conjunction with the dynaiic equations which link the elastic constants

" to the-velocities. In parffculay, the elastic constants o

A
“be ‘found using velocity data sid equations (1-5), (1-6) and (1- 7) The

o, 27 silliprededure e eeSELBed Ld detail in Section 3.4.

The ltlllnuln nethod is hlghly suited to the _present study ﬁor a

nusber a.f roasons. First of ail, ’the sample oxig fation can be, easily
fwicered wichdud mvzn; £6 /tenove e apsdtoen Fon cha cell, - ot even

T i the data fur dufen\n; sample

¥ uusntnnonu u much’ more difflcul: 1n ul:nsonlc axpltlmntn because

. «be remounteg. sxngle crystals of ice Ih were produced i such a wa

vthut the full range’ of: ganm angle vas! -ecnslbla.‘ $eco dly the method -

1s.very precise, and itic errors associated wx;h,:ha,

.. A rigorous :haozacic.i treatment of ' che quantum machmxul,‘

ce Ih can

i . ' the. :unaducu):l h-va-:o ‘be ‘in.contact with the specineris and hence mua{

i




s+ ,in thé Brillouin equation are easy to analyze (Section 3.4). Also the

overall y is P of the Fost e Inythe
cell] whereas ulc:asonl’c ‘:echnlq\'xes suffer from the fact that the

=+ quality of acoustic coupling between transducers and specimens changes
2. _#s the pressure changes, so cthat it 1s often dfficult to calibrate

travel time nffsets, espectally for shear vaves. Finally, the reglon of

obsarvatlon uchln :ha samples is qul:e :zny ¢ <1 m’) so that

specimens can be small and, ‘th easy. to’ and -the

+ Bressute chamber can be of modest proportions. .

raln:ively clear for Taser “beam c:-nsn;gston and that their geonetry be
wau defined so that the scattering angle ' a e.n " be .ccuu:-ly

\ ‘ R

deternined. z

Pt
The mnln criteria for hs present work are that the umplea be'
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HIGH PRESSURE, OPTICAL AND ELECTRONIC APPARATUS  ~* « e

) L™ . .t
HL gg p:e’ssuu Brilloutn Cell '. - e

The' high pmsﬁu cell: used’ for” “the ].i.ght sda

Pualurn Secclon of r.he Nacloml Reselrch Councll ‘of : Canﬂ_da‘

‘cell was constructed in O_Ctu}l_u and then “shipped to. )

. F.ssem:{auy the cell ;nguu 2.1) vas 2 solid rentangulai’ b
. heat-eredted 300 mraglng steel with  two atthagcnal fnter sceting Fy e
channels, orie druled dovn through. the center ot thé top of the block
,gnd the other dr}llea though the loﬁer midsecclon 'of one side. I‘he

Lover .obening 5qd two side epenlngs were machified to lllow for r.he

insertion of opcml ports (I). These cbnsist £ glals windows -(J):

- which were’ seltsd on the polL!had heads of hntdehed stésl mounts. The
cenm: u-man the mooth surEldes; of the 515;5 ‘aind 'the’ bolished steel
¥

provided Ly seal whlch preventsd ou 1éakage "when | the cell vas'? k

prassurlzcd The glass ‘windows w&n eld i place by annular threaded

cnps vhich fleied over

he vlndoﬂs and scr!!-'ed onto the heads of cha

mQ\l\‘\ts .The wLndov' mounts- ﬂ::ed snuggly “Lntd

and were :ulad -5. nst :hs w-us uf “the

berylliun copper bucking rings (K). The bucklng xlngs vere necessnty oL L Ee

puvenc nxtrusion of :he 0-rings at! high p:ussures The _moupts were‘ - oo

ept in place by heat-treated gland, nuts, The: top. penttig:of the cell
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4. Plgura'2n L



e o

was machined so that a rotating stem assembly could be inserted. fhis

consisced of cha stem Ltself (©) vhich exumdqd Etom just outside of

the smnll pressurization space in r.ha cell to, t e h\sida, Where 1t

would be attached to the sample holder (G) and sealsd against the wall
‘of the opening with ‘an O-ring and backihg rings (F). This stem was
.. secired, by means.of a'ser ‘screw, ‘no a shafe (A) which proc'ruﬂ.‘d

- chrough the' top of thYr assembly and uh!ch was Lused to externnlly ‘Fotate

-’ .the stem and ssmpl.e holder: . When the: cell was pressuzlzad the - rommn -.

sum pushed aguins\: thl.! shafr. so that cha 1owar flangad pn:tion of the
S E 'shaf: buued ngalnst a gpoovad circuhr steel Tigg ‘which Served.as a’ -

erack undetneach a set of bearings (O Ariothér crack was. situated-on

l:op of the bearings. This upper track made contact vith a gland nut
which: screwed. into the top of the cell ahd kept the whole assembly tn
" place. This unique stem srrangenent made 1¢/possible to rotate samples,: s 0 R

by hand, even when the call préssure was elevlted to 10 kbar. Without ,

the bearings, friction between metalfic BiEtaces NOULE ks HauLe

. rotation , le evex\ lt e . 3 N
o g E 3 : ; . i
t One’other. hole was.drilled halfuay through the side of the cell' . -
o . 2
_..  unbil it connected with the .channel which.had bean nachined , chrough the -

“top: This vas used as thie port for the high predsure: tublng/which Ean-
ﬁrom the’ internal- externll cozpler (B of Figure 2.2) at tha top nf

. the eryostat to the cell. The €ubing was :h.te_nded on bo:h ends ‘and cox{a

shaped to'match. siuilar shaped depressions in the coupler ‘and around

the, hols T /the’ cell. Thick annular threaded steel discs were screwsd
onté the ends of the’ tubiiig and backed 731 gland nuts which were used to : ;
secure the tubiing to the coupler and the cell.

¢ / 2 % S
L Inside the cell, an ice sample (H of Figure 2.1) would be firmly




Figure 2:2.
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Cryosut housing | for hlgh pressure-cell: A, pteclsum
rotation :device; B;-high pressure tubing and internal-
ex:emal coupler; C, rotation coupler; D, eircular brass
top of cryostat; E, .gas outlet for gvacuating cryostat;
F, port and electrical connections for-thermal modules
and silicon-diode thermistor; G, O-ting a3pembly
vdcuum sealing the rotation ‘coupler ; thamaly
insulating plexiglass .plate;’ I, brass support columns

for High pressure cell;.J, plexiglass wall of cryostat; .

K, plane glass window bonded .to. plexiglass.vall; L.

_silicon-diode thermistor; M, O-ring -vacuum seals; N,

annular brass bottom of cryostat; O, removable” brass
plate to 'facilitate sample transfer; P,.quartz windaw
attached to tumcvnble plate for laser bem entry. =
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amount of hnck rcflected 1.“: light. - -

held in its holder, which in turn was securely nttuched to the end of
the rotation stem. It wquld be situated between the two horizontal
viewports and directly over the port through which the laser beam

entered at the botton of the cell. After passing through the sample the

laser bean would continue through the holder and fimally strike the

ban‘ shaped end of ‘the rotation stem. The end of the stem had been
paxcially machined out:and blackened with flat paint to mininize the’

To uchiave the cold r,empsn:u:u raqulred for the experiments using

“the high préssure. cell, it vas nectssary to enclose the cell in an’

evacuated eryostat and'coo] Lt by use of fott thermoslectric modules (E
of Figurs i1y - ttached ‘to its sides, The cryostat (Figure 2.2,
-ucéagu_.g refers to this ‘Figure unless fotherwise indfcated) consisted .
of a section of plexiglass tube, ~16 cn iameter, £itted with a solid
brass top (B) and a mulcisectioned brass bottom. Both top and bottom

vere sealed with O-rings (M) .'gamsc”:he Plexiglass wall, Tnside,. the

cell ‘was suspanded by four brass columns (1) which vere u:tnched tor a,

thick plexlglass Blite’ (W) which hnd a hole in 1t £or the, rotation stem

to pass through. “The plaxlglass wns secured to tha brass .top nf the
cryost.t by four long threaded bolts. During experlmen:s the plexiglau
plate pxovlded thermal msuhcton hemm tha cold cell and th& top of :
the cryostat ; uhich w;u‘ near nmb!.enl: room tampexature‘ The
thermoelectric modulas weta pruuad agatnst the cell by brnss plltas

whll:h we

utnchad by ‘small :hemlly insulating nylon bnlts. Each

module had a thin layer of ' thermal paste Appli.ed to’ its surfaces to

ensure maximal, :homal transfor during operation. ‘Copper tubing (D ‘of

t:ha brass: plates so-that c_oullng fluid




calibrated aginst a.mercury er, with 16

! the outside. The tube was sealed at the top. At the np'entng in the top

section of the tube coupled to'a device (A) (Axdél Kinematic) which was

"tesilt  of a multitude of small surface éracks which probsbly

W -31- -

could be circulated to dissipate the heat liberated from the ‘hot' side

of the thermal modules. The fluid, a mixture of water and antifreeze |

was circulated and kept cold by a Neslab cooler (model RTE§). The ‘ &

temperature of the cell was monitored to within,*.5°C by means of a

silicon-dicde sensor (L) (model DT-500,, Lake Shore Cryotronics Inc.)

dttached to a copper plate which was coated with thermal pns':é

underneath and bolted to. the cell. The sensor had bean prevtnusly‘

Jinofl’

baths at various 1 Electrical 1 for the thermal
modules and the’ tempefature sensor were made-at connector plugs’ (F) .
which were’ Installed with epoxy’cément in holes eut n, the brass fop of

the cryostat. o | N
" The parcially flaccened top séction of the cell's goca;ion stem

fitted into a matching end of a stainless.steel tube (C) which extended

from the inside of the cryostat, through a hole In.the brass top, to
ks

of the cryustat O ~rings " (G) were conﬂguted in such a' manner” ‘as to

pemlc roncion of the r.ube vhﬂ.e the - vacuum uu maln:ained The top .

used :o udcurat:ely rotate .the cuba which in tuzn rotated che stem and

ultima:aly the ice.sample sicuu:ed inside the cell. ) /
At the positlons of the. two horizontal view ports of the cell,

holes were drilled through the plexiglass housing of the c;ybsv:ac and

glass windows (K) weré installed over the holes and held in place with

‘sﬂ'icone glue. This vas necessary because the plextglass; which had

originally been  oPtically quice clear,, gradially clouded over as a i !

»
i
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accumulated due to the 3s/ztess induced b;v the ‘vncuu.m inside the
cryostat.

The bottom of the cryostat consisted of a large-annular brass ring
w \;ljich was bolted to the plexiglass housing and sealed with an
0-ring.:A smaller brass ring (0), to @hich a quartz window assembly was
.attached, was bnl:ed and sealed 'to the larger oné. This smaller brass

ring with the wlndow (B) was simply and qulckly removed whenever

 ‘samples vere transferred to.or from the cell.: o

" The ST e “pressurized by means of a 3 kbar hand pump (Enerpuc) g

nnuple“!o an intenslﬂ.er -(NRC) uhil:h had a hydraulic :l:lo of 15'

The hydraulic ‘medium, vhich was suppued to the cell through high

k presgure stafnless steel cu‘hing, was a clear oil, dioctyl-sebacate,

commonly known as Monoplex' . This ofl remained clear at all pressures.
and was not photochemically effected by the passage of the laser beam.

Another {mportant feature of the oil was that the individual 'molecules

" were very large. This effectively prevented the formation of clathrate

" hydrates with any of the high.pressure ice polimo:phs Clathrate

hydratton occurs when ques: molaeulg of: sultably small size, such as

1“GHy or H,S, become trapped tnstde’ tee as a nsuu of caging, which 15 4

process whereby the water mol‘ecules arrange themselves toyforn. cages
luztnundlng the ‘guest molecules, The' formation of clathrate hydrates
would drama:icuuy change che s:xu:r.uu and elastic properties of ice, "

‘Préssure_ inside the cell was measured by means. of two gaugeemeOne

(3 kbnr Heisea néasured :h- pressure on the 1ou pressute side of the

1ntcns£ilar. The othet (FRG) was situated onthe' high pressute side of |

", the dntensifier and consisted mainly of & menganin wire inside a heat.

treated steel héusing. The resistance’ of'the wire changed as the




“hydrostatic pressure vas applied. It had been calibrated at NRC prior

to its shipment to M.U.N. During initfal experiments it was found that

s
the resistance of the wire seemed to oscillate and drift over time even
| - - —

though the cell pressure was maintained at one value. It was, therefore
decided to. perform a quick calibration, before drifting éould influence

_:ha results, oi th: small gnuge pressure ngnimt the “larger: gauge

chroughouc the whole' pressure’ range. Once this was done- the pressure
inslde “the cell could. be detemh\ud\ by’ monitoring the prassure of the

smaller Heise 'gauge. 'The, ta:io of pnssute readings on the two gnuges

was® no: slnply l~ , ‘since” :he fdc:ion of  the odng in tha

intensif'lex had to be taken into account. Two laplrll:e calibrations

wers in fact y, ‘one for and one * for

descending pressure. The Brillouin scattering experiments on single -

_crystals of lce Ih were ‘orméd without the intensifier J

the oil circuit so that the true pressure was that read off.the Heise

5,
guage. All other experiments, density &nd light® lc‘:tél‘ing, were

with the nsifier in place, The estimated uncertainty in

the pressure measurements was, $1%.

2.2 seabiitzed ‘Optical Detection and Data Acquisition Systen
The p:lncipal elemenu of the" optlcll utection lyﬁcen hlve ba-n

08, 124-12

described in detail in previous publications. Vhat follovs {s

of the main con . ‘The bastc llyout 1s
shown in Figure 2.3. The highly nonochrowntl: ugus source was a single

node argon ion laser (two ‘units were \hed durln; the: course of .this

ve:k. a Spcc:r. P'hyll 165- 00 rl.l and also a . 2000

ries) which

.prwldad a b-u eutput #w‘r of 100 130.aV at a \uvahn;l:l\ of ilk S nm./,




Figure 2.3. Brillouin scattéring setup and g high
pressure sample cell; A, apertyre ‘and spatial ‘filter; M,
mirror; L, lenses; .PM, photomultiplier; AD,

discriminator;
system.

ST ;

.mtry~ B,

DAS, data acquisition nnd lt-blliz-t!.on

]Jﬁer -
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The effective line width vas -w‘mz A lens, vlth foéll l-ngth 25.4

cm, and front- luxfu-d plane mirror were used to Eocul land deﬂect the

bean upwards through 90° into thé high pressure cell so Jr.hn: its

smallest  diameter, about .l mm, occurred at the observation point

| . ; . .
within the fce specimen. The hirror  could be lmodﬁ and 'p:ecisely

-cm-x-d ‘out, “and ver{fied from time to d.me. by using V\. thin card in

“the 1 position mmnlly occupied by the nmpu.l tb ensure]that the argon

* lager b:un, lmpinllng £ron one_side, precisely overlapped a He-Ne bem
which lmplngad “Eron the‘other side of the card, and vhleh had been
pnvLoully aligned .1on5 the axig of I:hu apuc.l dacaczion system.

The.angle a, which appears in the Brilloutn equation gl -9), is the

" angle through which the incident light 1is deflected |during the

In this ‘al setup, this angle,

corresponding to the angle between the incident beam and the -axis of—-

the optical detection system, was chosen to be 90°..The angle was set,
axd SBackad occasiindily, By waisg s jedbiprisn to direct the incident
lader beam along-.the path of the previously mentioned Hd-Ne beam. -
Ullng this method, a could be set ‘to the desired angle to jwithin an
astinated unc-rt-(nty of .20, . (

Light, scattered from the region of observation in the shaple; vas
collimated by a lens (focal length - 40 cm) and then analyzed by a-

'pluuhctrtelny tclnn-d, .tripld-pass Fabtyd’lrot mc%rhromt-r

(!urhl;h’ Imtman “Inc. model RC-110). A dhphn I wll:h an
Adju-nbl- aperture, was used to Iimit the -n‘uhr radius of the com

of . light reaching the ' interferomster to ~.5%. The plates of the

EVa




. scattered from the interior of the cell. This was accompli:
. '

o . . <37«

. interferometer.were flat to within A/200 and had a reflectivity of 931,

‘The ratio of free spectral range (FSR)’ to finstrumental half width,

known 'dsy finessé, was typically greater than 50. Refined as the '
BT

equeticy separation between consecutive orders  of

.
i within the , the FSR,is given by c/(2d),

where ¢ 1§ the speed ™

tghe_in & veeum and d is the soppracion |

ba‘:mm the interferométer plates. The plate supura:im was preclnaly .

measurud Hith a digital micrometer, and’ also cnllbtute:L using. the

_Btlllauin spectrun of a standard’quartz block, so that the gceuracy of . -

l:ha FSR, for al¥ su'hsequan: calculations, was better !:hln -1%. Arnumber
of " free apzz::tal zanges were used during the course dbf this work,
depending on which polymorph was under mvasu.g.uon (Chapcar W
Before passing to the phol:omul\:iplier :ube detector (ITT FW 130),
the scattered light which was transmitted by the lnterierame:e: vas

“~
spatially filtered in-order to minimize the effect ot RSy 1ight

d by -

placing & lens. and pinhole between the Fabry-Perot and the.
photomultiplier tube (EMT) such that .the pinhole waj situated at the

i \ .
focal point df the lens. Light which originated from points around the

periphery of the wmall volume of observation within the ice samples

_ would come: to focus outside of the pithole and hence would mot ba-

transmitted to the PMT. T

: Row ol S
A Burleigh Instruments Inc. DAS ‘1 \(ata Aquisition and

Stabilization) system provided a voltage ramp which was used to

repetitively scan the interferometer. so that data coild be. accumulated

over a time.scale of hours or days, depending on the quality of the

‘Light ‘scattering ilgnal. The DAS' unit contained a. 1024’.channel,




. stabilized by tvo indepéndent o— a:abumuun units withir\:he -

: cn_;mpqndad to ‘the intensity -of :h'e »’

i T e ’ : B it

multlchannel analyzer for data storage and atsplay. The system’ was

_DAS. ‘One unit ccnrpemand for drift in the Tashe Ersquem:y or”

effectively the Fabry- psxnc plate separation by ‘locking a pazuculnr

spectral £aamre toa given channel. 'rhe other ensu:ed tha: op:many

parallel plate alignuent, vas maintained, for indefinite periods of :ime.

Both'stabilization modules utilized negative Eeedback ctrcui\:ty

‘l'he multichannel analyzer of the'DAS disglayed data dn the forn o:
phocoﬂ coudits Versus channal‘- number, where ch- pHoton ‘souifts’ e e

Lgh:’ “hich was »cransmcud

related to' the’ dhannel nunbu Therefote the. fxequency of the,

“transai] ced Tight was dmmy praportionul fo the ehanrel uaber.

'An pnrtlnc uspect of the DAS, - which vas' u:ilizgd for most .G the

experiments in this wntk wus a seguented time’ base feature which

“alloved :he alope of the dixi:al vol:nge ramp toxbe &duced. .oyar ‘a
o

prescribed number of channels., ‘This effectively tnereas -:h“i,é’c:z

Accuuulnlon cim An that i.ncerval by a chosen factor tunglng from 2 r.o

99, raln:lve to r.he other ch-nnalu. Hence', an. umpuficatiun windou-

could be placed over :ha yo::ibn of :ha lpectt\nJof ;Jm:anm: foz any $

given light scactering experiment and this vould considerably rediice

the run time, e e
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ter ci!culatlﬂg chrough 1: to mal he

copper tube which’ had: Viarn’ t;\p‘v

T ice. mor :a‘cm‘s,' the’ c-axis’ af r.h

de:emlhed by placing it Betwéen crossed pola:ized £ilters, sicuue‘ed

vtainhow phn:arh was visﬂ:lo This vus 1ndi.ca:i.va of intetferem:a

batwebn ordh-mry and exéraordlnary ‘llghl: bea:u in tha, tee,

: l\ipaarunca cf the calorful. par.:arn xn a thl.ck cx'yn:u]. implied thuz :ha

axls ‘was -patnt(ng ‘at the

u vas o:um;ed at nbouc 45“ to lts hmg lxis. It was. :hen fxozan

onto an’alunfnun block in an llptight po;mon and pluced tn :ha ml:

: 'exctuaion device (Fig\\ra 3. l) inlld‘ th! ‘fredzer.

! 'l'he mal: nxcmnien dnvlce consilted of a plaxlghu plar.n (Q)

0 —whlch hdd ‘three idantlcul bnu toda (F) lttlchad in »l t:thnguht

cont‘igu: ion winclng upn:du normal to :hs pllCé. A

| b.man & white light source and r_he viewek, ‘and nrienting it untll a

'ud chc\lh: {

;ce‘ rhu vias, dnns \uing A\:hi.n~ )

fbservex Its - orunu:xen was. thereby

e ughly b:n!.ned‘ /The :ucr.angulnt crystal"vns then. cut: so: that :he .

‘.




‘Device" for gruducln‘; * cylindrical - monocrystalline ,
specinens of ‘{ce .Ih: A, large ‘single’ 'crystal of -
_Mendenhall 51.:1. ~icé; B, aluminun etablization block
, t’rnzen to the ice; C, plexiglass, plate; D, warm copper:
isc; E, center hole in disc:through uhich unmelted fce
plsus to - produce -optically high quality samples;
brass guide rods, attached to the plexiglass plat:
which pass through holes in the periphery of the copper
ph:e and facilitate uniform motion as it melts the h:e
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<
copper plate (D) had been previously drilled so that h:‘hud three holes
around its periphery, through which the three rods of the plexiglass
plate could smoothly pass. The center of the copper plate (E) had been
drilled part way through vith a bit (7 m diameter). A smaller hole

(4.5 mm diameter) had been drilled completely through the plate,

* concentrie with the larger retessed area. After the aluminum block (B)

and ice sample (A) had been placed in the cénter of the plexiglass, the
copper plate was cooled to ~10°C ‘and gently plnced over the app‘ratus
so that the brass rods protruded thraugh tes stabillzh\g hnlas und tha

ice.specimen-vas sif nzed directly beneath the small, can:ar hole at: the:

i

top. The plate was then slid down the rods and. hroughl: tnto’ contact | :

with the. ice which immediately bogan to mele. Under the influence of
1€ own welght, and Eildsd Ty the rods, ‘the plate evenly melted its way

to the Aluminum block. All ll:e melted in tﬁé process except for A'

slender températe cylinder protruding from the small center hole of the -

plate. The thin surface layer of melt water on e cylindrical sanple

quickly froze in. the cool atmosphere of the freezer leaving a perfectly -

~~smooth and éven fiInish on 1ts wall. As soon as the plate melted its -way

to the aluminum block the sample was gripped and Broken off at the base
with & tweezer-like device made of stainless steel wire, After it had

i i _ ; b B .
been inspected for surface uneveness: or gapa‘z;ng, the top ‘end was

inserted into the sample holder (G .of Figute 2.1). The dtameter of the,

sample vas suth that ft fitted snugly into the holder ‘and the .clip '

Pfevented it from sliding out or rotating. The end of the specimen was . .

then crimmed to about 11 mm from' the héld‘erv with a cold pair of wire

.cupp.u and roughly) flattensd wieh saridpaper. |

‘To avoid error fn) tha 8

:taring angla‘ cha end- of - :he nmpla .




. film of oil.
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p:ocrudlng from the holdar had to be very flat and normal to the
sample's long axis. This was done by placing the Holder onto the'end of
a brass stem designed to couple to the holder 'in the same manner as the
rotation stem inside the high pressure cell. This stem, with holder and
ice sample attached, wds 'Inserted into a closely‘ﬂ‘:l:ing brass tube.
The stem was pushed in far emough so that the end of the fce specimen

vas at ‘the ‘tube’s midsection. 'num & roughly circular piete of :hin

. glass slide was, _placed on- the flat end'f a brass rod which could? EL:

snugly into the othar opening of the ‘brass cube. The diama:er ‘of ths

piece of glass vas slightly lnrget than that of the 1ce nmpu and ‘vas,

« held 'in-plac® on the end ‘of the rod by tha surface" tension, of a l:hln -

The rod was'cooled o ‘just below 0°C. Then the end with.the glass

vas quickl vamed by hand to a-few degrees abové 0°C and fnserted {nto
y

the ofposite opening of the tube’into which the ice sample had bean

placad. It was'pushed in until the glass made -contact with the end of
> 2 2

the cylindrical fce specimen, A Small amount of melting took place as a

1t -of th fdual

wt:hin a few minu:us the ual: ater :efroze and the stem, chh the
ice holder, was remwad PRI S I:ubc.‘ The :hin gl-ns plece,

‘hich had previously been wedkly nt:uched to the brass rod by the ofl's

B s\u:flcn tension; had sBparl:ad from the tod and vAs frozen onto the end

of the xce umpls. A ;en:l- nud;s easily" dec-eheu At fm: the lnmple
nnd left.a vaty flat ice surface vhlch vas pezpendxculu to the axis of
the .specimen. There was_a ‘sTight rid;e dhaund ‘the periphsry due to s

lma}l axnau of l‘efrozen melt want. This: was simply temnvaﬂ ulch

nndpnpat. The lyecimen

s nuv ready to hwa its :chh orientation




1y led in the and then to be
pll ed in the high pressure cell for the Brillouin scattering

axpetlmenes v

L3 .
*An alternate method of sample . for the exp on
fce Th, was to machine it in a lathe. Before deciding to use the melt

extzunlan technique the lathe method was tried. ‘It was found Thowever,

th-c -ongiderable time was red to.machine samples and. breikages

wvere - frequanc because’ of thzir $mall size. Also the £inish on the wall

surf- es wu of yaor quality fn: op:icnl expetimem‘.s The ‘melt

thtu!lon mathnd on the othu' hand, wis Eau: (less thnn 1/2 hr),
»

réliable and prnduced a glassy £inish on the samples.

3.2 Sample C-axis Orientation Method ‘for Ice Th

: After a right-cylindrical sample of stngle: crystal glacial ice had
feen moiaosd eise the melt extrusion method, i vas necessary to
deternine. its ckystallographic c-axls orientation for the purpose of

. analyzing’ Brillouin frequency-shift data. Nomally, for water ice

and 501{d phases .of other subsijinces, x-ray Laue photography would be
employed. A separate cryostat, however, would have been required since

“the high.pressute ‘cell and its .cryostat were not sultable for this

urpose. Also, the Lave method sometimes takes hours to perform and the

time t:hn: samples would have spent outside the protective envirorment

itha hyd:l\llic ui.). would have inurensad the likelihood of" damage. to

“—their surfaces 45 a reaull: of: moisture condannt‘{on and sublimation.

p This vould have bun especially true durtng sampla :unsfar from one

pstltus cohnother.
!go\-uev;-\u this problem & simpler and mich faster technique,was

)
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developed ice is and this- fact vas exploited by

* constructing an apparatus (Figure 3.2) which could accurately determine -
the angle at which extinction occurred shisnzan oo sample was placed
between two crossed polarized filters. A cubical plexiglass box had
holes' (-9 mn diamecst) drilled through the centers of a pair of -/,

opposing faces and a cylindrical brass tube (D) was inserted‘% '

o« |, friction fitted .into place. Prxo; to its insertion the tube was drilfed '

‘with two holes. opposite ‘each other so that when placed in thé box the
‘ tiibe coyld be ofiented to give a clear optical path through the h\;&

of two_ faces of the box. Holes (~5 mm diameter) were’ drilled chrough

we chesa i faces. areas, . te wieh shateitatin, vere
'put {n ‘place by nilling part way through the plexiglass. These served.
as—sfats for two cylindrical plexiglass plugs .(H) vhich ‘each had a
polaroid- filter (I) attached to it so ' the filters were at & 900
angle to .each other. The plugs vere cmemz by a plastlc

retalning prm (K) which maintaimed the relative orientation of the

Eilters and also served as a handle whereby the filters could be
y !
rotated relative to the box. The arm also had a small incandescent
* " white light source (J). attached to one side so that the filament lay. ..

", ‘directly over the liole in that face. On the opposite side the arm had a

lens (M) affixed to it, centared on that hole. The focal length of the -
lens was such that an'object placed at the midpoint of the line joining:

the, centers of. the polarized filters would be 'ip focus. On the. same

‘side, the arm had a circul r (L) vith .50
to i¢, concentiic with the hole in the pxexmnm This vas used to.
monitor ‘the angular otlunuqon of " the arm and filters relative to a

fire ' line' etched on the, diagonal of . that face of . the  box.




protractors with .5 degr

" Figure 3.2. C-axis orientation device: A, ice Ih single crystal; B,

sample holder; C, brass rod; D, brass tube; E, clamp; F, -
hollow -stainless stéel tube; G, plexiglass box; H,
plexiglass disc ; I, polaroid filter ; J, small
dincandescent light  source ; K , rotation arh ; L,
markings; M, lens.

=

\
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Figure 3.2
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A solid brass' stem (C) was'constructed to which the ice sample

holder (B), which was to be used in the high pressure ca]%, could be

. i A
securely attached. The end of this stem had the same design as(the stem

of the Brillouin cell, which nilo;led ‘rotation of the ice .!umplgs. The
other end was soldered to-a thermally insulating hollow stainless ‘steel

tube (F) of the same ‘diameter. This diameter closely fitted the inside

" dfameter ‘of the ‘brass tube which ram through the. center of the box.

This stem drrangment, with ice ‘and holder. attached, could be' snugly

tnserted into the Eube so that:the ice saiiple (A) would b visfble

rotated to sultably Ojenc the stem. A eireular protractor (L) was

through. theé holes 1in .the tube 'and box. A 'clamp (E)mplaced over the
protrudfpg end of the tube at the top of .the-box, could bg-tightened to

prevent movement ofsthe sampie once ‘the stainless steel tube had been

u:tnched to the stam s0. that fts orientatioh aboutthe ‘vertical gxis
- could be accurately gonitored relative to a line etched on the top of

/ the box.

Alyiew through the obségvn:ion lens, without a sample p|
the im.x,‘ would indicate that very little 'ugh:'hp:':;;.'z Aj
crossed pnlarized filters. When .a sample was -\{esem’. most stem

. orienutiuns pemi::ed much more light to 5;: 5‘h|.‘uugh hecuuse the
bitafﬂngonc ice split the light irto: erdinnry and extraordinary beans,
.one pohrized along the c-axis and the echm; at' 90° - to . that.
Fractional components of these ba;ms would then be able to pass through

the second filter. Only when the c-axis' was oriented so that its

projeccion vas, along.the polarization direstion of one of the other 'of .

the _ filters would ‘extinction occut. For any stém orientation,

‘t‘xtlnction ceuld ba broughe on .by rotating I‘.l|e filters to an

sent in. -

rough the
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appropriate angle which could be precisely deternined to withiin'.50 by

averaging five observations. This .angle represented one of two .
raging £

possibilities; 1t vas elther the angle betwaen the ‘projection, of the
c-axis and the etched line on the box, or it was that ,n:;ie‘ plus 90°.
By rotating the stem by 909 and,again recording the angle at which
extinction odaurred it was possible, by means o el geonstric.
expra.!sion to gel:ytate four "sets of pnsnlb].e o:xant-ciom for the
c- axu 1n terms of the zmgle it made tala:lve to the varticll uxis,
. desighated as theta, and phi, ‘its" projected 'nngl- on. the. plane
parpeml’.culut to. the, vertical -xu. This whole ptecadure was tapea’csd
again afcer: :‘ne stem had been rotuced by 450 o producu a saqomﬂ set of
possible orium:gtions for the c-axis. From the two sets of .oriencuuons
only onav would be ‘consistent with the ‘xe{urem-_(cs that theta be the
same’ for both, and that the difference in phi between the two would be

459, This was the correct orié and was subsequently used for the

analysts of the frequency shift data. The expressions’vhich relate the:

angles phi and theta to the zmgles measured for £he csaiiln projactions .

“(see Figure 3.3) are given by,
'3 -\tan‘l(cun(A) / tan(B)) 3-1)
and ¥
- 6 = tan" (tan(B) $in(#))-r/2 . (3-2)

| svhere A ia the measured c-axis profection at?'a given sten angle,%ind B

is the, mmuud projection angle when the sted vas n:mu by 90°,
Using this mathed the calculated values for theta .na phi vere

Eonsistent to within +.59.
i
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Figure 3.3
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3.3 1 and Data soqutagelon For'lIce Th

Once 4 sample of ice Ih had been prepared, Alnd its ¢-axis

orientation determined, the proci for to the mgn ®

cell began immediately. First, the, hnl’dar and sample wére n:nch-d toa

- special hand held device, consl:ruccad of tubular brass, Hhich fitted

over the ice specimen and gripped the end:of the holder. This:device
later Eauilltstsd chc‘ 1ns=t:lbn of the sample into tha small chamber of
‘the high pressure ce]* The uyescac was then inverted so :hh: the

optical’ port, thtough vhich the laser beam entered the Mgh ptessura

. ‘cell, vas pointing upwards. The yactum Inside the cryostat vas relieved

and the bottom plate. to which the cryostat windov was attached, vas

_removed. A bolt was screved into the thredded open end of the high

¥
° pressure umdow mount. The gland nue. which secured :ha ‘mount in its

position, was then slackened slightly. A screwdriver, which served as a

lever braced against the nut, was then used to pry the head of the bokt

" and mount out of the opéning as far as the gland nut would allow. The

“nut was slackeried further and the window pulled cut again. Procegding

in thidnanner the window mo’uni"f'imu»y ~Game Eree Tof "the Gpaning, The
land nut and mount were then cumpletely removed® from :he cell. The ice
wangle. and Holdaz, gﬁ.pped on the end of the m\mm device deseribed,
above, vere inserted into' the 'pu_:mly ofl filled chamber, with care
taken that the holder properly attached to the rotation stem of the
cell. When the holder was _gacurel;} in-place the grip of the tubular
dovice vas released and it vas' removed. A precooled, ofl falled
bypodernic syringe vas ‘used to fill the chnmbn; to the' top ’l the

open(lng The_ high pressure window and mount were then inserted and the

‘gland nut screéwed back in place. Finally the“brass bottom of the




‘eryostat was rein

‘cell ‘and its window ports from the moisture in the air yhich wvas

- us:e porfamd by o*ts.mt:l the' nmpl “to a par:iculat 1 angle and ‘then

i zero dnd- r_ha :mp

1led and the czyoﬂtlc'?«nu inverfed and positioned »
on its, -:-nd -and .v-cu.:-d ’K'he temperatire setting during. this whole"
pracedun vu ~-16°C. This was'cold enough .£o avoid .any “risk of delting ' .

the ‘sanple;. and warm enoiigh to prevent excessive ice bulldup on the

Howed into the ¢ After the vascompleted, the .

ectric current lupyuad to the thermal mdulas — :empeumu of
the bath \l“l:h clrcutaud l:tlol.lllg ﬂu{d to the mudules were reset so
that vlthin& hours the csll tenperatre stabilized to -35, s0c.

Tha Brﬂlo\xiﬂ frequancy shift dutn. in’ 'hbles ‘3:1 te- 3.7 Hen

nbcnmd fmn :uo samples f Hendenhall g‘laciul 1ca The exp! ‘men:;

of experlmencs were nm at cha sane” set of preuuus as. b:fote. P & v

The :ero xota 1on -e:dn;, defintd as r.ha angle read on :he mm B

tocntlcn devlca cn:raupending to :he Situation’ .where :he pin., m the

nntion -é:au, mﬂ ucchlng slnt Ln ths a-nple holder, wery

f—k

A.amall mitror o

faclng ‘in

:h{ Y.L 'czxon, was dutemtnad at’ Zero: preuure

attl chad to the n-c E

nzun; was - known,

the vnlua of o, :he Angle uhich :he horizontu

projection of, the. c-axis makes relative to m;
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TABLE 3.1 )
BRILLOUIN SPECTROSCOPIC DATA FOR HEXAGONAL l‘CE‘ . .
Pressurs: 0 bar W o e ‘
.. - Temperature: -35,5°C em M
. Euler Angles Gamma Angle: ', Brillouin Frequency Shifts

- i 5 — L
(deg.) . (deg.) T ey %
e L :
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‘. TaBLE 3.2 .

BRILLOUIN SPECTROSCOPIC DATA FOR HEWAGONAL ICE

Pressure: - 503 bar
Temperature: -35.5°C

Brillouin Frequency Shifts.

[Euler Angles Gamna Angle
(deg.) (deg.) (cHz)
° ® 4 .o a, o,
W k3 .8’y 14000 5 o
W14 aé.ﬂs:v K 4.6 o 2618 | . - 7.80
. 1451 5 15 e 7_.-4'14v
14,95, 661t ea

16,97,V Toesl,
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TABLE 3.3 R *'/
BRILLOUVIN DATA FOR ICE
* Pressure: 1006 bar - :
Temperature: -35.59 \ ’ ~'A-.,‘/‘ )
; Euler Angles Gamma Angle Brilloutn Frequency Shifts
(deg.) (deg.) (GHz)
“e ® v o, ' a, n‘2 ¥ g
4.4 637 .8 16.07 = -
e 57_.; w56 :u..g" A .79 ; £
N 47:4 3600 - 2.5 R UV .- . 7.3:4 i
’ w26 03 7 2.6 1107 663 . - el g
“Yeu s 4 15.07 . - " 665 ;
: Rs i2.4 108 T 102 N 7]
R R T X I T 14.90 a7 s £ 2 s
; . 42.4 . 31.8 / 22,0 1467 o 122 b
s w2 w12 B2 Wi = 7.62 $
3 w6 66 el .14 6.87 7.98
N 42.4 703 4619, s 14.08 6.83 7.96
5P o @i 786 L 7.0 16.09 6.87 .. =
! L w24 959 ] 618 .16 o3
4 w24 157 76 WA 708 L
i 42,4 140.2 sL0 w47 7,05 '
42,4 1767 . 814 %51, 7.0 - :
.
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TABLE 3.4 i L
BRILLOUIN R0SCOPIC, DATA FOR L ICE (“ . .
Pressure: 1507 bar ) ’ '
Temperature: -35.5°C . R
+ Euler Angles Gamma Angle Brillouin Frequency Shifts :
(deg.) (deg.) a (GHz) R
R 2
& 47,6 637 .
: V47 486
Ca1. i36.0
: 4.4, 03
(I PRRIRCR
@i 0.8
2.4 19.3 -
424 . 31.8 'f B
42.4 4722
W24 % 62.6 '
. w703
: 2.4 786
42,4 95.9 -
A 42,4 115.7
42,6 140.2 A




- BRILLOUVIN, SPECTROSCOPIC DATA FOR HEXAGONAL ICE

Pressure: 2006 bar
Temperature: -35.50C
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" TABLE 3.5 _

Euler Angles

Gamma Angle

_Brillouin Frequency Shifts

(deg.) (deg.) § (GHz)
° o % kN By
4.4 637 .8 14129 o 7.8
@46 W6 BYRCTY R 73
47.6] 3.0 ‘255 1.7 - 7.29"
e w0 g 2.6 15.23° 6.53
. Wk s w1 15.22 6.60
L4 108 7.9 15.21 6.58
424 ©19.3 13.5 15,08 2 6.79
42.4 31.8 22,0 .14 .81 . ~s 7;§
42.4 47.2 32,2 14.53 : o 7.60
Wb 6.6 2.1 1632
w0 70.3 4.9 16.25
4.4~ 6 52.0 14.25

g 959 . '61.5 14.30
42.4" 11507 7.6 14.50
42,4 1402 81,0 14.61 g .
420 51767 87.4" 34,65 7.06 ne
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/{ : BRILLOUIN SPECTROSCOPIC DATA FOR HEXAGONAL ICE

Pressurd: 2504 "bar
Temperature: -35.5°C
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TABI‘.E 3.6

Euler Angles  Gamma Angle Brillouin Frequency Shifts
(deg.) (deg.) ) (GHz) )
: [) o‘ . n," a, a.,
‘ . BRI R s 1433 -- 7.94
\ L4740 7 486 366, - 14,53 5 .74
47.4 340 24.5 .14.84 . = 7.35
w24 03 2.6 15.29 6:51 651
424 s 4.7 1531 = 6.60
¢ 426 108 7.9 15.29 - 6.56
42,4 193 13.5 1514 - 6.84
42.4 318 22.0 i_l..as . 7.“18
) 2.4 412 22 1%.61 -- 7.54
Y 42,6 62.6 42.1 16.39 ?.75 7.93
‘ 42.4 70.3 ';6.9 110;3_2 "6.76 7.'94
Y 42,45 78.6 52,0 . 1034 6.80 --
w24 esy 61.8 16,41 6.85 7.43:
A 424 1157 716 156 6.98
tdge 140,2 a0 1.68 6.86 -
a2t areT 6,98 o

14.74
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TABLE 3.7
BRILLOUIN VDATA FOR
Pressure: 2802 bar
Temperature: -35.5%
Euler Angles Gamaa Angle Brillouin Frequency Shifts
(deg.) (deg.) ' (GHz)'

e = *: al. ntl 12
4.4 637 w8, .36 6.69 7.88
47.6 0867 . .61 14,58 e 7.677
47.4" 34,0 s 1,87 - 7.27
W2.4 0.3 "z.s 15,35 6.47 6.47.
W2.4 8.7 6.7 1833 -= s.'sa
2.4 108 .9 15.32 = 6.58
42.4  19.3 13.5 15.21 -- 6.80
42.4 31.8 22.0 " 14,94 R - 7.13
2.4 47.2 2.2 16.67 s 7.68
2.4 62.6 2.1 1443 s\.-n 7.93
4.4 70.3 \3(49' 1.38 6.73 7.92
6.6 786 52.0 14.40 6.7 7.88
42.4 95.9 6.8 16.45 6.78 7.36
42.4 /115.7" .6 16.61 = 7.03

. 42,4 1602 ) 14.76 6.8
176:7 1 i e 14.76 6.93 &
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roforence frame, could be determined.for any setting of the rotation
devise;, siuce e birsringentioriencasion; cochnlqde hed aixeudy, besn
used to determine the c-axis orlentacion about the stem relative to the
pin. -

ALL rotations vere made in the same direction to avoid sny backlash:
in the rotation device. It had been-observed that the zero rotation
secting vas slightly different if determined at other pressures.. This
resulted from the increased torque Tequired to rotate the sample. ghis

was the reason why all sample rotations were made at zefo pressure, .

since only orie of the zero To setting vould then be
required. V
1 Two crystals were deemed sufficient as a statistical sample base
for ‘these experiuents becauss, of* the high. dejces of sample:to-sample
consistency observed by Ganmon'?® {n Mendenhall glictal: fods andivinich
vas also clearly evident fn the present work. The ice itself is a
suitable ;tunderd b‘ecause it has low concentrations of impurities,
which cduld confribute to/the elastic behaviour.'?®
A total of 16 Brillouin sf“w::ra (17 at zero pressure), roughly
evenly distributed throughout the vhale range of 7 angles,” were
dbtained from the two cry_::ni; it eaeh préssure. Because: of the

seguented windov placed on the gpect{ul region of ‘interest, which

- auplified that section by a factor of 70, accumulation times were

relatively short, ranging from 15 minutes to 2'héurs, depending on the
intensity of the transverse signals. Experiments were'run until one or

both wvere éd, or until it was

clear that no transverse peaks were going to appear, which was the case

occasionally, A complets set of data’ for' one pressure typically

“




“
4

. -61- ' :

- a ’/
required 2 days of experimentation, g v

The Brillouin spectra (Figure 3.4) were of churac:u:u:ﬁaxly low
tntensity. The relative intemsity of unshiftad components compared to
longitudinal shifted components was . approximately 130 to'1, vhereas
previous Brillouin experitients on ‘methanol, using a similar gptical

126

setup, ylelded an intensity ratio of 2 40 1177 e relatively hign
a

im:ansicy of the unshif:ed componanr in r.ha present expu:imanu was due due

primarily to stray nnacmns within the cell The uneumm of the

central; the longltudinal and transverse components‘were typically ~.5

GHz. ‘This was eff “the 1 1 .#The degree of -
'Rayle!.;h scattering in. the 1o vas very slight, as was evident by the
fact. that the laser hem ‘was not visible in the samples as.it p.ssad
through them. Raman scn:tered 1light, on the ,other hand, was fairly
intense and ngcesslc‘ated the plucément of a filtet, vit‘h 1 nm bandwidth,
centred at the laser frequency, m‘ front of the PMT to block this light
which - would otherwise ' increase the background nolse level
significantly. There was an important bemeficlal ‘effect’ of the Raman
shifted signal, however, in that it made the beam quite visible in the
samples when they were viewed through an orange filter. This effect was
Fully utilized vhen optically alignihg the cell.relative to the, laber

beam.

The spectral free range of the Fabry-Perot interferometer:(25.13
éﬂz) was chosen-to optimally satisfy the following three requirements:
. That any ambiguity as to which transverse components were associated

with which longitudinal components’ be minimal. 2.~That there be

no’ overlap of components throughout the whole range of ‘pressures. 3.

That there be. maximal resolition so that’ the data could be used to




4. Represeéntative ~ Brillouin spectrum from a, single

‘crystal® of Mendenhall “ice at -35.5°C. One complete
order is shown, with two unshjfted central componerits
U. The free spectral range of the Fabry-Perot is
25.13 GHz. L designates the longitudinal Brillouin
component and T, and T, the transverse components-as
shiftéd from U. The region of, the-gpectrun showing L;
T, and T, has been amplified 70x 1in terms of data

* acquisition.
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Figure 3.4
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Aeeuraely d | the ‘elastic In ‘consideration ofm

last. requiremenc the chosen setting alloved the ‘Tongitudinal Brilloutn
peaks to shife by mou'ch'nn 508 ‘of the free spectral range, however,
chu did not prev;nt tha other. raquiraments from being Bdequatsly met.

;A trequancy ‘shift man:uremenc was made by Eirs: smoa:hix\g t.hu

_spac:rum a eoupls of clmu uich a. thru palnc .;mon:him; mucine, which




<obtained when the 1mp11ficur.inn ‘window was used was checked by
| 3
compartng, Longitudinal Etaqnem:y shifts’ Econ several axpemmu on fce
i and a quncz stlndatd .with those obtained when che window was not

poed.. ¥hen, the eindow vas ‘not$used, date’ fron’ tvo consecutive orders

+ ~could be avenged to yiald the most "ageurate results passlble using

the. wxndew, were nlwys in exca—llenc ngraemenc. +.28.° Tx‘lnsvetsa dn:‘u

for m viere cemparud . a slnilar muun and a sllght: con!tunt offset

¥

tim .of the Eln:ic

Ce 7 ncmpletz sal:s of ireqq-ncy shife “data, and “aécompanying

‘c'ryscar,'onsnumns. ate given. in ’l'nblas 3.1 to 3.7. m Brillouin

i o zqua:inn (1 9)-'was "used to calculnte the ncouscic v!locity associated

'vm. each Freqiendy shife! Besides the shift.- thres “places. of

" informatior wete lequired to dn thisi the wnvelangt.h A of the' lncidant

g,hr. ;\ts scacterlng lngle a and the rdfn:tlva index n of the

laset 1

‘x_ée. :

spectral LA oa . the ¥ of the ‘résults
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Here n ‘denotes. n!ru:lv- index, Z is a constant with.units of

p 1 density i tmcux.'—' using
3 BE LA Gammon' .‘3' refractive index and demsity of ice at -16°C, and’ zero-

sure. The zero-pressure dmul:y. at -35°c. was deternined £rou the.
-

i for, the. i ance of the. Jensity” derived by

Glmon unl.n; the results of lu:knvich‘" and given by, .
RV YRS ¢ o s w
Y N o'i.’sn x 10"1 -,'z'.71a x 10°71% + 8.850.x 107°1° ..

P 66,
et -177ax10"° rt JE ; o

$2. ’ % 5
'vlurc p, denotes the density of ice'at 0°C, and T is the temperature

in a.;n. Celstus. g
€ The very. slight blrck‘rln;encc of heu;ml ice has -a negligible

N
*3 effect,on the Brillouin spectra.

0 E_q\‘:-t}om'(l-s), (1-6), and (1-7) rsl,u the elastic constants,.. .

. "+ “ .eiy's, the propagation direction,: y, and the density, 5, to .the

o vo_loei:ta-_ut the thre

acoustic modes dn hexagonal media, V,, Vy,, and

V . They are of the form,

" modes to the frequency shifts, so that the’ elastic conatants obtalned

J by 1nv-:tl.n] (1-5), (1-6), and (1- 1) dnpand li.nuﬂ.y on the density and

on the square ot “the frequency h!tu. ) ‘1‘

\ o
8 The eo-puuuoml method us: co\ulcuhn elastic constants from




- - e¥fating FORTRAN program described in the theils of Laggheer.

Hhata N is the totul numbafvof observed fuquqncy shif:s‘, N-5 denotes - 8

the nualger 9! degrees-of Eresden, o °b1: ig the k'th.observed f£requenc
quency

shift, and n“" is the calculated ftaquem:y ,.1:: based on ehe’

sumed e ‘s, for sound propngaclng at an angle ™ relative to the ice

Z;ry;u).',s craxts. ¢, demotes the standard deviation.'of the K'th

neasured frequeiey shife. : L ‘

2 Tha squared error term was mlnlmized usi.ng a modlflad Nevton-

‘Raphson icerl:tve techique, vhich vas a prmcxp.l feature of an

132

The

“-program also’ contained an analytic routi: to 'determine the

" ponsystematic errors associated with all of the elastic -constants,

‘L'vuh:lom in scattering angle. and uncertainty in the c-axis

orlancntlonn .

With dnn :hu exhum: nonunifoml:y in' the accuracy’ of the

*“freqiency measuremencs, different.values of o, -can be used ‘as weighting '

] 5 L X '
factors..for different data blocks. However, in the present work

om0, thde 'ts, the" erfor ‘assoctated with all ! shift
v & . ¥ i

r;gul:lng from measurement. errors -in the observed data, slight. -
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miasurements on single rerystals of ide Ih, wis the same. ‘o' vas
" empirically deteruined’ by running ‘the FORTRAN' progran . using &
‘ressongble £1rst guess. fox o, and then aduscing, & according to the

" statistical :riterlon ths: shen X1, o uould be equial to. one: staqdnrd :

deviation., Hence, the 5 tic tal nd i by, .che ;

- Progzan and - quoéed Forthe: elastlc constants (Tablen 3.8 and’ 3,9y

coruspond to the aic\mcion vhere x’ has_been nomauzed

The . uyll:em!tlc errors Associa:sd with the dansi:y of Hendenhall. e)

' glacial ice, \lnd the terms 1/sin(a/2) und 1/n of the Brillouin equation

were .0l%, .17% and .\08% respectively,'?® This led to a combined
- systematic a:r;_}p)ch‘e. expression pV?, and - hence the  elastic

“constants, ot

For the nalysis of the “Pxperiments carried out at elevated’

it was ary to :hé' sure nce of the
" density of ice Th. The refractive fndiced were then calculaced using,

| expression (3- 5). Density was de:amina first converting the zero

pressure dynamic elastic conscancs to uo:hemu

ues, in order to
obtain the isothernal bulk sodulus using the standard ‘expression.'’®
Then a redsonable estimate was.made for the.pressure dependence of the

bulk modulus;, dB/df, based, on. the value obtained by Polian and

Grimsditch.''® o :

’n\e strain £1uctua:i.om associated with ncou-uc Save ‘propagation

- 10

in ivl!.da ocl:ux‘ qvar very small time 1nterv’nll (~! 10

s for Brillouin

ly-ccro-copic studies). No heat trnn:fer can take place over |uch ‘short
intervals so thnt nnc:opy h cor\uwad ln the ltuined teglonu. Henc.

it is t:he ndi-bnne, constant entropy, . -haclc ‘constants ' that are
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ELASTIC CONSTANTS OF HENDENHALL GLACIAL ICE'AT. VARIOU
PRESSURES SPA.N'NINGX Tﬂg REGIOH OF PHASE STABILITY

Phase: "Ice Th

Temperature: -35.5°C i ¢
. Pressurée . Elastic Constants (x 10° Bai)
(kbar) - L
. i C12 LG - a3 Cuur
0.000 . 14.484 7.349 5.965 15.627 4 3.147
+.148 £37 - £30% 1108 223
0.503  14.73% _ 7.633 6.186 3.133
i +.298 +.79% +.61% 1543
1.006 -~ 14:968 7.864 . 6.508 3.089
S £.208 +.568 ¢ *.4ls +.36%
1.507 *.115.175 +- 8.226 " 6.773 N84
- +.21% +.53% . %.38% .16%
2,006, 1533 . 8,332 . 7.082 3.038,
.20 £.608 +.408 +.43%
2.504  15.577°  8.672 7.168 3.043
MR £.68% 9% +.49%
15.70 °  8.882 7.312 3.018
+.259 +.443% | k.6

'
Note: The uncerl:nintiu quoted in Table 3. B refer to nonsyunmucic

error.,The systematic error, was :ha same for all of the elastic
cqnstants, . 38\




ELY
Phase: Ice

Th,
Temperature: 235,50

% Pressure

o Bulk Hodulus

Density. Reirac:ive L
(kbar) (g/cm®) Indéx ) (x10"bar) &4 o
e Adiabatid  Isothermal
_,0.000 19228 1.3161
© 0.503 (9279 _‘,1'.,3169‘
1.006 £9329 14}-179 ;
Lsor 1 .93_7-3 ‘1_. Y
g.oos. .9&'2§ 1.3215 i
2.504 .9k7f3v 1323
'_"z..,aoz . 9500 e




. properties of solids. The determination of the denilty of feo at

llnca

-alevl:ar._i T3 the bulk modulus, howeva

the sample vas d at the é.ma" rature for all pros: irds. To

convert the dy'nlmlc bulk moduli to :l.socharlnl bulk: modulL " fo: the

purposa "of tnlrulacing the dengity - at the elovacud prenur‘
128

e exprasslan used by Gammon'** was employed. This expression, based on

the mar_hematical telationships between the equations. of elasticiey and (2]
the' equations of thérmodynanics, discussed in detail by Huntingeon'®® ¢ p

¢ 45 givén for an arbitrary single crystal medfum by, . - h

and- Nye,’
Sty = Siger+ @y T/(C) HERCR IR
i ' ;

wheresT and s° denote the isothermal and adiabafic elastic compliance

tensors, & is the thermal expansion tensor, T is ‘the temperature (in

K). p is’.the density. and Cp dena:as the heat capaelty at constunt

stress. This relation takes 11'\!:0 account’ the contétbution to “the seraln™ T =

5 R
it oA ;ensor of theml zxpnn:ion which arises frem stress- lnduced -

e temperature changes: when stress is upplled to'a lolld.,
For . the case uE‘huxagoml ice cryn-l: at -16°C G-ﬁmon used

Buckovich s"’* data on the :hemal xpunston, itensor - bad the: heat

‘apaciey] mesiurenenth of Glavque”and Seoue®®® togéduce the axpressinn Lk T
e s I ™ et k
slym o8y + 366 x 107 WA gy - 1h.12,23,33 .

e o3 s " . : & » S ! I
e e L i P a3, e
P He - chanﬁnlcuu:ad hnr.hatmal _edlastio Sonatanti; c,,, fron che : o

; .

1 compliance’ e6 °F (310 ustng the prn ,um- ;w.n




" belaw: ndnpted fron uya,"“whxch_:e_h:a the elastic and complidnce

com:-nu 3

1} . . Ly

./a :

¢ =lfegt. en) G4y - 26081 LY

S cip), 7;[c‘<cu- el

= i N @ o
day W 84s,mreqs/ - 2

; -
T A

Sgq. = cgqe e
5 o - In thepresent, Annlyals, the isothermal elastic consnnts, uhich

. were uuad co ellcula:e the lanthamul bulk moduluﬂ wvere de:amlnad by

simply mulcxplylng ;each adiabatic parameter c” by the ‘ratio c“/c“ T

“ from Gammon's xeiults. The uppraprilte ratios orey >

T B s cla/ely = 98178 " elzels 98361 .
c},’/cgz'-iv.ssau y “'c:“/.c:. S e )
S = a )

DL ela/ely = 95646 _ : .
s " L R T %
The .assumed form of the Lgotuernal bulk modulus 'was, |

: Cooamamime e

the uoehmul bulks modulus .e. zero wm-un, Byndb

where B, derot

dB/dP, and P'is the .prnm.. This expra mn was then used in ‘the

follovlng lntvgnl to obnln cha ice damn:y.
4~ ¢ LI




 completely self consistent ‘set of demsitl

 eotissquent ‘asoustis velggtel

i ) : 273~ .

I3 &Y e il ;
I% &= In [% ] NP ¢ TS 7)
- o 2 P e o

Here p_ is the zero pressure umuy £roa (3-6) and p 1 the -un.uy o

at pras-uu k.

- The ptelhimry densities and tefxm:tlv. lndlccl of i.l:a At “the S

valevntud pressures were determined in this manner, 'n.u‘ paramegers

were - then {sed, ‘along with the 6 sets of frequency shift data, ,:o

compute the elastic at each e. The were used

to calculate igothermal bulK moduli, in the same manner ducrxb.d-

\above, ‘which were then lelst;squnres quadratically . fitted 'to the

pressure, so that a moxe refined res: for the

" oF the bulk Bodulus could be detoratned. This slightly improved version

was then cycled.through equation (3-14) to g.mrlu slightly different’
dénsities. The d-mll:lu.'ln tuirn, ‘vere agiln used to. compute & .new
sets of suy-:!.y L-prwad elastic constants. This ‘time, the general
quadratic’ expression for the bulk modulus dclamlnod £rom the 6, new

values, vu lh!.a to r-produl:e the exact values- of thu dan:l(h used in

the analysis. The . résult of this .iterative precmr. vas &

reffactive indices and

elastic comcml:- fet l.e‘ Ih at 7 different pressures -pnnn!.n; :h-

taglon of phase st uuy at’ -3%.50C (Table: 3.8 and 3.9), The uhlcte

cnmpumcn cnn-un:l. c-lculutad using (3-11), are ;lv-n l.n 'hhl.-
3. 10. ;i !

o +
.-
H;uu- 3 5 to’ 3.11 r-pnnnt ehs diuﬂbuuom of . Brillouin

Enquem:y shift dun versus ylu. nd Hmn- 3 12 tn 3.18 " the

‘versus gamnma angle, for t:lu'7 pressures




* Phase: Ice Il

Tempernnza > -35 5°¢

TABLE 3 10

¢ r 5y EIAS'HC COMPLIANCE OBNSTANTS POR HENDEN’KALL GLACIAL ICE AT
b ®. © . VARIOUS PRESSURES SPANNING THE REGION OF PHASE:STABILITY

) _ Pressure Elastic Compliance Constants (Mbar
" (kbar) - =
S S12 S13 EAJ Saa
o F .- 0.000° 9.901 4114 -2.209 8.086 31.776
" * > A *.42% +.67% +.45% +.343 +.223
g 0.503 9.890 -4:.192 -2.218 8.018 . 31018
¢ +,89% 1.6% - +.95% .- +.73% .54%
- ; . :
: 1.006 9.882 4,194 -2.294 8.049 32.373
; +.648 SESRTY £67% £.53% +.36%
1.507 10.00 -4.382 -2.337 8.073 32.425
; .65 41,08 +.658 £.538° £.36%
2.006 c9.97° -4.292 L -2.432 8.129 32.916
T /1Y +1.2% +.728 +.608 +.43%
2.504 10.001 4,482 -2.360 7.983 ' 32.862
+.88% 1.4 +.87% +.72% +.49%
2.802 10.062 . -4.586 370 7.973 33.135
- +.82% - £.67%

+1.3%

+.46%




e

n;uu 3.5. Data for Mendenhall glacial ice at zero pressure and °

-35.59C, . Measured - -Brillouin =~ frequency “shifts Q.
(indicated by crosies) and- calculated frequency shifts

: (indicated by solid curves) versus the angle y bhetween

the crystal c (hexagonal) axis and the: direction of
sound propagation. Curves specified by least squares

‘elastic constants via equation.(1-5) (L), equatign (1-6)

(T,) and  equation (1-7) (T,) along with - the Brillouin.’
cquation (1-9), The empirical standard ‘deviacion in

't‘nqugncy shift measurements, o, 1s°.019’ cHz

N \ “
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Figure 3.6.

S

-
Brillouin frequency shift versus 7 for Mendenhall glacial
ice et .503 kbar and -35.5°C. Curves.identifi€d as in
Figure 3.5. The empirical standard deviation in-fréquency
shift measurements is .040 CHz.
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l-‘lgure 3.7: Brillnu‘ln ftaquency shife Yersus v for Néndenhall lacta) -
-ice’ at 1,006 kbar and -35.5°C. Curves identified as.in
Figure 3.5, The eipirical standard deviation in frequancy
shifc ieasurements is .028 oz,
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Brillouih frequency shift versus y £6r Mendenhall lag )
\at 1.50{ kbar and -35,50C~Curves identified <as in * °
¥ 2 rd dayiuion-i.n‘ frequency .
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in ftequanay shift versus oy Eor- Mork ethall &
2,504 kbai and -85.5%. - Cucvas, idsiitified

.shifl: malsuranencs is: 039 GHz.







15uta 311, Brillcutn -qulncy shm: va:-u- ™~ :or Mendenhall glacial’
ice. at 2.802 kbar and +35.59C. Curves identified. as in.
Figure 3.5. The empirical standard; deviatigh in rsqu.ncy
hife remerits is. 037 i g
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Mégdenh: glacial ice at" lnte prelsul‘ and "
35, s'c M:;ul:lc velocities . (indicdted . by crosses),

= N -hifc- (via. the

0 nulwm on’ (1-9)), ‘and _calculat. o
~ (indicated by solid curves) versus . the -n;l- 7 between

* ‘the crystal c (hexagonal) axis and, the direction of-
sound ptnw!&oll Curves mc!fhd by least lqlllrl.l"
elastic via e (l. 5) (L), (1 5)
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.13. Acoustic velotity Versus y.for Menderhall glacial ice at
1503 kbar and -35:59C. Curves. identified as in Figure
2. i : " P ¥

« %
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ou-tie v.locl.t:y‘ v-nua ~ for Hundun\;ﬂ.i 5lul' ¥
A oc.-

‘Curves uhn:um as in
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Fl‘ur- 3.18. Aem'eie véldeity versus 7 faz Mendenhall gluill ice .t
.2.802 ‘kbar and -35. S Curve: 1d-ncuhd as’ in Fl;ure
* tﬂ. !
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Figure 3718
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5 o 2 " " v N z i
atvhich experiments were run. The cirves correspond to thd frequency
- _shifts and velocities as calculsted from. the least squares elastic

conftants. " Figures 3.1 ‘and 320 -are ' composites,/ fncluded for' .

co-puuon. which r present calculaced frequency shi| and niocxéxu

for f,h- fulr r-n;c of pn sures. Flguze 35 21 shops the percenug

ch of - the 5 clucic constants, based/on’data from Table

vni-:hm ef

38, thxo\lghnuc ‘the wtwlc pro(lun rmy T

(S : h.blll 3 G lnd 3. 9 lunurlze ﬂn results from the entire’ set of

in :ha r.nblu i

. ‘ndhbll:_i.e' valuw ﬂ-‘ o:lund-a xpsclﬂed The five eu-:u cen::a-n:s.

uquutn qu.ndntieauy "fiteed to zha praulura so that

L g tluonahle v.lun for all of' them :euld be obnimd at. any pressure -

within the region nf phase stabilicy. Similar -xprullﬂnl vere. .m

derived' for ‘the a.muy,
englﬁn 'm.;..

" e,,(r)-(lh.bss.'z, 4.665%107°P - 1.35irx194 r’)xm‘ bar

atic and uagh-ml bulk moduli.

The:

-c"(P) -(7 362 +5. 07bx10 ‘» * 8:592x10"°p% )llO blr :

c“(P) -(5 929 + 6.419x10" P - 5 2109210 P )xlD bar

‘e,,(r) -(15 642 + b, 7ssno"y - 34 nlxlo"r’)xm bar

:..(l’) =(3.151 -5. 662x10 l’ + 3 692110 xm bnr -

.10 p?

.p(l’) =-C: 9228 + 1) oaamo"p 1 8869110 P ;/en‘

" 8%(P) ~(92296 + 5.5533 P - ’2_.61Mxlof‘p’) bar

f(u =(89684 + 5,3568 P - z'.szlsxm"ri);b.p




Brillouln freqiency shifts, specified

elastic constants via equation (1-5) (L),-

(T,) and tqultlon «1-7) (T;) along vith the 'Brillouin’ .
equation (1-9);..versus angle v 0, 1. 006 -
2.006 and 80:

2 kbar for Hllldenhl).l ;hcinl lcu ‘at




"_FREQUENCY SHIFT (GH) -




I s « L
Fxgure azo Velocities, for 'L don (1-5)), T,l n (1:6)),

.and T, (equation (1-7)) acoustic modes, versus angle * B4

calculated from the ~“‘best! fit elastic  constants at

pressure 0, 1.006, 2.006: and 2.802 “kbar.for Hendelﬂ.ll
'S glachl fee ac -35, 5":; . .
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In che equa;inns nb\we, P denocas pres!ure u. bnr 3 dnnotes =ha

ad-iabucic (cnnsunr. antrﬂp’) bulk modulus. -nd ‘B is cha tsochemnt

Brbl:‘kmp ‘and Rutex'. ‘ « These

L

.um:nom,- ¢ pnnlle L

m=asured in chne crys:anngnpm:'

parpendiculnr to the o axia,” and at an’ nnglq “of 45° to :ha e .xu,

The pressure dspendanczs oE the .1..;1.; constants' from’ cha st:udy !

5 of Brccknmp and Riter are cnmpared Vith l:ha pre!enc results in Table B

i b \llluas quoced Eram the p:esem: study, weze -luulnted ftnm :he

expussions fot the "rum constarits (345) at a ptasaure of 1400 bur, p, e

collacte .

The rpvarall :tcnds for tha ftactlonul ‘incraau_s ln t‘

eldstic, constants,. (l/cu(o))dc“/dl’ vhere, cyy(0) “denotes _the ' zero-

v . p:essu:e mngnitude, weré common to. bo:h sets oi =xperllnam:5. axcép:




. (Dm'e'nsienl‘ess) =

Présent Brockanp. " Present

Results . and Riter . . Results i i

" Brockamp
_'and Riter

298 e B 429,



phase htay\s!.tlon to fce ux s : spproached. Born atgued "E.é' the
" second law of :hemndymmxes mequiua that the strain ngy of any:

lattice must incrnse vhan the latcice 1s nrbLL‘urlly strah\ed lri

al:her uotds, che bulk d shaut mduli can never’ \Vlnish Hznc: e nmsc)
never vanish Eor first, order: phase " transitions. Slnca c“/h f L

negative. pressure dlrivacive withia fce Th and Lt s’ sdvar allowed |

vaiifsh, ‘the phise mist therefore hecome dhstabte and \:rnmform to some

e o:hgr dtructure. before Ciq gua

to'zero, . . -

R Tha present resul:s are Qonsiderad “to! be much more lccurnta :hnn

‘for .a crystallographic directions -only. Secondly, 1|\ ultrasonte

experiments . :ha uccu:lcy cf the results is- very nnsiuvo t:a the
qualuy af :n‘ acousl:lc cnnpung becwsen :h; E(lnlducer! und the
ot npnclman. This is ‘especially trus for lheax yuva; The coupling quality

uppreél-bl.y alters wl:h the appuuuon of: hydrnltl:l: puu re, And

:hu nay | X.nfl.uencs the " m lured ‘acoustic: pulle travel. times. This

o

ol doal nat exist Ln Brillouln leltterlng experiments since the
.gu%% vaves are generated spontaneously’ ps 2 result of the thermal

energy. of the ‘ice specinens ' rather, than by transducers, and

© The ‘temper 3 elastic at _zero

dutamlned from, the prennt -xp:rim«ncs, are compared with the tuultl

h: 13

oi Gamlon et ‘al., for ice at. -3°¢C and, -16°C,” in lelc 3 12.

Bﬂllouln u;h: :c-btering axpartmanu were used for all, :hree sets af

thosé  of Btucknmp -nd nutar fot :vo uuom nn: of n).l :ha K

. uhlf:l are me d rathier than travel times. *
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GOHPARlSON OF THE'PRESENT RESULTS AT ZERO’ P’RESSURE cumzbﬂ;n To
-3°C .and 16°C WITH OTHER BRIUDUIN SCATTERING ICE STUDIBS

Author(s) ' Temperature Elastic Constants
3 IR 4B C(¢x104bar )
€11 €z .. . C13, + 33 L G .
: . - « o 5 > A
Gammon, 3 13,696 6.966 15.628 14,702 2.959
112 : R

et al.. . B B oo x, y .

*(1980) b " g 3 3

Présents -3 - 13.766 6.985 5.669 14852 27991
13.849 6.917 5.624 3.005

Present® - -3

"14.896

15.010

. © 13,929 7.082 '5.765 3.014
.et al. g . =
(1983) SR e " )

‘Presentt 1 14,099 ‘7154 5.806 ¢ 150211 ©  3.063
Present® . -16 14110~ - 7.096 5761 15.200  3.065

Note: Present® refers:to the present results, vhich were :umpern:ura «
adjusted by using . the . exp 11y
shifes in thia section).
. Present® refers: to the pnaem: data, whlch were . temperature -
“ .. corrected- using Danitl’sios r the ;
dependences of the elastic constants.
) & i




" corresponds to expression (3-16). o~

e

results. Two means of temperature co{u‘cuon were used to adjust the

present data. to the of the other two studies, One method
was to use the qua for each
108 2

elastic constant derived by- Dantl, using ultrasonics. The other

hoique vas o the cé.of the

shifes by u;hc Tt vntioua

:smparatures, for one pn:icuhr sattlng of ‘angle v, and then‘ccmpu:lng &

the elastic constants from- suitably

‘i _shgf: data previously, obtained at -35.50C and.zero pressuré, assuning
that the same fractional shift variations applied for all Values of v. '

o A
. < , i The expruuion below is a. quadratic fit to the £uquency shift-versus- "

I

data, obtained from a 11 snmple, given in' Table

3.13. : L e

0.(T) = 13.636 - 1.387 x 10°2 T - 9.586 x 1075 12 [ 1y

In the oxpression above, f denotes longltudinal frequency shift.in GHz

and T 15 the temperature in degrees Celeius. Figurg 3.22 is'a graphlcal

representation of the data given in Table 3.13, The solid curve.

The data in Table'3.13 were ebtained by orienting a sample to:oné

patticulur valie ‘of v, chen_apy and’ matnt a é of 500

hus. and | Fecording” the f:aqunncy shift as the tempsrature ‘was.’

lncremantllly raised from ~-35°C’ to -<k"0. nucvlng luft‘ieunc time tor

the system to reach thernsl, equilibriun at’ each mp. It w

tacitly !

assuned, when this latter ur.hod was tised t:o r.ampantura :otnc\tth

| elastic conauncq,, . that ch-tr ration .did not “vary with :ampunﬂ{z’.

Thll ngaump:lpn has’ b,aun

own to be valid, within lxplt&mentll

N
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- TABLE 3.13 *

HEXAGDNAL ICE AT CO“STANT PRESSURE AND F! DVORIENTATION

yussun. 500 bar - - - P

Sample c-axis orientation: 7 = L

¥ \w;pen_:u}e 3 Longitudinal

- 'Frequency Shift’ - =

ey >

14.01
V1397

13.94-. —

13.90 .-
= 13.84

o e R

13.71

Lo a1y ' 13.70

TEMPERATURE_ DERENDENCE OF THE: BRILLOUIN EREQUENCY SHIFT IN

e R8s et : 3




n;uu 3.22, 'tempu ure dependem:e o€ ‘Brilloutn E
Mendenhall,glacial ice at .5 kbar and &-
. 2y = 47° The diameter of the open circles is comparable
& = to ‘the standard. deviation .of the . frequency
measurements. : The solid curve represents ti
-, squares Fic to the data ;ivcn by. -qn-el\m (3 16).
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uncertainty, in the results of Gamson'’* over the range -16°C to -3°C.

The present ney shift dita id at zero and -35.5°

. A -
vere & to 9 the rangs -306 to -35.5°C

using npressum (3 -16). A eo-puu set of elastic constants was.then

for uch J Thn 9 v:lunl for aldh nlutlc cmutn\l:

and. the u:or.llted .as‘:u'nﬁc and uom:\-.x ‘bulk nduli were lou\:

squares Eltcad to thl :up&r.me ‘to yleld the q\udrntl tl-patltuta
d.pand-m:a nxp:atslo 5 Qe halw ; .
5 y o s,
:,,(n-(u.m 2.894x20°7 1.733,‘:1/‘1’):10‘ bar
613(T)=(5.962. - 1.467x10°°T - 9.036x10"°T3)x10* bar. . ~
¢ > 7

c,,(‘r)-(S.S‘S/‘» -1.192x107%1 - 7.:12_,110“1’))(10‘

ey (T)=(14.761 - 3:113x10°°T - 1. aesxw"r’)xm ‘bar< L - (3-17):

7973 :-6.287x10°°T - 3. aasxm"-:’)xlo bar :

BS(T)=(8.727 ~ 1.566;10'-1'-'- 1.122x10™ f’)xlo‘ bar .

r =2 oqt.xm"-r’)xw bar: <

. 7!9110

o8t k-r)-(s.kab

.
In the axprassjmu Ahvvo 5‘ and l’ are :h- ndl-blhh—ud—h-ﬂ\e:lll

"bulk: modull tnpcc:lv-ly. The temperature T's in degreed Celctus,

Th- elastic constants of the present wotk wire groater. than tho

s ‘“,'r 1o 3.12," regardless of uhich |

of Gammon 8t .1‘

3 thh w

on n-a, h =y ylold-d
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a standard in various Brillouin experimental setups besides the one

\uld on ice.” The high pressure cell and cryostat Dege rotated by 1'ao°

so- that: eiperiments could be Tun with the other horizo cai view port
facing the optfcal system in order to check the geomet of :hs cell

vindows by noting whether there were any frequency shif dlsfraplxu:ie;,

on’ :ho outuldc of ‘the e-u It vai

'.u;h: temperature;’ gudun:wn praunc: A ra.dlng of -339C on' the

oytaide cotrunpomhd to an’actual reading of -35.5% on'the inside,

: This bly ‘the effect of radiari hn:lng and’ alsg

“0 Y heattng by t';;)nduc'ttvc eransfer through e very: N‘pﬂ: partial’
Auuphan in the vacuun space inslee the cryostat. consaqucm:ly, :he
:--pcncura readings. on the on:’lda of the cell were calibrated -yhu:
5 o those. on the inside, in r.h- range -5°C to -ho'c. so_that the true

tup-nmu ‘was -huy- Immm duun; the cxparluncs.

The- other. ponibh source of error d‘ut ‘might explain the

b o dhcr-p-m:y b-mun the - present - res 1lts and those of: Gumon et
S : al, "’ AL, vas that there was error in eir -c.t:crln; geometry. Thalr

results £o! ice IE -16°C; which" yi!ldzl the lnrgust ducr.p-nclal when

1id, whe: u chu data

dex Ilh:hlng 14

" for -‘3°c vm"n_ taine Erou grown cyundﬂ.c inens - and. 'era in

2 k| hn:t-r .gzumnt with :h- punnc values. In ch E\mi case the mdax

u:ch ny not hmn hun puhe:. Unrozt\nutcLy it was not Eaulbl. to

r
verify zhh h_ypo:hnl-“ In uhy/ case, the v-lu.'- ‘for :h- -lqs:lc

. 2 &

nbuqu.n:l.y discovered that a

7o conpared t5 the prasent. :nultn vere obtained zan trrogulas shaped .
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constants from all three #uts pf experiments were still in agreement to
o R ~

. within ~1% on average. oA N . s
. 5 i .
Toa -
3.6 Elastic of Polyerystalline LI s ¢ g
P t
The Annlysil of * the ptopngntion of ehscic waves through q‘

rpuiyuysr.-ui} aggregates, nust take into. accpunt thé vntioul sizes, -

1m,

ji;;_p;annd orfentations of .the c_ryscallius that ,:omprua the n

This 15 inherently difficult, and Further eompuea:sa by the fact that

when -an elastic wave passes chtough sich a medmm, within a given

reglon ‘which fs comprised of svaEiL cry.::nllir.us o, dlft‘ering

L orlentation; neither unifom strain nor uniform stress prevails. The ‘
situation whkere uniform strain 1s assumed Yas ba{:; .treated

mathematically by Volgt,’® and Reuss®'®

has dealt with the. situation 2
of assumed uniforn stress, :hm@%Qa reality 5 sonevhere in betveen. 2
In the present work a’'good estimate-was obt-lmd.for tha velocl:y SR
. o£ longitudi.nal " acoustic waves {n aggragates 'comptised of tiny v )

unifnmly shaped dnd uniformly oriented crystallites, by autd bly

“averaging r_he valoci:ies over tha complete  range, of pr pagn:ion ’ .
2 3 ? .

direction available uu;hm a cryst Favil ! ¢
Jrimen

‘I the present Byillouin setup _the’ alastic’ w.?e-.

or phnnons dhich ucatce: ll.ght into the optlcll system huva a ﬂ.xad 4 .

d!.tec:j.nn,, n{ proplgntioﬂ in the!lab ‘trame of reference. The c-axis n!' ¢
rlndonly orlenved ciystallites vithin a polycrystallin sample may make s

an -ngh 1 ulth tha “phorion ﬂlzectitm, anyw re between 0° and 90°, The, - ’ R
aanple may. be’ zo:-ted about: the phbiion gopagation dlrlctton without -

. \:' ‘altering 7. Thérefore ‘the uhuhood» qtpr.ha c-axis of\lny ciystallits ’ .

hatn; at-an .n;‘).g ) with :h. prnpl;‘ﬂ.on veetdr is ju-e :ha element of
g % G




Hence' the average lengltudlnll

: lphe:u.

2 { S e B E :
o v, (s - J'vx"q, ;Fimdv‘
3 ]

-0, 0

alu:tc

L35, 5°c fnr a1l of ‘the pressures at whlch

The ruulf_a ptoduead by’ this mulysls for  polycrystalline” samplgs vere. "

experimentally *ve:;.fisd by : g Brillouin on metiaks ™, 3

- - - B -
2 polycry.c.xune, fagates at Zero.pr 5 uced, uslns i method

dn,scrmd in su:an 4.2. The moan veloclt)', "kn/s, determined

i
“from_ the rasults of % exparilnen:s on_three such samples, was. ity |

axcallunt Agtumanc Hi:h the cnleulnt 1 Im/s

vmous]ehaczc ynrunateru ‘can. be derived . for ho:hogeneous.’"

n ghe theouuuz aqun:lons which unk

dfscussed fn nunetous .texta lm:ludl.ng thosu ot Llndau und Lif-m:z,"'.

Nye'** and. unv-m. 19 The' bulk. nodulu vhlch 16 the ..ma for’ nlngla

5 'dryn:lh of m Ih as-for. agpa;lcu tice the unn: cuwprelsibﬂlty‘

4 nearly faotrople,"?® can be used ‘albng with the average longit:udlml o

vulocl:y v lnd :he density p tu duiva the Lam§.~ con-r.-n:-, A nd Wi




cumnarizes . the ‘results .of the| analysis . fok: the

.transyerse - velocities. .

e i e R g ¢
¥, dnd ¥ in the ‘table have beén

Y3220
Sear




" POL

TABLE 3.14

I

. PARAMETERS FOR ICE “Th AT V.

) +VELOCITIES AND ELASTIC

I0US PRESSURES- SPAN’N!NG THE RFEION

35 78

36.40.

*36.01

3. aé

97,1T

" 96:48

30042
".32870
.33414
'.3395‘5

134362 .







and " cransverse : dcoustic velocitle
. R o “versus_ for
» . " Mendenhallice at :35.5°C. " : E
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' GHAPTER &

THE H[’ASTIG_PlﬂPmTlE‘S OF HIG’H PRESSURE ICE POLYMORPHS -

T, fU mnmimuon “of Dansities'for the Ice xolygnrghs =

> Densitf~is a" cri;lcnl paramecax' wuch appears .in the expressinns //

relnl:ing the: alnstic constants: to- acoustic velocities in ice.Ih /It:/is

llso nqusred to datn‘mlne the rafruc\:ive indicea (vu the, lelationship & 1

ba:waan Eularlun strain and rvftac:ive mux"*) oF tha differen: fce

) ph!ses, at. thu var!.aus pressures, . fﬂr usa’in the Brlllouln equntlon o

vhich :nn.slatu freg ugney :hlf:s _into nco\uci.c velocicias, Liccle dntn

- uxlatn in cha llte icuxe onthe danslties nf tha ice phaaas ut che .

tempetl‘tlgra und _range of pressures. us!d in :hese !x‘pe:imgnts.‘

79,1407

. Bridgnmh “had de:ermllwd densities for various ice polymo:phs,.

hawavar hls comptesuibilitias for lce Th v weze known to' hs 1ncornc(:

-
vhich made the results’ £ the other L vas :henfvze
necassnry to condhc:‘n pen sa: of o to’ the S "0 B
i 7 3 3 o 5
densiey of 1ce for the whole pressure ringe anesngacaq in the present gy 3
2 s i ”

T llght seateering work. [ et

A thick ‘ulled tube (29 5. mm langth nnd 6.3 mn'0.D.) was machincd

f£rom a nolid piece -of 3016 stainless lceal a:ock (Gyof Figurs

. &
uua right cyllndriell 'statnless steel plug (E), 3.6 mm diamecar, vas
then snugly . 1nu!=ed inito :one. open ond 45 a depth’ of 13,4 end.

" ‘luvar lnldarad into pl'ca. The other end was nmchlned to fit onto che

rocqtlon .u.m mea. tha high presaure call. st '. TR 3 ¥




FXgure b 1. Density detamxnacinn appn-a:us A, rlght eylindrical
glass  plug; B, scale. with .1 mm markings; C, thick-
walled stainless - steel tube; D, ice sample; E, hard

: ' " soldered. stainless steel plug; F, coupling space. for

) ' un(lng onto stem inside the high pressure cell.
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= however, as it tended ,to deform when it was filled with fce and
pressurized inside the high pres§ure cell. ;

\- o~ To prepare a sample the, sulnlus steel was_carefully .

e W T ml.a with da{oniznd water using a vgty mu plastic tube’ o ensure L

i ¢, that:me bubblea were lmdvurum:ly placed mxa The. chasber vas than

© i-nenad in \ntc: at a :-qau:u:e of lppraxmtely 25¢ and a close

fittin; right eyund

of ltngla crystal: Hmdnnh-

51-;1-1 ice (D), *

- pravin ly cur. fmn tgn' cryltnl by use of r.h- ml: excnuum

:echmqua (Sect‘.ion 3 x), was quickly plunged into. the water and gently o £

¥ yulhed 111 the wly !.ncn the ehlmhar. 'l'hii forced most o! l:ha water out;

8% ‘l'ha nhmbu was :htn temovuﬂ from the vn:st bath ‘and exposed to :ha\ -

:cold umosphe:e of the' ‘freezer shich caused the small amount of -

defonized water, 1.:: instde Lche chmber ‘ the ice, to rapidly

 freeze. The'result vas achasper filled with pure fce-vhich-vas . - .
absolutely free of bubbles. - : :

- Approximately 2 mm of ice was then removed from.the open end of the

. 'stainless steel tube by use of a rotating -’u-'p.z It was then allowed
’
to warm o 0°C and placed back tato the cold bath. The ‘space in thé end

. of 'the_chanber f111ed vith watér and'a snall glass plug (A). 7.5 ma'tn

< - length, vu:h a dluunr clon to r.lnt of the Lnlld- ot the tuba,u was g %

pushed dito the opening until it :au-d against :h- 1cg The stafnless F

steel chamber, with ie- Lmids an

the: glass plug prutudmg from nna !

. end, was ;han :-kun out of :h- vn:a: and lnft in :h- freezgy.

n:m— :u its: lm ctioh, a lacdon of the g

s plug’s curved wall

h.d belq 5ruund flat and ‘a_snall scal ~-(a), vut‘. :1nm markings, had ' '

poxied. onto l\:. This. had bun t:avand by a thin (-2 mm)




1314

protective plece of glass sim_e Which had. also’been epoxied into'place.
Vnen the Lce-filled 'scAtnlesu steel chamber.was placed insidé the high

pzeslurn call and pressure vas spplied, the. fce. would contl:m:l: dnd the

stz plug would move slightly into the chgmbe ; Slnca the dlmenslens .

3 of the, chmbar did not change Appracinbly in the presaura regine of

these experiments, the ice was farced to - Erlnslate any ch!mge of ‘its-

volume, by plastic: axcruslon, inte a change 1.. 1en5:h bacausa its
daneter vas' aluays fixed, fe. AV/V - AL/L, ‘here V is volume and L is
leng:hv " Movement of the plu; was monltored thruugh the Hlndeu nf nha

pressure, cell by means of a cravelling mletosucpe (& ooz nn accurucy)

The measurerients weie taken relative to the edge of the ‘stainless steel

. 3 4 g i3

* cylinder, which was also vislble in the central reglon of the
observation vindow, in’order to elininate errors ‘which might have
n:xaan fmm recessmn af the, rotation stem as }n—essun was Increasgd,

B 'l'ha cal). wlndnvs uere ubsarved to bow! outwards as tha 1nt=rnnl

éfraction effeccs .could posslbly have

1n:za¢ucad m./ errors in the strain mensuteman:s if readings vere

 taken around he window periphery. As ptecauticns. the 'sialllness of, the "

nurkings on :he scale, pamblnad with the fact. that ‘the edge of the .

chasber npbanrad fn the'centedl zeglon.of the vindow at all excepe the
L highest ptessu:el, made it possible ‘to ‘take most readings wheén the

. nlcrolcopa was, "ombly centered with rclpec: to the window, thus

ch- nn—klng- on tha 8t at. hlg,ll It wag later

that
the : brror axtatng Eron- nfnntlva akfocts vas’ very emall, if mot

'n.. o :h.nd lecuncy of ,r? data obtgined using. this

urement: technique was. .l\.

svoiding pogatble error dus to »rq{xlel:ion. By measuring the ‘spactig of




I of 304 stnn‘less steel

10 khn chh t:ook the ‘e -sdaple chtough three pha

! lnvm; n: at that pr

-132-

The movable' plug had been made of glass for two reasons. Its

of the ‘ice spﬂelmun.! inside ' the

stainless stael chanbeg toensure there were no bubbles present. Alln. :

due th. the plug’s I‘.runspurency, the mu ncale ‘on Lhe “plug cnuld

ha ttavalllng microscope, . .\

'A'he tonwi.ng ax-pussion was dermd fxem :hn gau eczy\f f the

lppurltus to de:amim :he damlny of 1ce bued ‘o tha bburved
nov-mancs of :he. glus plug relative to the edga of. \:he stalnleu s:e-l»
:hnmhaz. The slight. pressute induced changes in l:he ‘atduatons of the

chamber and ' the :glass pluf .were also 4taken lnr.q account.

(r)-na'-‘@ ” WPcak? (;."/a“-". )t @1

Hsu p(P) denov:es the’ dansiey at r)u.uuu P, po dano:ss :he zero

pteszure demicy of i¢e Th, L denotes :ha Zero! pzauure leng:h of the

ice lanlplu c den\:es the zefo p‘rauute depth’ nf the stainless stet®

chamber, E 1is :he zero prassuu distance from Fhe: obsarvad ‘mark _on the
_measurement; scnln to-the'end of' :he glun plug in contact" wu:h the ice,

A is-the neasuxsd dis:m\ce betveen the mark on tha ucala and the adgl

;of the xtll.nleas steel chllnbet. “and. K, and K. .re the, eomprauibultlu

14! and pyrex glnss“’ taspactively.

'l‘he d.atu ptauntad in' Table 4,1 ll’lﬂ Tnble 4.2 were obtai.ned frm 4 .

presgure ‘ryns, 2 on each n£ 2. separate Hel\denhlll ‘tce saiples, A set of -

¢ data vas' nbnln-d by fh--u ola\uclng t'_lu ell pressure to lpprmdmll:aly

re, for at least 2.5 how Thll ;l o' the ‘Le

. nsily be ulumlnatad through the view parc opposice fhe onu used hy

l:lungn. and
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g k\

SRR ¢ mmean

/ DENSITY VERSUS PRESSURE DATA F(JR ICE Ih, ICE IT.ANI ' ICE 111

Tee IIT °

‘Pressure ° xsmsuy 2 Presaura~ Den:h:y L

(e (whar)  (g/en) '\dd,.,;' (g7en®)

= I |
‘ L9383 Y 151975 \g.zs Do1ans
Ls: L9371 321 1.195 B 3‘\‘.& 1.1709
at Cas .9379 2.80 11904 ﬂvos T 1.1700
’ . 1.63 .9364 2.54 1,1914 z.“?y 1.1661
BT Cw0z o 2. 1.1878 X z.x‘s' L 71,1655
: } .99 9304 ' . 2.3% 1.1615
: TS FECI ) 2.3 1.1614
: 97 9309 229 1.1580
a8 L92s2 T ' ‘

. , : Y.

L33 L9255
59 1

.00 T 9228

o -0 . L9228 N . }
00 - o228 (




. : = t
: iy
¢ TABLE 4.2 %5,y
DENSITY- VERSUS PRESSURE DATA FOR ICE V AND ICE VI - .
Temperature:.-35.5%C, -~ : R . 3
‘Tee v wf :[éa oo iy e y
" bressure Demsity - - p;;;;;éi'f'i;.;@ Al “
" Twar)  (g/en®) P R
TR s — 1. -
s.86 0 1.2727 S 948 13623 - o By
.82 1.2756 oo . 1.36%5 ’ .
- T : 5.81 ‘1.27k4 9.23 1.3690
& «5.80 1.2752 =~ o\ 9.18  1.369% R T
5.00 1.2683 ce.28- 0 173625 T 7 § ’
ok : ' 4.98 ' 1.2691° / 023 A3616 . Y@l W
. . w91 12667 §17 13668 - ..
) . 4.91 1.2667 7.27 1.3555.
e ; 4.0y 1.2619 701 %1383 TR
- 4.00 1.2555 7.23 fy3558 g o
i o z._.‘oo 1,2587 | 7,10 13532 - ‘ -
’ ) v o399 2578, eus C Lzen - L
a3 ﬁfsdz T ew Lses - ¢

6.38 1.3443

6.36 1.3462
v ‘e




caused by f£ Stie\:ion vl:h r.he chamber vall Strain measurements were then

as the | vas ntally decreaged. The fact fhat éns

of chn smeuuruman:s }an iu u vas taken on tha 1nc:eanng side of a

" linear or

e f . . e
“: - Gbvious in -the ‘data’ plofs: " These expressions are given balov‘

. A“ “m- .922@ X 7.2785 £ 10°% 4 7. 5023 x 1077 e a)
P A . : : E
s 4 (P)- S wa«\

. [ .1760 x 10-

® 1\132 +12057x10 e

{

s - Pls-ll!

(P)-l 197A#1 9632x10 P s l@ﬁZx 10 P

4 Au-'

ms x u'ir..,ﬁ '

,pl‘"h(p)- 1. 1559 +4.5212 %107 3

:omp.ntut. vera in the phne n:ab!.u:y :aslon of lcq Il. T8

pressdte waa udue-d fron 1ts seximun valie 168V -ho ‘transfory

ice III. In ord



: Flgn'a h.2 b:nsi:y versus, cisture: Fov :\\e hmus,xce ph.ses The
: K present. leas squares. » ﬂcs to the. data
.iThé.boxed' points: for ice Th are
bilk-

ot‘ Mendenhall -
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initially compressed. This temperature was low. enough to overcome the

tendency of ice III to .!upercool vith taspact to’tee 1. Vnen pressure

was lpplied ice Ih then tunsfermad to ice II,:though not. lmadlatoly._.
1t flrst - transformed to/ice 111 and thsn ulthin A hnurs another
complete phase._change to ice It u’nuld occur.: Maxinun pressure was, then
!pplled and.- -the temperatn:e was: adjusted’ back to -35.50C. When " ‘the
‘pressure vas' later reducod fce 'V was foind to’ trarsform. to lca 1.
u‘her.her or not.ice V or: ice xh bac-me ice II ac‘ the lpproprlate phaan

cranslt:ions n: -35 5°c dependgd on vhethar that plﬂ:iculnr ice sample

had Ilrendy been trlnsformed into lce II eu‘liar in the experiments.

The ex riments on the two 11 fce samples were conducms as

iouovs For Tun #1 of sAmpla *1 the tsmpau:ura was set at '-35, S"C and .

the pressure vas elev&ted to Lcs maximum vn].ue of 9.23 kbar ll\d left

for 8 houzs. -Prusura was"then’ incrementally reduced nnd sl:nlln

measurements recorded as uc’n sl:epv. 'A'ha measurements’ at -:ha'hlghor

| pressures‘were made’ at minimum 1.5 hour intervals to ensurg that che

ic‘e ’.!ample vas given ample’ fime' to. adfusé its volume to sulc £y

reduced prﬂsaurg and_ to_overcorie any, friction with the wall“of the

,chmnber ’l‘hirr.een strain measurei 'ur. ded as the pres was

‘brought’ to zero. Ph-u l:nnslchns 3 i ‘and

(see N.gure 4. z) “The exact prodedure was - then repaated éo: run #2

exc.p: Chat when. the. st of 13 -::-m mes ‘h.a bean 3 ,“‘

hdjun:ud to --Aa"c ‘and thu pr-uufu was

l:ha call umparl cure v
1nctnud ngd.n cu r.ha puln: wheu fce Ih tnmfomad to, lc- II1. Tha

p:nq:- vas held ¢ cona

int un:i.l the’ lcu further tr nsfomad :o ica II

)




. conducted \n the same manner as'run #l of nmple #1 except. that 14
" ‘measurements vere mnde instead of 13. The temperature was then.reduced
to ~-409C and the pnuuxa applied until che first p‘use transition to

fce III vas until the transition

to’ ice II was complated and then :he pressuxe was, increased to ies‘

maximum value ‘arid. the r.emparnturs reset to -35 5°c Apptnxlmately 3
hour's lnter run #2 was conducted in the same munnar ns.the other . runs.

This ‘time lce V l:rtln!femed to ice II as the pressure was 'teduced

vheren in run #lllc had cnnsfomed to lca 1T,

To justify this technique for detemlnlng fee de'nsitles 1t/

necessary to rule out vha: mlght /"be considered vr.ha

 Possible ‘source of .erroF, lwualy the poaslble inclusion of oil betwun

cryétallites of d sample dufing phase :rnnai:ions. Several obaarvatlnns'

' confirmed :hut o!.l lncluslon did na: oceur dur!.ng Che!e axpe:imam:s on

fee density. Fits:ly 1t was noted in all cases’ that after a pressure

- run'the glass. p).ug h-d u:u:ned to the same posielon t the chnmbet as

\

1t had been prior to- the run| which implled that ofl va; not p!asent 1n' e

the sample nfze: a run b 3 cuuld be urgued thut uil hud enc:red the'

EapTe aunng the ptalsure run and then ascnped in the same manner,

howevex, it was clyr froE tha laser ;cnteting axper!mentﬂ (Section

4.3) thlt 1f oil entered a llmpla 1: did So- o"\ly after m&(ny phasa A

ehangns and. 1!: t.ml!,tud in the smpla 'evan nE:az the, p:euaure ‘wa:

reduced. to :aro. smplen vhich contained rio ofl after al sot of mgh
prusun Brillo\lln axpatlmants had 5hawn no evideru:a ‘of Mgh background

lca:tar due to on lnclunlon durlng the -experiments. Hancu, the

'.p.elmns used’dn. the d-nsu:y axpatlnent:u yhich were fres .of ofl

inclustons at: the and of the preasurl:l:lonn vers. ,1;0 free’ of ol |




TN the spaclmen becane burrel shaped in the middle. Furthemora it was no

“single crystals of ize Th. This would not be expected'1f o1l tnclusions”

140~

during the dénsity measuréments. Also the results for ‘ice Ih, from the - :

density experiments, ‘were in closé -graemnc with the densities

obtained using .the bulk moduli from the n;h: scattering experinents on

" were present during the' d-nsil:y dutanlmclozn muuy the conun.ncy

4.2 Sample Pre fof thn my. Brespure dhases

Dutlng the' coutse. -of che expezlmentuion on single- cry-m- oF 1ée

Ih it was dLscuveted :huv. when ‘the ynssure was. alavat:ad to initiate

l:he Eirst phasa t(ansi:ion to .ice 111 the sanmple “did not retain 1:.!

_ original shape after che phusa chlnge The end of the spaclmen becume

vury ‘xough and i deviacad severely from its original o:iam:;tlor‘. Alun
longer mnn::tystallina but vas 1nsteud composed of many crystnllil:as,
some of which were lnge (-1 mm‘) und e:haru werg much mnue: The
amount of sample.distortion was lnot surprising given that the-shase

transition entailed a ~208 ‘change: in the sample’s volume and vas

i, when the specimen was

take. place nonunl[ctmly by scarv:ing at one ‘end of thd . lpacllun .nd.

p!opugpting Eovihe otHaE : v ® R ¥ L

Because moncrystnlune specimens ‘would shatter. during .phase

“tranditions: 1€ was cl,lrly rot poséible; to conduct’ on

slngla crystals. of any of the high pressure phases of' m ullng the

lppurl:us as it e)qh:ed Slngla crystals of different polymorphs could’

back to ice Ih at luu: to .

vhere '




" ; ’ N 2,

B of and pr could ‘be made ‘while .

vlevins whole -yacmans, such as: in a diamond-anvil eell,}!® 1437148

Exp-tlmen:u on polycrysculnnu ngg:eg-us were possible, however, wx:h

the high pressure el as 1t vas, though the problens of sample .

 deformation and nonunt fornity of crystalifee size had o be overcoms. | ' .

The Eomer vould introduce .error in the scu:texlng Angla lnd the hcax’

uoum introduce sncintlcul ‘blas ln any attempts to obtain Avetagad

data. The samples vould aths have. to e compla:ely tree fion bubblu.

4 ‘1n puumtn-ry- experlmentu 1t'had been nuced tm: the’ ptesence of even' = -, i

,thn tiniest bubblal mude umplga unuuin'hla for che 5:111 in studies

because: of laser ugh: rnﬂan:ad from the bubbles which overvhelued the
A s frequ:m:y shlfced signlls whlch vere of interest. The: 1nfam|:ion
) obtained. Etom expenmenca on bubble frea un:.fom!.y polycrystalline ice

"uumplea could be'used to

g4 al.scxc ies for the .
vartous 1c6 phasesaccessible: with' the, present apparatus: w B i 5
The following' procedure wvas used .to. obtain bubble free,:

pelycryl:llllna aggregates of very small ‘and uniform cryt:nlli:es,

Detonized u;?r was' vigorously houad in & glass beakst ‘over a Bunsen

burner ior at’least 10 ‘minutes to remove dissolved air: As the Hpter

-
‘boued a glass “tube (approxinately 4 ma in diameter .and 1.5 ¢m in
Length), ‘sealéd at one end with'a fléxible plastic plug, vas also put

.into the beaker Hhurn it Elllad with :water ‘which continued to'boil.

Af_:ar a n_u.nute or so the, nunsen bumer was’ removed and’ the Waterr.

stopped boiling. Within .a few feconds: the water vapér

wibbles inside

the ‘glass. cube disappeared’and Lc vas: then quickly removed from the

belklr. crhntld vur:il:llly Hith the Eelled end pointing up: zds The *

» ' 7. tube vas .ugxmy more :h.n fulad 80 thlt the opan bottdm -nd usumad
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a convex shape due to the excess water. The tube was immediately
placed, open end downwards, onto a cold copper blc;gc (--zo';t). Rapid
freezing ensued and-within ~5 minutes the water was dompletely frozen.
g}» flexible plastic plug at the top of the tube permitted expansion as &
the vater solidified and :haub)l prevented the tuhe from B:'.aung.l
Because cha £raazing was so quick at. the 1mtnnm:tur made concuct
with the. plu:e, very cxny nrysnllices ‘formed (-.1 mn dlamats:) and

cantinuad to grnw along the length of the tube. The flnnl re\. e

polyérystalline cylinder of ice, completely “free which

£ bubh_!.e )

* consisted .of very n_ne élongated crystallites., When: such’ a! sample
of ice was later 5akq: through a. phase ' transition in :ha’-zxjgi\ >
,.ﬂrassuze‘ éell the crystallites iasins " rounded and xemn;a;;i very
tiny. ’ ‘

. To prevent zmM‘ from grossly déforming during . -phase,

fons ‘it was necessary to:partially confine it in a’ glass

coli (Figure 4.3) which!would allow the specimen (H)_to eipand and :

contract lengthwise and yet preserve 1ts cylindrical shape. The cell
was basically a thick valled pyrex tubs (G): plugged at one end with a.
“solid right cyy.i;.der of- pyréx, (I).  The ends of the plug had, been

“flattened normal ‘to its length-and polished prior to; attaching it to

the pyrex tubs.’ The plug 'had beshi attached: by saugly tnsercing ic pare

vay into the: cylinder and then carefully. lpplying a flane Fron ‘s ¢
) propane . torch to. the nacc!.on of cyundez vhen both pucn of pyrex

were in contact. Thu ;hu partially melted and fused the two pleces.
together. . g ) . 8 . ¥
Just -inside the -OPG‘I‘I end of the pyr;x cell an indentation (N) vas

* ground into the glass around its ct¥ounference. This, groove provided a




Figure 4.3. Glass cell and brass, sample holder 'for  Brillouin
scattering experiments: A, securing pin; B, rotation
stem - head ; C , darkened hole to minimize laser
backscatter ; D, retaining clip ; E ,- anti-rotationm.,

e fingers; F, glass disc to minimize oil inclusion during

L phasé ' transitions; -G,  thick pyrex tube; H,

5 : pblycrys:alline ice sample; I, right cylindrioal pyrex

e - plug with polished flatténed ends, fused to glass tube;
J, copper ring for gripping the glass cell; K, retaining
" clip; L, brass. sample holder; M,“tubular brass coupler;
o R | N niche to. secure, the brass coupler to the glass cell.







technique described above, it ha
: o -

niche' for the flared gections on. thé end (of a brass tube () to grip

the. cell. This brass tube. fitted into the same sample holder (L) used.

- for single crystals of ice Ih.' It provided the means whereby the pyrex .

cell vas attathed to :hu'b'ms holder during the experinents: On the "
end of the br.u tube .inside the holder thate vls a flared sectlon (E)
‘which ptobmded through che upeni.ng in t:ha ‘side of ‘the hol‘er md
yraven:ad any relative rotaclnn. On :ha flat circu).ar ting of glass M{v
“the ‘opan’ end of the, pyrex. b1l degp ' slots had been grdhina info che

51.“ adross the dlumeur of ithe opentng. Anucher flated nc:lon (8) of'

bnu tube” ﬂ::ed into one of the slots and prevented the cell from T e

Hotating relative to theloldsk! These featiires vere necessdry bigsiuse

the viscosity of ‘the mediunm ‘eased vl the
; [the, : d Bver.

0
"wag, elevated: inside thehigh pressure cell and this produced torque

Vitch opposed the rotation of the samplé cell as the stem ahd.holder

were rotated. The brass. tube provided the strong mechanical coupling

uq:ulrad betwigen the cell and the holder

After'a 5u1cable palycq.:{um .umpla had been grovh using the

to be t:nmferud to the pytex cell.

This was done by ész-c removing the sample from the giss tube inwhich

" 1t had beer grown hy Jetting tt'vars, until it detached frod the vall,

and then pushi.ng it out, The sample cell was cnniully £iiled with

deionized water so that .no bubbles were present -and placed in a water
bath matntatned s’ -.2°c The ;mpls, ‘held at.‘ons end with: Wire
:vnnn tms than vlunged into the bnth lnd 5ent1y pushed into :he

“ open end of. the, cell un:u it contacted.the bottom. The call s o "

v-u nmnvod £ul the hlth and the .mn q\un:ity cf Iul:e: lnsida uith\

cho nmpln qulcld.y tzoza ln the cool ntmc-phen ot the" Sunzs;. The
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open end was then cleared of ice, with a rotatable séraper; to a depth

which ‘allowed the insertion of .a “wakm thin ‘glass dise (F). This

produced a small amount. of melt water which refroze and borded the ‘disc

to the ice. Any _éxcessive ice was removed again so that the groove in

the inside wall of the cell was accessible to the flared end' of the *

brau tube Hhich connected ‘the call to l:he holder. Tha glln disc’

setved to 'increase ‘the number of phnsa chunges l:ha: a umple cuuld

tole:ate bafote ofl lnclusions uva:aly dimin:%ed ey qu.u:y nf :m o

opticul spectra durtng the Brilloutn dcactering axperlmenl:s.

"4 minor ‘Feature of tha pyrex cell vas a ring of thick copper wire

(J) vhich fitted Téund the glass plug protruding from the clossd endi.

It simply increased the diameter of the cell so that the tool.used for

.placing samples in the high pressure apparatus could grip it.

» .

4,3 Brillouin Sé 1 ts on High Pressire Ice Phases

Once a polycys:.lune’ ice sample had been ‘-prepared; - it was

inmediately trunsfatred to the high ‘pressure cell, usi.hg' the  same

procedurs that vas anrployed to plnca the mnouysnum .mplu of ice

Ih into the .apparatus. The .ppuc.mm of hydtoautl.c pnuun took
place as soon as l:he cell’s :ewpantuu had sc-billzad Blch sample was
tukan uhrough at leasc one (usually more :hm one) yhnsa transition
bafora any light .scattering exparimenu were conductad “The.’ t'ir-c

trnnsf’pﬂnutlm to ice III,.when ‘the tenperlx:ura had been set at -35. 50¢

'numple s volume. This, ensured that.”the nnpla, whxch was (ni.:ully

cnwpnud of, tiny elongated g )nu. “had uulﬁad Anto very ciny roundad

. and_the pressure reached -3 kbar, ilwelvud a ~208 chmge in the
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averaged acoustic velocities. ‘

“The data presented in Tables 4.3 to 4.6 come from experimgnts on 5
alfferent fce specimens. Frequency shifts for each of 3 high pressure
phnu were® collectad f!ﬂm 3 of !:ha 5 nmples. Ice II data had. been
collected from 4 samples. The scsqiehey sEites wets translated into’
- acoustge, veloctetes eheough use of the Brillouin equation (@-9); vhere
:h\ refractive indices were. supplied by the rela:i.q_nship batwee}

118

‘Eularinn strain and the refractive i using. the présent aansx:y

da:-. This axpraulon is given by, i

<

ag S
n(p,), - n(p) = Ac (0-7)

5 « )

where n is the refractive index, p denotes density, A is a constant

Y
and ¢ is the Eulerian strain as given below.

c=12 [1 - (e/},_f/’ ] . )

ffsted (4-7) in the liquid region, using data for.the

The authors'!®
dénsity and refractive index of vater at various pressures, to obtain A
and then extrapolated to the solid phases using the same v.1ue.' The

v measured and -xtnpoln:ed nfracc!.ve index ‘for ice VI''®.were in

- agreement to within 18. This method was therefore assumed to be
) . b 2

relisble .and ‘the same expression (given belgw), derived frod the

v

£Ltting procedure by Polian and Grimsditch,’'® was subsequently adopted

g for the present Ar}nlyai;. e - 4

n = 1.33% +0.516%° - 1) O

\..»,\",‘.
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TABLE 4. 3 4 ’ . ;
FREQUENGY SHIFTS, AND AGOUSTIC VELOGITIES FOR ICE I+ . T
™ " remperature: -35.50C N - . o
@ & 5 e i
] i Averaged Longitudinal Transverse Frequency
. = .. Frequency Shift And Shift And Acoustic 5 58
5 - % . .Pressure Acoustic Jlelm:l:y T . Velocity
' (kbar) Coe T, o, .
. . - (GHz) L G/s) (GHz) (kn/s) i .
e : +1.5% B +3.5% - ,
1.90 11640 « 32,78 » 4.276 8.25 2.151
2.43 . 16.05 « £1.43 » 4.181 8.95 2.331
2.50 16,61 « $3.08 » 4.326 8.50 ° 2.214
e 2.58 1675 « %3.28 - 4.362 o o
: 2.60 16.78 «~ 2.6 » 4.370 8.49  2.211
. 2.64 16.66 '~ £3.08 > 4.338 . 853 ¢ 2,221 .
P " " " - 922 » 201 »
e 2.66 16.61 S 4,325 . ° 8.62 2.244 M
oy 2.82. 16.67 -+ > 4339 9.05 2.356 .
Py 3.16 16.28 « > 4.235 9.08 2.362 * By
L 3.22 16.79 « 1248 > 4.367 . 8.77 2,281 ,
g 3.25 16.61 « 2.38 4 4.320 9.31 2421, .
By W L y oL 8.39 2.182 X
3.29 16.50 " 32.28 » 4.291 8.41 2.187 . -
E vty a e 8.56 2.226 . :
. 3.72 © 1636« £1.48. ».4.350 9.18 2.386

o= e

Note™ ‘In this table. and. the“three that Foliow, each ‘uncertairity which S
appears in the columns is”the standard dnvluion for the eight *

which were” to obpain that particular mean
frequency. shift and mean velocity, Thé¥fncertainty quoted-at .
the top of the :nble f}r the mean longitudinal and tranbderse .
velocities, nds”to. the for. the errar |/
g of any- 1 If no is quoted in “

the ‘colunn for'a“lawgtfudinal shift/velocity it indicates ::/: “the
measurement was ‘a’single-point value cbtained uslng the“Edchiniques -
discussed 1n Section 4.3. .
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= . ' TABLE 4.6
Y 3 » : o ’
* FREQUENCY SHIFTS AND ACOUSTIC VELOCITIES FOR ICE VI.‘
. Temperlt:ure; asisec L BN .
§U0 il . Averaged Longitudinal . Transverse ‘Frequency = .
. Frequency Shift And Shift ‘And Acoustic
Pressure “pooustic Velocity | . velocity |
(kbaz) - B ey o
e % s 0T . 5

(GHz) .. kays)

18,43« 41,48
33 - 409y >




depend¥d rather on A number of
,

.. The of press and for the light scattering

did not arily follow a pattern '8f systematic

or but

1 or d d‘t‘
actors. 1y, fhe FSR of “the F-bty Patot

intetferometer at any ond time would be more suited to measuredents of

some phases, and mot " so sultable ‘to others haclusa of the llrga

' d:.ffexence in typical £uquan¢y shifts between some phuu (8. fee Ill

. and ice VI). 2. Ths number of phase: t:rnnsfdrmulons Chat a sample hld

béen through vas a £ucter bacluuu 1€ the:quality of the .1;m’L h-d
dininished signiﬂ:nncly, dia ' o1l ‘Inclusions, it was pusenma n:c
continue exparimnu on' that pnrntculaz phase n:her r.iun cause Ane:het
:nmfm..mn which vould produce more oll inclusions:, 3. Spatcity of

da:. in some. pressure tegionl, at times, required axpauments to be

ac: points: sca the whole 2 rangc lin

oxder: to £111'4h the gaps. 4. Difflcultiea eticountered’ vith rocating
samples, “In’ general,. reduded the amotnt of, dita c,qnaé\:ad at “high-

pressurs, and necessifated special measures to be taken in -order to .

offtatn aversged longitudinal ‘froquency  shifes (d1scussed 'beuw).
Stnce L& vas not! nossible to' produce monocrystalline samples, as in

the case of the experiments on hingle crysta

the &gphasis of these :xpatiments was shiftad cward- obt-ini.n; nven;e
values for lon;i.tudin- | and transverse acoustic'vave velocities for thie -
“high fce’ orphs’, The “.for acquiring a typical’

averaged data'point was to set.the preasure at a dasired value within

the stability region of a ,xvm phase, and then zun a ;“a: of 8

different ntulouln -cutcorh\; axpo:tmanu lt evenly. lpncnd lmph

fully spanning 360°. These vere_then gveraged .nd

of fce Ih (ch-pe-r 3).

(




\

- ' : - .

assumed 'to ' be : for the velocity 1in

homogeneous - polycrytstalline 1ice of. fhat particular phase.

1y the ! "shift. components, which were ) .
characteristically much weaker than “the iongicud‘ml. c;mpnn;pc,,.e:;
often lost in the background notss 30 that: averaged transverse shifts .
were mot obtained at each pressuré ag::{ng.‘ The frequency shifts and

velocitfes assiciated with ransverse

’:ustlc vaves are’ therefore—-————

‘pranenced as sin;le data polnc valies in' the tables- nnd on the' chnrcs.
i . 4
; rather :hm averaged values. -, "

.Fo “each. Br{1louin ‘ex - Erequency shifts were: from

the, dlsplly in aauntially tha ‘same mnnsr dmcrﬂmd m tha study

of single crys ate of 'fed Th (seet

A m-gnlﬂclcton window,

cexnspondi.ng to a factor of. 7D 0 placed. over, the spectral

'taglon of [to’ redice :cuniulation times. The

*" uncertainties uuacucad—wuh :ﬁe valncichs . eternined | from ;the

nauured frequency shLEts of longitudlml nnd r.uns-ve:u components.
for any pnrt(.cular Brulouin scutcarlng axpeti.mm:. were r,ypimuy

:1 5% m\ £3.5%. :upac::.valy. Thls was .due moscly to the uncertainty

) ,Lmnlvad in identifying r.ha c=ntata n£ _the broad’ puks of ‘each spec:ul

component on r.hs DAS display.: The. rest of the’ artor ‘was relatad to the .

ln the 3 index, erm : ulln; ‘the' method of -
’ Poum and “Grimsdicch,!t® vhich s, 1ncorporlted 4n, the' Bl‘iuuuln
equ-:lon. The -tundnd devintions in the 1ongs.r,ud5.n.1 msusuramen:s.~

l. ouhtad with each: nvetn;ad vnlua, fot iu II III v lnd VI vere ' __o-v

: :yng-u)- 12,43, "12.8%, 1. 8% and #1.4% rupaceively.‘ H_sm:a i

] o ‘the most: lmtroptc of* gbe feds. L R - §




" settings out of the'8 would yleld transverse components and thi

' T . -156-

pressure setting varied considerably depending on the quality. of the

tiansverse’ components, if they vere visible at all: Usually only 1 or 2

would

require ‘considerable . smounts of tims, often overnight, whersas the
longitudinal ‘components ‘were usually resolved withfn one hour. The
complete data set presented in the tables and charts wa) collected from

which spanned & twogonth period.-During-that time, b.uu.'.

Tl

. of the' dlffezom:n in frcqu-m:y lhift benle-n the different ice phll.l,

thl PSR of the Fabry- Pato: inutfa\:omu:er was chnn d twice lu r-hlr.

::hnn diffazan!: nttln;l, 21 51 GHz, 30 13’ GHz, "and 140.25 Gllz were

: These chosen settings ap:inlzed the three cons

Lon- ou:uned
1n J- axparuunn on- 1.::- Ih, nlluly. that ‘the resolution’ be' maxinized;

:ha: there be 'no overlap of components, and th! lny‘ nbl;ulty as to

. which transverse peaks were associated with which longitudinal “peaks

would be minimal. .

The quality of a Brillduin spectrum was largely a factor of the

nusber of phase change

that a sample  had been -cycled through.

Ultimately oil inclusions, which sémetimds appeared—dyring phase |

ch-nges vwld accumulate to the polnt where .xp.riunu would have_to

b terminated because thru;ht vhich: .c.cnr.d from thn lml\llhml was
o

so intense.’ When this the' ba noise ed to

vash: out even the’ “longitudtnal - aignal, - which was oty qulr.e

ornable. Fl;urn 4.4 t6.4.7 are repres neative, spacera for Los 11, &
; m ¥ ‘and VI, et :
“the widths of the central, 1 nal ‘and P

peaks  varied comu.nny. a.p.mun; on the.degree of otl’ mcxumm,' :

and also on the number and relative c-axis i oris .of the grains




Brilloutn | for a polyerystallinie - - -
sample of ice II at -35.50C. One complete order is shown
with two unshifted components U. The free spectral range :
of  the Fabry-Perot {s 21.51 GHz. L designates the [ |
1on;l:udlm1 Brillouin :component and T the transverse'.
& component as shifted from U. The - Teglon of the spectrum Pl
e P showing L and T has been  amplified 70x in corus of data ™
d © acquisition. . .
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. Figure 4.5. Repressntative Brillouin spectrun for a polycryltllllna .

sample of ice III at -27.2°C. One complete order is shown

- ‘with tw) unshifted components U. The free spectral range
of the’ Fabry-Perot .is-40.28 GHz.. L ‘designates the
longitudinal Brillouin component' and T the transverse
component: as. shifted from-U. The region of the spectrum
. showing L and T has been anplified 70x in'terms’ of data
‘acquisicion.
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".. Figure 4.6

-159:

e ‘Brillouin or & polyck U.na
- sample of ice V
with' two unshifted coupanehn U. The free -p-c:nl range
of the Fabmy-Perot is 21,51 GHz. L designates the
longitudinal ‘Brillouin comporient ‘and T the, transverse
component as shifted from U. The region of the spectrum
showing L and T has been . amplified 70x in terms of data
acquisition.

fo
+-35.59C. One -complete order is showsi... -




’ 169










[

AeaE T -

-

encompassed in the region of

ol ER RS |
peaks were usually. quite broad, which Indicated that more than one

o:ya:allxn- was, in the’ region of observatidn, and occasipnally i

became clear that at least 2 or 3 crystallll:es were balng— served

limultlnuou:ly because r.he lnngicudlnnl cowponents uoul.d -xhibie a

multipeaked hend Tha region of obsarva.tinu was ~ Z mm Ln dlameter

the czyu:nlllces were, pxob!my,lau than .1'ma dlamel:ez
Aca temparar.ure setting of -35.59 ice 11T, tcev, and fee VI vere
easily p:nduced by raising the pressure to su;cquy hlgh valyes. At

that tefiperature”ice 111 was supercooled with rsspe»c: ‘o the ;egim ‘of

phase stability of ice IL. To proliuce ice II it was necesnx}:o lower

the ‘temperature further to ~-40°C while the sample was 'in the phase.

' Then the puuun'vas raiged to the phase transltlan, at'~3 kbar. As

had already been obisved during the density. deterfiination work; the

sanple appeared to l:unsiom to fee I11 at'first. This was: avident from

the fraquancy shlft lpectm Bk then,.wichin 5 hours, shile the ‘sane

and " vere

the lce would eventually

transforn to ice II. The ceu temperature was then brought up to

-35.59 nnd the light ucltcarlng Th it

C A e rendlly . the and
" emparature fel1 wlthin fts region of plase deabtitey.” so L€ vas that

" for a given saaple the resdiness vith which fco I could be. produced

depended -:-m;ly on Hhathl\r the umple hnd already beqn convemd to

fce II in the glass cell at somo othor point in fts history. This

phenomenon was previously noted in the original work of Bridgman,’® and

also during thermal conductlvity experiments by Ross ot al,'®

‘observation regarding the general solid phase behavior of. water was

during each experiment. -The .

Another -

.




et as pressure as x,ncuuqu any 1ee phase excnp: fce 11, could be'  —

’mda to. ex:und par: way PR T region ‘of ‘phase .u:-bllll:y of the next

" kbar at -35 sec, hovever, uuhm:-

“/0n the - other hand, s e bt e i no phase

hxghm- pms. on'a ! b of occastons m v vas’ pressut!:ed to <8

houx' u would transform to tee vi.

Yayond. u. own haund.nryA Also, “fee II could n/m be lupu:!wnted “wpen

respect to.ice. II!.‘. ) | \

Aniother regson I cell lwd %o be varied was
related to the difficuley experienced in rotacing the lmplas at high
pressure: This was ceused by’ the marked increase in vllcosity of the
Monoplex o1l pressure mediun at high pressures (> 5 kbar ) and low

cempnrltut&L This condition wfs so severe at :he highest pressures v

: thnt the ‘force applied to the. rotation stem on one occasion had

‘inadvertantly sheared ofﬁ, the pin in the uam vhlch fittéd into the

‘ slot of the sample holder. After this had- hnppened, rotation- ‘of the

‘sample was impossible, even at lover pressures. This accident led to °

““was sdfely elevated to 10°C, and the set of experiments, at the 8

the dismantling of the whole rotation stem assembly so that the pin

1

. could be replaced. . -

To combat this problemM two approaches were taken: which, when

* combined, permitted the collection of averaged longitudinal frequency

shifts at high pressure, One approach was.to raise the temperature of
thQ cell and Monoplex oil medium in order to reduce the oil’s viscosity
50 ‘that the sample.could be rotated. At pressures greater than 6 kbar,:

ice VI was stable to temperatures up to ~20°C, so that thé temperature '

different sample orfentations, were ruh 'to obtain an averaged

longitudinal froguency shift. This shift was then temperature corrected
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. back to, -35.5°C b} neordln;’ the shift at one oﬂen:ctxon at thé higher

back to -35 59C, without

and then the

llterlng the orfentation, and measuring the shtfr. agatn, Fron the o

, & fractional change in

1h cemperature, coild be caloulated. -The uvax'nged frequancy shife was

then multlpuad by this factor :o obtain a tensnnlhly accurate. 'v.lue of

. the shift at -35.5°C. 'l'hil method yielded c5n5£l:em‘. rasulta w'hen

performed at ‘various pl'essurns within the phase st-billty region of ice

\ . s t .
Since ice III could not besupercooled once ice II had been present

in_fhe cell, the light scattering data for ice III had to be collected

~ while the sample was 4t a temperature of -27.2°C, which.was a higher

_pressure and chen,'qt the orientation at which' the 1

g&\nn the & : on' the ‘other i¢e phases. The density.

data, how;var which vere used in the Brillouin equation to convert the

frequency shifts to ncouscxc velocities, had been obtained ur. 35 s“c
for ice II1. No -::-w ‘vas made, hauevar. Lo tzmperueuu correct the
density before using it in th valoclr.y calculations: for' fce IIT

since, ‘based on the temperature dependence of density for ice' Ih, -only
r . p o

‘an exceedingly small correction would result in the.velocity, <'.0Ss,

which was negligible in’ light ‘of the overall unceftainties in the

experiments. . . *
Trie othor technique,, used in conjunction with the me:hofl Juse

dasoribad,, vas 'to (cbeall i avevagsd Sraquancy sbife e ithe: highest

of the 8

measurements had been made, to slowly reduce . the pressure, baing
careful not to move the apparatus so that the laser ‘bean dld mc change

its position in the umpla. to a lower setting and measuring the nau\

nufr. due to the change’.




" force to compress or bepd it than one: of lesser stiffn

ary given'ice phase, the 0-9-0 lnglel do npe alcer .lgniﬂuntly with - :

¥ e R PR

shift.’ The' fractional, change in ‘shiEt; dus to. the
.:change tn preasute, vas multlplled by the averaged shift obtained ac
the: highest pressure to yield a valu for the avorsge shifc at the
lower pressure n:tin; In'a simun ‘manner " the yreuuta was reduced "

'Eurthst and more averaged £iaquency shifts vers: obtained.

¢ Four of :hg veraged fraqitncy ‘shifts for. u:- VI, and also 1 from

iceV, were obtaned uslng the methnds dascribed above.

Rk Analxsis of the’ D-ea fot .the l"!.gh Pressure Ica Phlgeu

Upon %aminati uf the - dntn in lelea 4.3 to 4.6, and

their gxuph!.c representations 111us:t|tud. in Figure b 8 and Fa.guu 4.9,
the most striking featurqs are the dropi in longitudinal veloci:y In tce
111 compared with'ice Ih, though the density increased by ~208, and the
high velacu:y of fce I1 rahtlv: to thnt‘. of ice III and fce V,\:hough

the dansi:y of ice II was only sllghtly highor than 1ce 224 lnd less

‘ than fee vl In the efforts made to explain thage, and other ;qmt_ul
f - < v 4

‘g9acurea. the following plcture, based on stiffnesses of the hydrogen

bonds, -emerged.

The factors. that appéar to influence the vmui £ acoustic waves .

in the’ vurioua solid phases of water studled here are: 1. The density
which, as lc lnc:aaua, ‘stiffens the lcn by al:her -hortuJing and
stiffening the hydro;u’n bonds yichin a ;1van phua, or. increasing . the
nutber of bonds per unit volume at .a yhne cransicion, though not:

nacnasutily shortentng them, A bond of a g!.v stiffneds nqulrel‘ more

Ulthln

 the tppuu:iun af pnnun And only very -u;h: chnngu. lt nny. occur




s Figure 4:8. ‘Brillouin ftequancy dhtfes- versus pressure . for - the S
§ , - ‘various lco p!uua --.L and ‘T designate longitudinal ' .
( ). (singl ). E
gl e The saelid situ represent 1inéar ‘least -squares ;. i .
i . '-fits (equations (4-14), (4-15); (4-16)-and (4-17))-to the - i
. data . (x's, . dots and -crosses) ' for each high pressurg’
- phase. The .boxed. points and.best-fit curves shown for
' ! .+ _ice It "were obtained from the Brillouin equatién (| .
’ } after applying the “of Section.3.6%.7 . %l
. " to' the velocity. equations (1-5), (1-6) and-(1-7) using .
o : . the -best-fit elastic constants - for Mendenhall ice. All ~ ° ,
' . . of the data were obtained at -35.5°C, axcap: for ice III,
. v ng which were obtained at -27;2°C o B e
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e
Fl;uza 4.9. Acoustic

P

phiases.:L and T designate longitudinal (averaged) -and
transverse - (single-point) .velocities. The solid lines
.represent linear least'squares fits, equations (4-14) to
" (4-17), to the data (x's,dots and crosses) for each hig‘h
pressure grﬂn Circles -and  triangles represent data
from Shaw (1986) at -25°C. The boked data points ' and

.. best-fit curvau shown, for ice Ih were obtatned ~ fromthe

‘elastic constants deternfned in Section 3.4. All of the
present velocity data were obcaine‘t -35. 5°c, except
for ice III, which were obtained at 7.2 c.

Gicettisavares ‘pressure_for -the varfous ice.
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Ve 2 # ey £ ' '_171_' . = & . .

_in the O-H...O-and H-O-H angles. In the Raman spectroscopic studies of

al.,**" 1t vas’ that bonds and
= ! pdcog :

1. . -strengthened withfn any gived ice phase, as pressure vas increased, up .
7y * unt{l the point of a phase transformstion, which seemed to lengshen and

proportionally weaken the bonds. The nimber of bonds per unit voluse N

‘necessarily increases vith the abrupt increase 'in demsity -which
g ; o 5y

accompanies ‘a phase transition. 2. The engular relationships betw
the’ molecules within the ice vhich determine whecher,.ahd to vhat

extent,. the O-H.. 0 bond deviates fum Iinearity.. Any deviation from

* the. ideal 1 of molecules will lead to some bond =  *

" bending which in turn reduces the stiff: of the ice. 3. Whether the 5,

Ace’ phl !

is proton ordered or mnot. 'A'ha -:tf’nanu of the hydrogen
5 hond- uf a-given ice structure seem:to be greater if :ha protons are

onkud, that 1is, u each proton remains fixed at one site rather than

. .+ bavige soms-probisbility of being located at more than one site. The . .
' = o -

reafon for this apparent phenomenon in ice is uncl

r and the present

vork makes no attempt to give a detailed molecular interpretation.

_The ‘different ice phases studied here can be classified according

= to the above considerations. The ices II, III, V, and  VI.are all

composed ‘of  distortedh tetrahedrons whers the O- -H,..0 bond angles

d-vhu comldanbly from llniltll:y. since the 0-

nn;lu yvary from'

“the ldnl :-Enmdrﬂ angle of -109° The ranges eE 0-0-0 lnglel‘ within T

a1, u;- 111, lca V and ice VI ar soﬂ-‘lza° 9z°

-




N

i e ‘hmievet iu Lecul

Y. an:

ardered,  vhersas the ' other fees are ‘disordered. e Th s also

': very clese to' the. 1deal
tetrahedral structure so.chat all ‘of 1%s hydtogen bonds are linear.
Three classes serve ‘to distinguish these five ices. Cliss 1
encompasses those’ fces which are proton disordered with' nu‘r‘llwn‘r
hydrogen bonds. Ice Ih belongs to this clags. The fces III, V, and VI
"belong to Class 2, which are dilo!’l‘h!ed ices vhlch h.\vl 0- l|...0 bﬂl\ﬂl

that deviate Etwﬂ linéarity by mpltlhle degrees. Class 3 contains

. prdton-ordered ices which have nonlinear hydrogen bonds. Tce II belongs

‘ B e .3 .
. were. uud. because those experiments "were conducted . on .large.

to Class 3, %

L14e

“Birch h-s suggmaa.‘_ "

axpnrhann on v-rxnu- rockl, :hn: the density -nd valnol:y oE
comprebsional wave® are ltnclrly xu-nd ‘for solids of constant mean
atonte weight, vhere the mean. atomic weight is d-ﬂ.md as the sum of
the atomic weights divided by the muaber of atoms. As a.test of this
hypol:luai:. the dénsity of ice Th #s plotted’ against the velocity of
longitidinal waves in polycrystalline _aggrogates: The average

v-loclzlu ‘were dnunlmd fro- r.hc elastic constants of - lu Ih at-

varicus pressures using the iviraging procedute déscribed in Section
3.6. The' Mnear :correlation was excellent. The aquation relacing the

_density to :hg 1on5km11nn v-locu:y is_given by.

5
(410§

. The same € ;.vn then Appuad o the 1on51:ud£ml voloclr.y

110

rnulu of shnv for .uuguu of lu- I1I1 and ice Vi Shaw's d_ltn,

and  demonatrated in ultrasonic .

7




am.

polye':yu:.mne samples umch axhﬂ:l:ed ‘little scatter in - the

1ongltualml vnlcc!:lea whereas the presenc rasults hnd mnx! scut:az

he d' ity and veloeity: vi.l:hin i phase” again eth:ed uneu' S )

’bahqvinnr biit with somevhat dLfferent slapas. "These results ptomptnd 0

-hu-r ‘test to see ifa linear :und vas present even. when’ phasa L s

ol ¢ lfom:lqnl oécutred. n} longitudinal ‘vave velonitles fron the

pnun: vork, conespondin; to the pressure at “the mlrlpoln: of the
threa sets of dansicy daca for the ices III, V, and VI, vhil:h are Class
z ices, vere plotted .g.lmc the nssocia:sd densities; and again a good s

i S Fit vas nbnlnad m. three points were situated. to wichln 1% of the

. *line toé which.they were leauz squares 't'ltted (Flgu:e 6.1-0)..‘111« linear "
G ¢ s

relationship was expressgd by, -

L s s
, = -1.400 +74.390 p -, E (4-11)

where the velocity . and density have inits of km/s 'and g/cm®
rnpneu\hly. . N 3 .

T Another, wly of mu:in; (4-11) is to write, - 2 . |

. Vl-ubp-.»cu’ . (4-12) .

" wh‘ra a, b lnd c are con-nm::, ’lnq, N denotes. the numher of hydrogen
. bends NK unl: vo!ume The valm:lty h prop: rtional to.N., 'For any’ glven -

b %y dorid ph.u the numbnt oE bords per:‘un{t volune 4.n:xeues as pressure

ase ‘tranbition occurs - g N

‘.18 _increased by -ho:t:an!.ngi,of the bonds: When 2

‘£rom one ice .to another of the'saime clash, the bond number density N

> chnngul prowt:lo‘t‘lly with the mass de -L:y.' not'. by | bond 1nngch g

i connquonccv oi’ :hn new_ mozq clclﬂ.y plekld & ‘,.

. chnngo ‘- but n:hnr s

nryutn uruecu:a.




Fl;uu 4.10. Avetaged longlcucunnl velocl:y versus dunslty fcl‘ the

various ice phases. The solid 'line represents a-linear
least squutes fit to the velocuxas of - the, Class 2 ices.
The dat: for ice VII wad obtained by Polian and
Grimsditch (1983) at -20°C.-The velocity for ice Ih was
taken from the data for Hendunhall ice in Section 3 5 s




1.5

13

1 (37w 01%) KL100T

<.

3N

17

o

DENSITY (g/cm




and VI are o£ the same, cntegozy, Cln!l Z, aml

‘velocity density nu:ion-mp .uggr;ua by

m;h The fullun qf Lee x;, a‘Class 3 phase t fall on r.he sdme m“

bends :hln Lf At “were . 1sordnad; Ics veloci:y \muld :harofom

expected. to 1 lomwhare ubove ‘the un-, which Lt does. Ics Th is'a

Ned precon'disordsred phne however 1:5 0-H. o bonds are nalr unur ind -

“belongs, to Class 1 of -11 the ibu studied’ heu ice: Th haé the

shor:est hydrogan- bnmls vhich would also h‘d—to ~make them u:ong.
Thu- :wo feutures of icé !h 1uﬂ to thd -xpa:u:hn " that et
longltudLnAL velocity: vo\m e, wnll above the velocity-dénsity Line - .

of Leos 111,,V, and'Vi, which‘ 1: ‘does: ! a

To fux;thar test ch’; vnl,ldi:y of expr:sslbns (4-11) and (1.-12\\ and

" the proposed. eniu'ﬁ%.cun scheae, “more veloclty data ‘on ottiet fcol

phlnus would be ri quh’}ed Unfoxr_uhcely. no velncd.ty studies have beén,,

cnnduc:ad on l;:e IV Hh’,;h ls wuher Clua 2 1!:5,_thuu5h tharn A

sre.veloatey dncn on ice vu from

o, Brillovin tpec:rolcop!.c ‘studies

&
Ide V![ is <ﬂso a dl/otdered phase, with

Lof Poli.an lnd crms}lcch'“‘

4
dtnoxdar-d ch uhich hnvn moderl




defined by "epresston’ (

s hydrogzn bonds. The incresse in hond szre.ng:h dua eé)n urderin&. ho 0

. "\ the Class 2 ices. The velocity resule for fce! i ‘at.-25. kbar/ £roi the

' experimaﬂts of Polisn and ‘u‘umsdxcc\\, was, 4% higher than. the

1 2 @
W@ corr;spendmg valie givarp by expression (4 <31), even :hough\l:ha Atudies “e g 5 E
1

- were- pe(fofmeé at a- cempeu:uu vhich wai 55°C higher than_the. p&smn\ ¢

f
vork uxghe: cempexal:ure! yield lqwer 3:.10(:1;1.. -‘o that

1 confirms the prediction that tee vn spould have .2 ve1ocuy which lies ~ °
nBov:, end prnbahly clase‘*m the_velocity: dznsir.y Line. of Cfass 2

ices. ™ : T e :

LR I It is interesting i \KZce that lce IV belnnga to chu 2 and has a

densi.ty cﬁmpltnble :.'a that of U:e- V. Af v:he chs.siﬂ.eatlon "schems, h

: accurn:a then hi_j pouibh that ice.. W may- have' bun praduced at “ude

time.s during. t‘.hese exparimsn:- and gons undel:ectad because ‘no noticable.

o

, change oceurred ‘in the valeclr.y rasul\ during t.he llght lcl:teting o

tes vt bqlnngs to yet anm:her class of stxuctures, r.hnsu uhich

“are ‘protori orderad wsch linear hydrngan ho\nds. deslgna:ed a5 Class

to 1ce Ih In fnct ice. Ic and ice Ih balnng to d&ss l Ice lX and Icn

b3 Also balnng to one- glass Class 3. Ice VIII wauld be exp ted to lie -,




Y ke , 116 nbove the velocll:y density ILna ni Gllss 2 fces and sllghtly

10"21! EhAn tha valm:!.l’.y of ice II bécguse ltl densi.ty is lower.- No

Jlel(w_ity d.nl:u exlsl\un ice Ic, \ice 1IX, or. lce VIII h ueval.‘ :hemal B

lu

éonductivity measurements have been made by Ross et o

: \' For compatison wm." 'ghe veloctty dacu of nguze 4.10, 'the qhsmal <

s\ da

146,

data of ‘Ross bta , cohespondxng to &

E conducr.iv!.ty vetﬁ\xs densi:y

hlve bean reptod\u:uf 1!\ Figure 4.11. Some, of " ‘the ;. .

points “for,, the lcv Eampau:u?. phusn hava t&ae;‘axypol_amd,
S i R ) .

couzs; ‘A s:ﬁ{ghe Lige. has ‘been 'fitted to Class 2 u;

the " two, fﬂ.gures (Figire 4.30 and 4. 11y are .
rem-tka’bly nmnq There 15‘ very.. 5ond qualitative agrdement - ih the .-
Ih,

tempezature of 340
B

S R conductivities

lntex -phase relati :fo;‘ and.velocity for ‘icd

" & G II I!I M N, nnd \'IL . - N .
) . The :ﬂ Tmal c_pnduct{ :y muy % Berwitevemtag o

SIS T AR Lc,v,hf

. whau by ﬂenn:n r.haml conductlvl.ty, c is :he hauc capacity,’ v u the

- veToctty: of -ound and 1 dannces the mean ‘fres pathi ifor mode 1. sum i

uhe pnttern of longlcudinll velbcities is qualltnthrely reflected 1n .

tha thermal condu,:;ivity data u is clear :h-: the product of :hg hent

. capacicy and. t :ha mean free p-ch do mot chmge signl}'icantly, or at

lean: vary ptoporckonllly wi: from phane tn pl{ase This im‘pllss

. e :
" that the maln pirunece governlng :he :hexmnl conduccivl:y, for :he s .

lcu .cudlsd E™ this, :huis. 47 the ncous:lc veloci:y‘ I pm:uum-.[




obtained
. The density foi
[150], “the 'density for ice VI (ice VIII was dssimed to
have the same.value) from [116) and the density of ice

" IX vas assumed to. be the same as the present value for

.ice IIL.’ Thermal ;nmuﬁ;vxu\- for .u. the ‘phases wére

p takan from Ross et al.

S s b
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. Lot ind‘!cn:el that A varhs di:ecuy as v vy ua This. interesting

for

" vs.locltias for ot'har ice phases, to furt‘her test ﬂ‘;cllssiﬂ.cl\:lon

if thomnl :onduc:ivlcy data are 2vmayl

TIrtt®

conductivity-density line of the Class 2 tces, g0 it 1s expected that -

b
i for 1(:0 VIII Hill lle well above, the Veloclty danll:y Ilna of chin - N

clnxs. This agrees with: the classlfic.tlm\ scheme which pruugts thu:

; eomp-rublc to. ice’ . This was .uo pradicted by the clussiﬁcntiun

Yo schenm\ The. 3 polated :cond ty é fce " IX_ldes

L bel:waen khe con&uczi\uny densi:y Line:of the Class 2 ices and ‘6 15 % 4

,.similar ralnc!onship can ‘be expecud or'the velocities, “and. again.

agrées vith the classification scheme. ' . | .

~The fact that tnd :_hefmu unduccivix:y of Tee VIIT pe- wall ubnva
that of ice VI, where the only diffazanca nccotding to the schenme is
_' thut one is otdated -na the pther: ia not lnd also that ice II u only |

mndarntely hig\m» than Q in t')ot the -same reason, hnplies that pro:on :

Table 4. B also

h‘..,g.




STRU%TURAL DATA, ARD’ CLASSIFICATION,ACCORDING, TO Tl';lE - T w "
WK‘ SCHEME FOR . THE POLYMORPHS OF ICE

- g A\
Distance - . 0-0-0 2R, g . !
of Nearest. angles. Hydrogen. . ~ ' - .. "
vNeignboums(A)f. .(deg.)t .’ Positions = Referetices .
B § . /
2%4. + - .. 10930.2 . Disordered Pa;u;g(‘m and . . O
Tl e ST Levy®®T (1957), L
c28%0 109.4% Disordsred | Shimaoka*? . "
at li30%c. 7 . i o (1960), - &
x Mg B < c ‘lerl"’U L
. ST asy
2.75-2,86 .. *80-1287 Ordered * b‘g ! ST
N ! Y 3 (197&)
m .2 2.76-2.80 s7-1a4“{usemema Aml}d et s R
: : = 3 a1t ety -
w R 5 K k * )
w 2 2.79-2.92° :— 88128 | Discrdered Engelharde
) - .o e A and Kamb®®. -
: . ] Loque8l) 4 ¢
IR S 2.76-2.87 - ' 84-128 D1 umnr" et
t . % By & : = al,’ (1959)
! . v 2.80-2,82° ' 76-128 \m'mdqn,d Ranb® (1955) g
k 5 : : » $
X Vi 1, “Bisordered 1 et EE
L B - ety (1955) g
“.VIII. 4. 2,96 (hydrogen ~109.5 . Orduxed . Kmb and g e
5 gy bonded) " s ! N

Co . 2:80, (non-Ronded
. " ) ‘neighbours) E
©+ . 3,15 (non-bonded.

-: ‘distamnt
¥y nal;hboun)

i z.-7s-2;ao\v '

rakash :
(unpublifhel_l)‘

t Reduced £o l\lua at atmo;phatic prasnure n\d 163°C unles y
o:hn-wtn no:ad l ’



. e z i :
o e ., p: ‘(' =
p U : X TABLE 4.8
i . k " STRUCTURAL DATA ON THIF POLYMORPHS-OF ICE . .,
'/ * g b oy Nusber of - 2
L Sy 2 - Moleciles™ Number of
“crystal Space  Unit G ina Unit Nearest

Phase System Group nmm:um(m Gell” , . ‘Neighbours

R .Ih . “Hexagonals, - P6y/mmc ¢

Ie " Cubfe. Fdim i ¢
&, e e e m;.o.hohurh - &3 . e
X III’ Tetragonal ,  °P4,2,2 4
"IV - Rhombohedral R3c 4 "
) 1 a=70.1° : b
- ; o Sy 0
v ‘Monoclinic "A2/a 28 4
¥ ° ; =g
. - .:,-10 e
\' g=109.2 ~
‘I Tetragomal = Pujynmc < -8p=6.72. , + 100 - 4
¢ &2 : cqms.79 1 : £7%
VII® Cuble . __ -Pndm . .,-3.&3\’0 2 <, Lt
B 2 - o - . : . L
VIIL ‘Tetragomal”  I4;/and . a,~4.80 —/ & o 'g* s *
: K co=6.99 : g
IX  Tetragonal ¥ P&y2,2'  8,=6.73 ity . 3o
= , cg=6.83 ", 3 s &

to, values at
.+ + . ‘mainly for comparison, .

v # Four of the nearest nelghboura are hydng\n-bond-
L . moleculs.




tank ll\d—- Cl.lsl 2, ices are 3rd rank.

classification schims and &

43 Compartéar

_data. They are given below.:
G e iak :

The only

 phases of ice Vg’ that of Palian and Gzimsdl:ch

the, comptauuional -wave . vﬂoclcy of “fce vx

Shw

?
5 ~ .
with Previous Studies

s

gns the appropriate rank to each class.
: i i

other Brifioutn scatti work

- gnnmen: “to w!.r.'hln u with the prese t rasul:. |
K4

90,116

on high

was

an excallan\: :

4
m.m “valize for

ulttuonin _yvelocity studfes have . beer . conductad by

Y on‘mm. ATLV; and v, 2 sxpatimants were perforned. on

Table 4.9 summarizeg -the

pussunzed polycrysnluna aggregates at -zsﬂc. Ava;age longxtudxml

i shur .cousue velocities were measur:d fn the pressure range u'

kbar to 8 kbur usin& the puJ.ss. ‘transmission methad For compartson,‘

dntl points from Shaw's results have been- included in the graphic

d!plclion of: the present velocity dnta (Figu:a 419).

have . been -

shifts/velocities and also to, the

- ICE II1

Strnlght: lines

T .
~ (16,5213 + 0080 s;.‘v‘) cr&«
~¢ 1..3253'7- 0060 % P°), km/s
= 0779653 4 .2728 x'P ) GHz
- (2.0050:+.0669 x P') ka/s )

(A3, 1030 + 3655 x mﬂx

n(P)-(569ﬁ6+ 6705xP)Gsz

V(P)-(l‘

*

- 'least squares f£itted’ S ahoiavesagad \longl:udlnnlv

t-16)




TABLE 49"

VELOCITY RANK "

KCE PO%\’HOR?H éY.ASSH-'X(;A'HOH AND. H!GHEST .
WEST

-Ige.Phases |

Cm e \'
SVIL G h
1, i v, v; L
mox - B L

vI1I s g WU CE wnie




: / VnL(r)-('u 8792 + 1130 x £ ) Gtz
= Vl(r;-(kms» .ozosxr)h/s
d Q,(P) - ( B.5881 + .0040 x P ). GHz - o
I I S V_(P) = ( 2.1976 + .0006 x P.) kn/s ) i @
. T - .

= ( 16.5051 + .2074 x P ) GHz . |

= (411931 4 0456 x P ) /s |
. “%-17)

1cE'VI
2 nm-(”m\wnxncuz

V(P)-(19l71+ Né]x?)lﬂ/t

Vhere V, denotes ﬂ\o 1unga.:ud1n-t :velocity, ‘at pr
the um ﬂtced to the a -npd d.:. poin:-‘ md v is :ha :nnsvaue

velocity -for the line fitted to the un.vu.guu'dh. potnts.

Even though:averaged transveise velocities were not obtained at any

. Jpressure polymorphs. there {s- ;ood “reason to b.lfw- that the nld.polntl

e

af the unn, .as least, da umlly,

. Two fea

| transverse wave velocities for 1 ic ice

| of the data support this assusption. First of all, bearing in h\t?a

‘range of ‘transverse velocities observed in single crystals of ice Th,
exhibiced tn

|1t vas noted chat a roughly cofparable range'of viluss
This d-;na ut‘ scatter vnuld

ithe | pnnnc transvers data for

|
| 3
\nau to 1mply :hn zho £u11 nny of possm.a Values: was udaquataly

npunnud Sn:cndly.‘,:ha.trlnsvena d.n “appear. to be fni:ly

unxgomxy distributed .bov. and below the least squares lines. This
Jndlcltu that the unp of peum- :tnwune vnocu:u- is also

vuv.nly represented, 'so that the averaged vqlp‘cltill taken the '

.
a
o N
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 ‘towards high or léw values. . e u #
As Figure 4.9 indicates, the-agreement between- the present results
+and those of Shav')® for longitudinal average velocities is axl:allent.

) cnnlldarln; the ‘/qu different

xperinental :achniqunl uséd.- Shav's

values detemlned for the vnriou! ice: 1n l:his Hotk -There vu some

R | 'enlues obtainad in most other u7raann1: stud)

¢ ke Btnckamp and Querfurl:h ). and were ' certainly

\
nts. ' As has

ic mea -are’

b-tween steel andplu;s, to which. the :nnsducun were

, that ‘the steel-leadulce coqpllng. which' was quua_du&un:

' i ] ~
‘. -/ wave transmission. It is conceivable that even the different fextures
w . - &g " ~ G i

of the various ice {Polymorphs conld ‘influsnce the nature’ of ; the

‘ data for lcngltudiml ucousti; waves illl.l within 1\ of the averaged

108, g

w compared to the

+

~ffon the ‘steel-steel coupling.: yould not alter the offset for'-shear.
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e s * " sauseie cnupllng for shear vaves.  This may account' for 'the

discrepancids “observed bl:ucen Shaw's data a‘i\:he present resylea for ¢

transversg acoustic. vaves. i - .

One luues:ion as to how difflcultles of this nar:uru could ha' 0
e o o

-in -ultrasénic eXf ents is :h‘r. nmplus of ‘various 1engths o Pl
= A

be Gsed,” so. ch;:: the true affset for any préssure could:be obtaingd

. £rom the 'intércept ofy the plot of (travel time):Versus:(sample length.
E A e

<. . .Though perhaps more" time com’mming. this method woul 'yleld‘mos; o,

o .ucuu:a absolute -hnz wave \>e1oc1:1es x

Tables .10 and 4.11 repxasen?‘u synopsis of the present daca,. mx

how 5\5 compms/éuh Shaw's resulcs. The. adiabatic (axuztant entropy)

bulk moduh}" B for both sets” of. hltn was :alcula:ad from the well .

known engesslon, ( ’ . ;

. F s -2 .2 (o
) DB T - vT ) P e (#-18)

o o /

M\ere » deno:es denslty (glven according to equations (4-2) td (4-6) 7/

from the denslty dcceminat}on work), and V ﬂl’ld the uvsru'ge

longttudlml’ and: :nnsvetne lcnustlc wnve velocicles respectively

Givel \\:hu ncatt'ai.nr.les associated wxzh “the velaclti!l of the two o
;eou:tlc

des.. the axpac:ed uncu:utm:y !n the bulk modulus glven by .

(hilﬂ) is ~58. The 1snthen.|u._1 (constnm: tempetntuze) bulk modulus, Br,

from “the. present demi.!:y data,” Was | usPng the {on, : i
g i TS

O R U

* vhere P denotes'prassure. . ., . . ho ok

Th‘ Ad’.&lclc Ihnur mndulus, n. was cnlculltad from the- toll\nvln;

.xpraulon H




mmson OFTHE PRESENT RESULTS' dw"m
RECENY. ﬂu'nsdmc DAT

b =¥ e % ! g N
g : o B i . . e
3 T ¢ T omaet® ;
PRESENT- STUDY shaw' ' (1986) "
(-35.5%) Spr AL
n\iue UAverage -;* Bulk: .. B35, oh

Modul Velocity . \Modulus:'
E m.o m) ) i -(xm‘m)

7

N
g g o ; . (3 p = o
1.40 3.97 1.96 9.96, 9.61  3.96 '1.88. 10.25
‘1L 2083 | .31 2.28  13.89. Tl g -

« o 'IIc 276 731700198 . 9.87  9.60 3,67 207 8.907 s

e 4 o ;

“V . 480 1619 13.86  4.21 2.23-° 13.8 e,

5 - &l S~ ? A . PO .

v o777 18.16 18.48 4.52 2.53 “-15.88 . :

lus. ¥V _and
age lbﬂ;l:udkul and lhnr e velocintes . .-

ity data of the .
ues gre derivad—from the:

PN

. following expr aton

g ‘ 2 I
F o 3 ¢ 's-pfvt-m)r,) :

where p defotes density. . . .

‘The results quoted for Shaw''®
. interpolations of his dath. . .

~




T TaBLE 4.11

QWARISON QF TH! anm RESULTS ON THE ICB POLYHOIPHS WITH
RECENT ULTRASOI(IC DATA

L x10%bar)

e b e

) % 5, ‘- g ~— i s .
: ) TRESENT STUDY. | | sHan'*® (1986,

" T(-35.5%) '+ oo & ('2 8
‘Préssure_ . Demsity.- ‘Shear: .. Demsity” - Sheai '
(kbar) .. (g/cn’)  Modulus! : (g/cm’) ~ Modulus

- : ¢ (x10%bar),

AL Note:: Tha shear nodul.ul B, is defined as-the product of (he density,
& p. lnd the. square of the lveruga shear velocity:«
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2 pnércuu: phase, shouldyield a reasonably

ey

where the expectéd uncertainty is ~f. pE o

The bulk modulus determined according to (4-19) is very sensitive

to error in the siope of density-versus-pressure, for any particular

* . . 4 ”
phase, and“for this reason would mot be considered accurate ‘.:&fu

" points’ llnng the a.muy expressions (4-2) th_ (4~ -6), chh e

obtained frml least lq\uru ﬂ.ts to the duml:y data. However, "the value *

_del:amll\ad n,: thg,mxdpoin: of a 5lven ui'of_ dsn-u:y data; - for any

ceurate estimate for-':ha

hothemal bulk modulun‘ ‘In the yxesem: expltlnantnl t!ml:s. the!

validity of thi

lvon;nd shear wave velocities, could be chnckud By* complrlng bulk

mcdul( nbnlnb& using the veloeuy dm:n in nxpunlon (h»l!) vith the

values ub:.:.ma»,,.sxng the density data: ln conjunction wm: eq\la:lon

(419).. M g } B P

The*press\lran at v!lich the calculations vett clrr(.d nu: quoud in

v 5
the ub}a;, toithe at r.he {dpol of I:he damuy

data sets for ice II, III, V, and VI 'l'he prnlsura lssocil!!d vlr_h lca

Ih s “the . average  of, :h= pressures’ whlch were “used " during the

£ zh. .1..:1¢ wpe ;, Tather thin the mig pressur

:ha demity dn.. The d.muy cxprasslon (4-2). for 1: Th. £s ddemed-to

“accurate gt this higher- prezsure jau.u o of posaib

error in

" 93 " : K
w=p ¥, ' . (-20)

sumpcion. lnd allo the ’ re;ilbl%ty ot :h .present




i92--

; y X i
similar to (4-2) -which yields a value for the lsothermal bulk modulus——

. \ e
at the true midpoint of the density data; which is'close to that guoted

forrice Ih.in Table 4.10. .+ - "\

The conllutency of ~the present m sodult obtained using the

density data, as_conpared_ uith ‘thad using: the, velocity data, is

‘The two 1 (4-18) and (4-19) yleld results, chac'

agree to ulthln 5% for all ices studied. The best ugreement 1s betueen

oLyl .the vnlues for 1“ VI, which are vithin 2y of. each bther.

119

m generul thate s uusonuble agreement, ~3-108; hutween Shaw s

0 v.luuu Ed: the hulk nnd shear ‘moduli, and’ the p:asanc val\les Tha.

discrep pasey is llrger (-15%), “however; “in the results Ecr xce VI All

“o{m audrap.mﬁs nre aqt:ibu\:able to 4 small ex:em. -1-, to' the'

diffarent densltles that were usad Shaw used the vuluns af Btidgman,.

whereas a letel Tser of. Hhtally:

densl:ies i e €57 . the present analysis By far the gm:esc

“7 source of dlsctapanc_y is.in  the. vnlue: 0 o Laverage _she:

assoctated um. fce VI. m consistency ‘of ' thie pz!ssnc bulk madul

o % Hob :auuln for lee—\'—l—suggesea ch.e the, shen: vave data. are perhaps‘ more

:" accurate :mm Shaw’ s. . ‘E\Azchamote when 5 pqu:s_, of Bridgmmo-

/inlity can be wged €o- ‘computé_che: bilk modulus The e obmnad at’

7.77 Kbar 45 17,66 10‘ bar. Though_ Bridgaan’s data should certally

nat bg\fonsldanﬂ as t:ha CEL uord on ice densn:y. \:his valpe for the

‘vave'

. 4 amlty dnn for ice V!‘ cantered nt 7. 85 kbar, au leasl:laqunnv

dutjully ﬁued to :ho pr:ssuu, the rasulcing exprassxun for :h=

velocities. This ranges from ~2-8%, whatu the greatest discrepancy s
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4.6 Brillouin on Low Ices

“All of the ice phases acc)ssibla vlth the prasent hlgh preusure
» . apparatus have been studied. Phases which occ.ur at much’ lover

temperatures; such as ice Ic, IX, VIII, and mérphous 1ce, unno:_hf’

tnvestigated since the high pressure cell vas not dasl&ned for Jthese -

A letely 3 t tovever;. has buen

[+ constructed: to uudy tias -at, liquid ni;mgan temparuturns “and* zem

A quem:hing pto:ess, vhereby pql\ycryu:alune :mples of vnrious

L B ices are. formed-at m.gh piessire: and ﬂf“ cooled with llqui.d ni:!dgan.,

' and raaverad sat zeto pzassu:e, has been devalopgd and; amp oyed :' N

&lmrly at m«c» The theention was co smp quenchad xpeclmans of " SR
var: ' : ‘

low temperature phases, 1ncluding tee'1é, £rom Ottava ‘to this - }

1sb in & 11qu1d nitrogen bath so* that muoum “@xperiments could bg " . I

3 ) carried out. Velocity data -on ice. xc would be of 1nceust no% en\y
because’conets probably con:am sigaificant amounts of this phnse (And‘ e
il amorpholis ice), but also because m resilts would pmvsde R

particularly suitable test " for . the cllsslﬂcation :chema. whten ",

predic;s that . cha velocity of ucnuu:lc waw) in ice Ie wul be

compaxable to cha‘!: ofdice Th, since thiy afe both Class 1, fees . and
have similar agnss:ies Data on other low neupsncun phases would .1su s
il " be useful for testing the classification scheme.

The spparatus 1a shown in Figure 412, Esaentlally ‘it congfsted of .’

e, a Hquid nitrogen rasatvnlr (F) encased in an -vnculcad chmbu\fhl!

was fed by a larger reservolr (A) sttuated sbove: 1t uhic

"easily topped up with liquid "_

when | Y.

Lower Feservolr 'was a themauy conducth\g brass cylifder (H) uhich had




Plg\ln 4. u cryu- it for Brilloutn uclctarlng epet LN . 1ov

temperature ice: A, “outer liquid nitrogen reservoir;
B, thin uunleu steel reservoir wall ;. C, O-ring
vacuum al D, cryostat housing ; E, :hetrully‘.
insulating ~vacuum space;. F, immer ‘liquid .nitrogen

rvoir; G, stainless steel tube to -allow passage of

* the laser beam to .minimize signal'.noise due to stray’

reflections within the = cryostat; . H, « thermally
conducting brass housing for sample mount; I, fused
quartz window; J, spring -loaded brass plate with center
hole .for .-laser beam - passage} -K lnryulu- copper -
pratec:lv. casing around ice sample; L, ‘polycrystalline

- dce sample; M, hole in brass bogtom plate of the sample
* mount for. passage” of the laser beam; N, fused quartz

vindmt 0 llla{ bean.




o
2
]

Pt

‘. Figure 4,12




> two c‘gmmals cut tade 165 val) to factlitate an uncbscured optical path |

normal to the cylinder’s axis. A circula 3 brass plate was bolted to the.

bottom of the cylinder. Another smnllar plate ) vas bolted and spzmg
loaded! to the center of the top of ‘' this plle "Roughly cubical
lpacimam ate produced at NRC inside. .ngu).u 3 sided ‘channels Jof
harylu\m copper so :hu: a top, ho::om nnd sidak){a of l:he cublcnl

samples are expused “The intention was<to have the angular channel (KJ, .

nnd L:e specimen (L), “test ut the top cancer ‘of the bottom plate and
kapt snugly ‘in plnce by the smauer spring 1hata plate above it.
Small holes (M) were d:ﬂled I:hrough both: plates to’ nllow the laser
beam to enter the bottom of-t:he sample and exit phrqugh thetop. After

leaving the sample the beam passes on to the énd of a long sealed tube

: (6) 'to.minimize the spectral noise’from backscattered ‘light. Tvo quartz
> E . e : ' : L
“windows (I) were placed:on. opposing sides of the - cryostat. One

* permitted the’ passage of scattered lightto the optical dececm'n'\

system.. The!other vas ‘to be used- pum:dy for quinkly placing samples

in the davlce Thll window rested on an 0 rlng and was held in place by

sph outside “the ‘cry One other: window ) vas

sltua:ed at" the ho:tom of the ctyos:at and sexrved as the entranca “for
:halusazbeam(b) "% g e
A .Ilmplu is, lnserted into the Apparul:us hy ﬂrs: bruklng the
vacuum..inside the- cryoscu: arid-backflushing with diy N,. The vin.dow,
normally. held on by ltnouphurlc ‘pressure only; f-lls avay from tha
0-ring 1t rests on. The sample, gripped: in plastic tweezers and kep: in
1iquid’ N,. 1s then plucked from the bath and quickly insnrtad :h:augh
the wlndou openQng of the: cxyoanc. It is p!.uced at the unl:er 42 the

hnt:um pla:a um!e: the ‘tin; loaded plate, which has baan ptevloully
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propped up with a bent plece of copper wire. A slightly recessed slot,
machined into ‘the top of the plate, gutdes the sauple to the exact
. T — lpn.ciman £rom
moving sidevays. Wben the sample is in place the tveezer grip ‘s
released .ﬁa as the twaszers are vithdram From ithe ciyostat they catch
nold.of thecopper vire which suppores the smng lodded plate and pull
it nut also, so- that the plnce comes to Test on_the smple ’A'han the
quartz wmdow 1s held lgaimﬂ: ‘the O- ri‘n; and the cryosu; is e\cu.eed.

. This insartlon procedure was Fun :hnu,h wieh siock sanples o: e Thy

for ptaccice, and took -5 seconds. Rapid sample transfer is necauny

to prevent low temperature phases from heating and transforming to ice
TIh. The speed of transfer and dry 'N; atmosphere  also _prevent
specinefis from fogging up. )

Before making to have any shipped to M.U.N.

it was-necessary-to go to the NRC. facility in Ottawa and’ determine-
whether the samples vers of agequate optical qualicy for the 1ight
‘scattering experiments. This trip was recently qnder:ul;a_h;kOc:. 28,
1986) and ‘a spectuen -of ‘amorphous ice was _xnspe._;:ed. The optical
quality of this 'specimen’ was’ representative’ of that which fs

consistently attained for most.of the low temperature phases -produced

using the i techni Ice k¢ L turn’ out to be of
poorer quality than other phases. According to neutron ‘41 feaction
_experiments, conductéd By NRG, the quenchéd samples of. crystalline.
pheses are-made’ up of very, tiny crystallites (-.I'mn dimar.gr), which
make them suitable for obtni.nlng averaged m' s for.the acoustic
.velocities. Al of the quenched samples.are riddled uith tiny cracks .
and volds.. . ) o i »
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_ e £, g Feper
When the amorphous ice specimen was placed in an evacuated chamber

at ~77 K, similar to the' env p by the

described above, it became clear that the sample was a poor candidate

for Brillouin scattering Wxperiments. Its surface had a E£rosty

appearance and it was only marginally-eranslucent because of - the, etny

“internal volds ‘and cracks. hen ‘an_ argon fon laber bean was focused
into, thé speckien the 1ght was scattered vildly and vsry little seid

to pass directly through the hulk sample. These observations riled out

4.12) 7

“using the “Low tmpnrnture cell with its present design ( (Figure 4.

\) % Tha optical quaut:y of the same specimen improved dranmti.cally when it

wu immersed in iiquid’ nitrugan The 'nitrogen, filled all the tiny
cracks ‘and vol.ds inthe sanple and greatly reduced the specimen’s
frdsty .ppnnnce and hence appeared to provide a reasonable tafrat\:lve
lndqx match. The laser beam passed through: falily readily, though
-slightly Scattered- and . somewhat ‘spread . out. It was difficult “to
_auca’zv'taln 1€ the spreading out of the bean as: Shiaed by the: rough

surface (vhich had only been crudely prepared with makeshift tools) of

bulk-sample.
The conclusion drawn from the observations' made at NRC was that
M, ! 3 :

. Brillouin scat are possible on the low

phases’as long as the specimens are 1menah in liquid nitrogen. It is

ukuy that 1ony.cmxmn1 valnc:.:y measurements can be made,: and

P “, , 1if the | of the spe are

11 . A different

however, or at_least major

A modlﬂclticnl to the pzeuan: nppuncus, wauld be required to conduct

experinents with the samples inmersed ‘in a' liquid nitrogén bath. This

the ‘specimen or whether it was the result of the imperfections of the

—




[ (R s L L,

other work was mot: deemed feasible at this tihe. . (? . "
) - 1
i . X |

. G.7 concluding Remjrks |, . o

In the present work 'Brillouin spectroscopy has proven to be' an

effeotive 'method for studying the elastic propertieS™of the various \,

solid phases of -water: Data.from Brillouin experiments at seferal

.. pressures, couple)d srith orientatioml information suppued by'a iqum ]

T ceéxis deteminx:’lon ﬂ:jcé }‘ave been used to ob:nn. for the lrsl:

tine, the ' of ‘the cHaplets sét of élastic cunltlm:s s B

for ice Th thraughaut its full range, nJ‘ phase seability at’ 435,59
"1¢ is ‘impossible to produce .gmgu\ crystal samples of the othet

" phases with the present appatitus; , nnd\ consequently the il set of
v N ausuc consnnr.s*or any of these 1ces could not he obtained. However, A
’ |
longitudinal and!transverse acoustic velloeities have been determined:

‘ for Asc polycrystalline agg: | of 1ce 11, ITI, V and VI. The * “
: denMoE the  ices have also been measured; a new.technique was it
devaloped whereby tha variation of lampla volume with prusurs wns

‘measured in the pressure:range 0 - 10 kb-t.

. The genpnl faAtnrcs Lof - Lhe presant velocl:y data: ha cen

interpreted on the basts of a proposed: clnsuificur.ion achene which 1s

founded ‘on a knowledge of the /Hyd gen:bonding. Addiciondl acoustic .
velocity, d.u on othér fce poljymorphs would be useful tocheck the

- vuudx:y of the: proposed’ schema, n pn:cicular velocity data for dce =

VIII and lee- IX could be used to test the propolad etbect ‘of preton = ay
ordumg on uousuc vuoelues, The: - scheme,, may ‘be ‘uséful for .-
emm“xng acoustic velocities (and thermal' conductivities) in ice

phas:

for vhich no data presently exist.




It vas smmd that the thermal co ¥ tivities of the various solid.
fce phases depend directl on thetr acousefe veloctités. .
The feasibility of Brt1loutn sc.:t-:mg experiments on low
cenperature fce polymorphssbas been studfed and it vas concluded that
such samplés would have to be'housed in a cryostat enabling

thea to be co-ph:-ly immersed in uquid nitrogen. The gfnc:gve index

- match vould fendar the

Ty foi Brillouln spectroscopy. . S

-
.

x-
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