THE LOW TEMPERATURE THERMAL CONDUCTIVITY
OF

CESIUM IODIDE

by
DAVID LAWRENCE JOHNSON

B.Sc., The University of British Columbia, 1963

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE

in the Department :
of
Physics

We accept this thesis as conforming to the

required standard

THE UNIVERSITY OF BRITISH COLUMBIA

February, 1967



In presenting this thesis in partial fulfilment of the requirements
for an advanced degree at the University of British Columbia, I agree
that the Library shall make it freely available for reference and
study. I further agree that permissionufor extensive copying of this
thesis for scholarly purposes ﬁay be éranted by the Head of my
Department or by his representatives. It is understood that copying
or publication of this thesis for financial gain shall not be allowed

without my written permission.

Department of<?—:¥:%\(;§\CE>

The University of British Columbia
Vancouver 8, Canada

Date Mﬁ\@cﬂ 20 OG7.




iii

The thermal conductivity of three crystals of
cesium iodide raenging in size from three to eight
millimeters diameter was measured in the temperature
range l.15°K to 5.40°K.

Thermel conductivity measurements were made
using the thermal potentiometer method.,

Differences in the thermal conductivity of the
three samples were interpreted in terms of phonon
scattering from the boundaries of the crystals, and

from internal structure defects.
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CHAPTER I. THEQRY

(1) INTRODUCTION

The successful liquefaction of helium in 1908 made
possible the combined theoretical and experimental invest-
igation of heat transfer at low témperaturesw It was quickly
realized that the mechanisms of heat transfer in a metal
would be at least partially different from those in a non-
metal.

The groundwork for the current theory of heat transfer
in dielectric crystals was laid by Peierls, with his quantum
mechanical analysis of the interaction of lattice waves in @
crystal. (Feierls 1929)

(a) Crystal Lattice Vibrations. In & dielectric crystal

the atoms of the crystal are vibrafing, and these vibrations
are linkéd or coupled by the interatomic forces in the crystal.
The total thermal energy of the crystal is thought to be
contained in gl1ll the possible normal modes of vibration of
the crystal lattice.

If we neglect the zero point energy, then for a diel-
ectric crystal at temperature T°K, the average energy in @

vibration mode of frequency Y is

hyY
exp (hV/KT) - 1
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This energy may be considered as being made up of
1/’Lexp:(thKT) - 11 guenta of vibrational energy, each with
energy hy. These quanta of vibrational energy have come

to be called phonons, and their distribution with respect

to the frequency V is called the phonon spectrum of the
material at temperature T°K. | | o |

One cen easily slip into & billiard ball concept of
phonons, as one can with photons, but in both cases care
must be exercised in the application of this concept.
(b) Heat Flow. Consider groups of phonons with angular
frequencies near O(=2MV) and wave nqmbérs.near Qo The group
velocities V(@) of these packets will be given by ddyqq,
If the phonon spectrum of the material is such that there

are a number N(g) phonons in mode @, the heat current will be

T =) N (WD (@) oo Llmoccemes (1)

In thermal equilibrium, the net flow of phonons in any
direction is zero;.éf'N;(EQA=:NO(J&).

However, if a temperafure gradient exists, there will
be a density gradient in the phonons, resulting in a ﬁéf
flow. This ténds to alter the phonon population st a given
point from No(qQ to N(q).

When the situation is reached whereby this tendency to
alter N (q) is balanced by the tendency of scattering pro-

cesses to restore the egquilibrium population No(q), a steady
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state condition is attained with & finite heat flow_a,and a
finite temperature gradient vT.

The magnitude of the heat flow, and hence of the thermal
conductivity, is determined by the amount of departure of
N(q) from No(@).

(¢c) Boltzmenn Equation. The condition whereby the drift

of phonons due to a temperature gradient is balanced by the

processes which scatter them is expressed in the Boltzmann

equation.. BN(%B} [ N(z] (2)
k- — e

A complete solution of this equatlon and the resulting cal-
culation of the phonon spectrum, would result in complete
predictability of the thermal conductivity of & dielectric
material. In general this eguation cannot be solved explic-
itly, and various approximations must be used. The approx-
imation which has found most application is the |

(d) Additive Relaxation Rate Approximation, In the relax-

ation time method of solution of (Z) it is assumed that the
return of a phonon distribution N(g) to its equilibrium dis-

tribution N, (@) is exponentiel with time. This can be

'a(\l(>} - NOC%)—N(@ (D
[ ’_B% seavtar  Z'(g) |

where 1/7(q) is termed the relaxation rate.

expressed as

In any reel crystal, there may be several processes



L

tending to restore the equilibrium phonon distribution,
each with its own relaxation rate. If these processes are

mutually non-interfering, then we would expect their relax-

ation rates to be additive,

1 =1+ _ 1+ 1+ _ ..
T(a) 7Z,(a) Cla) ¢ (q) '

Scattering processes which are considered to be non-
interfering sre (Carruthers, 1961);

- Z, boundary scattering, ‘

- ?; 1isotope (mass-difference) scattering,

- Z; point defect scattering, |

-, dislocation scattering,

- £y Umklapp or U-processes, and

-~ Ty normal or N-process.

(e) Normal and Umklapp Processes. In all real crystals,

" the interatomic forces are anhéfﬁonié. This leeds to an
interaction between phonons in the body 6f an otherwise
"perfect" and infinite crystal. At low temperatures inter-
actions or "collisions" involving three phonons are the most
important. The first énharmonic term in an expansion of the
interatomic force is the cubic term, snd this term leads
to three phonon interactions,.

In phonon collisions such as these, energy is conserved,

while phonon wave number may be either conserved or altered

!
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by a reciprocal lattice vector V. Note that the number of
phonons is not conserved. We may then write the conservation

relations,

Tl(.O‘ + 7“*)1 = -hbl)s, e e o o o ot o e (Sa‘) ’
-al + -@2 = 63 +"69 --------------------- (Sb),
al + -a.?_ = @30-.-—-—--.- ------------------ (SC).

If B is a reciprocal lattice vector (5b) the collision
is called an Umklapp or U-process, while if b = 0 (5c¢) the
collision is called a Normal or N-process,

(f) Solution via Relaxation Time Approximastion. If we con-

sider a material which exhibits no scattering mechénism&
other than those of sec, (e) above, then we may use the re-
laxation time epproximation (3) to solve the Boltzmann
equation (2). Doing so leasds (Berman, 1965; Callaway, 1959)

to a thermal conductivity giveh by
Kk = %[C(qg) v2(@)7(a)dq (6)

- . G — -0 G -

where C(qg) is the contribution to the specific heat from
phonon packets of wave number g.

(g) Debye Solid Assumption. Let us now suppose that the

phonon group velocity is a cohstant ¢ independent of the
phonon wave number g, This is referred to as the Debye
approximation

w(q) = cq.

K "Debye solid™ is a model in which there is a constant
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phonon velocity ¢ and a characteristic temperature Bo.
Using this model, one can derive (Makinson 1938;

g Callaway, 1959) a thermal conductivity given by
& /T

.» k= | <c"1 T3 xu. X ————— (7)),
| 2ﬂ2'ﬁ3 > /Z;(eX 1 .

where K is Boltzmann's constant 'ﬁ is Planck's constant

x = BuYKT, Z& is a relaxation time and'<c"l> is some average -
velue of the inverse veloclties of sound over all directions
and'polarizations-in a:crystai;-.This eXpression will be
'referred to as the Debye approximation to Callaway'sitheory.

(h) Temperature Variation of Thermal Conductivity. With

reﬁerence to (6) we may now define three distinct types of
temperature veriation in the thermal conductiv1ty.

( ) 4[T region, At hlgh temperatures the maln scattering

mechanlsm 1s phonon-phonon colllsion. If the temperature is
hlgh enough .say greater thanwﬁ then the domlnant phonon
-wave numbers are suffic1ent1y great so that a large fraction
of all’phonons are available for COmblnations of the type (5b).
Umklapp interactions are. then the major scattering process.
The relaxation rate Zh is proportlonal to the phonon density
and ‘hence to absolute temperature, (since phonons obey Bose-
Einstein statistics)° The'dominant‘phonon modes make a con-
stant contribution to the specific heat and hence by (6)

we obtain ko I/T.
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(11) Exponentiasl region. As the temperature decreases,

the specific heat term in (6) decreases, but.the number of
phonons aveilable to participate in U-processes decreases
expoﬁenti&lly, The scattering time thus iﬁcreases so rapidly
with temperature drop as to be nearly exponential, and by

(6) the thermal conductivity ié'therefore k<x.exp(a/T),

(iii) Boundary scattering region. At very low temper-

atures the scattering time T will inérease to the point where
it is comparable with the time taken for phonons to cross

the entire crystal without séattering. When this occurs,

the major. scattering mechanism is”the’bppndaries of th@
sample. We may then writ¢, ifl§ is théfphénpn-Velocity and
D is the diameter of the crystal,ZﬁED/b; At thése temper-
gtures the specific heat is usUally'well’iﬁto the'T3 region,
and by (6) we may therefore wfité" R -

k o DT3 S — (8.

(2) SIZE DEPENDENT THERMAL CONDUCTIVITY.

(@) Theoretical Work. The first éatisfactory'theoretical

explanation of size dependént‘thermal donductivity was
Casimir's attempt (Casihir 1938):to explain the experimental
results_of de Haas and Biermasz (de Haas and Biermasz, 1938).
Cagimir applies the standard blackbédy radiation theory to

a: phonon gas. He considers a long cjlindrical tube of diameter

D, with perfectly black walls (i.e. all phonon reflections
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&ré diffuse) at a;temperatureAlow enough that the only phqnon
scattering mechanism is the boundaries of the crystal.
. Cwsimif obtains the result (after making & correction

of 2/17 s noted in[?erman et &1, 1953)’

k = 2*kd ;}1 > AN (9)
1583 | 3 \lvE -

4
where the term in sguare brackets is an attempt to find s

value for the average velocity of sound over all polarizations
and all directions in the crystal. If we replace this with

the notation {c2), we obtain

in agreement with (8).
Casimir also obfainéd the relation between thermal

conductivity and specific heat

» 2
k= 1.155 x 10°A4PDT3 _________ cmmeem (11)
where A is the constant in the specific heat equation -

CV = A,TB IOULE'/'cm3 °K’9 and

P =2 o (12).
<C-3 >2/3 ;

(b) Previous Experimental Work. Numerous experimenters

have tried to match observed boundary scattering behaviour
with theory. Measurements on an artificial sapphire crystal

(Berman et al, 1955) showed a thermal conductivity which was



directly proportional to crystal dismeter, but agreement
ﬁiﬁh the theoretical magnitude of the conductivity was ob-
tained only after making corrections for the finite length
of the sample, and for & presumed partially specular phonon
reflection from the boundaries,

The best experimental agféément'with Casimir's theory
was obtained by Thatcher (Thatecher, 1965) using cfystals of
LiF. Calculation of k for LiF vie the Casimir theory leads: .
to the result |

k = 0.172 DT> watt/em®K - . (13) .
Thatcher obtained the result |

x = (0.21 + 0,02)DT, __ (1)
n = 3,005 % 0,0lS.v

The 20% deviation in magnitude from the calculated value

was presumed to be due to an inability te correctly calculate

the average sound velocities in an anisotropiec crystsl.

(}) CHOICE OF CsI AS AN EXPERIMENTAL SUBSTANCE.

The "ideal™ crystal for investigation of low tempersture
Thermal conductivity would be a sihgle crystal of chemically
and isotopically pure materiel, homogeneous and isotropic in
its thermal properties, and easily handled,

Since a material was desired which, in some temperature

range, exhibited phonon scattering by boundaries only, the
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eliminaetion of point defect scattering was necessary, that
is the material was to be very pure. Alksli halides have
attracted much interest as pseudo-Debye solids. Both cesium
and iodine have only one naturally occurring staeble isotope,
and thus the isotopic purity of CsI is guaranteed.

Past experience with materials exhibiting the boundary
scattering region has shown the thermal conductivity peak
to lie at approximately 1/30 of the Debye temperature,é% .
For CsI, &» is about 125°K, placing the expected pesk at
around };.1°K asnd thus msking the boundary scattering region
easily accessible with a helium-l} cryostat.

CsI has also been suggested as a possible candidate
in the search for second sound in solids (C,R. Brown, private
communication). The ratio of atomic weights of Cs to I is
only 1.05, closer to one than any other alkali halide., It
has been suggested that this property would increase the
probability of finding & Poiseuille flow "window" (Guyer
et al, 1966) in the temperature wave freqﬁency vé.temper—

ature behaviour.

(L) CALCUILATION OF kX FOR CslI.

(@) Anisotropy. The major computational problem involved

in a calculation of K for CsI is that of finding suitable
average values for the velocities of sound in the crystal.

Csl crystallizes in the CsCl structure and has therefore a
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simple cubic structure with one molecule or two atoms
/unit cell,
The anisotropy factor97 of a material is given in terms

of the elastic constants by

7/ = _2ebl e eeo (15)
¢li-¢cy2

Using the elastic constants measured at low temperature

(Vallin et al, 196l ) we obtain for CsI

V= e85 e (16),
The Houston approximation (Houston, 1948; Betts et al,

'1956) is a method for finding the approximate value of an
angular integral given the value of the integrand in three
mutually perpendicular directions.

It is found (Betts et a&l, 1956) that for anisotropy
factors in the range .5<7<1.5r Houston's approximation is
not appreciably different from approxiﬁations involving more
known directions, for the calculation of average velocitieé
of sound,

(b) Velocities of Sound in the €100, <1107, <111) Directions.

Given the three elastic constants cj;, cq5, chh’ and the

densitYko, the seven "basic™ vélocities~of sound are given by
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|
A {100y %100y =%, {100) = (%L‘g;yz

Y, <100) = (E_}.l.yz
B {110 %110y =(°/l+u> "
2%£110) =( i 12 ;/;12 >"z

7<110) =(°uu Freten t c1.2)>"?~
T -
¢ { 111) y 11y = 7,< 1n>=(°uu * el - e12 \2
30
% <111> = L].Cuh_ + 2C12 + 011 '/l
R '

Using the density and elastic constants measured by Vallin,

we obtein for CsI the results shown in Table I,

(¢) Average Velocities of Sound,

(i) Suppose it is desired to find J, the angular in-

tegral of some integrand I(Q?), '
J = fI(e)? )an,
then Houston's method states that if'Ia” I, and I, are the
known values of the integrend in the directions {100), {110),
and <111>'respectively, then we can approximate the integral
by
J =[I(9,? ya s

zﬂ<1oxa + 16T + 9Ic> ________________ (17).
3% - | -
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(ii) We wish to find the three averages over direction

and polarizations,

oy =fmegen, e

127

2
where I, =Zg vl,,_z , n=(1, 2, 3 ).

The sum over i = (1, 2, 3) represents the sum of the three

different polarizations, two transverse and one longitudinal.
The factor of 127 is a normalization factor equal to 3 x Uy,
3 from the three polarizations and L from the total solid
angle, |

The results of this caléulafion aré shown in Table I,

(d) Conductivity Calculations. Using the results obtained

in the previous section, we may now calculate the theoretical
thermal conductivity of CsI in the boundary scattering region.
At temperstures sufficiently low that phonons are scat-
tered only at the boundaries of the crystal the relaxation
time ﬁﬁ_in equation (7) becomes a cohstantZl, and &b /T — oo
whence the integral in (7) may be set equal to 26.0. We '

thus obtain

k=260 K (DT,
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TABLE I

Average and Particular Sound Velocities in CsI

Direction Polarization Velocity

{1007 t 1.323 x 10° em/sec
1 2.1410
<{110) t 1.323
t 1.436
1 24345
{111 t 1.400
1 2.322

<e™> = ,629 x 1072

= (1.59 x 105)-1 (chSeC)-l
{e?) = 117 x 1070
= (1.55 x 105)"2 (cm/sec)m2

<c“3>= 287 x 1o°15_3
= (1,52 x 105) (cm/sec)-3

Based on [.2°K values (Vallin et al, 196l ) of

AL = h.712 gm/cm3

C11 = 2.737 X 1011 dynes//’cm2
cp = 793 W "

CLLLL 825 fl "
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and substituting for the constents and the calculated value
of <p-1> we obtain
k = 2.57 x 1@5 T, ’I'3 ________________ (19)
We now take 7, to be the "time of flight" across e diameter

of the crystal,

T = D{c'1> = ,629 x 107D sec —cmmmcocmnen (20)

and by substitution into (19) we obtain

k = 1,62 DT° watt/em®K ___ oo (21).
Working directly from the Cesimir equation (10), and
substituting for the constants and <c-2> we obtain
k = 1,70 DT3 watt/em®K ______________ (22).

We may also work from Casimir's specific heat equation
(11). The specific heat of CsI has been measured (Taylor
et al, 1962) down to 13.51°K, at which temperature it was

found to be C, = 1.927 cal/mole®K., A simple calculation

p
shows that

[ ] . -}
Cp -Cy = 001 cal/mole" K oo . ’

hence C, = 1.926 cal/mole®K at 13.51°K. If we assume that

at this temperature
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we find

A =57,17 x lO_6 T;\Matt-sec/’cmB"KLL ____________
and

A7 = 1,18l x 1073 (watt-sec/cm3 KM Y3 _________ - (23).

Substituting values of {c¢~2)and <c"3'>we obtain

P = <c"2> I T (24) ’
{c=3)"3

Casimir's specific heat equation then leads to the result

Compering the three theoretical results,we may then say that
theory predicts for CsI a thermal conductivity in the bound-
ary scattering region which is proportional to the sample
diameter D, the cube of the absolute temperature, and is

of magnitude
kK & 1.65 DTJ watt/cm°K

- - GO G G G G W CD

(5) EXPERIMENT.

The experiment used rods of (sl of varying diameters D,
The temperature difference AT betwéen two thermometers a

distance L apart was measured during the passage of a known
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heat current F through the sample. The thermal conductivity

was then taken to be

AT A
= P o UL eeee (27).
AT 77D

£11 quantities on the right of equation (27) may be measured,

whence the thermal conductivity of the sample may be found.



CHAPTER . II. APPARATUS,

(1) THERMAL

(a) Low Temperature Production. The experiment was carried

out in a liquid helium-l} cryostat capable of reaching and con-
trolling temperatures from };.29°K to 1.12°K. Both the inner
liquid helium dewsr and the outer liquid nitrogen dewar

were of Pyrex glass, silvered except for-vertical

slits down both sides and sealed under vacuum, Liquid level
was observed using a fluorescent tube parellel to one set

of slits. |

The top of the helium dewar consisted of 180ﬁ. of single
thickness Pyrex pipe, so that the double walled section of the
helium dewar could be kept entirely below the liquid nitrogen
level. Care was taken never to admit helium gas or liquid
into the helium dewar unless it was cooled to nitrogen temp-
erature. With this procedure,diffusion of helium through the
helium dewar walls was kept to a minimum. It was found that
a dewar lasted for about twenty runs, or roughly two hundred
hours, before it was necessary to break it open and re-evac-
uate the interspace.

Both dewars were supported from the end of a " pumping
line capped with a 3" Grinnell-Saunders rubber diaphragm
valve. (Fig. 1, #7) Pumping of the helium bath was done by a
Stokes Microvac Model };9-10 Rotary vacuum pump with a capsacity

of 80 cubic feet per minute.
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(b) Temperature Control. Due to the long thermal equilibrium

times encountered, (up to 40 min.), & steble method of temp-
.erature control was necesssary. A modified version of the
spparatus of Walker (1959) was adopted. It consisted, essent-
ially, of a 1" pumping line in perallel with the 3" dia-
phregm value, A short section of the pumping line was re-
placed by a piece of thin walled (.OOZ")brubber tubing,
(nominally sold only for the prevention of disease), which
acted as a valve controlled by the reference pressure in &
closed volume of gas surrounding it. Connection of the refer-
ence volume (10 liters) to menometers, (Fig, 1, valve #2)
vacuum line, (Fig. 1, valve #L) and helium gas line, (Fig. 1,
valve #3) facilitated quick and easy selection of any desired
bath temperature.

This device maintained pressures from .500mmHg to
800mmHg stable to better than SOP over periods of4three or
four hours. The major cause of drift was slow changes of
room temperature resulting in slight changes of the gas
pressure in the reference volume., Diffusion of helium gas
through the rubber tubing was negligible.

Temperature stability to better than 5§ millidegrees
at 1.2°, and ,04 millidegrees at u.Zﬁover an hour was thus ob-
tained. At temperatures above the lambda point, to prevent
temperature gradients in the bath, the bath was stirred by the
input of 7.5 mW of electrical power to a 300 ohm resistor at
the bottom of the dewar. This resistor was also used at

higher powers to aid in making upward changes of bath temper -
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ature, and to boll off any remaining helium at the end of =a
run.

(¢) Temperature Measurement. All bath temperatures were

measured with lcm. bore mercury or butyl-phthalate oil
manometers. The vacuum sides of the manometers were pumped
with a small rotary pump and the backing pressure read with
a Veeco thermocouple gauge,

The manometers were read with a cathetometer calibrated
at 20°C. and capable of reading to .005 cm.

The manometers could also be used, (via valve #2), to
accurately read or set the pressure in the controller ref-
erence volume.

(2) EXPERIMENTAL CHAMBER

(a) Vacuum Can. The exberimental chamber and semple mount-

ing are shown in Figure 2. The vacuum can was brass, plated
with gold. The two sections were bolted together, the
vacuum seal being made with a .050" lead O~-ring wiped with
vacuum grease., A Consolidated Vacuﬁm Corp. VMF 10 oil 4if-
fusion pump working through a liquid nitrogen cold trap
evacuated the. can through & .25" thin-walled stainless steel
pumping line. The pumping line was jogged, and its interior
coated with flat black lacquer to prevent room temperature
radiation from reaching the thermometers,

The diffusion pump could evacuate the can to a pres-
sure of 10-7 torr as measured by a room temperatﬁre C.V,C.

Phillips gauge between the cold trap and the can,



PLATINUM- GLASS
T WRE SEALS.

NEDS
N
N =3 O
- 12
M2
L2 Cod
- %
% 2 8t
D - K%
=1
N1 R
K A4
“1Z
E

INDIUM O-RING

PHOS PAOR - DRON T B |
PRESSURE PLATE.

T

———

. e
S

22 A

Access tuer FOR LIQUID HELIUM,

Csl samrie, . -

VACUUM CAN, ~——s {

L)

| (T
IR RRAIORORE CRPEB 2R
o] I e | |t
g : ki, _LeaD O-RiING,
° . '-' 0‘ A °
5 R ':':'.' 'g
o ¢ N~ M
HE E
=iy I £ §
.: :~ I ':,:'--, ", }E ¥
ot - 280 RIEXY _’.
- [— Csl winvow,
1
:éﬂj fle——nuR, THERMOMETER.
> :
!'/ ] |
{ | e R THERMOMBTER |

)

CsI weater,

EXPERIMENTAL CHAMBER

FIGURE 2



221

LIQUID WELIUM ACCESS TO
CRSIVM 1OD\O’ WINDOW

2

*2.56 BoLTS

CsI-Cs1 evoxy
BUTT JOINT

CsI S'AﬁPLE’

{-\/?.'\ ~/"
wt 0 s o L, o,
0o *° - « oot
vl . .'..c'
e s e . '::
AU e " Ve
. . Sof B I
e et ° & st e
cs o * * . “'.;.o
.‘. '.:" » © de o o ."-'.1
* . ¢ ‘e o R
2o do LIQUIDT L L
“I. o NENMIVM o | TS
— n v o ° 0 A o et g
[ X G e - ) ,.' [P s
A e .,.:‘ ':', o d o o:&,.‘_. IRRASIRY
« 00 ORI . e o X :‘,o‘ o t e
.o.a.: .: * '.‘.'.' -.' ao d go. " ¢ LR o t":
o of v e s ® » ®e )3 P LS et d 0 N — .
“e w a’ ca 1, e 2 ) o N ¢ .
o —leat .. e o0 0 "o oy | —
?on o o] ’! .
— ) ¢ ] e, =
LU ? ) o -
MR ° o T |—
—‘..\ > D o | em—
[ v
— e v o ® e
—— .. o o] m—
— - . S - " —
— —

‘DETAIL: SAMPLE MOUNTING.

PHOSPHOR - BRONTE
PRESSURE PLATE

NDIwUM O-Rwne
VACUUM SEAL

FIGURE 3


file:///46UOM

23

(b) Semples. The samples were obtained from the Harshaw Chemic~
al Co; and were "optically pure®™ Csl single crystals. The
crystals were machined into rods 3cm. long. The crystal
surfaces were not optically flat but had a translucent ap-

pearance., Sample sizes were

Sample No. Length Diameter D Thermometer
Spacing 1

2. 3em | Ly .86mm Oliliem

1. 3Jem 7 - 95mm 1.208cm

3. 3Jem 2.86mm 817em

(¢) Crystal Mounting. The major experimental difficulty

lay in achieving intimate thermal contact between the sample
and the helium bath, a necessity in view of the high heat
currents being passed through the sample.

Initially we attempted to make good mechanical contact
between the sample and various types of copper holders
mounted inside the vacuum can. The efficiency of all of
these methods was reduced greatly by the large differential
thermal expansion of CsI end copper. The total linear
thermal expansion AL/L of CsI from room temperature to
helium temperature is 1,16% (James et al, 1965), as compared
with 1,13% for Lucite, and .32% for copper.

The best of the mechanical methods consisted of a thin
copper foil chuck, tightened around the end of the sample
by & tapered Perspex ring. Our hope was that the Perspex

ring would keep the copper in good contact with the CsI as it
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cooled. This device resulted in an unacceptable sample to
bath thermal resistance of about 2500 °K/watt.

The successful solution, suggested by & Kapitze resist-
ance experiment (Johnson et al, 1963), was to insgsert a Csl
window 2-limm thick, in the top of the vacuum can, and glue
the sample to this using an epoxy resin. The seal between
the window and the vacuum can was made using a .030" Indium
wire O-ring and a circular phosphor-bronze pressure plate
(Fig. 3), and was leak tight in liquid helium-II, This
system resulted in an acceptable sample to bath thermal
resistance of about 50°K/watt.

(d) Sample Heater. In making the sample heater, we were

again faced with the difficulty of making good CsI to metal
thermal contact. In this case however, the quality of the
contact was of lesser importance, poor contact resulting
only in a higher heater temperature. If the heater temp-
erature were to rise very high, let us say 20-25°K, some
error due to radiation pickup by the thermometers might be
encountered. The heater was designed with this possibility
in mind.

The heating element consisted of about 20! of .002"
constantan wire, with a resistance of about IZéO ohms at
helium temperature. A& CsI block .5" long and with Smm
square cross-section was cut with grooves perpendicular to

its long axis. The heater wire was wound into these grooves
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o

in & matrix of liquid epoxy resin, and the heater block
subsequently epoxied to the samples, With this design, the

thermometers could not "see"

the heater winding. The. hest-
er bleck to sample epoxy resin butt joint hed a thermal re-
sistance of around 50°K/watt.

The heater leads inside the can were six inch lengths
of .OO4" constantan wire, with & thermal resistance of
106°KJWQtt, 10,000 times higher than the biggest thermal
resistance of the semples. Leads were fed through the vac-

uum can to the helium bath viea a platinum-glass seal.

(e) Thermometers.. The thermometers were commercisl Allen-

Bradley 1/10 watt carbon composition resistors, nominsally
33 ohms at room temperature.

Figure li shows in detail the mounting of the sample
thermometers, A phosphor-bronze spring clip tightened a loop
of .L5mm diameter copper wire ohto the specimen, Tension was
increased in the clip by tightening the #000 x 1/8" brass
bolt running through it., One lead of the sample thermometer
wes soldered to the head of this bolt, thus achieving in-
timate thermal contact between the thermometer and the sample.

Thermometer leads inside the vacuum can were 6" lengths
of 004" constantan wire, and were fed through the can via a
platinum glass seal separate from the one carrying the heat-
er power. The thermometers were therefore in very bad thermsal

contact with the bath, as desired,
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.Two other thermometers were occasionally employed, one
held by a copper strap to the interior top of the can and
therefore in excellent thermel contact wifh the bath, and
one epoxied to the end of the CsI heater block in order to
measure the thermal resistence of the heater block to sample
joint,

The two semple thermometers chosen were the two out of
tﬁenty whose room temperature resistances were most nearly

equal,

(3) ELECTRONICS

(a) Resistance Measurement. Resistances of the thermometers

were measured using & sensitive 33Hz AC Wheatstone bridge
(Fig. 5)s« A primary assumption in this experiment is that
the sample thermometers are at the same temperature as the
sample., This assumption is invalid if the current used to
megsure their resistance causes sappreciable self-heating of
the resistors. The power generated in the resistors during

measurement was in the range 5-50 x 10710

watts, insufficient
to cause measurable self heating.

(1) Bridge. The resistance thermometers were connected,
via co-axial cable and a selector switch, to form the un-
known arm of a Leeds & Northrup model L735 guarded Wheatstone
bridge. This has a five decade variable resistance, with an

absolute accuracy using all decades, of .25 ohms in, say,

5000, However, since all measurements were comparative,
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using the same bridge under identical conditions, measure-
ments to .01 ohm were quite justified.

(ii) Low-level Preamplifier. The out-of-~balance or

output signal of the bridge was fed via a shielded cable to
a Tektronix type 122 preamplifier. This is an AC-coupled
three stage wide-band emplifier with & voltage gain of 1000.
It may be powéred from an AC power supply, or from dry.snd.wet
batteries. As the latter resulted in a significant decrease
in noise generation, batteries were used.

The frequency response of the amplifier was decressed
as much as possible to improve signal to noise ratio. A
low frequency cut-off of 8 Hz and a high frequency cut-off
of 50 Hz were used.

(iii) Phase-sensitive Detector. The output of the

preamplifier, (ideally just the amplified output of the
bridge), was fed to a Teltronics model CA - 2 coherent amp-
lifier., A coherent amplifier 1s essentially an active filter
system which makes use of a priori knowledge of the frequency
and phase of its input signal in order to measure its mag-
nitude. The basis of this knowledge is always the fact that
the input signel is some function of a reference signal
generated by the coherent amplifier,

The reference signael, (33 Hz, 5 volts p-p), was sup-
plied through a 1000:1 voltage reduction as the input to the
Wheatstone bridge. A phase control in the coherent amplifier
adjusted the detection phase of the input to compensate for

phase shifts in the external circuitry, (bridge, coaxial
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cables, etc.), so that the signal detected was only the
in-phase; or resistive, signsl as désired.

The output of the phase sensitive detector was @ -SOOPA
to +SOOPA meter which, when all phase adjﬁstments were cor-
rectly made, was directly proportional to the resistive
unbalance signal of the Wheatstone bridge, and was therefore
the final readout for balancing the bridge. Sensitivity of
the system was & deflection of lSOPA for an unbalance of
1 ohm in 10,000,

In operation, the zero setting of the meter was dis-
covered to be dependent on the gain and phase shift controls.
This was found to be due to the presence of .ZmV of reference
frequency ripple on thé ~16 volt B- supply of the input
gtage transistors. The defect was cured by removing the )
filtered voltage_from the inpuf stages and replacing it with
g -15 volt mercury battery.

(iv) Out-of-phase Balance. The coherent amplifier

also incorporated a 90° phase shift switch so that the out-
6f—phase component of the input signal could be measured.

An AC bridge is completely in balance only when both in-
phase and out-of-phase components are balanced, Out-of-

phase balasnce was accomplished by a varisble capacitance to
ground in parallel with either the unknown thermometer resist-

ance, or the bridge decade resistance.
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(v) Signasl Leads. All leads, including those into the

cryostat, haa‘to be well shielded due to the low signsal
levels. Witﬁ an input voltage to the bridge of 5mV p-p,
ean out-of-balance of 1 ohm in' 10,000 generates an error - -
signal of only °5PV° The noise level: at the input to the
preamplifier was eventually reduced to 2'5FV random or 60 Hz,
but as the signal to noise ratio of the coherent amplifier
was approximately 1;1000, a good usable signal was obtained.
Leads were fed through the cryostat cep via & multi-
pin shielded plug, vacuum sealed with a layer of Apiezon
Q-compound between the pins.

(b) Heater Power Supply. The sample heater was powered by

a Harrison Laboratories model 620lA regulated constant
voltage 0-36 volt DC power supply, (Fig. 6), remote program-
med by & 10-turn Helipot. The desirable features of this
power supply were its low ripple (less than .002% at 10
volts) and its high long term stability (better than .I5%
over eight hours). A voltage divider was used to supply
lower voltages to the 1200 ohm sample heater,

(c) Power Measurement. The voltage divider incorporated a

circuit for measuring the heater voltage and heater current
via a Leeds & Northrup No. 8662 portable precision potent-
iometer (FPig.6). Reference voltage was supplied by a 1.01940
volt internal standard cell. Each voltage was measurable to

1/4%, the power therefore being accurate to 1/2%.
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CHAPTER III. PROCEDURE AND TECHNIQUE

(r) INTRODUCTION

Any experiment must be performed under physical con-
ditions rather similar to those implicit in the theoretical
treatment it purports to be investigating. Necessary ex-
perimental and procedural conditions for this experiment sare:

- that the sample be in thermal steady state when any

measurements are taken; either under zero heat flow

conditions for calibration, or under finite heat flow
conditions for conductivity measurements;

- that the thermometers must be in good thermal contact

with the sample end bad thermal contaect with the helium

bath;

- that there be no dependence of the thermometer re-

gistances on the power used to measure them;

- that the measured thermal conductivity at a given

temperature must not depend on the power flow through

the sample;

- and thet no heat generated in the sample heater must

reach the helium bath through enything but the sample,

whence (&) there must be "no"™ gas in the experimental
chamber, and (b) the sampie heater leads must have &

thermal resistance lerge compared with that of the sample.
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The design, procedure and technique of the experiment

were set up with these factors in mind.

(2»  GENERAL EXPERIMENTAL PROCEDURE

A typical run began in the morning. Twenty-fours
previous to this, with both dewars at room temperature, the
forepump and diffusion pump were turned on, the cold trap
filled, and the experimental chamber and vacuum sides of
the manometers evacuated.

Some twelve hours later, the helium dewar was pumped
out to 1 cm Hg of air, and the nitrogen dewar filled. Thus
before any run the experimental chamber was diffusion pumped
for about twelve hours at room temperature and twelve hours
at nitrogen temperature.

To begin the run, the helium dewar was evacuated, then
filled with one atmosphere of helium gas in preparation |
for the transfer of liquid. The transfer siphon was then
flushed with helium gas, the dewar fiiled with about 3
liters of liquid helium (liquid level about 50cm above the
chamber top) and the run begun.

For some runs the experimental chamber was open to the
diffusion pump for the duration of the run, while for others
it was sealed off just prior to liquid helium transfer to

permit cryopumping of the can,
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(3)} SAMPLE TEMPERATURE MEASUREMENT PROCEDURE:

CALIBRATION AND DATA TECHNIQUE

(i) One of the drawbacks of carbon resistance therm-
ometers is that they tend to change their calibration if
cycled up to room temperature, then cooled agein. In our
experience, this change in calibration took the form of an
edditive constant in the resistance, that constant being
nearly the same for both resistors. We feel this fact bears
'some investigation.

Over the course of several runs, separsted by periods
at room temperature, one would find shifts in calibrstion
of the thermometers of the order of #5 m°K. However, shifts

in the difference of the calibrations amounted to only

+ .5 m°K and the slopes of the calibration curves remained
" virtually constant,

In spite of these discoveries, the decision was made
that each run should consist of a calibration run and a
“thermal conductivity run. In practice these were interwoven,
a calibration point and a conductivity point taken at one
temperature, the temperature then shifted, & calibration
point and a conductivity point taken there, and so on.

(ii) Resistance Measurement. The first step in meking

8 resistance measurement was to set up the phase relations
of the coherent amplifier so that it was indeed megsuring

a pure resistance., The procedure was as followss:
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(A} Set the bridge decade so that the bridge is defin-

itely out of balance;

(B) With the coherent amplifier at low sensitivity,

and in the "in-phase" or 2 mode, adjust the phase shift @

to obtain maximum deflection on the output meter.

(C) Obtain & rough resistive balance.

(D) Set the capascitance decade so there is a large

capacitive unbalance.

(E) With the coherence amplifier at low sensitivity,

and in the "out-of-phase"™ or ¢7ﬁ-90° mode, adjust the

4579control to obtain maximum deflection on the meter,

thus setting4a¢ to 900.

(F) Balance the bridge capacitively,

(G) Return to the ™in-phase" mode and at high sens-

itivity, obtain an exact resistive balance.

(H) Check. Apply & large capacitive unbalance. As

the coherent amplifier should now be messuring only

a pure resistive component, this should have no effect

on the meter reading.

Siince the phase shift in the external circuitry is
largely a property of the geometry thereof, the phase setting
procedure need only be followed through once. In fact it
was checked occasionally and found not to have changed.

Resistance measurements wére taken by simply observing
| the output meter of the coherent amplifier andadjusting the

bridge decades till it read zero.
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The bridge contained & multiplier (ratio arm) switch,
whose x . 1 (for resistances 300 - 1000 ohms) and x 1.0
(for resistances 1000 - 10,000 ohms) positions were used.
The capacitive balance was found to differ on these two ranges,
being about 4 500 pf on one range and -5000 pf on the other,
The capacitande decade was adjusted accordingly.

(iii) Calibration Points. The first step in obtaining

& calibrgtion point was to choose the temperature gt which
it was to be taken., Calibration points were usually planned
so as to cdver the temperature range of interest in roughly
equal intervals of I/T.

Having chosen the temperature, the corresponding veapour
pressure was set in the reference volume of the pressure
controller., If the result wes & drop in temperature, the
pumping system guickly pumped the dewar down and a stable
temperature was obtained, If, however, the result was &
rise in temperature, then ;he pumping system was shut off
by the controller disphragm. .To obtain rapid stabilization,
heat was applied to the bath heater until the desired temp-
erature was reached, as indicated by the renewal of gas
flow through the pumping system. At all temperatures sbove
the lambda point the bath was continually stirred by a 7.5 mW
heat input.

Once bath equilibrium was obtained (usually in 15 sec~
onds to 2 minutes) we waited for thermel steady state of the

semple. For the calibration points, an absolute equilibrium
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was desired. Thermometer resistances were measured until
they were stable over a period of sabout five minutes. Sample
thermal steady state was usually obtained in 20 - 30 minutes.
At such time, the calibration point data were recorded,
They consisted of:
(1) time;
(2) Ry, Ry ohms, the resistances of the sample thermo-
meters as measured by the bridge;
(3) h cms, the helium bath level, as measured by metric
tape (if bath temperature was above the lambda point);
(u) T-room °C, the temperature of the manometers sas
measured by thermometer or manotherm (if bath temper-~
ature was below the lambda point);
(5) Piew cm Hg or cm 0il, the mercury menometer reading
if above the lambda point, or the o0il manometer reading
if below, as measured by the cathetometer;
(6) Check backing pressure{20 microns, as measured by
the thermocouple gauge.,
This completed the calibration point and one then moved

to snother calibration point, or to & conductivity point.

(iv) Conductivity Points. Again the first step in

obtaining a conductivity point was to choose the temperature
at which it was wanted, Having done this, a temperature
ebout .1°K lower was set bn the pressure controller and the

helium bath brought to this temperature.
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Next, heat was generated in the sample heater, This
was usually a predetermined amount of heat in the range
0.1 - 3.0 mw, and was set by adjusting the power supply
control to the correct value.

We now, waited 15 - 30 minutes for thermal steady stsate,
For the conductivity points we were not quite so concerned
with absolute steady state (no change in either resister),
but set as our steady state criterion that there be no change

in the resistance difference of the two thermometers,

When steady state was obtained, the c onductivity point
data were recorded., They conéisted of:

(1)( Ry, Ry ohms, as measured by the bridge;

(2) Vy, Vi mV, as measured by the potentiometer,
the two voltages used in calculating the power in the sample
heater,

The measurement of one conductivity point was then
complete and one moved on to another conductivity point
or to & calibration point,

(v) Power Dependence of Thermal Conductivity. Normally

the conductivity points were spaced rougﬁly equally over the
temperature range of interest, However, occasionally we
wished to know whether the apparent conductivity was dependent
on the heat current through the crystal (it should not be),

To determine this, a series of points were.taken by lower-

ing the bath temperature slig@tlxnbeéween each point, and
epplying enough power to the érystal to bring its temperature

up to the temperature at which the first point was measured,
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One then obtained a series of conductivity points at rogghiy

equal temperatures but taken with increasing heat currents..

(1) POWER DEPENDENCE OF THERMOMETER TEMPERATURE

As mentioned previously, it is important in this experi-
ment that self-heating of the resistance thermometers due
to the measuring current be negligible.ijyﬁ*’e

In previous work w1th carbon re81sters the environment
of the resistor has been shown to be of importance in deter-
mining its self-heating. Clement end Qpinﬁel (1952) found-
a dependence of temperature rise on.poﬁer diséipation W
given by : | | . _ o

dW/am' 2. 5 x 1o'h T W/deg
for resistors in vecuum in & solld copper heat sink, wheress
Berman (195u) found the relatlonshlp .
qW/dT = 3.9 = 10-5 TI.6” W/aeg

for & resistor in vacuum cemented to a+copper Block in contact
with the helium bath. |

Due to this strong geemetry dependence, we decided to
check our thermoﬁeters to ensure they were not heating.

A run was done using two tempefetures, .22 °K and
2.10°K., For each temperature, the resistances of the upper
and lower thermometers (as well es a "bath thermemete:r'"E bolted
to the inside of the vacuum can) were measureduusing'pewer

-11

dissipations ranging from 5 x 10 watts to SIX'10'5 watts.

The value of R taken at the lowest pewer wés designated a= R..
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The upper and lower resistors behaved in an identical

manner and the results for the upper resistor are shown in

Table IT below, and in Figure 7.

Table II, Thermometer Power Dependence
T = }.22°,) Ry, = 377.75 ohms T = 2,10°, R, = 1546.7 ohms
Ry/Rou W watts R,/Rou W
1.000 187 x 1070 1.000 2.62 x 10710
1.000 1.95 " 1.000 2.8 "
1.000 780 " 1.000 11.L "
1,000 LbL.B N .9996 LS.k "
1.000 48.7 " +9992 139. "
1.000 . 195 " .9980 28Y. "
1..000 780 " .9966 1.1y x 1077
«9995 4.87 x 107 \ 9892 L.5h "
+9970 19.5 " 9456 28.L "
9679 78.0 " - -
~ohal L87 " - -
If we assume for the upper resistor a power dependence

of the form

dwgaT

¢ T

and if we assume the linear relationship

1/T = A+ B 1n (R)
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for the temperafure dependence of the resistance, we then
obtain the relationship

dR = =R

dw C B T Dn*2 .

Integrating, we obtain

In/ R \= ~W
"R,/ CB T n*2 .

From previous calibrations, B is known, and thus using

it and the two known temperatures we can solve for C and n.
These were found to be

C= 1.9 x 105 + 5%

n= 1.99 #5% = 2 ,
giving the relationship

dW/dT = 1.9 z 1073 T2 U/deg
for our thermometers..
| Knowing the power dissipation to be used in all cali-

bration and thermal conductivity measurements (point N, Fig. 7),
and using the derived power dependence relationship we were
thus able to show that self heating of our thermometers varied
from 1 microdegree at 1.2 °K to gbout 15 microdegrees at

}.2 °K and was therefore completely negligible.
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(5) LEAD RESISTANCES.

It will be noted that R, and K; refer to the resist-
ances of the uppér and lower thermometers ngg their assoc-
iated leads., The calibrations were anaslyzed in terms of
(Ri - Qli) where @,; are the resistances of the leads.

The lest run on each sample was done with the thermo-
meter leads and heater leads short circuited at the thermo-
meters and hesater respeéfivgly, This'was”dongvtqﬁdepe?mine
Q3 (for the thermometers) and also to find what fraction of
the fotal power generated'and measured ip the sample heater
circuit was not dissipated in the heater.

At u 2°K, the leads constltuted about 107 of the total
thermometer resistance, and about 3% of the heater_resistance.
Negligible variation due to bath 1e§e1‘or temperature was

seen in the resistance of the constantan lesgds,

(6) SAMPLE GEOMETRY MEASUREMENT

After the 1OW'temperaturevmeasufements were made, it
remained only to establish the geometry of the sample-- its
cross=sectional ares A, and the distance between the ther-
mometers L.

The diameters D of the semple were measured to 1/L%
using a micrometer éaliper or a travelling microscope, |
Center to center distances between the copper wires holding
the thermometers were measured to 1/2%; from six directions,

using a cathetometer,
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CHAPTERIV, DATA REDUCTION

(1) MANOMETRY AND CORRECTIONS

(a) Introduction. All temperatures quoted in this report

are based on, but not identical to, the temperatures of the
Teg heliumwu vapour pressure scale (van Dijk et al, 1960).
The 1958 international scale of temperatures is given in
terms of the vapour pressure of helium-l in microns of mer-
cury at 0°C and a standard gravity of 980.665 cm/seczw

If vapour pressures are read on finite bore mercury
and butyl-phthalate manometers at varying room temperatures
and local gravity many corrections must be masde to these
measured pressures in order to reduce them to accurate TSB
vapour pressures, We did not consider it necessary to make
all these corrections.

We shall define as Ty, the less accurately corrected
temperature scale in which we are working. Each thermal
conductivity is quoted at a certain temperature. We decided
to tolerate an error of up to 1 % in this temperature, i.e,
we would tolerate an sbsolute error between T58 and Ty of
10 millidegrees at 1°K and 40 millidegrees at l;’K. The thermal
conductivities, however, are inversely proportional to a temp-

erature difference., We decided that an error of .l% could be

allowed in this température difference, i.e. we would toler-
ate a difference between some ATy and the corresponding

AT58 Of o]i.%o
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(b) Corrections. Suppose some difference in meniscus levels

of & mercury or butyl-phthalate manometer has been read

with & cathetometer, giving & "raw vapour pressure". Below
is a list of all corrections that could be made, and whether
in setting up Ty they were, or were not made. Following
this section will be a proof that the resulting T_ fulfils

Jd
its requirements.

Three working criteria were used to determine whether
a correction would or would not be retained:
(1) the oil and mercury manometers were to agree to
within the 50 micron uncerteinty of the cathometometer
reading, .
(2) if & correction factor was time independent it
was ignored, and
(3) if & correction factor was always less then the
50 micron cathetometer uncertainty it was ignored.
The corrections are:

(1) Backing pressure, The pressure in the vacuum side

of the manometers was always checked., It was always greater
than 1 micron asnd less than 10 microns and was therefore

ignored.

(ii) Meniscus errors arise if the meniscuses on the two

arms of the manometer are of different shapes. ©Since the
"height™ of a mercury meniscus (the vertical distance from
the center point of the column to the point at which it
fouches the walls of the tube) is typically 1000 - 1500

<
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mierons for & 1 cm bore tube, this error cen be large. The
manometers were thefefore tapped well 5efore each reading,
Experience showed that this brought'the meniscus error to
within the 50 micron cathetometer uncertainty, and the
correction wes ignored,

(iii) Thermal expansion of cathetometer. The cathet-

ometer was calibrated at 20°C,"ahd had a thermal expansion
coefficient of 1.2 x 10“5/%° M&ximﬁﬁ érrbr"frbm this source
would ocecur &t & bath temperature of u,2°K, and at the highest
room temperature, say 2L, °C., Under these worst conditions

the error is &Q/u Cathetometer expansion was therefore

ignored,

(iv) Hydrostatic head correction. The measured vapour

pressure was that of the surface of the helium bath whereas
the thermometers were as much as 50 cm below this point and
hence the ligquid surrounding them was at a higher pressure.
Maximum error from this source is about [,000 microns and is
time dependent., It is therefore included.

(v) Graviton The pressure exerted by a column of mercury
is directly proportional to the acceleration of gravity.
The value taken for local gravity (980.937 cm/sec? ) was from
a,Department of Mines and Technical Surveys méasureﬁent
taken within 100 yards of the experiment. The ratio of

this velue to the TSB standard gravity is

980,937 = 1.,00028
980,665 |

giving a maximum error in vapour pressure at }.2°K of about
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220 microns. However, the error is time-independent and is
therefore ignofed.

(vi) Density, (&) of mercury due to constant room

temperature. The Tgg scale is in terms of mercury at 0°c.

If we assume forxTJ a constant room temperature of, say,
23°C, we introduce an error in the density of mercury of

/9(23)40(0) = ,99583 or an error of .417%. This results in
a maximum pressure error of about 3500 microns. As we have
assumed a constant room temperature, however; the error is
time~-independent and is therefore ignored.

(B) of mercury due to variable room

temperature. Here we account for the falsity of the previous

assumption of éonstant room temperature. If the room temp-
erature were to vary rather rapidly, there would be an appser-
ent variation in bath temperature due t§ the variation in
mercury density. We introduce an additional criterion at
this point, that the &pparent change in bath temperature
shall not exceed 1/2 millidegree/hour. The situation is
worst at the lowest temperature of 1.2°K (since the quantity
(de/dTBA)/PV is largdest there) and our calculation is for
a helium bath at that temperature.

At 1,2°K the vapour pressure of helium-} is 625 microns.
The slope of the vapour pressure curve dP/dTpa is L.4l
microns/millidegree. The volumetric expansion coefficient
of mercury at room temperature 15/3 = ,85 x 10~3/°C. Using

these values, it is easy to show that an apparent bath temp-
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erature variation of 1/2 millidegree/hr requires a room
temperature varistion of at least [;°C/hour. Changes of room
temperature of this rate were never observed therefore this
correction is ignqredo

(C) Ratio of mercury to butyl-phthalate.

There must be no discontinuity when going from the mercury
manometer to the oil manometer. The ratio of the density of
butyl-phthalate to the density of mercury must therefore be
known accurately, as a functionAof room temperature, We
cquld find no published data on this ratio, therefore we
performed a short, accurate experiment to establish oil(T)s
and oil(T)éﬂﬁg(T) for temperatures between 15°C and 25°C,
The results of this experiment are shown in Appendix 1.

K thermometer was then constructed using butyl-phthalate
as the thermometric substance, with a long tubular bulb, the
shape of helf a menometer, This device, which we call a
"manotherm" was used to read room temperature, on the assump-
tion that its thermal response time most closely matched
that of the manometers.,

This correction is necessary and is therefore included.

(2) Tg vs, Tgge

The helium-l} vapour pressure scale TSB is & relation-
ship between temperature and pressure defining & correspond-
ence f(p):

Tgg = f(PSB)°

As shown in the previous section, vapour pressures for
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the T; scale are obtained by measuring the dewar pressure
Pjew under existing conditions, and making & head correction
where necessary;

PJ = Pyew + head correction, whence T; = f(PJ).

The TSB scale vapour pressures, P58 are obtained from Py .
by including the effects of backing pressure, local gravity
and room temperature;

PSB ='Pdewf+-gravity correction + cathetometer expansion

+ room temperature correction + backing pressure

+ head correction.

We now wish to observe, for a typical set of measuring
conditions, the difference between TJ and TSB' We will assume
a backing pressure of 5 microns, a varying room temperature
of 22°C + 2°C, a local gravity of 980.937 cm/Secz, and for
simplicity, a zZero head correction. Under these conditions,

the corrections are

(a) Backing pressure€. « - o o o« o o o o o w e + 5 microns
(b) GI’aVity ° o ° ° ° ° o Y o + ( 027?) X 10—3 Pdew . microns
(c) Room temperature. . . = (3.99 * .36) x 1073Pg ey microns

(d4) Cathetometer. . . . 4 (.02l + .024) x 107> P4, microns
(e) Head correctioNe o« o o s o o s o o o o o o 0 microns
giving a total correction of

. ° ° ° ° © o o ° ° h (3£°69 i 038) X 10-3 PdeW" microns,
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-For the conditions above we see, therefore,

Pg =:13"<3e1;'»r,,

P58 =Pdew -(3.69 + .38) x 10-3 Edew.ﬁw5 microns.

Using selected values of P
dew

='f(PJ» and TSB = f(PSB)e

we have prepared Table TIL

below, comparing T

J
Table IIL

Tog K T °K Ty - Tgg mK
14.5000 | L.5042 # .000L -
14,0000 4.0037 + .OOOl 3.7 + oL
3.5000 3.5030 + .0003 3.0 + .3
3.0000 3.002l * .0003 2.4 + .3
2.5000 | 2.5018 # .0012 1.8 + .2
2.0000 2.0012 # ,00013 1.2 + ,13
1.5000 1.5005 ﬁ-,OOOOB o5 # .08

These results are plotted in Figure 8, from which it
may be seen that for T greater than 1;5°K, the relationship

between T; - T58 and TSB is linear, of the form .
TJ - TSB = m TSB + b,.
Such being the case, let us assume a ATgg =»T58(1) - Tgg(2),

and a corre&pondingAQTJ

o
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We therefore write

+
o

T;(1) - T_SB(l) =m Tse(l)
T5(2) - Tgg(2)

and subtracting,

+
o
-

" Tel®

Ty(1) = Tog(1) - T5(2) + Tp6(2) = m ( ?['58$1) - ~T58f2<? )

or
ATJ - ATSB = m ATSB .
From the graph we obtain a slope (using maximum and
minimum values) of m = ,0012 # .0001,
It may be seen from the graph that the largest absolute
error occurs at the highest temperature, say L.5°K.
Putting in the appropriate figures, we obtain an
absolute error
Ei—:—zig < ;l% < required 1%;
TSB =
and a fairly constant relative error
AT;- Algg
2T

= ,12% = required .1%

Hence we see that the TJ temperature scale does indeed
fulfil its requirements and we conclude that we are justif-

ied in its use.

(3) CALIBRATION PROCEDURE. AND . PROGRAM.

Once & set of calibration points (R,T) is obtained for
a given thermometer on & given run, some method of mathemat-

icael interpolation must be found to make it useful. One
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wishes to find that anelytic expression which best desecribes
the observed temperature dependence of the resistor. To
facilitate this, a computer was used to perform least squares
fits of the input data to various analytic expressions,

(a) Input data., Consisted of:

- N, the number of calibration points,

(R}, the N values of resisteance measured on the bridge,

- (T), the N corresponding calibration temperatures as
calculated in the previous section, and

- QE? the resistance of the thermometer leads, since R-@L

is the resistaence of the thermometer alone., This input

date: is of course pertinent to only one resistor,

(b) Calculation., Using the above data, s single iteration

least squares fit was performed to each of the following
expressions,

- LINEAR

1/T = & + B, 1n(R-Q,),

- QUADRATIC

1/T = &, + B,1n(R-Q ) + Czan(R'QL)9

- CUBIC " ’

1/T = &y + B,1n(R-Q,) + C;1n®(R-Q.) + D1n3(R-Q ),

- CUBIC + 1/LOG R

1/T = K, + Byln(R-Q,) + C,1n®(R-@ ) + D, 1n3(R-Q)

+E, /In(R-Q,), '
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- CUBIC + 1/LOG R + 1/(LOG R):+22
1/T = & + B, 1n(R-q_) + Cgo1n®(R-Q,) + Do.1n>(R-@,)
4+ B./In(R-Q,) + B /1n°(R-@ ).
For each expression, the intermediate estimate of the
: p&rameters(m,..., F‘) consisted of the final estimate of
the perameters of the previous_expressiqn, the intermedisate
estimete for the linear ééée beingwﬁ‘#;O;'B‘= 0.

For each expression, when the final estimate of para-
meters was obtained, it was used to calculate the set
\I/TFITI—- the inverse temperatures corresponding to the
input set R and the estimated parameters. The inverse
temperatures 1/T from the input set T were'also calculated,

Finally, for each set of paraméters, a set of numbers
called "TYPE 2 ERRORS" was calculated.

(c) Output. For each expression (linear, guadratic, etc.)

the output consisted of:

- Neme of expression (linear, etc.),

Intermediate estimate of parameters
A9 B’ c’ D etc.“’

Final estimate of parameters

&, B, C, D, E, etc.,

Set of N values for

T R-@ /T 1/TFIT LOG(R-Q )

o - s .

I B =

. e - . -

- WTYPE 2 ERRORS".
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(d) Anslysis. For each thermometer on each run we were thus
presented with five possible analytic expressions describing
its behaviour., It remained only to pickbthe best one.

There were two criteria for the best fit; _ i -
(i) the average value of the set \l/T;]leFIT* must be as
small as possible, and | N
(ii) the "TYPE 2 ERROR" corresponding to each parameter
should be less than 10% of the magnitude of the perameter,
In prabtice the ll/T - I/TFIT\ average was relatively

high for the LINEAR FIT (5-10 x;10_3), about two orders of

magnitude lower for the QUADRATIC FIT (5-10 x 10-5), and

'showed little if any improvement for higher order éxpress-

ions.. The "TYPE 2 ERRORS" rose with increasing order of

expressions and generally-exceeded 10% of the corresponding
perameter at the CUBIC. |

The optimum fit was nearly always the QUADRATIC, and
occasionally the CUBIC. The LINEAR, CUBIC + 1./LOG R, and _

CUBIC + 1/LOG R + 1/(LOG R)2 expreséionslwere never selected.
Magnitudes of a typicél set of parameters for the upper

resistor are

A= -0.27476

B = +0.033491
C = +0,0093272
D= 0

E= 0

F= 0
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(4) CONDUCTIVITY POINT ANALYSIS; T AT PROGRAM.

On a given run, the raw data féf.céndﬁctivity pointgm
consisted of the set of quadruplets (Ru,RI, v%, Vi) -- the
resistances of the upper end lower thermometers, and the two
voltages from the power measurement circuit (ehap; Ir - j).»
From these one must obtaip the heat current or power through
the sample, and the tempéfeﬁure.differenée between the therm-
ometers, |

(a) Heat current. (Fig. 6) Define V, @s the voltage applied

to the sample heater, leadé, and current measuring resistor,
Then the measured potential Vv is proportional to Vg,
Vg = (R3 + R_) Vv,
R, |
Define I4 as the current through the sample heater, leads,
and current measuring resistor. Then the measured potential
V; is proportional to Ig,
Vs

Ig = _1
Ry

°

But the total power Py generated in the sample heater, leads

.and current measuring resistor is jﬁst
Py = Vg Ig

=(R3)‘ + RV) VV Vi

L]

If we assume that all the power generated in the sample
heater is delivered to the sample, and all the power gener-

ated in the leads and current measuring resistor is dissipsated
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elsewhere, then the ratio of power through the sample P, to
total power PT is just the ratio of the average resistance
s

of the sample heater at low temperature RH to the totsl

T
circuit resistance Ryp + Rygpr + Ry. Rppp 1s the resistance

of the leads, R; the resistance of the current measuring

i

resistor.

ae]

Rgr

— or
v (Rup * Burp * Ri)

g

P o= Ryr Py |

(Rgr + Rypr, + Ri)

but we know Pp, therefore we obtain the final expression
for the power through the sample,
P = Ry (R3 + R

v) (Vv Vi)'

K11 resistances have been measured, and thus the heat cur-
rent is proportional to the measured voltages Vv, Vi“
. Values of the resistances, for the 8mm sample, are

shown below, together with a typical value of V, and Vio

R3 = 19,355 ohms

R, = 103,69 ohms

R4 = |1.96lohms

Rygmp = 1216,3 obhms

Rypr;, = 38.28 ohms, and therefore

P = 36,507 Vy, Vy .



59

Typically VV 6.953 mV, V. = 5.239 mV giving

P

H

36,507 (6.953 x 1073) (5.239 x 1073) watts
= 1,330 mW, a typical value for the péwer
through the sample.

(b) Temperature difference AT, is the temperature difference

between the upper and lower resistors,
T = Tp - TU . |
From the calibration program we have obtained the parameters

for the relations

1/Ty

Ay + Byln(Ry=ary) + Cyln?(Ry-Q ) + Dyln’ (Ry-Qpy),
1/Ty = Ap + BLln(RLeQLU) + CLlnszt_QLU) + DLlng(RL-QLU).
A simple progrem was therefore designed'to calculate the
temperatures of the upper and lower resistors, and their
temperature differences,

(i) Input data. Consisted of, for each resistor;

- N, the number of resistance values,

- Qp, the lead resistance for that resistor,
- Parameters, the set (4, B, C, D, E, F) for
that resistor, ‘

-~ Set (R) of N resistance values,

(ii) Output data, Consisted of;

- Ty, the calculated temperatures of the
upper thermometer,
- T;, the calculated temperatures of the

lower thermometer,
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- AT = TL - Ty, the temperature differences between

the two thermometers.

As well as the (Ry, Ry) pairs for the conductivity
points (i.e. the resistance pairs taken while power was flow-
ing through the sample), the original calibration point
pairs were fed to the T, AT program. In theory, since these
points were used to produce the calibration parameters, and
were taken under zéro heat current conditions, all AT cor-
responding to these resistances should be zero, In practice
therefore, the AT calculated from these resistances are &
measure of the total error in calibration,; program calculat-
ions, and roundoff., These Als generally averaged 0.l or
0.2 millidegrees..

ATs used for conductivity measurements ranged from

1 to 15 millidegrees.

(5) CONDUCTIVITY GCALCULATION.

We have already calculated the power P through the sample
and the temperature difference AT between the thermometers
(chap.1V - L), The distance [ ,between the thermometers, and
the digmeter D of the sample have been measured (d@P@ Ir - 650

The thermal conductivity k in terms of the power, temp-
erature difference, thermometer spacing and cross=-sectional
area of the sample is

k=F . L
AT A



and & = g ,
o

whence k = P 4L .
AT mD2

The temperature T at which the conductivity was
measured was taken to be
T = TU-#TL
2
the average temperature between the thermometers.
Finally, substituting expressions for P and AT, we ob-

tain the thermal conductivity

. . ' 2
(Bpr + Rypp, 4+ ry)  Bof4 Tp-Ty 7D
at temperature T =T - Ty /2,
or K =a v, vy
9
TL-TU

where G is & known constant for a given sample,
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CHAPTER V. RESULTS AND INTERPRETATION

(1) PRESENTATION OF RESULTS

(a) Data., Data for the thermal conductivity calculations

on the three Csl samples were gathered from a series of about
eighteen liquid helium runs. The measured thermal conduct-
ivities for the samples are shown in TablesIV, ¥ end Y[, and
in Figure 9.

{b) Errors. The major uncertainties and error bars of the
conductivity values result from the uncertainty in the
measured AT's used to calculate them. The average of the

modull of the AT's calculated for the calibration points on

a given run was faken to be the uncertainty in all AT's for
that run (see Chap. l sec. l4-b). The total uncertainéy in
the thermal conductivity introduced by the measurements of
power and sample geometry is about 1%.

Note, however, that there is a systematic error present.
Sample geometry was measured at room temperature, The total
thermal contraction of CslI from room temperature to helium
temperature is 1.16% (Jamés etal, 196l) and the ratio T/A
should therefore be increased by 1,16% if its low temperature
value is to be used in conductivity calculation. The con-

ductivity values calculated here are based on the room temp-

erature value of [L/A and are therefore low by 1.16%.
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TABLE IV

Thermal Conductivity of Sample # 1.

Room Temperature Diameter D = ,795 cm

k watt o
“m°K T °K k watt
- . o . em®°K
L0 # 0.6 1.79 943 * .0k
432 * 0.6 1.75 843 # .05
5.98 # 1.5 1;7% +928 * .03
113 * 0.6 1.68 <717 * .02
3.59 # 0.3 1.62 6u2 + .01
T7-3L # 2.0 | 1.55% 593 # .05
3.88 + 0.5 1.5k o552 # 02
2.88 * 0,3 1,52 «595 # .02
1,55 # 0.1 1.51 SL2 ¥ .01
Toly # 0,1 .15 571 # .05
1.39 # 0.1 1.40 176 % .02
+965 # .03 1,37 D71 A L0l
1.0l # .05 1.3L 159 # .02
<977 * .0l 1.29 11 * L0l
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TABLE ¥

Thermal Conductivity of Sample # 2

Room Temperature Diameter D = .86 em

T°K k watt
cm%»

6l
13
.16
213
15
.01
201
.008
201
.01
oL
»005
°OOS
+005
.003
.003
.003

6.0l

1.79°
2.00
e
1,63
.819
=707

.656
«7h2

+630
492
-38);
-397
.229
-196
177
+131°

R IR RN

‘999 9-9-¢

o -9 -0 -9
N 1= U120 0 1 = U1 OO O 1 i fa =

9

1 T PO RO R RO O U

O H (0~ O~ O H OO0 OW O =
ﬂ#kHéd#l#thd#l#hﬂdd+I#PH%4¥|+

9



Thermal Conductivity of Semple # 3%

Room Temperature Diameter D = ,286 cm -

T°K. k watt
em®K
a3l 1,13 + 402
.26 2778 * .10
4,06 L o867 # 01
F.52 825 + .10
3.08 59 # .02
3405 488 % .05
2.9 26 + 01
2,21 +198 + .003
2.1l .163 % ,003
2.10 +15l4 4 .002
2,05 -153 + ,002
1.9k .128 * ,002
1.85 "»110 # ,002
1,75 +097L + .002
1.73 .0938 + ;002
1.63 20797 * .002
1.52 L0659 ¥ 001
Tohly - L0573 ¥ ;001
1,42 20567 ¥ .001
1.17 +0339 ¥ 001

# Note: Sample #3 is sample #1 ground down from .795 cm

to .286 cm by sbrading with a high speed grinding tool.
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(¢) Graphical Analysis. When the points had been plotted

on a log-log graph (Fig. 9) they seemed to suggest the exist-

ence of one straight line relationship for each sample, and

the existence therefore of &a relationship of the form

kx = AT for each sample, Graphical determination of these

best straight lines led to the following results;

Sample #1, k = A)T™ | where
A

1 = -19 * .02, and

nl = 2061 i 0-1 ________________

Sample #2. k = Angz, where

A, = ,072 * ,008, eand

n, = 245 * o1 e

Sample #3. k = ABTn3, where

]

Aq ~022 + ,002, and

i3

(2) INTERPRETATION OF RESULTS

(a) Size Dependence. The thermsl conductivity

2.69 £ o1l e

is different

for each of the three samples, thereby suggesting the pres-

ence of a size-dependent thermal conductivity.

When boundary

scattering is the sole phonon scattering mechanism, theory

predicts a conductivity k = BDT39 where B is some constant,

A graph of k/T3 vs, diameter D for the various samples should
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therefore yield a straight line of slope B passing through
the origin.

As the accuracy of the date improves markedly below the
lambda point, it was decided to average k/T3 for each.sample
for T< 2.1°K. The average values of k/T3 for each sample
are shown in TableML below, together with the standard

deviation of the value of k/T3°

TABLE YT
Sample # (k/‘I‘3) + 0/, (T £2,1° KB Deom
1 <166 * ,016 «795
2 -0578 + .0062 1,86
3 .0185 * .0013 | .286

These results are shown in Figure 10. It may be seen
that the points do not lie on a straight line through the
origin, and in fact the three points cannot be made to lie
on @ straight line at all., The points seemed to suggest e
parabola of the form (k/f‘I‘3)'=-B/D2T3 and it was therefore
decided to plot k/T3 VS D2, This plot is also shown in
Figure 10.

These three samples appeared to give a size dependence
proportional to DZ; and a temperature dependence somewhsat

lesss than TE. We therefore used a graphical method to obtailn
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an empirical egquation for the behaviour of all three samples;
of the form k ='B’D2Tn The result obtalned was
k= (.31 % .02) D2Tn watt/cm®K, where |
n =2.58 & o1 o dceccecee (&).
The graph of k/D2 vs. T ié shown in Figure 1l.

Now lgt us compare these results with the conductivity
predicted theoretically on the assumption that scattering
from the sample walls is the only phonon scattering mechanism,
If ko is the theoretical thermal conductivity; then from
sbove (Chap. I, sec,lu - d) we have

(k,/T3) = 1.65 D watt/em°Kl

If we evaluate 1. 65 D for the three samples then com-

pare this with the experimental values of (x/T3) from TableYK

we obtain the following ratlos of measured to predicted therm-

al conductivitys

sample #1  (k/k,) = 12.7%
Sample #2  (k/k,) = 7?2%n »
Sample #3 (k/kol, = 3»9% ____________________ (6).

This is a very large discrepancy between theory and ex;
periment. We therefore concluded that boundary scattering
from tﬁe walls is not the ma jor phonén scattering mechanism,
This conclusion is alsc borne out by the temperature depend-

ence of about T2°6& Pure boundary scattering would lesd to
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& dependence on T3° However, it may be seen from Figures
9 or 10 that k is very strongly size dependent, or at least
sample dependent. We thus conclude that k is affected by

semple size, or internal sample structure, or both,

(b) Internal Structure Dependence. If the conductivity

is being determined by internal sample structure there are
three major phonon scattering mechanisms which should be
considered; (i) point defect scattering; (ii) line dislocat-
ion scattering, and (iii) grain boundary scattering,

Both Cs and I have only one naturally occurring isotope.
Csl is therefore isotopically pure. The CsI used was also
of "optical pufity"‘with regard to chemical impurities. We
may therefore rule out point defect scattering as a dominant
mechanism, Point defect scattering would introduce a
temperature dependence of 71 in the thermal conductivity.

Line dislocation scattering can be shown (Klemens; 1958)
to introduce & temperature dependence of T?Vin the thermal

conductivity. The thermal resistance due to line dislocations

;.3 1 m

where N_ is the average number of dislocation lines per
unit area, b is the average Burger's vector of the dislocations,
§ is the Grunelsen parameter for the materiasl, and v is the

veloclity of sound in the material,
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It may also be shown (Klemens; 1956) that grain boundary
gcattering would introduce a temperature dependence of 73
in the thermal conducpivity.‘ The thermal resistance due to
grain boundaries was shown to be approximately
L S (8,
Ke CyvL a ‘
where Cy is the specific heaﬁ; v is the average velocity of
sound and L is either the sample size; or L = lu? where 1
1s the average distance between grain boundaries and X is
the average angle of tilt,
Let us suppose that the thermal conductivity of our samples
is governed»by some combination of line and plsane dislocation
scattering, We may then say that the thermal resistance

1/% is roughly given by

L = G + H el - (9),
k 2 13

(where G and H are constants for a given sample); i.e. that
the thermal resistance is the sum of the thermal resistance
due to line dislocation scattgring; and the thermal resist-
ance due to grain boundary scattering.

The measured conductivities in this experiment were showh

to depend on TZ“SB, whence the measured thermal resistance
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is given by

= a7t . (10).

i A
k 72.58

Suppose we equate these expressions,

S S S (11)

and solve for Gvand H by substitution of two temperatures;
say 1.5°K and L.0°K, using one of the measured values of
A1, Doing this gives values of G énd H and a ratio of
GeH of about 1:3. Subsequent evaluation of (9) and com-
parison with (10) shows that if k“were givén by equation
(9) instead of equation (10); it would differ from (10) by
no more than 5% over the measured temperature range. The
data does not permit us to distinguish between the two pos-
sibilitieg_(Q) and (10) and we may therefore conclude that
g behaviour of the form indicated by (9) is a possibility
in the light of the present experiment,

As a further check on the possibility of line and plane
dislocation scattering; one may use the calculated magnitudes
of G and H>to estimate the defect concentrations. A number
of numerical assumptions must be made; but by choosing an

individual case one may estimate the grain boundary separation -
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-tilt  angle product;_and.the line dislocation density. In
the case of sample #3; for instance; if one assumes large
crystallites (of the order of 1/10 of the sample diameter);
one obtains from H and (8) an average tilt angle of sabout
15°; and from G and (7) a dislocation line density of about
5 x 10§/bm2 (takipg the average Burger's vector to be a few
lattice spacings). The dislocation dehsity of 5 x loe/cm2
is rather high; but experiments on the effect of dislocations
in LiF have shown (Sproull et al; 1959) that Klemens:'
equation does seem to produce a value much too high. Sproull
noted a discrepaﬁcy of about 5 x 103. If we reduce N _ by
this factor we obtain a value of N _~ 1o5/ém?, a dislocation
density typical of a slightly strained alkali halide crystal.
It should also be noted here that the dislocation
density estimatgd for.sample #3 is higher than that estimated
for sample number one. This would be expected since sample
#3 was ground down from sample #1; the grinding process being
guite likely to introduce strains and consequent dislocations.
The validity of the ebove interpretation could be checked
by annealing one of the samples and femeasuring its conduct-
ivity. If dislocation scattering is a dominant mechanism;
the conductivity of an annealed sample would be expected to
be considerably higher than that observed previous to the

snnealing,
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It should be noted that if dislocation scattering is
responsible for governing the thermal conductivity of these
Csl samples; then any functional relationship between sample
diemeter and thermal conductivity is strictly coincidental.
The apparent proportionality of k to the square of the sample
diameter for our specimens is rather striking; and the author
would be surprised to find that it is coincident&l._

Coincidences; however; do tend to be surprising. We
intend to investigate the thermal conductivity of samples
of other sizes; and to investigate the effect of annealing
the samples to resolve the question of the existence of
size dependenqe andfor internal structure dependence in

this material.



77

BIBLIOGRAPHY

Berman- R.; Slmon- end Zimen: Proc° Roy. Soc. A220 171 (1953)
Berman R.: Rev. Sci Inst. _5, oL (195L)

Berman, R,, Foster, and Zimen: Proc. Roy. Soc. é_l_ 13@ (1955)
Berman, R.: Cryogenics 5, 297 (1965)

Bett$; D.D.; Bhatia, and Wyman: Phys. Rev. 105; 37 (1956)
C&ll&w&y; J.: Phys. Rev, l;}; 1046 (1959)

Call&way; J.: Phys. Rev. ;gg; 787 (1961)

Carruthers; P.: Rev. Mod. Phys, 21; 92 (1961)

C&simir; H.B.G.: Physica 5; 195 (1938) .

CIemént’ Ja R., and Quinnel: Rev. Sci. Inst. gl; 213 (1952)
deH&as' W.J., and Biermasz: Physica 5, 619 (1938)

Guyer; R.A., and Krumhensl: Phys. Rev, _Q_, No. 2, 778 (1966)
Houston; W.V.: Rev. Mod. Phys. gg; 161 (19&8)

James‘ B W, and Yates: Cryogenics 5, 68 1965)

Johnson R, C., end Little: Phys. Rev, _2_, 596 (1963)

Klemens, P,G.,: in Handbuch der Physik, (Springer-Verlag,
Berlln 1956) Volume 1l

Klemens, P,G.: in 5061id State Phys1cs (Academic Press, Inc.,
New York 1958) Volume 7 '

Makinson, R.E.B.: Proc, Cambrldge Phil. Soc, gg, u7u (1938)
Pelerls, R E.: Ann., Physik 3, 1055 (1929)
Sproull, R,L., Moss, and Weinstocks J. Appl., Phys 1_, 33u (1959)

Taylor, A.R., Gardner, and Smith: Bureau of Mines Rep. No. 6157.
(U.S. Department of the Interior, 1963)




78

Thatcher, R.D.: PhD. Thesis, Cornell University, (1965)

Vellin, J., Beckman, and Salema: J, Appl. Phys. 35,
1222 (1964)

van Dijk, H., Durieux, Clement, Logan, and Brickwedde:
Journal of Research of the National Bureau of
Standards - A. Physics and Chemistry 6LA, No. 1 (1960)
_Walker, E.J.: Rev, Sci. Inst. 30, 834 (1959)

Ziman, J.M.: Can, J. Phys. 3L, 1256 (1956)



79

APPENDIX 1

Density, Volumetric Expansion and

Relative Density of Butyl Phthsalate,

(&) In order to obtain an accurgte correspondence between
the oil (butyl phthaiate)”ménometer end the mercury manometer,
it was desired to know the ratio of the density of butyl
phthalate to mercury as & function of tempersasture in the room
temperature range. Butyl phthalate (Cy/H,504) is also called
dibutyl phthalate,.n-butyl phthalate and~bhthalic acid,
dibutyl ester.,

We were unable to find measurements of the density of
this material as a function of temperature. Furthermore,
the density quoted in the Handbook of Chemistry and Physics
(196,,-1965) disagreed with that on the bottle label. We there-

fore decided to perform the experiment ou}selveso

(b) & density bottle with attached capillary was used to
determine the volume of a sample of o0il, The bottle was
weighed, then accurately calibrated using double distilled
water. The o0il used was 21,800 * ,001 gm of butyl phthalate
supplied by the Fisher Scientific Compeany, Lot number 753885.
Immediately prior to plecing it in the density bottle, the |

oil was thoroughly outgassed by pumping on it with & rotary
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vacuum pump for & period of 24 hours,

The absolute density of the oil was established by direct
measurement of mass and volume at two temperatures., The density
over the range 17 - 2,°C was measured by observing the meniscus
level of the oil in the capillarylvia & c&thetometer; end
subsequently computing the volume bf thé'oil. The experiment
was performed with the entire density bottle imﬁersed in &
large water bath, Temperaturés were measured at various points
in the weater bath and agreed to within .1°C.

In computing the volume, density and expansion coeffic-
ient of the butyl phthaléfe, the thermal expansion of the
FPyrex density bottle had to be considered. The value of the
volumetric expension coefficient for Pyrex was taken to be
(Handbook of Chemistry and Physics, 196l)

ABo= (9.3 .3) x107°/% _______________&(1).

The direct measurementiof the density of butyl phthalate ..~,
yielded the results

 Poq1 (22.0°0) = 1.0456 * 005 gm/om’ ...

and //00i1(20,7°C) = 1,0467 + ,005 gm/cm3-_-_-; _______ B(2).
Meassurement of the meniscus level in the capillary, and

subseguent calculations yielded the values o%ﬁgoil,/ooil(T),

/AEg(o)/ oil(T) and//%g(T)/oil(T) shown in Teble A:1. The
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TABLE A: I

Expansion Properties of Butyl Phthalate (CléHZZOh)'

& ot

i

57 = Volume (T°C) - Volume (0 <)

[Volume (0%¢) x T°C _]

= (.85 + ,01) x 1073/°C at 22°C.

/%il(T)gm/Cm3
1.0652 + .ooo7
1.0606

1.0562 n
1.0517 n
1.0509 "
1.0500 "
1.0491 "
1.0482 "
1'0u73 "
1.0465 "
1.0456 * .0005
1 .Ouuo? "
1.0439 "
1.0430 "
1.0421 "

1 . OLLlB 1
1.0404 "
1.0395 "
1.0387 "

/ﬁg(O)/'011(T

12,762 + 007

12.818
12.871
12,926
12,936
12.947
12.958
12,969
12,981
12,991

13,002

13.013
13.023
13.034
13,045
13,055
13.067
13.078
13,088

L}
I

)

,fQé(T)(/égl(T)

12.762 + .0
12.807
12,848
12.891
12,907
12,916
12,925
12.934
12.941
12.950
12.959
12,966
12.975
12,98)
12.992
13,000
13.009
13,017

07
4

"
i
"
1"
n
3
114
1"
1w
1w
w
"
"
"
n
#
1
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mercury density values used in the oil to mercury density
ratio celculation were taken from the 195} Smithsonisan

Physicel Tables (The Smithsonian Institution, 195l).

e—

/g oi] We&s found to be essentially constant over the

measured tempersature range,



