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SUMMARY

Self-diffusion and ionic conductivity studies
t •have been carried out on pure single crystals of CsCl 

and on single crystals containing aliovalent impurity 
ions. The crystals were grown from aqueous solution.

Self-diffusion studies, using radioactive tracers, 
indicate the existence of two regions in the diffusion 
plots for both anion (Cl-36) and cation (Cs-137) diffusion, 
in the approximate temperature range 200-470°C. Below 
approximately 290°C. , the diffusion can.̂ be represented 
by the following equations

^Cl” (°m*Vsec) * 1.95 x 10-7.exp(-0.50/kT)
and

DCs+ (cm2/se°) = 9.04 x 10“^.exp(-0.60/kT).

Between 290-470°C., the diffusion equations have the 
following form:-

DCi- (cm2/sec) = 2.1 exp(-l.30/kT)
and

DCs+ (cm2/sec) = 25.3 exp(-l.54/kT).

The diffusion is interpreted in terms of ion movement 
via Schottky defects. The results indicate that the 
energy required to create a pair of Schottky defects in 
CsCl is 1.96 + 0.04 ev.



Over the complete temperature range studied, the anion 
is the more mobile ion.

The Cs-137 diffusion coefficient is increased, 
particularly at higher temperatures, by deliberate 
addition of divalent cation impurities. Addition of 
divalent anion impurities lowers the diffusion coefficient 
over the complete temperature range studied. The Cl-36 
diffusion coefficient is lowered by the addition of either 
divalent cation or divalent anion impurities.

t tIonic conductivity studies in pure single crystals 
of CsCl, in the temperature range 230-470°C., indicate 
the existence of two regions in the plots of conductivity 
as a function of reciprocal temperature. The magnitude 
of the conductivity and the activation energy, in the low 
temperature region, are dependent upon the origin and 
pre-treatment of the crystal. In the approximate 
temperature range 280-470°C., both the magnitude of the 
conductivity and the activation energy are reproducible 
from crystal to crystal and independent of the origin 
and pre-treatment. In this region the conductivity is 
described by the equation

<y(ohm‘“1cfi“1) = 1.64 x 10^. exp(-l. 395/kT).



In crystals containing divalent cation impurities 
the existence of a region of conductivity, characteristic 
of ion movement via impurity-induced vacancies, is not 
observed. In the approximate temperature range 300-470°C., 
three regions of conductivity occur. In the approximate 
temperature range 300-350°C. , region I, an activation 
energy and magnitude of conductivity, similar to those 
for pure crystals, are observed. In region II, 350-390°C., 
a rapid increase in conductivity occurs. This is 
interpreted in terms of impurity dissolution. Above 390°C., 
region III, the activation energy is dependent upon the 
impurity concentration.

The general shape of the conductivity plots for 
crystals containing divalent anion (sulphate) impurity is

t *similar to that for crystals doped with divalent cation 
impurity. In region I, however, the magnitude of the 
conductivity decreases with increasing sulphate concentration. 
It is suggested that the sulphate ion, due to its size, 
is present in the lattice in the form of impurity-vacancy 
complexes. The impurity-induced vacancies, therefore, are 
not available for conduction in this region. The lowering 
of the magnitude of the conductivity is caused by the 
suppression of the thermal vacancy concentration. In region 
II, dissociation of the complexes leads to a rapid increase 
in conductivity.



The observed activation energies in region III tend to 
support the interpretation of region II; but the observed 
effects are less marked than would be expected. It 
appears, therefore, that only partial dissociation occurs 
in region II.

Ionic conductivity measurements have also been used 
to study the phase transition (simple interpenetrating- 
cubic to face-centred cubic) in caesium chloride. In pure 
crystals the transition occurs in the temperature range 
469 - 3 —  473 - 2 °C. The transition temperature is 
lowered with increasing amounts of divalent cation 
impurities to a minimum of about 430°C. Further increases 
in impurity concentration cause the transition temperature 
to rise again. The transition temperature is raised 
with increasing amounts of sulphate ion impurity. The 
highest temperature recorded is 520°C.

It is suggested that the transition in caesium 
chloride is critically dependent upon the rate of 
movement of both the caesium and the chloride ions.
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CHAPTER 1.
1

INTRODUCTION,

1.1 GENERAL INTRODUCTION.
In order to account for the many optical and 

physical properties of ionic crystals, a departure 
from the perfect crystalline arrangement is necessary. 
Without the presence of imperfections, properties which 
involve migration of atoms or ions, e.g. diffusion and 
ionic conductivity, are energetically inconceivable.

In 1926, Frenkel^” proposed that ions sometimes 
received sufficient energy from thermal vibrations to 
be pushed from their normal lattice positions to 
positions in the interstices of the lattice. Further 
excitation leads to movement from one interstitial 
position to another until eventually the ion meets a 
vacant site and drops back into the normal lattice.

In this way diffusion of atoms or ions could take 
place and ionic movement under the influence of an 
external field, i.e. ionic conduction, was also explicable. 
A crystal lattice containing Frenkel defects is 
illustrated in diagram A.

2 3It has since been shown 9 that Frenkel defects 
are. important in the silver halides.

A second type of lattice defect was envisaged by



DIAGRAM A. Illustration of Frenkel Defects.
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Schottky , and is shown in diagram B.
Schottky proposed that a chemically equivalent 

number of anion and cation vacancies could arise if 
the ions migrate from their lattice positions to 
internal or external "boundaries.

Although "both types of defect can occur in the 
same crystal, the respective formation energies are 
such that one type will predominate. In general,
Frenkel defect formation is favoured when individual 
ion sizes are largely dissimilar, and van der Waal’s 
energy and dielectric constant are high. Schottky 
defects, on the other hand, predominate" in the majority 
of alkali halides, in which the dielectric constant 
and van der Waal’s energy are low.

The number of Schottky or Frenkel defects present 
can easily "be calculated. One method of calculation

5for Schottky defects proceeds in the following manner .
Let us consider that a cation and anion in the 

lattice react with imaginary sites outwith the lattice 
and form pairs of ions ’adsorbed* on the surface and 
a pair of vacancies in the lattice. This can he represented 
by an equation of the type

Anion and Cation Imaginary sites Pair of Pair of
+ « + 

in lattice outwith lattice ions ad- vacancies
sorbed



3
the surface hy N , and the number of ion pairs in the

s
lattice by N, then we can apply the Law of Mass Action 
approach to the equilibrium,

n2Hs/(N - n)2(N8) = K  (l)

When n is very much less than N, equation (l) reduces to
2,2 , xn /N = K  ....(2)

If W is the energy to create an anion and cation 
vacancy, i.e. the energy of formation of a Schottky 
defect, then

n = E exp(--£W/kT) .......... (3)

Equation (3), which illustrates the increase in 
the concentration of vacancies with temperature, 
neglects the changes in vibrational frequencies of 
the ions due to the presence of vacancies, and does 
not take thermal expansion of the crystal into consider
ation. The relationship has been modified to allow

gfor these factors .
The thermal expansion leads to a decrease in W 

and may be represented as follows.

WT = WQ + V.V T(a»/dV) ....... (4 )

where, WT is the energy to create a pair of vacancies 
at temperature T,



= (▼/▼')X  (5)

oW = the energjr to form the defect at 0 K, o
V = the crystal volume at 0°K, o

and ^  = the coefficient of thermal expansion.
The correction for differing vibrational frequencies 

introduces a pre-exponential factor, ^ , which is 
given by

s
where v = the normal lattice frequency,

v*= the frequency of an ion adjacent to a 
vacancy,

x = the number of nearest neighbours.
Taking these effects into account, equation (3) 

becomes
n = jBN exp(-JWAT) .......... (6)

where B = exp(-|j°*

Similar relationships can be derived for the concentration 
of Frenkel defects as a function of temperature.

It should be noted that under constant temperature 
conditions equation (6) can be represented by

V 's  = K* = no .....................(7>

where n^and iig are the mole fractions of the defects.
For Schottky defects, n^ and n^ are the mole fractions 
of cation and anion vacancies which,In a pure crystal,



will lie identical and equal to nA.o
1-2 IONIC MIGRATION IN CRYSTALS.

The presence of defects of either Frenkel or 
Schottky type provides suitable conditions for the 
movement of ions in the crystal. In a crystal containing 
Frenkel defects, ions, usually the cation, can migrate 
by an interstitial mechanism which involves the jumping 
of the ion to a neighbouring interstitial site. Ions 
can also move indirectly by knocking an adjacent atom 
from a lattice site into an interstitial position and 
occupying the vacated site itself. This is known as 
the interstitialcy mechanism.

Both anion and cation migration is possible in 
a crystal containing Schottky defects by the movement 
of ions from their lattice positions to corresponding 
vacancies in neighbouring positions.

The phenomenon of ionic conductivity, the movement 
of ions under the influence of an applied electric 
field can be represented by equation (8)

or =  n e ^ i  8 )
where a  = the specific conductivity measured

in ohm ^cm \
an = the number of vacancies per cm , i.e.

charge carriers per cm^, 
e = the electronic charge,

and = the mobility of the ions, i.e. the



rate of movement under unit field.
This relationship "between conductivity and the

number of vacancies has led to ionic conductivity
studies being widely used for the purposes of learning
more about the behaviour of defects in ionic solids.

However, we can only measure the total conductivity
of an ionic crystal and the component contributions
of the anion and cation must first be determined before
any useful information can be derived from such measure-

7ments. Transport number determinations have shown 
that, for the majority of alkali halides, the conduct
ivity is almost exclusively cationic except at temper
atures near the melting point.

In such instances ionic conductivity studies have 
proved invaluable in the quest to understand better 
the nature and behaviour of lattice defects.

The simple equation (8) can be expanded by
5introducing the expression for the mobility ,

ji = (■va2Ce/kT) exp(-U/kT) .......... (9)

where v = vibrational frequency of the ion,
a s the distance between the ions,

and C = a thermal expansion correction to the
height of the energy barrier U. 

Substituting the value for jx from equation (9),



7
equation (8) 'becomes

o' = (nva2Ce2/kT) exp(-U/kT) ....... (10)

Further substitution, this time for n from 
equation (6), gives

d  = ( j,BCNva2e2/kT) exp(-U/kt )exq)(—J-W/kT).. .(ll)

Equation (ll) is usually written as

d = d /T exp(-E/kT)  (12>o
where E = U + -JW.
Similarly, the diffusion of ions through a lattice 

can also be represented by equations of this type.

D = yBCva^exp(-U/kT) exp(—JW/kT) ....... (13)

and D « D0exp(-E/kT)  (14)

where E = U +
and D is the diffusion coefficient.

From equations (12) and (14) it is seen that 
plots of log(dT) and log(D) against (l/T) should 
result in straight lines from which the energy, E,
can be calculated.

The early studies® of ionic conductivity invariably 
showed the existence of two regions in the log(d)



8
versus (l/T) plots. These two regions were defined 
“by a f knee1 . The conductivity at temperatures ahove 
the knee, the intrinsic region, was quite reproducible 
from crystal to crystal. The activation energy for 
this process is, E, the sum of the energy to create a 
defect, JW, and the energy for mobility, U. The region 
below the knee, the extrinsic region, was found to be 
dependent upon the purity of the sample and upon its 
thermal history.

Various reasons were proposed at the time to 
account for this non-reproducibility and for the lower 
activation energy in this region.

9The first of these was put forward by Sraekal , 
who proposed the idea of diffusion of a small number 
of atoms or ions by means of grain boundaries. Although 
this theory suffered serious setbacks it has since 
returned to favour as we shall see later.

The second idea was that of ’frozen-in* defects10. 
It was suggested that on cooling a crystal, vacancies 
were trapped and consequently a non-equilibrium 
concentration of vacancies existed in the crystals at 
the lower temperatures. Temperature changes in this 
region would only affect the ion mobility.

However, the most-accepted and subsequently 
verified interpretation ( to some extent at any rate)



9
of the low temperature region was that which attributed
the region to the existence of trace amounts of impurity
or foreign ions of a different valency to that of the
host ions11. These will in future be called aliovalent
impurity ions. The introduction of aliovalent impurity
ions into a crystal lattice leads to the question of
electrical neutrality and its subsequent effects. When
a divalent cation is introduced into a uni-valent

2+lattice, e.g. Ba in NaCl, an unbalance of charge
2+occurs if the Ba ion substitutionally replaces a

sodium ion. In order to retain electrical neutrality
2+the substitution of the Ba ion, will be accompanied 

by the formation of a cation vacancy in the lattice.
For example, on the addition of divalent cation impurity 
of mole fraction c, the maintenance of electrical 
neutrality requires that,

n^ = c + ng  (15)

where n-̂  and ng are the mole fractions of the cation 
and anion vacancies respectively. Equation (7) can 
now be written as,

1̂ (113- c) = n®  (16)

or, = *c(l + (1 + to2/e2) *0....... (17)
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Equation (17) illustrates the change over from

intrisic conductivity, when c, to impurity
controlled conductivity when c n . It alsoo
illustrates the suppression of the thermal vacancy
equilibrium hy the presence of the aliovalent impurities
By substituting values for n , the conductivityo
expression (8) can he shown at low temperatures to he
a function only of U, the energy of ion mobility, while
at higher temperatures it depends upon the energies for
defect formation and for ion mobility, i.e. U + £w.

This explanation of the two regions in the
conductivity plots was first put forward by Koch and 

11Wagner in 19 37. Experimental substantiation of the
12theory was established in 1949 by Kelting and Witt

13and by Etzel and Maurer a year later. The former
studied the addition of SrCl and Ba01o to KC1, while2 2 2+the latter carried out investigations on Cd -doped NaCl

The phenomenon of single vacancies was sufficient
to explain the experimental data available up until

14some 24 years ago. However, the work of Pohl , and
15later that of Estermann, Leivo and Stern , showed

the production of F-centres (Farbzentrum) in NaCl and
KC1 required some modification of theory. These 
F-centres, which consisted of anion vacancies containing 
a trapped electron, were instrumental in the proposal



DIAGRAM C . Illustration of Vacancy Pairs.
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of Seitz of the existence of what has become known 
as *vacancy-pairs*, (diagram C)f neutral entities 
formed by the association of positive and negative 
ion vacancies.

Further evidence for the existence of defect 
entities other than single vacancies became available 
when detailed studies were made on the ionic conductivity 
and diffusion in the alkali halides. From a consider
ation of the conductivity and diffusion equations (11) 
and (15) a relationship is apparent. This relationship 
known as the Nernst-Einstein relationship can be written

<jT(f)/i> = He2 A   (18)

and is valid so long as the same type of defect is
scontributing to both conductivity and diffusion .

A study of conductivity and cation selfjliffusion 
18in NaCl and NaBr revealed the validity of the Nernst- 

Einstein relationship in the intrinsic region above the 
knee. However, in the region below the knee the 
measured diffusion coefficient was higher than that

*
In cases where tracer diffusion is measured, D 

must be replaced by 3)(f) where (f) is a correlation
factor which takes into account the deviations of the
tracer diffusion from a random walk process. The value
of (f) depends on the mechanism of ion movement.



DIAGRALI D . Illustration of Impurity-Vacancy Complexes.
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calculated from conductivity results. Similar results 
were obtained "by Aschner‘S  on pure and Sr^+-doped KC1. 
This failure of equation (18) in the extrinsic region 
necessitated the existence of some neutral entity which 
contributed to diffusion hut not to conductivity. While
an obvious explanation was that of vaeancy-pairs, the

18above authors favoured the idea of a second neutral 
species, which has become known as an impurity-vacancy 
complex. This is illustrated in diagram D.

Two further pieces of experimental evidence 
supported the idea of the existence of complexes of 
this nature. The results of Etzel and Maurer showed 
that the increase in magnitude of conductivity in the 
extrinsic part of the conductivity plots in NaCl was

p .not commensurate with the amount of Cd -doping.
Furthermore, if the non-validity of the Nernst-Einstein
relationship is due to impurity-vacancy complexes of
this nature, the absolute values for impurity diffusion
should be higher than those for self-diffusion. The

20results of Chemla substantiate this conclusion.
In recent years there have been many investigations 

of the vacancy-complex formation. A new technique, 
that of dielectric loss measurements^, proved a great 
aid to the studies of lattice disorder at low temper
atures, particularly with regards to impurity-vacancy 
complexes. Dielectric loss, tancf, results from the
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the re-orientation of the impurity-vacancy complex 
under the action of an applied filed. Plots of tan<^ 
versus temperature at a fixed frequency or, as is more 
often employed, tan £ versus frequency at a fixed 
temperature give rise to peaks. The height and position 
of the peaks giver a measure of the concentration and 
formation energy of these impurity-vacancy complexes.
The existence of such dielectric loss peaks, although

22 23—29at first repudiated , has "been used hy many workers
and has greatly increased our knowledge of crystal defects.

Further information has "been derived from electron
24-spin resonance studies. Measurements on Mn -doped

5 A  IZ*1NaCl 9 , in conjunction with dielectric loss measure
ments, have led to the present-day picture of a crystal 
lattice in which not only those defects previously 
mentioned exist,; hut a lattice in which dimer, triraer 
and higher order impurity-vacancy complexes, vacancy 
clusters and impurity aggregates are present.

1.3 ROLE OF GROSS DEFECTS IN CONDUCTIVITY AM) DIFFUSION.
The previous section has shown that a reasonably

adequate mechanism of ionic conductivity and cation
self-diffusion in the alkali halides can he obtained 
in terms of point defects, i.e. defects whose sphere of
influence is restricted to a few ions in the vicinity 
of the defect. A crystal, however, also contains gross



DIAGRAM E . Regions in conductivity plot (Dreyfus & Nowick)
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defects which involve large numbers of ions, the most 
important of these defects being the one-dimensional 
imperfections, edge and screw dislocations, and the

32two-dimensional imperfections such as grain boundaries 
Structural defects of this type seem to play a 

minor role in ionic conduction in the alkali halides. 
This is somewhat unexpected since dislocations can act 
as either vacancy sources or vacancy sinks. Further
more, edge dislocations, at low temperatures, do
possess a significant charge arising from the differ-

33ence m  mobility of anion and cation vacancies. The
main effect of dislocations on ionic conductivity
appears to be in their ability to act as impurity

34,35,36aggregation centres
The previous discussion (1.2) of impurity effects

has assumed the complete solubility of the impurities
at low temperatures. This is seldom correct. Dreyfus 

37and Nowick have extended the range of conductivity 
measurements made on aliovalent impurity doped NaCl 
to lower temperatures. At least four ranges of ionic 
conductivity can be characterised as shown in diagram S.

Region I corresponds to dissolution of the 
impurity in the crystal; this is usually accompanied 
by the formation of vacancy impurity complexes. At 
higher tenperatures (Region II) these complexes
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dissociate and the activation energy in this region 
is given "by

*11 = u + Wa/2

where W is the dissociation energy of an irnpurity- a
vacancy complex.. Regions III and IV correspond to the 
conductivity ranges discussed in section 1.2 and are 
characterised hy activation energies of U and (U + -jrW) 
respectively. Values of the impurity-vacancy complex
association energy (W ) have "been determined fromcl
conductivity studies ” , and from impurity diffusion

. 42-46 measurements
Although gross defects appear to he of minor

importance in cation self-diffusion, their role in
anion self-diffusion is very significant. Similarly
vacancy pairs would appear to he of considerable
importance in anion hut not in cation self-diffusion.

47In 1958, Harrison, Morrison and Rudham investigated 
chloride ion diffusion in sodium chloride. While

A QLaurent and B^nard seemed to have assumed a diffusion
mechanism via single vacancies, Morrison et al postulated
the idea of anion impurity-vacancy complexes as being
contributory to the chloride diffusion in the extrinsic

49region. In 1960, Barr, Hoodless, Morrison and Rudham
found that the diffusion in the extrinsic region was

50very much dependent upon dislocations. Lidiard , at



this time, interpreted the low temperature diffusion
results in terms of vacancy pairs. A few years later, 

51 .Laurance investigated anion self-diffusion in the
2+intrinsic region in sodium chloride, ’pure* and Ca -

doped. Laurance*s results indicated that the decrease
in diffusion coefficients with increasing impurity

concentration could not he accounted for in terms of
simple vacancy diffusion. He proposed that some of
the diffusion was proceeding via vacancy pairs which
are independent of impurity concentration. More
recently, the study of anion diffusion in sodium

52chloride has again been undertaken . While at lower 
temperatures the diffusion is undoubtedly dependent 
upon the dislocation density in the crystal, it has 
been found that in the temperature range 450-700°C, 
the diffusion coefficient could be expressed as the sum 
of contributions from single vacancies and vacancy- 
pairs, with the latter being more important at higher 
temperatures.

The general picture of ion movement in the alkali 
halides, other than the caesium halides, is one in 
which the general features of anion and cation self- 
diffusion are similar but the detailed mechanisms are 
very different. At low temperatures, cation self
diffusion depends on aliovalent impurities producing
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single vacancies and irnpurity-vacancy complexes.
Anion self-diffusion at low temperatures also depends 
on aliovalent impurities, but in this instance it is 
the impurity affecting the charge on the dislocation 
which is important. At high temperatures, both cation 
and anion self-diffusion are independent of impurity 
content but while cation diffusion is via a single 
vacancy, vacancy-pairs appear to be significant in 
anion diffusion.

1.4 THE CAESIUM HALIDES.

In the previous sections we have indicated the 
main types of defects present in ionic solids and have 
discussed their relevance in systems where only the 
cation is sufficiently mobile to contribute to the 
conductivity.

The caesium halides, however, present a much more 
difficult system to study in that both ions contribute 
to the conductivity. For this reason it would seem, 
judging by the scarcity of publications in this field, 
that the conductivity and diffusion studies in 
caesium halides have been neglected.

53 54In 1955 Harpur, Moss and Ubbelohde ’ carried 
out an investigation of the conductivity of caesium 
halides in the temperature range 330-470°C. Their
reported values for oq and E in the equation



o' T = dQ.exp(-E/kT)

were 50 (ohm ^cm and 1.04 eV respectively for
caesium chloride in this temperature range. These
values, and those for the other caesium halides were
very low in comparison with the <5q and E values for
the sodium, potassium and rubidium halides. This
apparent anomaly led to these workers proposing a
significant electronic contribution to the conductivity.

In the course of a series of self-diffusion
/ 48studies in the fclkali halides, Laurent and Benard 

measured the Cs+ and Cl diffusion coefficients in 
caesium chloride. Their results are of the form

DCs+ = 10-5 exp(-O.VOAr)

D 1.3 X 10-5 exp(-0.87/kT)Cl
at temperatures below 465°C. The remarkable feature 
of these results being that although the Cs ion is 
slower moving it migrates with a lower activation 
energy than the chloride ion.

In 1959 Lynch studied the ionic conductivity 
and self-diffusion in caesium bromide and caesium 
iodide. His conductivity results can be expressed 
in the form,:

5o' = 2.48 x 10 exp(-1.435AT) for CsBr between



2.51 x 10 exp(-1.285/kT) for CsBr Below 475°C
5cf = 2.21 X 10 exp(-1.43/kT) 
4

6 = 1.38 x 10 exp(-l.25/kT)

for Csl 480-595°C

for Csl Below 480°C.

At lower temperatures Lynch found the conductivity
was impurity dependent and varied from sample to sangple
At higher temperatures close agreement with the Nernst-
Einstein relationship was observed Between the diffusion
and conductivity results. Lynch concluded that Sehottky
defects were controlling Both processes. This Being
so, the suggested activation energies for cation and
anion mobility were 0.58eV and 0.30eV respectively.
Lynch proposed that the results of Harpur, Moss and
UBBelohde were in error due to their method of
experimentation in that they placed platinum electrodes
into the molten halide salts. It has since Been shown
that molten halides attack platinum. Lynch's proposal
that conductivity was ionic Brought the caesium halides
into line with the other alkali halides. Even thallium
chloride had By this time Been shown to contain

56 57Sehottky defects 9 , which are responsible for
58 59conduction. More recent studies have confirmed this 9

Conductivity and anion self-diffusion in caesium
60chloride were investigated By Hoodless and Morrison 

The close agreement Between their results and those of 
Lynch led them to Believe that conduction in caesium
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chloride, like the other alkali halides, was ionic.

More recent measurements have “been made on 
• 61-63caesium iodide confirming the ionic nature of

the conductivity hut failing to produce significant
results on the effect of impurities.

The absence of impurity effects has also been
64noted by Herrington and Staveley who measured the

2+conductivity of pure and Ba -doped single crystals 
of caesium chloride in the temperature region below 
190°C.

In view, therefore, of the lack of data on caesium 
chloride, both pure and doped with aliovalent impurity 
ions, it seemed desirable to undertake such studies 
as would lead to a better understanding of the nature 
of defects in pure and impurity-doped crystals. 
Furthermore, caesium chloride undergoes a phase transition 
at high temperatures and very little is known about 
ion migration in this region. The present work was 
carried out for these purposes.

1.5 THE PHASE TRANSITION IN CAESIUM CHLORIDE.

It is well known that caesium chloride undergoes 
a jbhase transition from a simple interpenetrating cubic 
lattice (s.i.e.) to a face-centred cubic lattice (f.c.c.) 
There is considerable disparity in the values reported



Table of Previously Reported Transition Temperatures.

Reference

Zemezuny and 
Rambach(65)

Sandonini and 
Scarpa(66)

Korrang(67)

Wagner and 
Lippert(68)

Wagner and 
Lippert(69)

Menary, Woodward 
and Ubbelohde(70)

Johnson, Agron 
and Bredig(7l)

Wood, Secunda 
and M cBri&e(72)

Hoodless and 
Morrison(60)

Method of Study

Cooling curves

Cooling curves 

Heating curves

X-rays

X-rays

X-rays 

X-rays 

X-rays 

Ionic Conductivity

Transition  ̂
Temperature( C )

451

451

479

450 + 5

445 + 5

469 

• 470

465-472

466-469
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for the transition temperature (see Table), but
recent careful investigations place the transition

oin the region 465-472 C.
The transition in caesium chloride is of the

first order type with a heat of transition of 700 
73cals/mole . Transitions of this type are linked with 

hysteresis effects, the width of the loop depending 
on the volume change accompanying the transition.
In this hysteresis region the phase rule requires that 
only one form of the crystal lattice should exist. 
Experiments, however, do not support this view and
co-existence of the two phases has been found in this

. 74,75region
Esqperiments involving the deliberate addition of

inpurities of the second phase form have shown that
it is possible to vary the transition temperature.
In caesium chloride, the addition of 20 mole per cent
of rubidium chloride decreases the transition temper- 

o 76ature by 115 C . On the other hand, deliberate
addition of impurities of the simple interpenetrating
cubic structure, produces the reverse effect*? 20
mole per cent of caesium bromide raising the transition 

o 72by some 20 C . The large variation in transition 
temperatures recorded in the previous table could, 
perhaps, be accounted for by the accidental incorpor
ation of large amounts of impurity, as above, or more
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likely, the temperature variation is associated with 
other hysteresis effects.

As a result of their X-ray measurements, Menary,
70Woodward and Ubbelohde proposed that a significant

increase in the number of vacancies arose in the
transition region in caesium chloride,; the situation
being analogous to premelting. It has also been
observed that reactivity in some solids is exceptionally

7*7—80high in the region of a first order transition ,
and this could be accounted for by large concentrations
of vacancies. In the case of caesium chloride enhanced

oreactivity has been observed at 480 C in neutron-
81irradiated specimens

These observations, however, have not been
substantiated by ion migration studies in caesium
chloride. Rather than show a significant increase in
the number of vacancies in the transition region, ionic
conductivity studies have indicated that the phase
transition in caesium chloride is accompanied by a

82significant decrease in ion mobility . For this
reason ionic conductivity methods of following the
transition together with self-diffusion measurements
are convenient. No pre-transit ion phenomena have been

53,60observed with these types of measurement , and 
more recent studies have shown that electronic
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conductivity, which could account for the failure to
observe such phenomena, is negligible in caesium

60chloride in this temperature region
It seems probable, therefore, that the transform

ation does not involve an extensive disruption of the
lattice, but rather a simple change, such as dilatation,

83as has been suggested by Buerger . It should be 
pointed out, however, that the majority of the previous 
work has been carried out on powder compacts or poly
crystalline specimens and in these circumstances 
boundary effects could be very significant.

1.6 AIM OF THE PRESENT INVESTIGATION.

It is proposed to investigate three principal 
aspects of single crystals of caesium chloride.

(a) The measurement of conductivity and self
diffusion in single crystals of caesium chloride. 

Very little of the previous work in this system 
has been concerned with ion movement in single crystals.
A few preliminary studies of ionic conduction and some
relative anion self-diffusion measurements have been 

60reported but other measurements are restricted to 
polycrystalline speciemns in which boundary effects 
could be very important. It is intended to study 
conductivity and both anion and cation self-diffusion
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in single crystals “below the transition point. It 
should he then possible to propose a mechanism for 
ion movement and to evaluate the effects of boundaries 
and dislocations.

(b) The measurement of conductivity and self
diffusion in single crystals of aliovalent 
impurity-doped caesium chloride.

Investigations of systems where both the anion 
and the cation are significantly mobile are few. This 
is surprising since relationships of types given in 
equations (7) and (17) can only be satisfactorily 
studied in these systems. ~ It is intended to investigate 
the validity of these equations by measurements in 
aliovalent impurity-doped crystals.

(c) The measurement of conductivity and self
diffusion in single cystals of caesium 
chloride in the transition region.

It is the intention to investigate thoroughly the 
possible existence of pre-transition phenomena. Further' 
more the effects of boundaries and aliovalent impurities 
on the transition temperature will be studied, in an 
effort to increase our knowledge of the mechanism of 
this phase transition.
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EXPERIMENTAL. CHAPTER 2
CRYSTAL GROY/TH

2.1 NATURE OP CRYSTALS STUDIED.
In nearly all cases solution grown single crystals 

of 'pure* and impurity ’doped’ caesium chloride were used. 
A few measurements were made on melt-grown single crystals 
obtained from Semi-Elements Ltd.
2.2 GROWTH OF SINGLE CRYSTALS PROM AQUEOUS SOLUTION.

The most satisfactory results were obtained by
dissolving a known weight of AnalaR caesium chloride, 
obtained from B.D.H. Ltd, together with ten per cent by 
weight of urea as an additive in a volume of distilled 
water equal to the combined weight of caesium chloride

34and urea.
The containing vessels, 100ml conical flasks, were 

covered with filter paper and clamped in Dewar flasks 
containing boiling water. The whole was well lagged 
with cotton wool and natural cooling allowed to proceed.
In this way, the average time of cooling to room 
temperature was seventy two hours. The rate of cooling 
was critical ill producing good crystals, too rapid 
cooling, or insufficient solvent, tended to produce a 
crystalline mass from which the separation of individual 
single crystals proved difficult. The crystals were 
filtered under nitrogen and stored in desiccators over
silica gel until required.

The method produced good single crystal specimens
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of average dimensions, 5 x 5 x 2  mm. In certain 
instances, larger specimens were obtained, the largest 
specimen measuring 11 x 10£ x 4 mm. Controlled cooling 
by means of a thermostatic tank did not improve the size 
or quality of the single crystals.
2.3 IMPURITY DOPING OF CRYSTALS.

Crystals of caesium chloride containing "barium, 
calcium or sulphate as foreign ions were grown, as 
described above, with the addition of small amounts 
(10 - 40 mg) of AnalaR barium or calcium chloride or 
AnalaR sodium sulphate to the solution of caesium chloride 
prior to cooling.

The crystals obtained were removed from solution by 
filtering under nitrogen and stored in desiccators over 
silica gel until used.
2.4 PRETREATMENT OP SOLUTION GROWN SINGLE CRYSTALS*

All single crystals of ’pure* and ‘doped’ caesium 
chloride grown from solution were found to contain a 
certain amount of occluded water. Two methods have been 
employed for its removal. The crystals were either heated
in an atmosphere of dry nitrogen for several hours at

o150 Centigrade or alternatively dried in vacuum for 
four to six hours. Subsequent results proved to be 
independent of the method of pretreatment employed.



FIGURE 1. The Circuit

Wayne Kerr 
Bridge

Cell
Unit

FIGURE 2 The Electrodes

Pt.
foil 2.5 mm in 

thickness



EXPERIMENTAL. CHAPTER 5.
CONDUCTIVITY.

5.1 AIM OF CONDUCTIVITY STUDIES.
Unlike the other alkali halides, in which only the 

cation is relatively mobile, the caesium halides present 
a more difficult system to study due to both the anion 
and the cation possessing a significant mobility under 
the influence of an applied electric field.

It was decided to carry out conductivity measurements 
on pure and impurity-doped single crystal specimens of 
caesium chloride first in an attempt to understand better 
the nature of the ionic processes taking place, and second 
to determine the effect of aliovalent impurity ion on the 
crystallographic transition in caesium chloride.
3.2 THE CIRCUIT.

The most elementary circuit, Pig.l, was used 
comprising a Wayne Kerr Universal Bridge B.221. The 
bridge operated at 1592 cycles per second and measured 
directly the reciprocal resistance of the crystal which 
was clamped between two electrodes.
3.3 THE CRYSTAL UNIT.

The upper and lower crystal faces were coated with 
'dag*, a colloidal suspension of graphite in alcohol, 
using a small camel-hair brush. The function of the ’dag* 
was to ensure better electrical contact with the electrodes 
and it was used in preference to silver electrode paint





28

which produced certain anomalous results due possibly 
to diffusion of silver into the crystal. The crystal 
was then clamped between two electrodes.

The electrodes were cylindrical in design (Fig.2) 
and consisted of platinum face platessilver soldered 
to the brass disc (b). Copper wires (w) silver soldered 
through the brass disc to the platinum provided the 
connection with the Wayne Kerr bridge.

The whole was then enclosed in a silica vessel
(Fig.3) comprising a B.29 Quickfit cone and socket with
two capillary bore tubes acting as electrode supports
to minimise electrode movement during measurements.
The vessel was fitted with a side-arm acting as an inlet
for the supply of nitrogen. The nitrogen was dried by
bubbling it through concentrated sulphuric acid, and
was constantly passed through the apparatus. An inlet
for a thermocouple was situated directly level with the
crystal. The silica vessel was surrounded by a furnaceo
(F) capable of producing temperatures of over 500 
cent igrade.

The furnace consisted of a cylindrical copper core 
4“ in height and 3” in diameter supported on thick 
Sindanyo board (S) which had a central hole to allow 
access of the silica vessel. The core was covered with 
a layer of asbestos paper and Nichrome wire, of
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resistance 10 ohms per yard, wound thereon giving a 
total resistance of* 90 ohms at room temperature. The 
windings were well lagged with asbestos tape and asbestos 
string. The power was fed to the furnace through a variac 
from the mains.

The crystal temperature was measured by means of 
a Platinum— Platinum-13 % Rhodium spot-welded thermo
couple in conjunction with a Doran Instrument Ltd, 
thermocouple potentiometer, (E). The thermocouple 
potentiometer reading produced from the potential differ
ence between the 'hot* and ’cold* ends of the thermo
couple was converted from millivolts to degrees centi-

85grade by means of calibrated charts . The *hotf end
of the thermocouple was inserted through the small hole
in the side of the silica vessel (Pig.4) and was
positioned as close as possible to the crystal. The

oactual crystal temperature was thus +2 centigrade of 
that of the measured temperature since the thermal 
gradient between the two was minimal. The 'cold1 end of 
the thermocouple was immersed in an ice-bath in a Dewar 
flask.

In order to reduce temperature fluctuations due to 
external draughts, the top of the furnace was carefully 
lagged with asbestos sheeting.
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3.4 EXPERIMENTAL PROCEDURE.

Each crystal was weighed and its thickness measured
hy means of a micrometer screw gauge calibrated to a
thousandth of an inch. The crystal faces were coated
with * dag*, as were the platinum electrodes. The crystal
was placed in position, the furnace switched on, and the
variac adjusted. After the temperature had attained a
steady value, the reciprocal resistance of the crystal
was measured directly on the Wayne Kerr Universal Bridge.
At the same time the capacitance of the crystal in
microfarads was measured on the bridge. Thus three
readings, (a) reciprocal resistance, (b) capacitance and
(c) temperature in degrees centigrade were measured and

onoted. The furnace temperature was increased by 10-15 
centigrade and after stabilization of teiiperature, 
usually 20 minutes, another set of readings were taken.
This was repeated within the temperature range 200 -530° 
centigrade.
3.5 CALCULATION OP CONDUCTIVITY PROM RESULTS.

It is a well known physical law that the resistance 
of any conductor varies directly as its length (1 cm) 
and inversely as its cross-sectional area (A sq.. cm), 
that is .

....(19)
H “ A

where S is a constant and is known as specific resistance*
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It is the resistance of a specimen 1 cm in length and
1 sq. cm in cross section.

Now cr the specific conductivity measured in 
-1 “1ohm cm is defined as the reciprocal of the specific 

resistance, that is
= 1  (20)

S
Therefore, ^ ^  ^ ....(21)

R A
(1/A) is known as the cell constant, i was measured
directly with a micrometer screw gauge. A, the area,
was obtained by dividing the weight of the crystal by
its density, 3.98 gin cc  ̂for caesium chloride, thus
obtaining the volume which, when divided by 1, the
thickness, gives A the cross-sectional area. Thus,

-1
by multiplying the reciprocal resistance (ohm ) by
1/A, the cell constant, (era ), the specific conductivity 

-1 -1
in ohm cm was calculated.
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EXPERIMENTAL. CHAPTER 4

DIFFUSION,
4.1 INTRODUCTION.

In this work it was proposed to study the ionic 
self-diffusion in single crystals of caesium chloride 
using the radioactive isotopes caesium-137 and chlorine-36.
4.2 AVAILABLE METHODS FOR DETERMINING DIFFUSION COEFFICENTS.

There are three principal methods for the determination 
of diffusion coefficients using radioactive tracers,

(a) Sectioning techniques 
(t>) Isotope exchange techniques 

and (c) Surfaee decrease technique.
U)  SECTIONING TECHNIQUE.
In this method a thin layer of the compound,

containing the radioactive isotope, is placed on one
face of the crystal. After allowing diffusion to take
place some of the radioactive isotope will have
penetrated some depth into the crystal. The solution of 

86Fick’s second diffusion law for this partieular ease 
is given hy

C = (CQ/( Dt) ).exp(-x /4Dt) ...(22)
where C represents the activity at a penetration depth x 
after time t, D is the diffusion coefficient.

The concentration of the radioactive isotope as a 
function of penetration into the crystal is determined hy



removing thin layers of the crystal.
Removal of thin sections "by microtoming has "been

used "by various workers, Laurent and Benard^ , Mapother,
18 20 Crooks and Maurer , and Chemla * Map other et al have

-6
oeen able to remove sections of 5 x 10 cm in their studies 
of the self diffusion of Na-24 ion in sodium bromide 
and sodium chloride.

Alternatively, a grinding method can be employed, 
and this involves grinding away of layers of material 
on a ground glass plate. This method was employed by 
Schamp and Katz , in their investigation of bromide 
self-diffusion in single crystals of sodium bromide.

These methods, however, are likely to give rise 
to considerable errors in the determination of the 
self-diffusion coefficient, D, especially in the low 
temperature range where penetration depths are small.
The mounting of the crystals seems extremely critical 
and slight misalignment would give rise to serious errors
in the measurement of the penetration depth. However,

88a correction can be applied for the misalignment. It 
also seems likely that there will be a loss of radioactive 
material from the knife blade on the Scotch tape which 
is used for collection. Furthermore, some of the 
material from each slice tends to adhere to the sides of 
the crystal. Schamp and Katz have estimated 80 per cent 
error in the low temperature region while Mapother,



34
18Crooks and Maurer estimated the error at 10-20 per 

cent.
lb) ISOTOPIC EXCHANGE.
The isotope exchange technique differs considerably

from the sectioning technique. In this method advantage
is taken of isotopic exchange between a crystal and a
surrounding gas. The method was used by Harrison,

47Morrison and Rudhara • The system consisted of the 
radio-isotope chlorine-36 incorporation in sodium 
chloride crystals and its appearance in surrounding
chlorine gas was followed# The counting rate in the

89gas-phase is given by

where A is the surface area of the crystal and D is the

A significant feature of the isotope exchange method 
is that rates at a number of successively higher temper
atures can be obtained with a single specimen. In this 
way an activation energy may be derived from one experi
ment in which all conditions except temperature are fixed,

(c) SURFACE DECREASE TECHNIQUE.
The surface decrease technique depends on the 

decrease in surface activity of a radioactive tracer 
with time. A thin film of the compound containing the 
radioactive material is evaporated onto a crystal faee

R 2 (^Ro/m).A. (Dt/1>) (23)

diffusion coefficient. The term
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and the activity counted. After allowing diffusion to 
proceed at a known temperature for a given period of 
time, the activity is recounted. During diffusion the 
active material will have penetrated into the crystal, 
so there will he a variation of the activity with depth 
of penetration as depicted in Fig 5. If the jl -particles 
emitted hy the radioactive material are of a low energy, 
some which originate in the inner layers will he absorbed 
hy the intervening layers before they reach the outside 
face. Consequently the count rate will he found to have 
diminished after diffusion. The diffusion coefficient 
can he calculated from the following equation.-

log(At/Ao) = log(l - erftyi2Dt) ) + ̂ L2Dt/2.303 *(24)

where k Q = surface activity before diffusion 
A ss surface activity after diffusion 
p. = absorption coefficient 
D s diffusion coefficient 
t = time for which diffusion took place 

erf = error function (Tables- Jost Diffusion,
Academic Press, 1952)

This method is particularly suited to the study of 
low energy p-particles where there is a sharp * fall—off* 
in activity at the surface with penetration depth due 
to their ease of absorption. This method was previously 
used by Hoodless and Thomson*^ in the study of sodium
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ion self diffusion in sodium chloride and first

90designed hy Steigmann, Shockley and Nix for a 
metallic system*

In the present work the surface decrease method 
was used, although a few results were obtained hy 
the sectioning technique for comparison purposes.

The isotope exchange method, prohahly the hest of 
the three, was not employed because it was desired 
to obtain diffusion coefficients for caesium-137 and
chlorine-36 by the same technique. Although admirably

60suited to the study of chlorine-36 diffusion , it 
is difficult to envisage the study of caesium^l37 
diffusion being undertaken by the isotope exchange 
technique.
4.3 PROCESSING OF RADIOACTIVE MATERIAL.

The chlorine-36 isotope was obtained from the
Radiochemical Centre at Amersham as HC1-36. Chlorine-36
is a Beta-emitter (0.714 MeV) with a half-life of 

53.2 x 10 years.
The HCl®^ was neutralised with NaOH and the 

specific activity reduced by addition of inactive 
caesium chloride. The aqueous solution was carefully 
evaporated to dryness on an electric hotplate at 
50-55° centigrade, and the chloride-36 cooled in a 
desiccator over silica gel and stored there until
required.



37
The radioactive Cs-137 was also obtained from 

the Radiochemical Centre at Amersham contained in 
1N.HC1. Cs-137 has a 30 year half-life and it is
a beta and garama-emitter. Ninety two per cent of 
the beta radiation has an energy of 0.52 Mev, the 
other eight per cent 1.17 MeV. The garrma radiation 
has an energy of 0.662 MeV. Similar treatment to 
that described for the Cl-36 was employed for the 
Cs-137.

A third radioactive isotope sulphur-35, as 
sodium sulphate, was used in the earlier stages of 
the research, and was obtained from the same source 
as Cl-36 and Cs-137. Sulphur-35 is a weak beta- 

emitter (0.167 MeV) with a half-life of 87 days.
4.4 DEPOSITION OF ACTIVITY ON TO THE CRYSTALS.

Initially in the research the radioactive Cl-36 
was deposited on to a warm crystal face from an 
alcoholic solution, which was evaporated under an 
infra-red lamp, taking care not to overheat the crystal 
in the process. The drawbacks, however, to this 
procedure proved quite serious. It was impossible to 
obtain an evenly distributed deposit. This led to 
errors of self absorption and geometric reproducibility. 
Furthermore, the deposit tended tobe rather easily 
knocked off of the crystal during the course of the
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experiment.

To overcome these difficulties a system was devised 
whereby the caesium chloride was evaporated directly 
on to the crystal face in vacuum.
4.5 THE EVAPORATOR.

The system consisted of a B.55 Quickfit cone and 
socket (Fig.6) with a nipple (N) introduced into the 
base of the cone to hold the radioactive material.
Above this rested a cylindrical glass ring (R) 3/4" 
in height. Placed on top of the glass ring was a thin 
aluminium disc (A)with a series of small holes (0.3 cm 
in diameter) bored in it. The crystals were placed 
over the holes. A side arm led, via a cold trap in 
liquid air, to a rotary pump (P). As it was found that, 
owing to the deliquescent nature of caesium chloride, 
contact with moisture had to be avoided, a second 
side-arm fitted with a U-tube containing silica gel (U), 
which acted as a drying agent to the incoming air 
after evaporation had taken place.

When the active material and crystals were in 
position, the system was pumped for 30 minutes. The 
radioactive material was then evaporated, under vacuum, 
by applying a small flame below the nipple. Care had 
to be taken at this point to prevent overheating.
Taking his precaution, a nice even deposit was
obtained in a matter of seconds.
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After allowing the system to cool, dry air was 

admitted, the crystals removed and immediately trans
ferred to a desiccator prior to counting,

364.6 COUNTING PROCEDURE FOR Cl .
All counting was determined using a Geiger-Muller

—2thin end window counter of window thickness 3.75 mg cm 
The working voltage of the counter was determined with 
a carbon-14 source. This was found to he 687.5 volts 
and the counter was pre-set to this voltage for all 
countings.

In order that the same geometry was maintained 
throughout the experiment, the crystals were counted 
within an L-shaped bracket mounted on a metal plate 
(Fig.7). Each crystal was marked so as to make possible 
positional reproducibility within the bracket.

It was found that rotation of the crystal in the 
counting position had little effect on the observed 
count rate in cases where the activity had been 
evaporated on by the method described in 4.4, indicating 
an even distribution of activity. In the case of the 
deposit put on by evaporation under the infra-red lamp, 
there was a significant difference in count rates
depending on crystal position.

Counting was carried out in this manner before and 
after diffusion. Each count was corrected for back
ground radiation, the value of this being determined
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by counting an inactive crystal of similar dimensions 
under the same conditions. Corrections were also 
made for dead-time losses, self-absorption and radio
active decay. A further source of error occassionally 
arose due to counter voltage fluctuations before and 
after diffusion. A standard cobalt-60 source was there
fore counted both before and after diffusion and the 
count rates were corrected to this standard.

To ensure a statistical accuracy of one per cent 
10,000 counts were taken for each measurement.
4.7 DETERMINATION OP THE ABSORPTION COEFFICIENT 36

FOR Cl IN CsCl.
In order to calculate the diffusion coefficient

it was necessary to know the extent of the absorption 
36

of the Cl in CsCl. As it was not possible to prepare 
thin enough sections of caesium chloride for this purpose, 
measurements were made with standard aluminium absorbers 
and the corresponding absorption in caesium chloride 
calculated from a comparison of densities. The 
chloride-36 was evaporated on to a caesium chloride 
crystal of similar dimensions to that of the crystals 
used in the diffusion experiments thus ensuring a 
reasonable equality of back scattering.

A series of counts were made with the apparatus 
described in Fig.8 using aluminium absorbers of varying 
thickness. A number of counts were made with each
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absorber and their average taken. A graph was then 
drawn of the logarithm of the activity in counts per 
minute against absorber thickness in rag c n f 2 corrected
for window thickness of 3.75 mg cm and absorption by

/ -2air (1.27 mg cm under these conditions). The results 
are shown in Table A.

As with all counting, a small crucible containing 
silica gel was placed in the base of the counting 
chamber to maintain as dry an atmosphere as possible.

From the graph of these results, Graph A, d^, the 
thickness required for the count rate to drop from Ao
the value without absorber, to A /2 was calculated.o
Now the absorption coefficient u is given by

,u = (2.303/d )log(A./A )£ ** o

(2.303/d,)log2 T
.*.^1 = 0.693/d^

From the graph, d^ = 46 mg cm"2, and d^(mg cm-2)
was converted to d,(cm) by multiplying by 10 and
dividing by the density of caesium chloride, 3.98 g cm3.

Solving the above equation, a value of 60.3 cm~^
36was arrived at for the absorption coefficient of Cl 

in caesium chloride.
4.8 DETERMINATION OF THE ABSORPTION COEFFICIENT FOR 

Cs-137 IN CAESIUM CHLORIDE.
Cs-137 being a beta and ganma emitter necessitates

.(25)
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TABLE A
—2Thickness of Absorber (mg cm ) Counts per minute

5.04 4,467
10.14 3,921
11.70 3,882
14.14 3,807
17.54 3,747
19.04 3,566
20.34 3,521
23.04 3,382
25.14 3,296
31.94 3,006
36.59 2,762
43.74 2,396
46.99 2,352
57.84 1.774
74.14 1,405
84.34 851
103.04 686
126.04 392
155.04 134
180.04 44
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a slightly different counting technique from that

ftc. 3 5  2—adopted with Cl and S 04
As the gamma contribution will remain almost

unaltered during diffusion, the diffusion coefficient
must he claculated from the decrease in the count rate
of the beta component only, and hence the absorption
coefficient for the beta component must be evaluated.

36As with Cl absorption a series of count rates 
were made with varying thickness of aluminium absorber.

r thickness Total c.o.m. v count (K count
5.04 5,022 2,310 V 2,712
10.14 4,297 2,150 2.147
11.70 4,013 2,110 1,903
14.14 3,731 2,020 1,721
17.54 3,372 1,960 1,412
19.04 3,253 1,900 1,353
20.98 3,124 1,850 1,274
23.04 2,898 1,800 1,098
25.14 2,742 1,750 992
31.94 2,313 1,590 723
36.59 2,080 1,480 600
43.74 1,766 1,360 406
46.99 1,660 1,290 370
57.84 1,353 1,110 243
74.14 990 890 100
84.34 830 760 70
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Absorber thickness

103.04
Total c.n.m. ^ 

630
count
600

£ "Count 
30

126.04 439 438 1
155.04 294 294
180.04 203 203

A plot of log count rate against aluminium absorber 
thickness, Graph B, was made. It is seen that the 
graph is in two parts, one corresponding to the fall 
off of total beta plus gamma activity with increasing 
absorber thickness, and the other due only to a reduction 
in the gamma count. Extrapolation of the latter region 
to zero thickness represents the gamma contribution to 
the total count rate and by subtraction the beta 
contribution was found and plotted. From this line the

_ohalf-thickness was determined to be 14.8 mg cm .

4.9 COUNTING OF CAESIUM-137.
The fact that caesium-137 is a beta and gamma emitter 

necessitates a different technique for determining the
initial and final activity of the caesiunHl37 beta count 
from that used to determine the beta of the

|i = ( 2.303/dj) 1 og( Aq/£Aq )
= (2.303/cLplog2
= 0.693/d1 z
= (0.693 X 3.98 x 1 0 ) = 187.1 cm-1

14.8

I
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chloride-36.

The procedure adopted was as follows:-
1) The crystal to he counted was placed on the 

metal tray and inserted into the second shelf 
of the lead castle helow the counter window.

2) A count rate was taken, which, when corrected 
for background radiation, self-absorption and 
dead-time losses represented T0, the initial 
total count rate due to the combined beta and 
gamma radiation.

3) An aluminium absorber of sufficient thickness 
to completely remove all the beta radiation 
was inserted into the top shelf, thus allowing 
only j-radiation to enter the counter. The 
count rate of the crystal was then determined 
and this count rate was corrected for back
ground radiation. Prom the slope of the 
absorption of gamma radiation from Graph B, the 
initial gamma activity, Jo , could be calculated.

4) Subtracting the value from the TQ value gave
A , the initial count rate due only to the o
beta radiation.

This procedure was repeated after diffusion and A^ 
the final count rate due to the beta radiation was 
similarly calculated.
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FIGURE 10. Diffusion Tube Holder.
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4 -10 DIFFUSION TUBES AND PREPARATION.
The diffusion tubes consisted of Pyrex tubing 

approximately 20cm in length. For diffusion in vacuum 
and nitrogen they were fitted with a B.14 cone at one 
end and sealed at the other. The length of the tube 
minimised evaporation during the sealing of the tubes.

The crystal was slid gently down the tube until 
it rested at the sealed end. A constriction was made 
about 5cm from the end of the cone and the tube sealed 
with black wax to the B.14 socket of the apparatus 
shown in Fig.9. The apparatus was evacuated by means 
of a rotary pump and the mercury in the manometer rose. 
The stopcock A was closed and the tube sealed at the 
constriction. If desired in an atmosphere of nitrogen, 
nitrogen was allowed to enter, after evacuation, until 
the pressure was approximately 68cm of mercury and the 
tube sealed. A straightforward seal was made if the 
diffusion was done in air. Each tube had a groove cut 
in it with a glass knife to facilitate opening after 
diffusion. Once sealed the tubes were inserted in a 
holder.
4.11 DIFFUSION TUBE HOLDER.

This consisted of a cylindrical brass block 5" in
height and 3M in diameter with five holes bored in it as 
shown in Fig. 10. The central hole was used as the
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thermometer holder. The block was raised and lowered 
from the furnace hy means of two brass rods and the two
hooks on the holder top.
4.12 THE FURNACE.

Due to certain difficulties of voltage fluctuations 
it proved difficult in the early stages of this work to 
obtain sufficiently accurate temperature control. Later, 
a furnace was designed which overcame this problem.

The furnace, Pig.11, consisted of a cylindrical 
fireclay core 3/8" thick, 12" in length and having an 
internal diameter of 4". Around the core a length of 
'Nichrome' wire (10 ohms per yard) was wound to give a
total resistance of about 100 ohms. A layer of asbestos
paper covered the internal coil, and a second coil was 
wound on top. The resistance of the second coil was 
300 ohms. The whole was then enwrapped in asbestos string.

The core was placed in the centre of a large metal 
drum, 15-£" in height and 11" in diameter, and the 
surrounding volume tightly packed with magnesia-pipeclay 
lagging. A tightly fitting covering lid of 3/4" thick 
Sindanyo board, made in two sections, was provided with 
two holes, the larger being used to accomodate a Jumo 
GKT 15-0 thermoregulator. The thermoregulator was wired 
to the external coil (300 ohms) and a Jumo M.S.6.62 
mercury relay switch. The power to the internal coil
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was supplied from the mains via a variac - this variac 
was adjusted to give a reading 20-25° centigrade below 
the temperature desired. The external coil, in conjunction 
with the thermoregulator provided the additional heating. 
The actual temperature was recorded on a 540° mercury 
in glass thermometer, previously calibrated against a 
standard Platinum— Platinum-13% Rhodium spot-welded 
thermocouple. Using this design a tenperature control 
of +3° centigrade was achieved over aperiod of days.

The most serious disadvantage of this arrangement 
was the error introduced due to the time necessary for 
the crystals to attain the desired temperature. It 
required about 20 minutes for stabilization which, for 
long diffusion periods of over two days, was not too 
serious, but for shorter diffusion periods, embedding 
the tubes in a vessel of preheated fine copper turnings 
reduced the stabilization time to about 10-12 minutes.
In this set-up the thermometer was embedded in the copper 
turnings to the same depth as the diffusion tubes. In 
experiments where the diffusion time was less than 14 
hours, thus allowing a constant watch to be maintained, 
a system similar to that used for conductivity measure
ments was employed (Pig 12). Here all diffusions were 
carried out in an atmosphere of dry nitrogen. The 
stabilization time was 5-7 minutes and a temperature 
control of +2°centigrade was achieved.



43
After diffusion the diffusion tubes were hot- 

pointed and the crystals immediately transferred to 
desiccators to cool before counting. The inside of the 
tube was wiped with a piece of moist tissue which was 
counted to see if there had been any evaporation of 
activity during diffusion.
4.13 CALCULATION OP THE DIFFUSION COEFFICIENT D.

The diffusion equation i6,
log(At/Ao) = log(l - erf(p2Dt)^) + ̂ i2Lt/2.303
where AQ = initial surface activity

h  = surface activity after time t
u = absorption coefficient
t = '' time of diffusion in seconds

erf = error function (Tables - Jost p.62
Diffusion 1952)

D = diffusion coefficient
Having determined u and knowing A^, Aq, and t we 

calculate D in the following manner.
Crystal from Cs-137 diffusion No.8.

A.= 290 time (secs) = 1.08 x 10
A0= 434 n = 187.1 cm-1

log(A /A ) = -0.1751 t o-11 2 -1Let D = 8 x 10 cm sec
2 _11 A

jbt/2.303 = (187.1) x 8 x 10 x 1.08 x 10 /2,S03
= 0.0131

2(u Dtr = 0.1738
i
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erf(u Dt)? 

1- erf(u2Dt)^ 
log(1-erf(n^Dt)r)

.'. log(At

II 
II 

II 
o 

<

0.1941 
0.8059 
1.9063 = 
= -0.0806

-10 2Let D = 1.6 x 10 cm sec-1

n Dt/2.303 2 i
= 0.0264

(ju. Dt) = 0.2460
erf (ju2Dt )̂ = 0.2720

/ 2 s?1 - erf(;u. Dt) = 0.72§0
log(l - erffyi Dt)r) = T.8621 =

U2Dt/2.303j = 0.0264
. . log(A /A ) 

t o
= -0.115

-10 2Let D = 3.2 x 10 cm sec-1

u^Dt/2.303
/ 2 A(u Dtr

= 0.0528
= Q* 3476

2 verf(ju Dt) = 0.3770
(l - erf(u Dt)r) = 0.6230

2 ilog(l - erf (p. Dt)^) = 1.7940
Dt/2.303 = 0.0528

.'. log(At/AQ) = -0.2074

-1° o 1 Let D s= 6.4 x 10 cm see""
^U^Dt/2.303 = 0.1056
(u2Dt)* = 0.4920

0.0937 + 0.0131 
(a)

0.1379

<*}



50
0.5135
0.4865
1.6870
0.1056

-0.3130

. log(A /A ) t o -0.2074 (a)

Having determined a series of values (a), (t>),
(c), (d) etc., for log(A /A ) at various values of D,t o
a graph is drawn of log(A^./A0 ) against D and the value

Repeating this process for each set of results, 
the corresponding diffusion coefficients were evaluated.
4.14 MICROTOMING TECHNIQUE.

Some diffusion coefficients were determined hy the 
sectioning or microtoming technique. The microtome 
used was a 3880/A 165 model supplied hy Beck, London. 
The crystal was fixed to a wooden microtome "block with 
’Araldite* adhesive. The wooden block was then clamped 
in position above the fixed stainless steel microtome 
blade. The active material on the surface was removed 
and individual sections collected on Scotch tape and 
counted. The microtome could be adjusted to produce 
sections of 1-15 microns in thickness.

of D corresponding to the actual log(A./A ) in questiont o
is read off. In this particular case,

-10 2 -1 D = 4.5 x 1CT cm sec
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The removed slice was collected "by pressing a strip 
of Scotch tape against the knife "blade and allowing the 
slice to fall against it. By trial and error a technique 
was developed whereby a reprodueibly even deposit could 
"be collected.

The tape was laid across a marked metal plate so 
that the deposit was always in the same position with 
respect to the counter Pig. 13- The tape was rigidly 
held in position by means of two further strips of tape 
which held it taught from the underside. The activity 
of each slice was determined as in Section 4.9.

A series of slices were prepared and counted in 
this manner and plots made for each crystal of logarithm 
of activity against the square of the penetration depth.
4.15 CALCULATION OP DIFFUSION COEFFICIENT.

The equation used is
C(x,t) = (CQ/( K  Dt)^)exp(-x^/4Dt) ....(26)

where C(x,t) represents the activity at a penetration
depth of x, after time t. D is the diffusion coefficient.

2A plot, therefore, of logC against x should produce a 
straight line of slope -(l/4Dt) from which the diffusion 
coefficient can be calculated.
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EXPERIMENTAL. CHAPTER 5
AUTORADIOGRAPHY

5.1 INTRODUCTION.
The autoradiographic technique provides a very

useful means of determining the extent of any contribution
by grain boundaries to diffusion since this type of
diffusion is usually more rapid than that of simple
bulk diffusion. The method was previously used success

esfully by Hoodless and Thomson J in the study of sodium-22 
diffusion in sodium chloride.
5.2 OUTLINE OF THE METHOD.

A circular deposit of activity was evaporated on to 
the crystal face. After diffusion had been allowed to 
proceed for a given period, the active surface was 
counted to determine the length of exposure on the 
photographic film. A total of about 5-7 million beta 
particles per sq.cm. require to strike the film to 
produce blackening. Allowing for the fact that the 
crystals were much nearer the film than the counter 
window, the necessary exposure time was calculated.
The active face was then exposed to the film as in Pig.
14. After development the film was examined under a 
40x magnification. Sections of 10 micron thickness were 
removed from the active surface, the surface counted and 
exposed. This process was repeated until all activity 
removed from the crystal.
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If grain “boundary diffusion was taking place and 
if it was faster than “bulk diffusion, a point would “be 
reached in the removal of thin sections, where the 
penetration depth due to simple hulk diffusion would he 
passed and only activity in grain boundary regions 
would he left. On exposure and development thegrain 
boundaries would he expected to show up as regions of 
dark spots on the film.
5-3 FILMS, EXPOSURE AND DEVELOPMENT.'

The films used were Ilford Industrial G X-ray film 
and to avoid pressure markings by the crystal, the 
crystal edges rested on narrow strips of sellotape.
The crystal was exposed for the calculated time in a 
darkened desiccator. After exposure the films were 
developed using PQX-1 high contrast developer supplied 
by Ilford Ltd, for 4-7 minutes at room temperature 68°F, 
washed and left in the Hyp am fixer for twice the clearing 
time.
5.4 RESULTS.

In all cases, both for Cs-137 and Cl-36, no evidence 
was found for the grain boundary diffusion, an even 
shading, indicative of simple bulk diffusion, being found.
5.5 EFFECT OF MOISTURE ON RADIOACTIVE MATERIAL.

The autoradiographic technique was used to study 
the effect of moisture on the radioactive deposit during
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diffusion.

Two crystals, A and B, had a radioactive deposit 
evaporated onto them simultaneously "by the method 
described previously in Chapter 4.4. Both crystals 
were then exposed to a photographic film for the same 
length of time, and the films subsequently developed. 
Plates A and B.

Diffusion was allowed to proceed on both crystals. 
Crystal A was subjected to all precautions previously 
described to prevent contact with moisture. Crystal B 
was not so treated and was at no stage prevented from 
contact with air, diffusion being carried out in unsealed 
tubes. After diffusion the crystals were again exposed 
on photographic films. Plates A.2 and B.2.

In plate B.2 there has been a surface spread of 
activity which would tend to produce slower diffusion 
and therefore a lower diffusion coefficient than the 
correct value.



55
EXPERIMENTAL. CHAPTER 6

ANALYSIS OF CRYSTALS
6.1 INTRODUCTIONT

In order that any significance could "be attached 
to the difference conductivity results and different 
diffusion results obtained from different crystals 
containing divalent cation impurities and sulphate as 
an anion impurity, it was essential that an accurate 
method of analysis he employed.

After* unsuccessful attempts to utilize flame photo
metry owing to caesium interference, and precipitation 
with radioactive sulphate, which proved insufficiently 
accurate for serious consideration, the method finally 
employed was that of a spectrophotometric estimation
using ethylene diamine tetraacetic acid# This method

91was developed by Parry and Dollman
6.2 THEORY.

Ethylene diamine tetraacetic acid (EDTA) complexes 
readily with alkaline earth ions in the presence of 
alkali metal ions. Free ethylene diamine tetraacetic 
acid absorbs at 222nji in the ultraviolet, whereas the 
EDTA complex does not absorb to any appreciable extent. 
Hence, once sufficient EDTA has been added to complex 
all the alkaline earth material present, the absorbance 
will rise significantly with increasing EDTA concentration.
By plotting the volume of EDTA added against the
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resulting absorbance, a two part graph (Fig.15) is 
produced, the break point indicating the end-point of 
the titration. Knowing the molarity of the EDTA, the 
end-point volume, the volume of unknown solution and 
the weight of sample used, the impurity concentration 
can be calculated.
6.3 REAGENTS.

Approximately 1 mM EDTA solution was prepared by 
dissolving 0.375g dihydrogen disodium ethylene diamine 
tetraacetate in distilled water and diluting to 1 litre.

1 Molar ammonium chloride-ammonia buffer of pH=10 
was prepared by diluting 5.4g anmonium chloride and 
75ml of ammonia (specific gravity 0.88) to 100 ml.
6.4 PROCEDURE FOR BARIUM ANALYSIS.

The crystal to be analysed was weighed and dissolved 
in a minimum of distilled water, 10 drops of buffer were 
added and the solution made up to 5ml in a standard 
flask. Using a calibrated pipette 2ml of this solution 
was transferred to a 1cm quartz cuvet and placed in the 
cell compartment of a Perkin-Elmer UV spectrophotometer 
A blank was prepared and 2ml of this solution placed in 
a similar quartz cuvet in the adjoining cell compartment. 
The absorbance of the blank was adjusted to zero and 
the absorbance of the crystal solution at 222mp read 
and noted. A small amount of EDTA was added from a 
2ml burtte, and an equal volume of water was added to
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the blank. The contents of both cells were stirred by 
a fine stream of air bubbles. The blank was adjusted 
to zero and the absorbance of the unknown solution again 
noted. The process was repeated until the end-point 
had been well passed. A plot was made of ml EDTA added 
against absorbance.
6.5 STANDARDIZATION OF EDTA.

The EDTA was standardized against a standard
magnesium sulphate solution at pH = 10 and a temperature
of 60°C using Eriochrome Black T as indicator. The
magnesium solution was first neutralized with sodium
hydroxide using methyl red as indicator. The methyl
red also acted as a screening dye producing a somewhat
sharper end-point. The colour change was from a dark
red to a greenish blue. The strength of the EDTA was
calculated from the equation.-

lml 0.001 M EDTA = 0.0243mg Mg.
Before each series of analysis, a standard solution of
CsCl containing BaCl was prepared and a check made to2
determine the accuracy of the method.
6.6 STORAGE.

Glass vessels, which yield cations and anions, are 
unsuitable for storage. Each batch of freshly prepared 
EDTA solution was immediately transferred to polytheee

bottles and stored there until used. No change can be
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observed in the strength of even 1 mM EDTA over a period 
of several months.
6.7 ESTIMATION OF SULPHATE IMPURITY.

The sulphate concentration was not determined 
directly but by using a back titration with a standard 
barium solution.

The theory was that the sulphate in the crystal 
would be precipitated as barium sulphate, and by titrating 
the excess barium with EDTA the sulphate concentration 
could be estimated. This method, however, presumes the 
complete insolubility of barium sulphate. This is not so.
Barium sulphate is soluble to the extent of 0.22mg per

o o100ml water at 18 C and 0.246mg per 100ml water at 25 C.
These quantities are by no means negligible when trying
to estimate low impurity concentrations.

It was therefore necessary to use a saturated
solution of barium sulphate in distilled water as the
solvent mixture, and the following procedure was adopted.

a) 2ml of the standard barium chloride solution 
was added to 2ml of the solvent mixture and 
2ml of the resultant solution titrated against 
standard EDTA solution to give an end-point (V±)

b) The crystal containing sulphate was weighed and 
dissolved in 2ml of the solvent mixture. To 
this was added 2ml of standard barium chloride 
solution. After centrifuging at 3000 r.p.m.
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for 5 minutes, 2ml of the resultant solution was 
titrated against the standard EDTA solution giving an 
end-point (v2 ).

c) The difference (V1-V2 ) was equivalent to the amount 
of sulphate present in the crystal. Hence the sulphate 
impurity content in ppm could he calculated.
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RESULTS CHAPTER 7

CONDUCTIVITY
7 .1 Introduction.

The conductivity equation,

oT = a Q exp(-E/kT) ....(27)
where ^ _ Speogfj_c conductivity (ohm mm *̂)

or = specific conductivity for an idaal
0 “1 —1crystal (ohm cm )
E = activation energy for process (ev)
T = absolute temperature 

and k = Boltzmann constant,
is such that a graph of log aT as a function of reciprocal 
temperature is a straight line of slope equal to (E) the 
activation energy.
7.2 Method of Presentation.

In this section we have included log oT as a function 
of reciprocal temperature graphs, together with tables 
summarising the important features of each graph. The results 
in detail are listed in Appendix A.

The graphs included in this section are as follows:-
Graphs laflb,lc Typical graphs for untreated single

crystals of ’pure1 solution-grown 
Caesium chloride.

Graphs 2-6a Treated crystals of above type.
Graphs 7-8 Melt-grown single crystals of ’pure1

Caesium chloride.
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_ 2+Graphs 9-29 Divalent cation (mainly Ba )
impurity-doped single crystals of
Caesium chloride.

2-Graphs 30-17 SC, -doped single crystals of Caesium
chloride.

*Graphs 35-39 Llixed crystals.
*It should he pointed out that these crystals were studied 
at an early stage in the research. Later results were 
obtained under different experimental conditions,and,as a 
result,we have plotted log 1/R (R=specific resistance), 
rather than log crT,as a function of reciprocal temperature 
in Graphs 38 and 39.

7.3 The results
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TABLE la.

a
Graph l__PureCsCl*

Heating
Activation energy

<1}below knee (ev) 0*96
Activation energy above

(2)knee (ev) 1.37
Knee (r.t.u.) 1.83
Temperature at which

o otransition starts ( G) 469
crT at start ox transition

—1 —1 o —2(ohm cm ) A 3.93 x 10
Temperature at whiuh
transition is complete 
o o( C) 472

crT at completion of
-1 -1 o -3transition (ohm cm ) a . 4.17 x 10

Cooling

O455

3.00 x 10 

o451

2.00 x 10
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TABLE lb.

Graph lb Pure CsCl

Heating Cooling

Activation energy below
(1)knee (ev) 0*80

Knee (r.t*u.) 1*80 —
Activation energy above

(2)knee (ev) 1*38
Temperature at which

o otransition starts ( C) 469 461 o

<jT at start or transition 
**i “1 o(ohm cm ) A. 4*74 x 10 4.10 x 1

Temperature at which
transition is complete
(°C) 474 457°
crT at completion of

-1 - 1 0  ~ 
transition (ohm cm ) A. 4.67x10 2*41x10
Activation energy after
transition (ev) 0.97 —
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TABLE lc 64
c

Graph 1 Pure CsCl

1st heating 2nd heating CoolingActivation energy
(1)below knee (ev) 0*95 —  — -

Knee (r.t.u.) 1.86 — - —
Activation energy

(2) (2) 
above knee (ev) 1*57 1*37
Temperature at which

o o 0transition starts ( C) —  467 468
<yT at start of

-1 -lo -2 -3transition (ohm cm )Ar—  4.20 x 10 3*69 x 10
Temperature at which
transition is complete 
o o o( C) 475 455

<3T at completion of-1 -1 -3 -2
transition (ohm cm J — «• 3*93 x 10 1*90 x 10

A.
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65TABLE 2

Graph 2 Pure CsCl
1st heat 2nd heat 3rd heat cooling

Activation energy
below knee (ev) 1.08^ — - --  0.94^
Knee (r.t.u.) 1.86 — - — - i #82
Activation energy
above knee (ev) 1.39^ 1.39^ 1.39^2  ̂ 1.39^
Temperature at which
transition starts °C 472° 468° —  — -
<rT at start of
transition (ohirT̂ cm )̂ 3.72xl0“2 3.4QxlCf2 —
Temperature at which 
transition is complete 
C —— 472° —
eT at completion of
transition (ohm"-*-cm~̂ ) — - 4.11 x 10”^ --

°A.

Impurity content less than 4 ppm divalent cation



GRAPH 3* Pure CsCl* (From Cs diffusion Ho. 2.)
x r m i ± ; ^  : ; }-£ M -

o nm



TABLS /3 66
13*7Graph 5 tpure* C3CI (from Cs diffusion No# 2)

<*T at completion of
\ CD A.

Heat 1ng Cooling

Activation energy
below knee (ev) 0*95^ ....
Knee (r*t*u*) 1*81 •»«•••
Activation energy above
knee (ev) 1*42^
Temperature at which
transition starts °C 471° 477°
cjT at start of transition
(oluif cm-1) °A. 4.76 x 10-2 3.75 x 10"3
Temperature at which 
transition is complete
°C 480° 464°

■•l •* 1  «»3 « 2transition (ohirf0cm ) 4*40 x 10 2*66 x 10



GRAIH 4. lure CsCl



67
TABLE 4

Graph 4 Pure CsCl
Heating

Activation energy
below knee (ev) 0*93^
Knee (r*t.u.) 1#80
Activation energy above
knee (ev) 1.40^
Temperature at which
transition starts °C 469°
<?T at start of
transition ( ^)°A. 4.40 x 10"^
Temperature at which 
transition is complete 475°
oT at completion of
transition (ohm ^cm ^)°A. 4#04 x 10~5

Cooling

0.88
1.78

1.40<2)

461°

2.48 x 10

454°

1.61 x 10"2

Impurity content leas than 4 ppm divalent cation



GRAPH



TABLE 4a.
Graph 4a Pure CsCl (Run 4, four days later)

Activation energy
below knee (ev) 0.88^
Knee (r.t.u.) 1.80
Activation energy above
knee (ev) 1.41^
Temperature at which
transition starts °C 469°
c?T at start of transition
(ohm~^cm“ )̂ °A. ~ 4.57 x 10"^
Temperature at which
transition is complete °C 473°
oT at corslet ion of
transition (ohm*"1 cm-1)0A. 3.66 x 10~3

Impurity content less than 4 ppm divalent cation



>hm
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TABLE 5 69

Graph 5 Pure CsCl Annealed In vacuo 192 hr a at 400°C

1st heating 2nd heating (after chilling
from 470°in liquid 

air)
Activation energy
below knee (ev) 1.13(3-) curved(5)
Knee (r.t.u.) 1.83 --
Activat ion energy
above knee (ev) 1.47^  1.41
Temperature at which
transition starts °C 468° 467°
<*T at start of
transition (ohm ^cm ^)4.53x10"^ 4*29 x 10~^



GRAPH 6. Pure CsCl



TABLE 6
70

Graph. 6 Pure CsCl

Activation energy
below knee (ev) 1*15^
Knee (r.t.u.) 1.85
Activation energy
above knee (ev) 1.40^
Temperature at which 
transition starts (°C) 467°
cT at start of transition
(ohm”*1 cm"1) °A. 4.59 x 10~2
Temperature at which
transition is complete (°G) 472°
c T at completion of

»1 »»i o rztransition (ohm cm ) A. 4.31 x 10
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TABLE 6a. 7

Graph 6a Pure CsCl (Run 6 after Y -irradiation)

Activation energy
below knee (ev) 0,25^
Knee (r*t,u.) 1,77
Activation energy
above knee (ev) 1.40^
Temperature at which 
transition starts (°C) 466°
tfT at start of transition
(ohnfhm-1) °A. ' 4.11 x  10"2
Temperature at which
transition is complete (°C) 474°
dT at completion of
transition (ohm ^cnT^) °A. 4,18 x 10 ^



Graph 7. lure CsCl-Melt grown

1

m cm

x 10



r

72
TABLE 7

Graph 7 Pure CsCl (melt-arown)

Activation energy
below knee (ev) curve^
Knee (r.t.u.) 1*79
Activation energy
above knee (ev) 1*47
Temperature at which 
transition starts (°C) 470°
c*T at start of transition
(ohm"1™ " 1) °A* 3.60 x 10~2



Pure CsCl Melt-grownf(from Run 7 afterGRAPH 7'



TABLE 7a.
8.Graph 7 Pure Me It-grown CaCl (from Run 7 aft ©r

Activation energy
below knee (ev) 0*28^
Knee (r.t.u.) 1#71
Activation energy
above knee (ev) 1.46^
Temperature at which
transition starts (°C) 470°
</I at start of transition
(ohBT^cmT1) °A. 3«80 x 10~2
Temperature at which
transition is complete (°C) 471°
oT at completion of

-1 -i 0transition (ohm cm ) A. 2*97 x 10

73

irradiation)



GHAPH 8. Pure CsCl melt-grown efter 196hrs. 0 400 C
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TABLE 8 74

Graph 8 Pvcre CsCl Melt-grown (after 196 hrs at 400°C 
_____________________________ between pellets of BaClg)

1st heating 2nd heating

Activation energy 1*48 1*48
T emper at ur e at wh i ch
transition starts (°C) 467° 467°

at start of trans
ition (ohm^cm ^)°A. 3,79 x 1CT2 3*66 x  10“^
Temperature at which 
transition is complete
(°C) 471° 470°
cT at completion of
transition (ohm ^cm 4,51 x  10"^ 4,20 x 1CT^



GRAPH 9. Ba?+-doped CsCl



TABLE 9
75

2+Graph 9 Ba

Activation energy 
below knee (ev) 
Knee (r.t.u.) 
Activation energy 
above knee (ev)

doped CsCl

1st beating 2nd heating (after
chilling from 407 

__________ in liquid air___________

0.70
1.75

(3)

1.42 (2)



1r\

GRAPH 10. Ea +-doped CsCl



TABLE 10 76

Graph 10. Ba^*-doped CsCl

1st heating 2nd heating (after 
chilling from 372° 

__________  in liquid air)

Activation energy below 
knee (eV)
Knee (r.t.u.) 
Activation energy above 
knee (eV)

1 . 0 2 ^  0.63(̂
1.83 1.68

1.40



GRAPH 11. Ba^+-doped CsCl. Impurity Content 57 ppm.



TABLE 11
2 +Graph 11 Ba -doped CsCl. Impurity content 57ppm

1st heating

Activation ai ergy
below knee (ev) 1.03^
Knee (r.t.u.) 1.75
Activation energy

(2 )above knee (ev) 1*38
Rise temperature 
range (r.t.u.) 1.55,-1 • 48
Amount of rise 2.7 (times)
Activation energy 
above rise (ev) 1.00^
Temperature at which 
transition starts (°C) 458°
<tT at start of

-1 -1 -2transition (ohm cm0 ) 2.61 x 10A.

2nd heating

T?"

1.02(4) 
mrnmmmm

451°

1,27 x 10"2





TABLE 12
24-Graph 12 Ba -doped CsCl. 62ppm

Heating Cooling

Activation energy
below knee (ev) 0.91^ 0.82^
Knee (r.t.u.) 1.85 1.82
Activation energy
above knee (ev) 1.37^ 1.37^
Rise temperature
range (r.t.u.) 1.59-1.50 --
Amount of rise 2.9 (times) 1.5 (times)
Activation energy
above rise (ev) 0.97^  1.17^
Temperature at which
trsi sition starts (°C) 456° 477-458
<tT at start of
transition (ohm'"̂ cm’"’̂ A3*27 x 10  ̂ --
Temperature at which 
transition is com-
plete (°C) 469-484° 442-426°
cT at completion of

-1 -1 -3fcjpaasition (ohm cm ) app.4.00xl0 app.l.30x10
A.



2 +GRAPH 15. 3a  ̂-doped CsCl. ^Impurity Content 71 ppm.
I ii l i f e t * fait Hifj
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TABLE 13
2+Graph 15. Ba - doped CsCl. 71ppm.

Heating Cooling

Activation energy 
below knee (ev) 0.78 (1)

Knee (r.t.u.) conductivity falls
by a factor of 10 times 

1.82-1.79

(2)

1.53-1.48 
3.2 (times)

(3)

Activation energy 
above knee (ev) 1.35
Rise temperature 
range (r.t.u.)
Amount of rise 
Activation energy 
above rise (ev) 0.91
Temperature at which 
transition starts (°C) 448° 
crT at start of

-1 ~1 -2transition (ohm cm o^  2.70x10
Temperature at which
transition is complete
(°C) 487°
cT at completion of
transition (ohm ^cm „ ) 3.78xl0~3A.

475

5.91x10-3

438-427

9.00x10-3



GRAPH 14. Ba -doped CsCl. Impurity Content 85ppm



TABLE 14
2+Graph 14* 3a - doped CsCl, 85ppm

Activation energy
below knee (ev) 0.93^
Knee (r.t.u*) 1*82
Activation energy

(2)above knee (ev) 1.40
Rise temperature
range (r.t.u.) 1.57-1.52
Amount or rise 5*5 (times)
Activation energy
above rise (ev) 0#*?9(®̂
Temperature at whiuh
transition starts (°C) 445°
crT at start of

-1 -1 -2transition (ohm cm 2.41 x 10
Temperature at which
transition is com-
plete (°C) 473°
*T at completion of

-1 -1, -3transition (ohm cm 0) 4.78 x 10A •



GRAPH 15. Ba^+-doped CsCl. Impurity Content 97 ppm.



TABLE 15

Graph 15 Ba^*-doped CsCl 97ppm

Activation energy (ev) 0.95^
Range of rise (r.t.u.) 1.66-1.62
Amount of rise 4.4 (times)
Activation energy above
rise (ev) 0.70^
Temperature at which
transition starts (°C) 440°
ctT at start of transition

-T -1 0 O(ohm cm ) A.  ̂ 2.20 x 10"*
Temperature at which
transition is complete (°C) 490°
oT at completion of

-1 -1 0 -5transition (ohm cm ) A. 3.40 x 10



GRA P H 16, Ba -doped CsCL Impurity Content

A  GO tiling

2969



TABLE 16
2-fGraph 16. Ba -doped CsCl# 104ppfa

Heat ing Cooling

Activation energy (ev) 0.84^ 0.84^
Rise temperature range
(r.t.u.) 1.70-1.62 1.65-1.72
Amount of rise 7.7 (times) 3.2 (times)
Activation energy
above rise (ev) 0.65^  0.86^
Temperature at which
transition starts (°C) 437° 442°
crT at start of trans
ition (ohm'*^cm”’1') A. 2.04xl0~2 6.64x10"^
Temperature at which 
transition is
complete (°C) 460° 433-408°
<?T at completion of

-1 -1 -3 —3transition (ohm cmo ) 2.80x10 9.00x10 approx.
A.



Impurity content. 133ppmGRAPH 17. Ba



TABL3 17 83
2~hGraph 17 Ba - doped C3GI_____ 133 ppm

Activation energy (ev) 0.82^
Rise temperature range 
(r.t.u.) 1.66-1.58
Amount of rise 8.0 (times)
Activation energy above

(2)rise (ev) 0.64
Temperature at which 
transition starts (°C) 432°
<sT at start of transition
(ohm "'em )̂ A. 1.76 x  10~^



Iapufit} nn t sn t

x 10

-1 -1m cm



TABLE 18 
2+

Graph 18 Ba -doped CsCl

Activation energy below 
knee (ev)
Knee (r.t.u.)
Activation energy above knee (ev) 
Rise temperature range (r.t.u.) 
Amount of rise
Activation energy above rise (ev)
Temperature at which transition 

ostarts ( C)
oT at start of transition- 

-1 -1 o(ohm cm ) A.
Temperature at which transition is 

o
complete ( C)
oT at completion oi transition 

-1 -1 (ohm cm ) A.

84

(1)0*81
1.73

(2)1.39
I.60 - 1.54
II.4 (times) 

(3)0.60

418

-2
1.59 x 10

482

-34.62 x 10



GRAPH 19 Impurity content 153 ppm



TABLE’ 19 85

2+Graph 19 Ba - doped CsCl 153 ppm

Activation energy below
knee (ev) 0.85^
Conductivity drops 7 times between 2*08 and 2*00 r, 
Activation energy below

(2 )knee (ev) 0.88
Knee (r.t.u.) 1.82
Activation energy above 
Knee (e.v.) 1.35
Rise temperature range 
(r.t.u.) •' 1.46-1.44
Amount of rise 2.0 (times)
Activation energy above

(4)
rise (ev) 0.74
Temperature at which

o otransition starts ( C) 439
oT at start of transition

-1 -1 o -2(ohm cm ) A. 1*96 x 10
Temperature at which

o o
transition is complete ( C) 464
dT at completion of-1 -1 0 -3transition (ohm cm ) A. 6.12 x 10

t.u.



Impurity content l67ppmGRAPH 20



TABLE gft
2+

Grarfr 20. 3a -doped CsCl. 167
137

from Gs diffusion No,8.
Heating

Activation energy 
below knee (ev) 
Knee (r.t.u.) 
Activation energy 
above knee (ev) 
Rise temperature 
range (r.t.u.) 
Amount of rise 
Activation energy 
above rise (ev)

0.65
1.73

1.33

(1)

(2)

1.57-1.51 
4.7 (times)

0.88
Temperature at which

0 otransition starts ( G) 443
<sT at start of

-1 -1 -2transition (ohm cm ô ) 2.30x10
Temperature at which
transition is complete 
o o( C) 483
cT at completion of t

-1 -1 -3
transition (ohm cm ) 4.23x10

A.

Cooling

457

2.38x10-3

431

-2
1.09x10

86



ohm
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TABLS 21 
2+

Graph 21 Ba -doped CsCl.

1st heating;

Activation energy low activation
energy up to 

(ev) 1.54 (r.t.u.)
Rise temperature
range (r.t.u.)
Amount of rise
Activation energy
above rise (ev)
Temperature at which

otransition starts ( C)
<*T at start of

-1 -1 otransition (ohm cm ) a .
Temperature at which

o
transition is complete ( C)
oT at completion of

-1 -1 otransition (ohiji cm ) A.

196 ppm

2nd heating

(2 )1.40

1.52-1.46 
2.0 (times)

(3)0.84

442

2.38 x 10~2

479

-35.00 x 10



GRAPH 22. Ba . -doped. CsClt Iapurity oontgnt 234, „pp,in
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2+
Graph 22, Ba -doped CsCl.

Activation energy 
Knee (r.t.u.)
Activation energy above 
knee (ev)
Rise temperature range 
(r *t.u»)
Amount of rise 
Activation energy above 
rise (ev)
Temperature at vfhich

o
transition starts ( C)
*T at start of transition 

-1 -In

234 ppm.

(1)1.12
1.87

(2)
1.39

1.59-1.52 
3 (t ime s)

1.00 ev 

o450



Jj*. srftgcj. ?fir. pp.ffHAPH P?



TABLN 23
2+

Graph 25 Ba - doped CsCl. 260 ppm
lo7

From Cs Diffusion No* 3.

1st heating 2nd heating;

Activation energy
U) (2)below knee (ev) 0*60 0*76

Knee (r*t*u.) 1.58 1,70
Activation energy

(3)above knee (ev) l.*50 1*29
Temperature at which

o o
transition starts ( C) — - 463
crt? at start of

-1 -1 o -2transition (ohm cm ) A?— * 3.97 x 10
Temperature at which
transition is complete 
o o( G) ---- 471
<*T at completion of

-1 -1 o -2transition (ohm cm ) A. 4.34 x  10



-1 -Inm cm ;

Impurity Content 2SOppm

M

x 10



TABLE 24 
2+

GraJh 24, Ba -doped CsCl. 280 ppm 
lo 7

from Cs -diffusion NQ« 7

Activation energy
, X (1)below knee (ev) lo08

Knee (r.t.u.) 1*86
Activation energy above

(2)knee (ev) 1*30
Higher temperature region
curved
temperature at which

o -  o
transition starts ( C) 465
<sT at start of transition

- 1  - 1  o - 2
(ohm cm ) A. 3.95 x 10
Temperature at which

o o
transition complete ( C) 475
dT at completion of

-1 -1 o -3
transition (ohm cm ) ^  1*99 x 10



nppfl rfifn j ,-.Tyx'la.ri,J'X CiP^y^i\



TABLE 25 91
2 +

Graph 2 5 0 Ba -doped CsCl« 1000 ppm (estimated using
s35o"-)4

(1)Activation energy (ev) 1*43
Temperature at which

o otransition starts ( C) 466
<5*T at start of transition

-1 -1 0 -2 
(ohm cm ) A. 4*40 x  10
Temperature at which

o otransition is complete ( C) 472
(TT at completion of-1 -1 o -3
transition (ohm cm ) A. 4*38 x  10
Activation energy after the

(2)
transition (ev) 1*13



GRAPH 2 Tmnijntv finntpnt lea a ,ti-ian_5px)in

1#4> 1 X 10“  ̂A.



TABLE 26

2+
Graph 26 Ba -doped CsGl less than 5 ppm 

107
From Cs diffusion No#10

Activation energy (ev) 1.41
Temperature at which

o otransition starts ( G) 467
c?T at start of

-1 -1 o -2transition (ohm cm ) A. 4.66 x 10



bent undetectable27.Ba -doped CsCl. Irrrpurit con



IABL3 21
2+ 2+

Graph 27 Ba -doped CsCl, No Ba detected---------------
from Cs diffusion No* 7

93

Activation energy below
(1)knee (ev) 1#02

Knee (r.t.u*) 1*87
Activation energy above

, x (2)knee (ev) 1*39 (
Temperature at which

o o
transition starts C 468
ctT at start of transition

-1 -1 o, -2(ohm cm ) A* 4*44 x  10
Temperature at which

o o
transition is complete C 471
<tT at completion of

—1 —1 o -3transition (ohm cm ) A. 4*16 x  10



Sr?+-doped CsCl. Impurity content less■ th^_ Sgpjii
-T't i "^_45Av - I  i i . 1 - !  i-4 M  ji-A- 8

GRAPH. 28



>V

94
TABLE 28

2t
Graph 28 Sr -doped CsCl Le33 than 5 ppm 

lo7
from Cs diffusion No. 4.

Activation energy (ev) 1.45
Temperature at which

o o
transition starts C 468
orT at start of transition

-1 -1 o -2(ohm cm ) A. 4.84 x 10
Temperature at which

o o
transition is complete C 469
<rT at completion of

-1 -1 o -3transition (ohm cm ) A. 4.00 x 10



GRAPH 29. Ca~ -doped CsCl. Impurity content 125ppm



TABLG 29 95
2+

Gr&ph 29 Ca ■ doped CsCl 125 ppm 
13V

from Gs diffusion No. 5

Activation energy below
/ » (1)knee (ev) 0*97

Knee (r.t.u.) 1.82
Activation energy above

, v (2)knee (ev) 1.42
Rise temperature range
(r.t.u.) 1.49 - 1.47
Amount of rise 5.0 (times)
Activation energy above

, X (5)rise (ev) 0.72(
Temperature at which

o o
transition starts C 436
oT at start of transition

••1 —1 o —2(ohm cm ) A. 2.21 x 10
Temperature at which

o o
transition is complete C 484
oT at completion of transition

-1 -1 0 -3
(ohm cm ) A. 5.00 x 10



■doped CsCl* Impurity content 83 ppmRAPE 30. SO

i



TABLE 30
2-

Graph 50 SO -doped CsCl

Activation energy (ev)
Rise temperature reage 
(r.t.u.)
Amount of rise 
Activation energy above 
rise (ev)
Temperature at which

o
traa sitlon starts ( C)
tfT at start of transition 

-1 -1 o(ohm cm ) A.
Temperature at which
transition is complete ( c)

CTT at completion of transition 
-1 -1 o(ohm cm ) A.

96

85 ppm

(1)1.40ev

1.54 - 1*52 
1*8 (times)

(2)
1.09

o484

-2
4.03 x 10

502

-37.02 x 10



CsCl. Impurity content 100

/m x 10 A.



97
TABLE 31

2-
Graph 51 SO -doped CsCl 100 ppm4

1st heating cooling

Activation energy below
(1)knee (ev) 0.66

Knee (r.t.u.) 1.56
Activation energy above

, , (2) (3)knee (ev) 1.43 1.00
Temperature at which No reverse

o o transitiontransition starts C 502
CTT at start of transition

-1 -1 0 -2(ohm cm ) A. 3.56x10 —
Temperature at which

o otransition is complete C 523 —
CTT at completion of

—1 —I \ ̂ **2transition (ohm cm ) A. 1.36x10 —

2nd heating

(4)
1«19
no

transition



GHAFH c o n te n tCaC3 Trrrpnm

m

/  x 10 A .



98TABLS 32

2-
Gratih. 52 SO -doped CsCl______ 120 ppm

(1)Activation energy (ev) 1.39
Rise temperature range (r.t.u.) 1.60 - 1.53
Amount of rise 4.0 (times)

, , (2) Activation energy above rise (ev) 0.96
Tender at ure at which transition

o ostarts C 492
<rT at start of transition

-1 -1 0 -2(ohm cm ) A. 3.61 x 10
Temperature at which transition

ois complete 504
O'T at completion of transition

-1 -1 o -3
(ohm cm ) A. 8.00 x 10



Impurity content 137 ppmGRAPH 33. SO" -doped CsCl 
ITrt IT"'" I ■ -rpf' 1 -1 T - m i H  - f-g



99
TABLE 33

2-
Graph 53 SO^ -doped CaCl lo7 ppm

Heating Cooling

, x (1) (4)Activation energy (ev) 1.15 1.18
Rise temperature range
(r.t.u.) 1.60-1.52 —
Amount of rise 3.6 (times) —
Activation energy above

(2 )rise 0.92 --
Temperature at which

o O otransition starts C 495 491
cTT at start of transition

-1 -1 0 -2 -3 (ohm cm ) A. 4.32x10 3.19x10
Temperature at which

0 0 otransition is complete C 528 473
crT at completion of

-1 -1 o -3 -2transition (Ohm cm ) a . 9.29x10 2.10x10
Activation energy after

(3)transition (ev) 1.15



. 2 -CRAPH 34. SO, -doped CsCl. Impurity content 150 ppm

(ohm ^cm

1.2
X -4 V T X  10_3°a. 1 *8 2-° 2.2



100TABLE 34
2-

Gra^h 54 SO^ -doped GsOl______ 150 ppm

Heat i ng Cooling

Activation energy below
/ \ (1> <6)knee (ev) 1*05 0*95

Knee (r.t.u*) 1.76 1.73
Activation energy above

/ > (2) (5)knee (ev) 1*38 1*26
Rise temperature range
(r.t.u.) 1.60-1.55 *"—•*
Amount of rise 3.8 (times)
Activation energy above

(3)rise (ev) 0.87 —
Temperature at which

o o otransition starts C 498 491
0"T at start of transition

-1 -1 o -2 -3(ohm cm ) A. 4*16x10 3.18x10
Temperature at which

0 0 o
transition is complete C 527 473
CTT at completion of

-1 -1 o -3 -2transition (ohm cm ) A. 9*04x10 2.10x10
Activation energy after

(4)transition. 1*14 _



p _GRAPH 35. SO„ -doped CsCl. Impurity content. 212ppm
t f - r .11: — r i T - r - i !  T O IO -  O T P r-:  rT ;~ :3 f0 :-

E fH -tj=1E ix : f  ip:.HEyPx-- H ::£ jlf~ ^ S o . I - —x ii f  i- :. j :f  :f "r■- --'4■ -i\ i — :vf:n_:j  x 1x :..j ..I : xxr -i—i- -



101

TABLE 35

2-
Graph 35 SO -doped CsCl 4

Activation energy (ev)
Rise temperature range (r.t.u.) 
Amount of rise
Activation energy above rise (ev)
Temperature at which transition 

o
starts C
<rT at start of transition

-1 -1 o(ohm cm ) a .
Temperature at which transition 

o
is complete C
& T  at completion of transition 

-1 -1 o(ohm cm ) A.

212 ppm

(1)1.44
1.60-1.54
6*3 (times) 

(2)0.78

o508

-23.12x10

546

-21.28 x 10



vi  f , y  ° - n rr , SO', -cionod CqC

(ohm cm
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TABLE 36 102

2-
Graph 56 30^ -doped CsCl 274 ppm

Heating Cooling;

(1)
Activation energy below
knee (ev) 1#13
Knee (r.t.u.) l#71
Activation energy above
knee (ev) 1.40
Rise temperature range
(r.t.u.)
Amount of rise
Activation energy above
rise (ev) 0.40
Temperature at which

o <
transition starts C 526
j*T at start of transition

-1 -1 o -2(ohm cm ) A. 2.81x10
Temperature at which

o o
transition is complete ( C) 554
j“T at completion of

-1 -1 o -3transition (ohm cm ) A. 6.29x10

(2)

1.49-1.42 
10 (times)

(3)

1.25 (4)

543

7.14x10

470

-3

-2
1.30x10



Impurity cortento pe d  C e C l

m M

10

10

cfT

10

10

1.2 1.41.0 1.8 2.0



1ABLB 37
2 -

Graph 57 SO -doped CsCl______ 457 ppm
103 ,

Heat ing

Activation energy below 
knee (ev)
Knee (r.t.u.) --
Act ivation energy above

/ X (1)knee (ev) 1.37
Rise temperature range 
(r.t.u.) 1.62-1.54
Amount of rise 4.0(times)
Activation energy above

(2)rise (ev) 1*10
Temperature at which

o otransition starts ( C) 510
<rT at start of transition

-1 -1 o -2(ohm cm ) A. 4.70x10
Temperature at which

o otransition is complete ( C) 560
<rT at completion of

-1 -1 otransition (ohm cm ) A. 1.00x10-2

Pooling

(5)
0.57
1.80

(4)1.25

1.53-1.55 
1.6 (times)

(3)1.25

o551

-3
4.78x10

o498

-22.46x10-





TABLE 38
KCl-CsCl mixed crystal from Graph 38.

104

Activation energy (eV) 1.19
Temperature at which

transition starts (°C) 467°
l/R at start of

transition (ohm*”^cm~^) 1.33
Temperature at which

transition is complete (°C) 473°

x 10"5
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TABLE 39

CsI-CsCl mixed crystal from Graph 39.
>

Activation energy (eV) 1.24
Temperature at which transition
starts (°C) 466°
1/K at start of transition
(ohm’"̂ cm'”̂ ) 3.62 x 10~^
Temperature at which transition
is complete (°C) 469°
l/R at completion of transition
(ohnT^cnf■*") 6.oo x 10”^
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RESULTS CHAPTER 8

DIFFUSION

8 .1 Introduction.
The diffusion equation,

D = Doexp(-E/W)  (28)
where pL = diffusion coefficient (cm /sec)

D0~ diffusion coefficient of an ideal
crystal

and E,k,T have same significance as in 7.1 ,

is such that a graph of log D as a function of reciprocal 
temperature is a straight line of slope equal to (E) tha 
activation energy for diffusion.

8.2 ilethod of Presentation.

In this section we have included graphs of log D as a 
function of reciprocal temperature for Cl-36 and Cs-137 
diffusion in ’pure1 and impurity-doped single crystals of 
caesium chloride. We have also included those tables of 
results from which the graphs have been compiled. The 
individual counting measurements for each crystal are listed 
in Appendix B for Cl-36 diffusion and in Appendix C for 
Cs-137 diffusion.

The graphs included in this section are as follows:-

Graph 40 Cl-36 diffusion in ’pure’ single
crystals of caesium chloride.

2+Graph 41 Cl-36 diffusion in Ba -doped
single crystals of caesium chloride.
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3.? The

Grepb 42 Cl-36 diffusion in SO^ -doped single
crystals of caesium chloride.

Graph 43 Cs-137 diffusion in ’-pure1 single
crystals of caesium chloride.

Graph 44 Cs-137 diffusion in aliovalent
impurity-doped single crystals of 
caesium chloride.

Graph 45 Comparison of measured and calculated
diffusion coefficients.

results
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Orexh 40 Cl^'-di

Teiap 6 "C )

1 3 r:
195

228
228
282

845

352
352

358
358

358
358

370
370

380
380
388
388
404
404

420
420

f t'fusion in pure

1/T x 10~3 r°A;

2 . 1 3 7
2 . 1 5 7

1 . 9 9 6
1 . 9 9 6

1 . 8 0 8

1 . 6 5 0
1.650
1.618
1.600
1.600
. 1 .5 8 5  
1 • 585

1. r'85 
1 . 5 8 5

1 . 5 5 5
1 . 5 5 5

1 . 5 3 1
1 . 5 3 1

1 . 5 1 3
1 . 5 1 3

1 . 4 7 7
1 . 4 7 7

1 . 4 4 3
1.443

sC l

D (era" /sec )

8 . 6 X 10
9 . 4 X 10

3 . 0 X 10
1 . 6 X 10

5 . 6 X 10

2 . 8 X 10
3 .6 X 10

5 . 8 X 10

9 . 2 X 10
9 . 6 X 10

8 . 2 X 10
1 . 2 X 10

1 . 2 X 10
1 . 2 X 10

2 . 2 X 10
2 . 5 X 10

2 . 4 X 10
2 . 7 X 10

3 . 4 X 10'
4 . 3 X 10

4 . 9 X 10'
5 . 0 X 10'

6 .0 X 10'
8 . 8 X 10'
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?Ar:ijI. 40 ( c o n t i n u e d ;

- 'v J 1/1 x 10 3(°A' D (cm^/sec

429 1.125 1.1 x 10'
440 1.403 1.3 x 10'
140 1.403 1.5 x 10'

450 1.383 1.6 x 10
450 1.383 2.3 x 10
45b 1.372 3.0 x 10

- 9

- 9
- 9

• O • o *0 • O #0 #0 #0 *0 *0 .0 • 0 *0 • o •

Activation ^ f 2 , N— ------- n D Com /sec )Energy (ev; —o-*--L----- L

Low temperature range ~ crs n ncr w nn~7O.pO 1.95 x 10below knee.

H ig h  temperature range 
above knee. 1.30 -2.1

• O .0 .0 *0 .0 .0 .0 .0 .0 .0 .0 .0 .0 •
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TABLE 41

Cl ̂ -diffusion in Ba -doped CsCl from Graph 41

impurity 0
content(yum) Temp(°C) 1/T x 10~^ A P(cm2/sec)

211 320 1.686 1.6 X 1048 320 1.686 2.0 X 10
162 398 1.585 2.0 X 1077 358 1.585 5.7 X 1C
128 370 1.555 6.3 X 10? 37 C 1.555 7.7 X 10
97 380 1.531 7.2 X 109 380 1.531 1.3 X 10

116 388 1.513 1.7 X 109 388 1.513 1.4 X 10
88 429 1.425 5.8 X 10'
9 456 1.372 1.6 X 109 456 1.372 1.2 X 10

-11
-11
-11
-11
-11
-11
-11
-10
-10
-10
-10
-10
-10



GRAPH 42. Cl ̂ -diffusion in SO^-doped CsCl

10-9

10-10

(cm /sec
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t
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TABLE 42 111

Cl^ diffusion in SO^-doped CsCl from Graph 42

Impurity 
content (ppm)

162
123

180

Temp ( " C ) 1/T x 10"3(°A) D (cnw'sec

280 1.808 1.2 x 10“
280 1.608 2.5 x 10“
280 1.808 2.5 x 10
320 1.68 6 8 .5 x 10“
320 1.686 1.5 x 10“
320 1.686 1.7 x 10“
320 1.686 2.6 x 10“
338 1.585 3.5 x 10“
358 1.585 4.0 x 10“
3o0 1.580 4.7 x 10”
360 1.580 5.4 x 10"
360 1.580 8.0 x 10“
380 1.580 7.4 x 10“
360 1.580 7.5 x 10“
360 1.580 1.1 x 10“
370 1.555 3.7 x 10“
370 1.555 4.4 x 10“
388 1.513 3.7 x 10“
388 1.513 5.0 x 10"
429 1.425 1.0 x 10



GRAPH 43* Cs1-̂  diffusion in pure CsCl
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r-r ’ 1inllL..diffusion in -pure CsCl from Graph 43

C-. J j

-7°L®22 L.P / 1/T x 10 J A . -D (cm /gee)
?33 1.972 l.o x loil
9 ^  1.972 1 .2 x 10" 13

943 1.919 e#2 x 10-14
?45 1.919 7.4 x in3 .4 x 10

992 1.776 3 .4 x l o f 3
990 1.776 3.8 x 10-1 3

397 1.724 1 .4 x lcfi
397 1.724 1 .2 x 10

320 1.686 2 .7 x lO-^
320 1,686 3 .0 x 10

364 1.570 1.6 x 1C" 11

383 1.524 4.5 x lo"ll
383 1.524 4.6 x 10
402 1.481 1.2 x lof°
402 1.481 1.2 x 10

449 1.385 2.9 x lo f ':
449 1.385 4.5 x 10
481 1.326 4.6 x lof®
481 1.326 5.5 x 10 0

Activation f 2 ,------- 7—  \ D (cm /sec )nnergy (ev) -o— >---L L

Low temperature range 0>6o g<04 x 10-8
below knee

I-Tirh temperature range _, oc ,n 1.54 ^-0*0above knee



GRAPH 44 C s d i f f u s i o n  in aliovalent impurity-doped CsCl
I I I I ; ; i l l ' 1 ■ l I i ■ i i I I I ; i I I i I" ' I i I __L- i " T - A. : .  : f i t  -  i >
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TABLE 44

1"7 ...Cs 1 diffusion in aliovalent impurity doped CsCl.

Impurity _ ,n x
.(PP“0 Temp. T C  ) 1/T x :

Barium. (?6o)
S t r o n t ium (< 0 ) 
Calcium 
Sulphate 
Suljjhate

307 
wo 7
307
707
307

1.724
1.724
1.724
1.724 
1.724-

Street ium (< 3) 
Strontium 
Sulphat e

wpg
320wpo

1.686
1.686
1.686

Calcium (123) 364 1.370
Barium
Sulphate

383
383

1.524
1.524

Barium (^5) 
Barium (280)

402
402

1.481
1.481

Barium (167) 
Barium

^49
4/19

1.385
1.385

Sulphate
Sulphate

481
481

1.326
1.326

**•

■ •' • J X 10'
1.6 X 10'
8 . 4 X 10'
1 . 6 X ie‘
2 . 1 X 10

2 . 0 X 10
5 . 8 X 10
3 . 1 X 10

1 . 0 X 10

1 . 9 X 10
1 . 9 X 10

1 . 2 X 10
1 . 9 X 10

5 . 3 X 10
1 . 2 X 10

9 . 4 X 1 0 ‘
9 . 7 X io‘

-12  ̂ JJ
-11
-12
- 1 3

-12 (28) 
~13

-10
( 2 9 )  

-10 
-11

lie (27) 10 (24)

IlO (20>

-10
-10

**
Numbers in this column correspond to the conductivity 
graphs which were measured after diffusion.



GRAPH 45 Comparison of diffusion coefficients.
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TABLE 45

Comparisor) of diffusion coefficients from Graph 45

line Ori ^  Motivation B (cap/see)
   Enerav (ev) at 1.4 r.t.u.

A Cs-137 diffusion 1.54 4.3 x 10""10
i oB Calculated from 1.395 5.0 x 10

conductivity 
and correlation 
factor correction 
(f) introduced

C Celculeted from 1.395 7.8 x 10~^^
conductivity

I) Cl-36 diffusion 1.30 1.6 x 10~^

E Total diffusion 1.34 2.0 x 10~^
( A + D )

Correlation factor (f) = 0.653 for simple interpenetrating 
92cubic lattice.

If the Eernst-Einstein relationship is obeyed

D* = D (f) or D*/D = (f) o o
where *

D = total diffusion coefficient using 
radioactive tracers, i.e. Line E

D = diffusion coefficient calculated from 
0 conductivity measurements, i.e. Line C
(f)= correlation factor for tracer diffusion 

*Our results indicate I) /D = 2.5 = (f)
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RESULTS CHALTER 9

ANALYSIS

? .1 i'.cthod of Presentation.

Included in this section are sample results for

a) a typical standard celibration
> 2 +b; a typical Be determination

2-cj a typical 30^ determination

d) a ’pure’ estimation
Figures for all other analyses are listed in Appendix D.

9.2 Standard Calibration*

Ut. of BaClp = 0.0020 g
'It. of CsCl = 20.00 g

These quantities were dissolved in 500 ml of distilled 
water. Three 2ml portions, (a),(b) and(c), were titrated 
against 1.05 mil EDTA in the presence of ammonia buffer.

Results•
(a) (b) (o)

ml BETA Absorbance ail SDTA Absorbance ml EDTA Absorb
ance .

0.00 0.061 0.00 0.072 0.00 0.070
0.02 0.069 0.02 0.077 0.02 0.074
0.04 0.076 0.04 0.079 0.04 0.079
0 .0 6 0.091 0.06 0.096 0 .0 6 0.094
0.08 0.108 0.08 0.113 0.08 0.107

The corresponding end-points are
(a) at 0.040 ml (Id) at 0.040 ml (o) at 0.038 ml.

The results are plotted in Graph 46•
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Oalculat :’.org .

(c. ; end (d }

ic)

1 nl of 1 El,I KDTA = 0.137 ai£ 3a2+
0.040 El of 1.03 aK = 0.00564 iflf 3a2+

. '. Ba = 0.0056a x 160.4.10°
Ce+ 137.4 x 0.08 .10?

= 86 p-pm

0.038 ml of 1.03 ml.! = 0.00536 mg 3a2 +

. ’. Ba2+ = 0.00536 x 168.4 x 10°
Cs+ 137.4 x 0.08 x 10

= 82 jaaes-
2 +Amoimt of Ba theoretically present = Slirpm.

Percentage accuracy = 95*5rO
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2 +Typical 3a determination

117

( from Graph 19)

Rt. of crystal = 0.2350 g.

Dissolved in distilled water, 10 drops of ammonia buffer 
added and solution made up to 5 ml. 2 ml titrated against
1.03 mi' SETA.
Results

ml EDTA added Absorbance
■ jC.00 0

0.025 0.095
0.050 0.097
0.075 0.105
0.100 0.120 
0.125 0.142
0.150 0.162

The results are plotted in Graph 47.
End point occurs at 0.084 ml.

ITow, 1 ml of 1 mil SDTA = 0.137 mg Ba
0.084 ml of 1.03 mK = 0.0119 mg Ba2+ in 2 ml

= 0.0298 mg Ba2+ in 5 ml 
0.0298 x 168.4 x 10

Ba2+/ Cs+
0.0350 x 137.4 x 103

= 153 T>pm
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2 -

j.4 Typical SCK -determination
O -L(l) Calibration of Ba/- standard.

0.0300 i BaCl^ were dissolved in BaSC^ solution and the 
solution made up to 000 ml. 2 ml of the resulting solution 
was centrifuged with 2ml of BaSO^ solution and 2 ml of the 
resulting solution titrated against 1.03 ml.l BBT A in the 
presence of ammonia, buffer.
hesuits ml BBTA added Absorbance

0.000 0.086
0.030 0.094
0.055 0.093
0.075 0.095
0.095 0.095
0.125 0.100
0.155 0 .106
0.180 0 .106
0.215 0.109
0.240 - 0.112
0.270 0.115
0.295 0.135
0.320 0.149
0.350 0.172

The results are plotted in Graph 48

The end point occurs at 0.280 ml 
2—(2) SO^ determination from Graph 31

Wt. of crystal = 0.2073 g
Crystal dissolved in 2 ml of BaSO, solution and this

24-solution centrifuged with 2 ml of Ba standard solution.
2 ml of the resulting solution titrated against 1.03 mM 
EDTA in the presence of ammonia buffer.
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ml U T A  added Absorbance
0.000 0.083
0 .025 0.091
0 .0 5 0 0.092
0.070 0.099
0.105 0.102
0.140 0 .106
0 .160 0.113
0.180 0.116
0.200 0.120
0.220 0 .1 25
0.240 0.142
0.2S0 0.158
0 .295 0.186

The results are plotted in Graph 49 together wi
•those obtained in part (l).

The end point occurs at 0.220 ml (VQ)
2-In the absence of S0^ the end point occurs at 0.280 0^)

.'. Amount of La2+ reacting with 30^~ = - (Vg)
= 0.060 ml 7£DTA

how, 1 ml of 1 ml! SDTA = 0.137 mg Ba^+ = 0.096 mg S0^~
O.OcO ml of 1.03 = 0.00593 mg SOp- in 2 ml

= 0.01186 mg S0d~ in 4 ml

p 0.01186 x 168.4 x 10
.'. SOI-/ Cl" = ------------------ ,

0.2(773 x 96 .07 x 1CT

= 100 -pom.



GRA
PH 

50

a)
Go•H
•pa3G

co•H•P03G
p

COO

o

VOo

ir\O

o

rHo

CMo

r—Io
o

VOH LT\rH rH
o

O
ocai&
oa>jo<

rH CMrH orH

ml 
of 

EDT
A 

ad
de

d



120

5 .5 ~ yvical 1 -pure 1 es t imat ion.

I t . of crystal = 0 .3?54 g
Dissolved in distilled water and 10 drops ammonia buffer 
added. Solution made up to 5 ml and two 2 ml portions 
titrated against 1.03 ml EDTA.

Results (a) (b)
ml EDTA Absorbance ml EDTA Absorbance
0.000 0 .1 00 0.000 0.123
0 .0 1 0 0.123 0.015 0.133
0.040 0.136 0.035 0 .146
C .035 0 .1 50 0.045 0.151
0.075 0.165 0.070 0 .166

suits are plotted on Graph 50.

In neither case is there evidence of an end point and 
the divalent cation impurity content is therefore 
undetectable.
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DISCUSSION CHAPTSK 10.

IONIC MOBILITY IN PURE CAESIUM CHLORIDE*

10 •1 Self-Diffusion.

The diffusion graph, (Graph 40) ,for Cl-36 self-
i idiffusion in pure single crystals of caesium chloride 

shows the existence of two regions separated by a 'knee' at 
290°C.

OThe region above the knee, 290-470C,is a good straight 
line with an activation energy of 1.30ev. In the low 
temperature region there ar8 insufficient measurements to 
obtain an accurate activation energy,but the apparent 
activation energy is 0.50ev.

A similar situation is observed for Cs-137 diffusion
t iin pure single crystals of caesium chloride, (Graph 43)•

The region above the knee has an activation energy of 1.54ev. 
while below the knee the apparent activation energy is 0.50.e 

A comparison of our results,with those of previous 
workers is given in Table 46.

The results of Laurant & Benard seem to be relatively 
low. Their measurements, however, were made on compacts, not 
on single crystals. Furthermore, they observe that although 
less mobile than the chloride ion, the caesium ion migrates 
with a lower activation energy. This is contradictory.
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Hoodless and Morrison^0 obtained an activation energy of
1.30ev.,falling off to l.OOev. at higher temperatures, for 
Cl-36 diffusion. This decrease in activation energy is 
probably due to sintering, as they were using very small 
crystals.

Our results are in very good agreement with those of
55Lynch , which were obtained for self-diffusion in caesium 

bromide and caesium iodide. We do not, however, observe 
the higher temperature region for anion self-diffusion.
Lynch has shown, from a comparison of conductivity and
diffusion studies, that ion migration in caesium bromide
and caesium iodide takes place via Schottky vacancies. If 
such is the case in caesium chloride, we can express the 
results for anion and cation self-diffusion in the 
following manner:-

Eanion ~ ^anion * W^anion

■^cation = ^cation + cat ion

E = measured activation energy for self-diffusion 
U * energy required for ion to migrate 
W = energy to create a pair of Schottky defects.

and

where

and
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Conductivity results (to ba di3Gussed later) and values 
obtained by Lynch enable us to substitute values of 0.58 
and 0.30ev. for ^ca-ti0n a^d Uan^on respectively in the 
equations. This leads to values of 2.00ev and 1.92 ev. for (W). 
These are in good agreement and we can, therefore, state that 
the energy required to create a pair of Schottky defects in 
caesium chloride is 1.96 - 0.04ev.

The diffusion studies also provide information about
the respective ionic mobilities. Over the complete temperature
range studied the anion is the more mobile species, in
agreement with the findings of previous workers. We can
express the ratio of the mobilities as,

mobility of anion -n /-n ^mobility of cation ~ ~ ^  Cl' Cs
At 290°C., 0 - 1 2  and at 470°C., 0 » 3.

As we have previously stated, both the Cl-36 and Cs-137 
diffusion plots show low temperature regions of low activation 
energy. Two possible explanations for the existence of these 
low temperature regions are:-

(a). There may be significant grain boundary diffusion 
at these temperatures.

(b). They may arise due to accidental incorporation of 
aliovalent impurities.
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Anion diffusion in the alkali halides is known to be 
grain boundary dependent at lower temperatures-^. In the 
present investigation, however, it has been found that 
annealing does not produce the changes in diffusion 
coefficient one would expect if diffusion was proceeding 
via these boundaries. Furthermore, autoradiographic studies 
fail to indicate the presence of grain boundaries. It should 
be remembered, however, that in the alkali halides the anion 
is the least mobile species, whereas the reverse is true in 
the caesium halides.

On the other hand, annealing studies and autoradiography 
seem to indicate that the diffusion of the slower moving 
caesium ion is also independent of grain boundaries.

We cannot, however, satisfactorily explain the 
experimental observations simply on a basis of fcheir being 
due to impurity effects. While the accidental incorporation 
of aliovalent impurities in the lattice may give rise to the 
low temperature region in one of the self-diffusion plots, 
it cannot give rise to this phenomenon for both anion and 
cation self-diffusion. Lidiard^ has pointed out that only 
one type of impurity ion, either anion or cation, can be 
effective in any one crystal. The species which is in excess 
"salts out’ impurity ions of opposite charge. In general, 
the alkali halides are more likely to contain trace amounts
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of cation,rather than anion, impurities. So, while the Cs-137 
diffusion results may be explicable on the basis of impurity 
effects, the Cl-36 diffusion results at low temperatures 
cannot be so explained.

We shall return to this problem later in the discussion. 
Suffice to say at present that a more detailed investigation 
of self-diffusion in caesium chloride at temperatures below 
290°C. is warranted.

10.2 Conductivity.

The conductivity graphs (Graphs la-6) for pure 
solution grown single crystals of caesium chloride exhibit, 
like the self-diffusion plots, two regions separated by 
a knee. The activation energy above the knee is reproducible 
from crystal to crystal as is illustrated in Table 47.

TABLE 47
Graph Number Treatment Activation Energy(ev)

la
lb
lc
2
3
4
4a
5
6
6a

After Chilling from 470^C
(4) 96 hrs. later

After Diffusion 
Untreated

Thermal Cycling

Untreated

Untreated
Irradiated

n

1.37
1.38 
1.37
1.39 
1.42
1.40
1.41 
1.40
1.41 
1.39

The mean value of activation energy is 1.395ev.
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This reproducibility in activation energy in the 

temperature range 290-470oC., which is not destroyed by the 
treatments listed, is indicative of ion migration via thermally 
created Schottky vacancies.

A comparison of our results with those of other workers
is given in Table 43.

The results of Harpur, Moss and Ubbelohde are thought to
be low because of their method of preparation. However, a
more interesting explanation will be discussed later.

At first sight it would appear that our results are in 
better agreement wibh those obtained by Lynch at higher 
temperatures. However, we have plotted log (<JT) as a 
function of reciprocal temperature, and not, as other workers 
have done, simply log (o) as a function of reciprocal 
temperature. Our value of 1.395ev. would become 1.34ev. had 
we plotted log (<j) as a function of reciprocal temperature 
and this brings it into line with the activation energies 
obtained by Lynch for caesium bromide and caesium iodide 
in the same temperature range.

Although our conductivity results are reproducible 
at temperatures above the knee, below the knee reproducibility 
ceases. The activation energy in this region varies from 
crystal to crystal but there is a relationship between the
• tknee temperature and the activation energy below the knee. 

This is illustrated in Table 49*
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TABLE 49
A c t i v a t i o n  E n e r g y  

K n e e  T e m p e r a t u r e  ( r . t . u . ) b e l o w  k n e e  ( e v )
1 . 8 7 1.02
1.86 1.08
1 . 3 6 0 . 9 3
1 . 8 5 1 . 1 5
I .83 1.13
1.83 0.96
1.82 0 . 9 4
1.81 0 . 9 5
1.80 0 . 9 3
1.80 0.88
1.80 0.80
1 . 7 6 0.88

T h e r e  i s  a  v e r y  g e n e r a l  t e n d e n c y  f o r  t h e  k n e e  ( ° C )
t e m p e r a t u r e  t o  i n c r e a s e  a s  t h e  a c t i v a t i o n  e n e r g y  d e c r e a s e s .

T h e  r e a s o n  f o r  t h e  v a r i a b l e  a c t i v a t i o n  e n e r g y  a t  l o w
t e m p e r a t u r e s  i s  p o s s i b l y  d u e  t o  s l i g h t l y  d i f f e r e n t  a m o u n t s
o f  a l i o v a l e n t  i m p u r i t y  i o n s  i n  d i f f e r e n t  c r y s t a l s .  M o r e  w i l l
b e  s a i d  a b o u t  t h i s  r e g i o n  w h e n  c o n s i d e r i n g  i m p u r i t y - d o p e d
c r y s t a l s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  r e s u l t s  o f  U b b e l o h d e  

5 •) 54.e t  a l  r e c o r d  t h e  s a m e  a c t i v a t i o n  e n e r g y  a s  w e  h a v e
o b s e r v e d  i n  t h i s  l o w  t e m p e r a t u r e  r e g i o n .  T h e  p r e s e n c e  o f  
l a r g e  g r a i n  b o u n d a r i e s  i n  t h e i r  p o l y c r y s t a l l i n e  s p e c i m e n ,  
a l t h o u g h  n o t  a c t i n g  a s  r o u t e s  for ion migration, m a y  b e  
a f f e c t i n g  t h e  i m p u r i t y  s o l u b i l i t y .
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10.3 Comparison of Qonducfcivity and Diffusion.

A comparison of the conductivity and diffusion is 
possible by means of the Nernst-Einstein equation (18).

<JT(f)/D = Ne2A

Phis relationship enables us to compare the measured 
diffusion coefficient with that calculated from conductivity 
measurements. Since our diffusion measurements have shown 
that both the anion and the cation are sufficiently mobile 
to contribute to the measured conductivity, we must compare 
the total diffusion coefficient, Danion and D cation, with 
conductivity.

If the Nernst-Einstein relationship is obeyed, within 
the limits of experimental error, we can say that both 
diffusion and conductivity are proceeding by the same 
mechanism. We have plotted in Graph 45 (page 114) the 
experimentally determined diffusion coefficients with those 
calculated from conductivity measurements.

Agreement between calculated and measured values is 
not good, the measured diffusion coefficient being 3*8 times 
greater than that value calculated from the conductivity.

There are a number of possible reasons which may 
explain the failure of the results to obey the desired 
relationship.
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(a) There may be an electronic contribution to the 
conductivity.

(b) We may be dealing with interstitial movement.
(c) Vacancy pairs, or other neutral entities, may be 

contributing to the diffusion but not to the 
conductivity.

We can immediately discount (a) and (b). If the deviation 
was due to an electronic contribution to the conductivity 
the calculated diffusion coefficient would be higher than 
the measured value. Interstitial movement is not favoured 
in caesium chloride from a consideration of ion sizes,

tVan der 7/aals energies and dielectric constant.
52 51Recent studies by Morrison et al , and by Laurance'~

have indicated the distinct probability that vacancy pairs
play an important role in anion diffusion in the alkali

Q 3halides. Even more recently, Downing-̂  has suggested the 
possibility that vacancy pairs may also contribute to !?a-22 
self-diffusion in sodium chloride.

It would appear, therefore, that vacancy pairs may 
be important in self-diffusion in caesium chloride. However, 
there are certain other factors which have not yet been 
considered.

(a) Our results for Qs-137 and Cl-36 diffusion in 
caesium chloride agree particularly well *n ac^ivation
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energy with the results obtained by Lynch for the self
diffusion in caesium bromide and caesium iodide. Lynch 
has shown that, within the limits of experimental error, 
the Nernst-Sinstein relationship is approximately obeyed 
for these crystals.

(b) Although our measured diffusion and diffusion 
calculated from conductivity differ in magnitude, there is 
good agreement in the activation energies.

Taking these two factors into account, it now appears 
doubtful if the failure of our results to obey the Nernst- 
Sinstein equation can be due entirely, if indeed at all, 
to vacancy pairs.

The possibility that the disagreement is due to 
experimental technique must now be considered. The temperature 
factor can be immediately ruled out as the thermometer used 
in the diffusion measurements was calibrated against the 
thermocouple used in the conductivity measurements.

Two possible errors may exist in the experimental 
technique. Firstly, in order to calculate the diffusion 
coefficients, we have had to measure the absorption 
coefficients, 4*7 and 4.8. Standard aluminium absorbers 
were used for this purpose due to the inaccessability of 
sufficiently thin caesium chloride sections, and the results
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so obtained were converted by means of density considerations. 
Strictly speaking, they should be related not by densities 
but by atomic numbers. For sodium chloride the atomic numbers 
are 11 and Z^= 17. These are similar to that of
aluminium, Z = 13. In the case of caesium chloride, however 
Zqs= 55. An error in the absorption coefficients may 
have been introduced.

We may also have an error in the absolute magnitude 
of the conductivity. In the initial stages of the research 
a magnitude of conductivity,similar to that obtained by 
Hoodless and Morrison , was obtained. Reproducibility, 
however, was poor. After modifying the apparatus to give 
reproducible results, subsequent measurements were always 
a factor of 2 lower than those obtained earlier.



FIGURE 16.
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THE EFFECT OF ALIOVALBNT IMPURITIES ON 
ION MIGRATION IN CAESIUM CHLORIDE.

11.1 GENERAL SUMMARY AND THEORETICAL TREATMENT.

The general shapes of the conductivity graphs
2+ 2—  for hoth Ba -doped and SO^ -doped crystals are

oremarkably similar. Above 300 C it is possible to 
distinguish three regions of conductivity before the 
transition point, Pig.16. Prom 300°C to approximately 
350°C, the activation energy for conduction is the 
same as for pure crystals (region I). Above this 
temperature there is a very rapid increase in conductivity 
(region II), leading to a region of conduction of low 
activation energy (region III) above approximately 
390°C. In the latter region the activation energy 
is dependent upon the aliovalent impurity concentration.

Before discussing the results in detail, it will 
be convenient to consider some theoretical aspects of 
impurity doping. The concentration of vacancies will 
be governed by a relationship of the type given in 
eguation (7)> i.e.

“l1̂  = no  (31)
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Since both the anion and cation contribute to the 

conductivity in this system the effects of both types
p.of impurity should be observable. Addition of Ba

will increase the cation impurity vacancy concentration
but will depress both the thermal anion and thermal

2—cation vacancy concentration. Addition of SO^ will 
have a similar effect on the anion vacancy concentration.

In a pure crystal, at a fixed temperature, the 
conductivity is given by

c = NenQ(p.1 + jx2 ) ...... (32)

On addition of a mole fraction (c) of divalent cation 

impurity, electroneutrality requires that

nj_ - c = n2 ...... (33)

Hence from equation (31)»

nl^nl “ = no ......

or n-̂  » ic(l + (1 + (4n^/c^))^)........... (35)

Using the Lidiard notation**, the conductivity of the 

crystal is given by
cr = Nen0 (^1+ ji2 ) ((c/2nQ )2+ l)^~ (c/2no )(0-l)^+l^ .*.(36) 

i.e. (tf/tf0 ) * ((c/2n Q )^+ l)^- (c/2nQ )( 0 - l ) / ( 0  +l)) •••(37)
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where 0 =

If 0  is greater than unity, as in the case of
caesium chloride, a plot of (0) against (c) will
exhibit a minimum when,

(c)min =..................... .....(38)

and i d / d )  . = 2(0)*/(0 + 1) .....(39)
mm

The aliovalent impurity additions should therefore
affect the conductivity as in Pig.17. Increase in
temperature will lead to the minimum moving to 

2+higher Ba concentrations.
The results of the present work will now he

examined on the "basis of this theoretical approach.
2+11.2 Ba -doped crystals.

The results of the conductivity measurements in
2+ °Ba -doped crystals, ahove 300 C, are shown in Tahle 50^

The theoretical approach, previously discussed,
would indicate that plots of conductivity as a function
of impurity concentration should exhibit a minimum
when equations (38) and (39) are satisfied. Values
of nQ, however, are not available, so equation (38)
cannot be used initially. On the other hand, equation
(39) only requires the value of ( 0 ) and this can be
deduced from a consideration of the self-diffusion 
results in pure crystals. ( 0 ) should, in fact, be
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given by DQ1- /&Cs+ and the values of (0), calculated 
in this way are listed in Table 51.

Table 51
Temperature (r.t.u. ) 0 ( d/*o ̂ min

1.7 9.3 0 • 6p
1.6 6.4 0.68
1.5 4.6 0.76
1.4 3.4 0.83

In Graphs (51, 52 and 53) plots of (dT) against
(c) are given for one temperature region I (1.7 r.t.u.)
and two temperatures in region II (1.5 and 1.4 r.t.u.)
respectively. The calculated minima values are also
shown on these graphs. There is considerable scatter
in the results and it is difficult to draw a reasonable
curve through the points at any one temperature.

Examination of the (oT) versus (c) plot at 1.7
r.t.u. indicates the existence of more than one minimum.
At first sight there is evidence for minima at about

2+80 and 120 ppm of Ba . There is some anomaly in these 
results as the majority of the crystals give an activation 
energy for conduction of 1.35eV (cf. pure crystal), 
but the crystals doped with 97, 104 and 133 ppm Ba^+, 
marked o in Graph (51), show a much lower activation
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energy and somewhat different conduction characteristics,
Table 50. If these three points are ignored, then a
minimum in the plot occurs at approximately 100 ppm
(1 x 10~4 m.f.). Substitution of this value for (c)
in equation (38) gives

nQ = 3.7 x 10-5
This is an extremely high value of nQ at this temperature.
The self-diffusion results give a value of approximately
2.0 ev for the energy to create a Schottky pair and
substitution in equation (6) indicates values of 3.7 x 10“*

-5and 1.15 x 10 for nQ at 1.5 and 1.4 r.t.u. respectively.
The effect of impurities therefore, within the concentrations 
used in the experiments and at these higher temperatures, 
should be extremely small. The observed results (Table 50) 
do not agree with this prediction. It must be concluded, 
therefore, that the minimum is not due to equilibrium 
behaviour associated with the creation of impurity 
vacancies.

It is significant that the activation energy for 
conduction in region I is approximately the same as for
pure crystals. If the Ba^+ was completely soluble the 
activation energy would be expected to approach 0.60 ev. ,
( the suggested value for the energy of mobility of 
cation vacancies). The difference between the 
predicted and the observed activation energies
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o.could "be accounted for if the Ba was forming neutral

impurity-vacancy complexes. This should, however,
result in a decrease in the magnitude of conduction
since the production of free or complex vacancies hy 

2+the Ba will depress the thermal vacancy concentration.
The results suggest that at these temperatures 
2+the Ba is essentially insoluble in the lattice. It 

should be noted that there is a significant difference 
in ionic volume between the host and impurity ion.

2+ 3Ionic volume of Ba _ /1.35\ _ 0.51
Ionic volume of Cs+ \1.69/

2+ +The substitution of Ba for Cs could lead to
instability in the lattice. It would appear that the
system, under equilibrium conditions, would be more
stable with the impurity present as a second phase in
aggregates. The disparity in ion size raises the
possibility of the impurity being in interstitial
positions in the lattice. Under these conditions,

2+each Ba ion would create two cation vacancies to 
retain electroneutrality in the system. The predicted 
effects of Ba2+-doping should have been readily observed 
in this case.

If the assumption that the impurity is insoluble 
at this temperature is correct, the conductivity
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should he independent of impurity concentration. The 
results shown in Graph (51) do indicate that this is 
approximately observed for those crystals having the 
same conduction activation energy as the pure crystal 
(marked o in Graph (51)). It is believed that in 
the crystals which exhibit much lower activation 
energies, (marked o in Graph (51)), the observed 
conductivity is due to non-equilibrium phenomena.
This will be discussed in more detail when considering 
the region below 300°C.

Increase of temperature will cause lattice 
expansion and, as a result, the disparity in ion size 
will be of less significance. It is suggested that the 
rapid increase in conductivity above 300°C (region II) 
is associated with impurity dissolving in the lattice, 
thus producing an increase in the cation vacancy 
concentration. It should be noted that in region III 
the activation energies do indicate a substantial 
contribution from inpurity created cation vacancies.
This would appear to confirm that region II is associated 
with impurity dissolution. Although the rapid increase 
in conductivity is much greater than is generally

37observed for this process , dissolution is usually 
accompanied by the formation of associated-vacancy

2+complexes. If these complexes are not formed with Ba 
then this would lead to a greater increase in conductivity.
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This could not account entirely for the magnitude of 
the increase and it is suggested that further experi
mental investigation of this region is required.

The results in region III support the proposal 
that region II is associated with the production of
impurity induced vacancies, probably by dissolution 

2+of Ba in the lattice. The activation energy in
region III indicates that these vacancies contribute
significantly to the conductivity. It should be
possible to apply the theoretical treatment of Lidiard
in this region.

Extrapolation of the (o) versus (c) curve at 1.5
r.t.u. (for concentrations below 100 ppm) indicates
that the theoretical minimum conductivity should be

2+observed at about 10-20 ppm. of Ba . If we base our 
calculation on the smaller value of concentration,
(the reason for this will be obvious later in the
discussion), then by applying equation (38)

_ —6 « n = 6 x 10 m.f.o
Knowing the value of nQ and 0  (from the self-diffusion 
measurements at this temperature) it is possible to 
calculate the conductivity as a function of impurity 
concentration using equation (37).

*  = + 1 “ (c/2no)(0 -1 ) / ( 0 + 1)

The theoretical conductivities, calculated in this
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way are compared with the observed results in Graph (54).

There is reasonable agreement between the calculated
and the few observed conductivities at lower impurity
concentrations. The results indicate that the maximum
impurity solubility at this temperature is about 100 ppm.
It has frequently been observed that vacancy-impurity
complexes and even larger more complex aggregates are

94 95precursors to precipitation 9 . The formation of
these complexes will reduce the free vacancy concentration 
and so the conductivity would be expected to fall below

QCthe calculated value^ near the solubility limit. If
we assume that our conductivity measurements are accurate
enough to ascribe some significance to the small decrease
in conductivity above 100 ppm of impurity, then it
would seem that the larger impurity aggregate complexes

97are trapping some free vacancies
The measurements of self-diffusion give a value

of approximately 2.0eV for the formation energy of
Schottky defects. Using this value and the value of
nQ at 1.5 r.t.u., the corresponding value of nQ at
1.4 r.t.u. can be calculated from equation (6).
Solution of this equation gives

n0 = 1.9 x 10“5 
Similar calculations to those described for the results 
at 1.5 r.t.u. can now be applied. The predicted

i
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minimum in the conductivity graph should "be 26 ppm of
impurity. The calculated and observed conductivity results
are compared in Graph (55). Again there is some agreement
at lower impurity concentrations hut there is evidence
of a second minimum at higher concentrations. It is
possibly significant that in the crystals whose conductivities
fall in this second minimum region, (inpurity concentrations
97-167 ppm), the phase transition occurs at or below
1.4 r.t.u.. There is some hysteresis in this region

53 54of the phase transition 9 and this phenomenon is 
associated with the co-existence of the two phases.
Ionic mobility in the face-centred cubic form of caesium 
chloride is considerably smaller than in the simple inter
penetrating cubic form. There is also evidence that at

2+still higher concentrations, above 200 ppm, the Ba is
still soluble in the lattice but the slope of the (cf)

2+versus (c) plot in this region suggests that the Ba 
is forming large impurity-vacancy complexes.

The activation energies observed in this region do, 
in fact, correspond to the mode of conduction proposed 
above. In this high temperature region the thermal 
vacancy concentration^ at the impurity concentration 
used in the experiments, is by no means negligible.
For example, at the impurity concentration of 100 ppm,
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the average contribution of thermal vacancies to the 
conductivity is approximately 20 per cent. The 
activation energy decreases with increasing impurity 
concentration indicating an increase in impurity- 
vacancy concentration and a corresponding decrease in 
the thermal vacancy contribution. The minimum activation 
energy is observed in the region 150 ppm. Since the 
activation energy averages the results in this region, 
the value of 150 ppm is in good agreement with the 
previously suggested values for the solubility limits.
It was previously suggested that more impurity dissolution 
takes place at these higher temperatures with the formation 
of impurity-vacancy aggregates. Under these circumstances 
the conductivity is given by

o' = O' exp(-U/kT) 
1

free vacancies
+ cf2 exp ( ( -U+£WS )/kT)

impurity dissolution
2+where W is the solubility energy for Ba s

The activation energy would therefore be expected to
increase as the second term increases in importance.

2+The crystal containing 280 ppm Ba , the maximum 
concentration} does exhibit a decrease in activation 
energy above 1.4 r.t.u. which may indicate that all 
the impurity has dissolved in the lattice at this 

temperature (Graph 24).
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o .The self-diffusion results in Ba -doped crystals

are in general agreement with the proposed mechanism.
In region I both cation and anion self-diffusion are
apparently unaffected by impurity-doping. At higher
temperatures, (regions II and III), the chloride ion
diffusion is decreased and the caesium ion diffusion

2+increased by the presence of Ba , Graphs (41) and (44). 
(it should be noted that the result for 167 ppm in the 
latter graph is above the transition point). This is 
in accord with the impurity dissolving in the lattice 
at these higher temperatures, thus increasing the 
cation vacancy concentration and decreasing the anion 
vacancy concentration.

2+The results from the Ba -doped crystals are also 
of interest in that they provide information about the 
nature of the intrinsic defects in caesium chloride.
The theoretical treatment of the minimum in the 
conductivity curve is equally applicable to vacancy 
or interstitial migration. However, a decision between 
the two mechanisms can be made on the basis of 
equation (7)

n n = n2 1 2  o

which can be rewritten for a pure crystal as

^  = n^ = nQ = const.exp(-W/2kT) #-#(4o)
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Differentiation between the two types of intrinsic defects 
can usually be made by consideration of the value of the 
pre-exponential factor^®. Theoretical estimates^ indicate 
that values of the constant will be in the order of 102-104' 
for Schottky defects, while for Frenkel defects the constant 
is much smaller. Pre-exponential factors of 102 to 101 
have been calculated for the sodium and potassium halides 
on the basis of the observed conductivities100. Self
diffusion results for CsCl indicate that W - 2.0ev and from
the doped crystals conductivity measurements, a value of 

—66 x 10 at 1.5 r.t.u. has been calculated for n .o
Substitution in equation (40) gives

2constant = 1,9 x 10
The result confirms that Schottky defects are the predominant
intrinsic point defects, as indicated by the self-diffusion

2+studies. The previous discussion on Ba -doped crystals 
made this assumption.

11.3 S02~-doped Crystals.

The general shape of the conductivity graphs for
o — 2+S0^”-doped crystals is very similar to that for the Ba - 

doped crystals. Above 300°C., three regions of conductivity 
are observable and these have been designated by analogy 
with the Ba2+-doped crystal results. The results for
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the sulphate-doped crystals are summarized in Table 52.

In region I, the activation energy is the same as 
for the pure crystals, "but there is a general decrease 
in conductivity as the sulphate concentration is 
increased, Graph (56). The conductivity decreases to 
one third that of a pure crystal and the magnitude of 
this decrease is such that it could not "be accounted 
for "by experimental error.

The addition of sulphate, therefore, must "be 
reducing the thermal vacancy concentration without 
changing the mode of conduction. The radius of the 
SO^ ion, "based on thermo chemical data , has "been 
estimated to "be approximately 2.3.X. The SO^ ion will, 
therefore , require a much larger volume in the crystal 
lattice than the Cl ion (radius 1.8lS) which it is 
replacing. A comparison of the ionic volumes gives

\3sulphate volume = [ 2.3 \ _ 2.05
chloride volume ^1.81)

2—  —The substitution of SO^ for Cl in the lattice 
will increase the concentration of anion vacancies
in order to satisfy electroneutrality requirements,

2-  —but the SO^ will probably occupy two Cl ion lattice
sites, i.e. the sulphate ion will occupy both the 
chloride ion site and the vacancy it has created. This
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has also been suggested by Gruzensky and Scott102 
to account for the effects of sulphate-doping on the 
conductivity of KC1. Thus the impurity induced 
vacancies will not be available for conduction, but 
the concentration of thermal vacancies will be depressed.

If we examine the quantitative aspect of sulphate- 
doping in region I, then from equation (31),

Addition of mole fraction Cg of sulphate will increase 
n^ but decrease n^. However, in order to retain 
electroneutrality, the thermal cation and thermal anion 
vacancy concentration will be depressed to the same 
extent. Equation (31) can be written in the form

nt(nt + = n0

where n̂. is the thermal vacancy (anion or cation) 
concentration in the presence of Cg mole fraction of 
sulphate. When Cg^ n̂. (this should be true in region I),

"tc2 = “o °r

In region I the conductivity is essentially anionic.
Prom otir self-diffusion results D _/ D , =9.3 andCl Cs
6.4 at 1.7 and 1.6 r.t.u. respectively. If the
proposal that sulphate ion requires the induced vacancy
and, therefore, this does not contribute to the conductivity,



GRA
PH 

57



GRA
PH 

58

VOH

04iH

00

VO

OJ

oVO in OJ

* I
o

<H£3
Cvi

roO



147
is correct, then

6  c(t nt oc (l/c2)
Plots of(dT) against (l/cg) at 1.7 and 1.6 r.t.u. are
shown in Graphs (57) and (58). The above relationship
appears to he approximately true in this region with
the exception of the crystal containing 100 ppm (marked
o in the graphs). This crystal does not show any
conduction behaviour typical of sulphate-doping. The

2-results of the highest SO^ -doping (437 ppm) are also 
anomalous.

It would appear, therefore, that a substantial 
amount of the impurity in this case is present as a 
second phase. If this is present as large second phase 
aggregates, then the general solubility relationships 

may not be valid. The impurity may be less soluble 
with these large aggregates present than it would be 
if the second phase was more uniformly distributed.
The results indicate that at higher temperatures 
(1.6 r.t.u.) thesulphate ion is more soluble as would 
be expected.

The conductivity results in this region can, therefore, 
be interpreted in terms of the sulphate ion creating 
impurity-induced vacancies, which are not available 
for ion migration, and depressing the thermal vacancy
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concentration. It would be expected, therefore, that 
2-SO^ -doping would depress both the anion and the cation

self-diffusion in this region. The present diffusion
results are in agreement with this proposal. Cl-36
diffusion is usually less in doped than in pure crystals
in this region, (Graph (42)), and although very few
results have been obtained for Cs-137 diffusion, the
diffusion coefficents are generally smaller than for
pure crystals (Graph (44)).

In region II a very rapid increase in conductivity
is observed. This increase usually occurs at approximately
the same temperature with the exception of the crystal
containing 274 ppm; the increase in this case occurs
at approximately 50° higher temperature. The crystal

2-containing 100 ppm of SO^ is again anomalous in that 
no rapid increase is observed.

It is of interest to note that the extent of the 
sharp increase appears to be correlated to the value 
of conductivity of the pure crystal at that particular 
temperature. In Table 53 the values of conductivity 
at the temperature marking the end of the increase 
are compared with the values for the pure crystal 
at the corresponding temperature.
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TABLE 53

ppm SO2" final (dT) in 105/T°A (cjT) for pure
region II crystal at this

temperature.
83

toIo
 

1—
1Xo•to

1 .53 2 .5  x 10~3

100 --------------- — — ---------------

120 3 .0  x 10-3 1.53
-3

2 .5  x 10

137 4 . 0  x 10“ 3 1.52 3 .0  x 10"5

150

to1o
 

1—
1Xo•

to

1 .55 2 .0  x 10~5

212 3 .0  x 10~3 1.55 2 .0  x 1 0 -3

274 1 .4  X i c r 2 1.42 1 .4  x 10~2

437 6 .0  x 10~2 1 .44
-2

1 .0  x 10

The extent of the rapid increase usually Brings
the conductivity to a value slightly greater than the
conductivity of the pure crystal. The reason for this
may he that the thermal vacancy concentration at this
temperature is greatly in excess of the concentration
of impurity induced vacancies and, consequently, the
crystal is Behaving as a pure crystal, i.e. intrinsic
conduction. The activation energies, however, oBserved

2+in region III, and the results of the Ba -doped crystals
do not support this view.

The rapid increase in conductivity proBaBly arises
Because in this region the lattice expansion mafc Be

2-sufficient to accomodate some of the SO^ ions in 
single lattice positions, the release of the associated
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vacancies producing the observed increase in conductivity. 

2+As with the Ba -doped crystals, the rate of increase
is somewhat unexpected.

Since anion mobility is appreciably greater than
cation mobility, (D _/ D . ^ 5), one would expect01 Cs
the release of anion vacancies to raise the conductivity
above that of the pure crystal. The observed activation
energies in region III (Table 52) indicate that the
majority of the sulphate is still present as impurity
complexes. Consequently, the increase in region II
is due to dissociation of only a small fraction of
the impurity-vacancy complexes. In region III, the
activation energy decreases with increasing sulphate
concentration as would be expected. The calculations 

2+for the Ba -doped crystals indicate that the thermal 
vacancy contribution in this region is by no means 
negligible and so the conductivity in this region can 
be written as,

O' = cs exp(-0.3/kT) + o' exp(-1.39/kT)
1 2 
sulphate impurity- thermal
created vacancies vacancies

As the impurity concentration increases the first 
term should become increasingly important and, therefore, 
a decrease in activation energy would be expected and

is observed. The fact that the increase in conductivity



TABLE 54

Impurity content
(ppm )

(Ba2 + ) 57
62
71
85
97

104
133
?

153
167
196
234
260
280

(Ca2 + ) 125
(SO4D 83

100
120
137
150
212
274
437

Low temperature oT @ 1.9 r. t.u.
activation energy (ev) (ohm cm ) A .

1.03 9.3 X 10 6
0.91 7.6 X 10-6
0.78 1.4 X

10
 

1—1

0.93 4.7 X 10-6
0.95 4.5 X 10"5
0.84 4.0 X 10-5
0.82 3.2 X 10-5
0.81 9.3 X 10“6
0.88 1.1 X 10-5
0.65 2.1 X 10"5

1.12 7.8 X 10-6
.60 4.9 X 10-5
1.08 1.8 X 10-5
0.97 4.0 X 10“6

0.66 2.8 X 10~5

1.15 8.0 X 10-6
1.03 5.7 X 10"6

1.13
_ _ _ _ _ 1.0 X 10-6
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at 1.5 r.t.u. is very much smaller than would be 
predicted by equation (56), again indicates that the 
vacancies are mainly associated. In fact, at 1.4 r.t.u. 
the conductivity is essentially constant and independent 
of impurity concentration. One possible reason for 
this may be that the disparity in sizes of the host and 
impurity ions is still of extreme significance. As the 
concentration of unassociated impurity ions increases 
the resulting increase in strain in the lattice in the 
neighbourhood of these ions may be such that ionic 
mobility is decreased in these regions. Further 
experimental investigation of crystals containing large 
amounts of sulphate ion is required.

11.4 Conductivity measurements on impurity-doped
crystals in the temperature range below 500°C.

In this low temperatureregion there is a large
variation in both the magnitude of conduction and its

2+ 2—activation energy in both Ba and SO^ -doped crystals. 
This is illustrated in Table 54.

On the basis of the conductivity results for other 
55caesium halides it would have been expected that

activation energies of 0.6 and 0.3eV would have been 
2+  2—observed for Ba and SO^ -doping respectively. Three 

possible reasons for the non-reproducible behaviour 
will be discussed.
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(i) The effect of dislocations.

49It has "been observed that, in the alkali halides
at low temperatures, the anion diffusion, i.e. the less
mobile ion, is critically dependent upon the dislocation
density. This has been attributed to the space charge

33around the dislocations . When there is a substantial 
difference in anion and cation vacancy mobility, the 
slower moving vacancies tend to be concentrated around 
dislocations. While this may be valid for the other 
alkali halides, where the difference in anion and 
cation diffusion may be as great as 10®, the existence 
of a significant charge on the dislocations in the 
caesium halides is unlikely since the anion and the 
cation diffusion coefficients are comparable (DC1- / DC8+
= 0.05 in this temperature region). It would be 
expected that if the caesium ion diffusion was dependent 
on dislocations, the effects of the latter would be 
insignificant and so the observed disparities cannot be 
accounted for in this way. It should be noted that in 
the discussion of the conductivity results at higher 
temperatures the effect of dislocations was not considered 
for these reasons.
(ii) Electronic conductivity.

53,54
It has been suggested that there is a substantial

electronic contribution to the conductivity because of 
the presence of impurity. Although more recent results
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have shown that this is unlikely at high temperatures60, 
there could still he some electronic conduction at 
lower temperatures. Conductivity measurements on the 
j' -ray irraaiated crystals, which did contain colour 
centres, (Graphs 6a and 7a), show that the activation 
energy for electronic conductivity is approximately
0.25eV. Consequently, a significant electronie contribution 
in doped crystals would have resulted in much lower 
activation energies than have been observed.
(iii) ’Frozen-in* defects.

2+It has been observed that a number of Ba -doped
crystals have a very high initial conductivity but after
some heating there is a significant decrease in the
conductivity (e.g. 71 ppm - Graph 13 and 153 ppm -
Graph 19). Extrapolation of this anomalously high
conductivity region indicates that it is an extension

2+of region III. The Ba solubility appears to be
greatly in excess of the low temperature equilibrium
solubility. Heating of the crystal restores the

2+equilibrium as the Ba is precipitated out as a 
second phase. This type of behaviour is also observed 
in other Ba^+-doped crystals (Graphs 21 and 23). Further 
evidence of the possibility of producing impurity created 
vacancies above equilibrium concentrations is shown by 
the ’chilled* crystal measurements (Graphs 9 and 10).
It is suggested that the anomalous behaviour of the
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crystals in this low temperature region, and even at
higher temperatures for crystals containing 97, 104

2+  2-  and 133 ppm Ba and 100 ppm SO^ , is associated with
this non-equilibrium phenomenon.

In their preparation, substantial quantities of
water are trapped in the crystals. Under these conditions
the solubility of impurities in the lattice may be
unusually high. During the subsequent treatment for the
removal of water, the excess impurity should be precipitated
out. If the crystals, however, have insufficient nucleation
sites, probably dislocations, for rapid precipitation, the

t »impurity and its vacancy may be frozen-in in the lattice. 
The conductivity of the crystals would then be time- 
dependent. A time-dependent conductivity has sometimes been 
observed in region I, but there is no evidence of this 
behaviour at higher temperatures.



GRAPH 59 Variation of Transition Temperature with
Impurity Concentration.
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THE PHASE TRANSITION IN CAESIUM CHLORIDE.

Studies of the effects of impurities on the 
transition temperature in caesium chloride have "been 
made using ionic conductivity measurements. The results 
are summarized in Table 55.

The observed transition temperature in pure crystals
is in good agreement with the results of the more recent

. . . . 60,70-72 _ _ _ xinvestigations . Both the transition temperature
and the value of the conductivity at the transition are
unaffected by the method of preparation of the crystal,

2+annealing and ^-irradiation. The effect of Ba -doping
is to decrease the transition temperature, a minimum
being observed at approximately 130 ppm. Further

2+additions of Ba reverse this trend and the transition
2-ternperature increases. The addition of SO^ increases 

the transition temperature and there may be a maximum 
value above 300 ppm, Graph 59.

If the transition is associated with dislocations 
in the crystal, i.e. these gross defects acting as 
nucleation sites, then the effects of the impurity- 
doping are explicable only if there is a significant 
space charge on the dislocations. In sodium chloride 
it has been observed that the addition of divalent 
cation reduces the space charge and with enough impurity
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the sign of the space charge can he reversed33. As
shown earlier in this discussion, however, the space
charge on dislocations at the transition temperature
must he extremely small, if it indeed exists at all.
Furthermore, the trend of transition temperature with
impurity content would indicate, on this hasis, that
the minimum occurs when there is a maximum negative
charge on the dislocations. It would also he expected
that if dislocations are of major importance, that the
transition temperature would he dependent upon the
mechanical perfection of the crystal. The results for
the pure crystals from various sources do not show
evidence of any such dependence.

It has also heen suggested that the phase transition
temperature depends upon the fact that there is always
present in the crystal , at low temperatures, a small
amount of the high temperature form, and that the
transition temperature is determined hy the concentrationa102of this high temperature form . While this has "been
shown to he possible in caesium chloride hy the

72 76addition of other alkali halides 9 , the amount of
impurity required to cause comparable changes to those 
observed in the present investigation is approximately 
50 mole per cent. We have shown that small amounts 1 
of Csl (s.i.e. lattice) and KC1 (f.c.c. lattice) do not 
cause significant changes in the transition temperature.
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The results indicate, therefore, that the effect 

of impurity is associated solely with the difference 
in charge of the impurity ion from the host lattice.
The size of the impurity ion cannot he significant

2+ nsince the Ca -doped crystal (R 0 = 0.99A) results
Ca

are in good agreement with the effect of corresponding
amounts of Ba^+.

It is interesting to note that the reverse transition,
i.e. f.c.c. to s.i.e., can he brought ahout in other

103alkali halides hy application of high pressures
The s.i.e. lattice must, therefore, he a much closer
packed arrangement and hence it would he expected that
the s.i.e. to f.c.c. transition would occur when there
is a certain amount of 'free-space1 in the crystal.

The addition of aliovalent impurity ions does
produce vacancies, hut owing to the effects discussed
earlier the vacancy concentration remains constant
(equation 31). The trend of transition temperature
can onljr he explained, and then only partially, if a
certain concentration of cation vacancies is required
for the transition to occur. The effect of sulphate
addition would he to reduce the cation vacancy concentration
and therefore higher temperatures would he required
before the cation vacancy concentration is sufficient

2+to permit the transition to proceed. Ba -doping would 
decrease the transition temperature hut a minimum should
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not "be observed. Even if 130 ppm represented the maximum

2+solubility of Ba in the lattice, the transition
temperature should then remain constant and not increase

2+with higher Ba concentrations. Furthermore, the low 
heat of transition (700 cal mole"'1)'73 would suggest that 
the transition requires only small readjustments of both 
ions and not the extensive rearrangement of only the 
cation lattice.

The evidence suggests that the transition requires 
the concerted moveipent of both ions and hence would be 
determined by the temperature at which both the cation 
and the anion are sufficiently mobile to take up the new 
f.c.c. lattice positions.

One would expect the ion movement to be related to 
the vacancy concentrations and the mobilities of the ions. 
The mobility will not be that which has been determined 
for the s.i.e. lattice since the ion jump is now to 
intermediate positions,; but it is to be expected that 
this new jump frequency will be related to ion mobility 
in the s.i.e. lattice. Let us suppose that for the 
transition to occur, kl and k2
We are imposing the condition that at the transition, 
the ion movement, (n̂ i) for both anion and cation, must 
be equal to or above a certain minimum value (k).
Because of the small differences in ionic radii of the
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Cs (1.69$) and the Cl (l.81$) it would not he expected
that k^ = k^>but they should not differ hy a large extent.

The results of the self-diffusion studies indicate
that in a pure crystal at temperature of transition,

D / D &  3
Cl*" Cs

(life would infer from this that the rate of movement of the 
chloride ion is ahove the minimum requirements for the 
transition and so the transition is determined hy the 
temperature at which the cation movement condition is 
satisfied, i.e. for the pure crystal at the transition,

n1u1 = kx and n2u2 > k2 

2+The effect of Ba -doping is to increase n-̂  and
decrease n . Hence, the temperature at which the cation 2
movement condition is satisfied will decrease. The
transition temperature, therefore, will decrease provided
the anion movement (n^g) is sufficently large to he
equal to or greater than 'temperature at which
n-jÛ  = k-̂  is satisfied. On this hasis, the experimentally
observed lowering of the magnitude of the conductivity at
the transition can he explained. However, with still

2+larger concentrations of Ba , n-̂  will he increased and 
n2 decreased to such an extent that at the temperature at 
which n.^ = k1, n^i2<k2 . In other words, the
transition temperature will then increase because higher 
temperatures are required before the anion movement is
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condition is satisfied, i.e. in this region the transition 
occurs when

nlPl > kl and ru$ L2 = k2

It follows that the minimum transition temperature 
will he observed when both anion and cation conditions 
are just satisfied, i.e.

V i = ki and v 2 = k2
Since the conductivity is given by

tf = Ne(naji1 + n# 2 )

the minimum conductivity should be obtained at the 
minimum transition temperature. This is observed 
experimentally (see Table 55).

The effect of sulphate-doping will be to increase 
n^ and decrease n^. The transition, therefore, will 
occur at higher temperatures than in the pure crystal 
The transition will be determined by the temperature 
at which the cation condition is satisfied, i.e. for 
sulphate-doped crystals at the transition,

nlUl = kl and n2U2 > k2

A decrease in the transition temperature would not 
be expected at large sulphate concentrations (437 ppm).
If the solubility limit was exceeded, as the conductivity 
results for this crystal indicate, the transition
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temperature should remain at the maximum value. More 

experimental observations at high concentrations are 
required to determine whether this one result is valid.

The presence of small amounts of divalent impurity 
would explain the variation in transition temperature 
observed by earlier workers6^”6^. It is of interest 
to note that the results of Ubbelohde et a l ^ * ^  may, on 
the basis of the above argument, now be partially explained. 
Although these authors reported that the transition at 469°C 
was investigated, their actual conductivity plots show that 
the transition starts at about 460°C. Furthermore, the 
activation energy obtained, 1.04ev, was measured above 330°C. 
This corresponds approximately to what we have designated 
regions II and III. Our measurements have indicated that
an activation energy of l.OOev in region III precedes the

o 2 1transition at 458 C when 57 ppm of Ba impurity are present.
In conclusion, we should also like to point out that

the proposed mechanism could account for the effects of

impurities on the transition temperature in other
crystals. It has been observed that the replacement
of Ti^+ ions by Fe^+ ions causes a decrease in the cubic-

104tetragonal transition temperature of barium titanate 
This substitution should lead to an increase in the



concentration of negative ion vacancies. It has

also been reported recently that the rate of phase
transformation from anatase to rutile is dependent

105upon the TiOg defect structure . Addition of CuO
accelerates the transformation possibly by the 

2-creation of 0 vacancies.



APPENDIX



263

Pure CsCl. Iraoh la.n
T_0 —1/T x 1" A o' (ohm -1 “1 Vcm )

230 1.988 6.74 X 10~6245 1.931 1.15 X io~c
259 1.880 2.00 X tt
267 1 .8-52 2.93 X 11
277 1.815 4.18 X If
2 SB 1.783 7.70 X ft
302 1.739 1.45 X

10I—1

315 1.701 2.5r X 11
*7 r\
Z £* 1.681 3.51 X 11*7 *7 *7 1.6*9 6 .31 X 11

-6103C 2 1.606 1.12 X
364 1.570 1.73 X ti
377 1.538 3.08 X ii
393 1.502 5.60 X it
413 1.458 1.07 X io” 5440 1.403 2.43 X it
456 1.372 3.54 X n
469 1.348 5.30 X nr472 1.342 5.60 X 10486 1.318 6.18 X 11

Cooling:
467 1.351 4.67 X “"610
455 1.374 4.12 X tt
451 1.381 2.76 X 10“"
436 1.410 1.93 X n

c.•0•0•0•0•0•O•O• .0 .0 .c) .0 .0 .0 .

—1 —1 OtiT (ohm ' cm ) A.
-63.39 X 10

5.97 X
1 .06 X 10
1.58 X
2.30 •y

4.32 X
8.33 X
1.50 X 10
2.14 X
3.85 X
6.97 X
1.10 X 10
2.00 X
3.73 X
7.30 X

1.73 X 1 0'
2.58 X
3.93 X
4.17 X 10'
4.70 X

n
—c: 

_✓

n
it
ti-4
ii
it
w
n
it
it-2
n
ii

3.45 x 10~ 3
3.00 x "
2.00 x 10 
1.37 x

L

VvJ
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Pure CsCl

o'(ohm  ̂cm ^)
221 
24C 221 
279 
295 
316 
331 
350 
374 
400 
416 
4 30 
432 
469 
474 
491 
512

2.523 
1.3*9 
1.873 1.212 
1.743 
1.698 
1.656 
l."0r 
1.546 
1.486 
1.451 1.422 
1.379 
1.346 
1.339 
1.309 
1.274

3 .20 x 10 “2 
1.49 x 10“° 
3.25 x "
6.21 x "
1.63 x 10“1 
3 .0n x "
6.47 x 'V
1.05 x 10
3.22 x "
8.21 x "
1.40 x 10“^
2.40 x "
4.08 x "

n6 .41 x 
6.25 x 10“ 
8.35 x 
1.14 x 10

-1 - P  0: nlonm cm /

4 .04 X

O
 

1—1

/■*

7 .64 X . tt

1 .74 X 10 >
3 .43 X ti
9
1
.44
.77

X
X 10

ft
-4

•zJ .91 X ft
rO .54 X tt
2.18 X 10
5 .56 X n
r \y
1
.65
.69

X
X

0
 

1—1

tt-2
2.98 X tt
4 .74 X tt■7
4..67 X 10 -3
6 .38 X tt
9 .00 X n

A.

Cooling

494
473
461
457
428
409
381

1.304 
1.341 1.362 
1.370 
1.427 
1.466 
1.509

9.10 x 10“ 
6.50 x " 
5 .5s X " 
3*30 x 10 
2.08 x 
1.26 x 
3.98 x 10

-2

-6

6.98 x 10 
4.85 x "
4.10 x "
2.41 x 10 
1.45 x " 
8.22 x 10“  ̂
2.60 x "

• O.O.O. O.O.O. 0.0. 0.0. 0.0. 0.0.0.

L
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lure CsCl. Gra-ph lc .,o

CQoling

rn r-U V*/ 1 / 1  x  1 0 * "  A tf(ohn ^cm 6T(ohm
190 2.160 1 . 3 8 X i o “ 9 6.32 X
203 2.101 2 . 7  0 X It 1 . 2 8 X
227 2.000 6 . 9 0 X 11 3 . 4 5 X
237 1.961 9 . 9 0 X IIp 5 .0 6 X240 1 . 9 1 9 1 . 5 6 X 10 8 . 1 3 X
26 5 1 . 8 - 9 3.00 X II1-7 1.61 X
290 1 . 7 7 6 1.00 X i o “7 5.63 X
313 1 . 7 0 6 2.52 X It 1.46 XR Rp 1 . 0-8 5 . 7 1 X II 3 . 4 4 X
348 1.810 1 . 0 3 X 10" ° 6 . 2 3 X386 1 . 9 8 5 1 . 8 1 X tl 1 . 1 3 X
379 1 . 5 3 4 4 . 1 4 X II 2.52 X

Left overnight
369 1 * 5  58 3 . 3 3 X - 610 2 . 1 4 X33 c 1.520 5 . 0 0 X 11 3 . 2 9 X
405 1 . 4 7 5 9 . 0 0 X ti 6 . 1 0 X
411 1 . 4 6 2 1 . 1 7 X 1 0 " " 8 . 0 0 X
427 1 . 4 2 9 1 . 8 2 X 11 1 . 2 7 X
439 1 . 4 0 4 2 . 6 7 X 11 1 . 9 0 X
449 1 . 3 8 5 3.60 X it 2 . 5 9 XARP, 1 . 3 6 8 4 . 5 6 X it 3 . 3 3 X
467 1 . 3 5 1 5 . 7 8 X it 4 . 2 0 X
473 1 . 3 4 0 1 . 2 0 X itc 3 . 9 5 X
475 1 . 3 3 7 5 . 2 5 X 10 3 . 9 3 X
489 1 . 3 1 2 6 . 5 4 X II 4 . 3 4 X

ti
t»-R10 "  
It

10~4II
It

io“5
it

10 "  
it

i»
ii

10“2II
II
It

10II
It

-3

430 1 . 3 2 8 5.70 X 1 0 ~ 6 4.29 X 10-3
468 1 . 3 5 0 4 . 9s X It 3.69 X tt

468 1 . 3 5 0 9.60 X ft r* 7 . 0 8 X tl p405 1 . 3 7 4 2.61 X 1c -5 1 . 9 0 X 10
433 1 . 4 1 6 2 . 1 6 X It 1 . 5 2 X n

•c•c•0•0• c•0•c•c•0•0 . 0 •0•0•0•

L
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Pure CsCl. Ora-ph. 2 ,
m ® r\i. ^  • l/m x 10 ^ A.

X <5 (ohm"■1 -1 Ncm ) C5T ,. (ohm
229 1 . 9 9 2 3.56 X

r \

10~* 1.79 X 10247 1.923 3.40 X Tl 0 4.37 X It
2 6 4 1.862 1.82 X 1 0 "6 8 . 7 9 X I I

2B1 1.805 3.74 X If 2.07 X 1 0"!303 1.736 9.98 TJ I t <7 5.75 X It

315 1.701 2.08 X lO" 7 1.18 X 10"'
3 2 4 1.647 3 .6 0 X I I 2.18 X II
360 1 .5 8 0 1.30 X 10“° 8.23 X It

331 1.529 2 .5 2 X I I 1.05 X 10"
405 1.475 5.71 X I I

jr 3.87 X tl

427 1.429 1.08 X 10“'' 7.56 X It

443 1.397 1 . 9 6 X tt 1.40 X 10~
457 1.370 3.11 X ti 2 .2 0 X tt
472 1.342 5 . 0 2 X it 3.72 X tt

473 1.341 3 . 0 0 X tl 2.23 X tt

Cooled rapidly to room temperature.
206 2 .088 4.32 X 1 Q~3 2.07 X 1 0 "1
217 2.041 4.80 X tt 2.35 X tt

232 1.980 6.96 X 11 3.51 X tt

241 1.946 8 . 4 1 X 11 0 4.32 X »
261 1.873 1 .6 1 X io“8 8.54 X it 1275 1 . 8 2 5 3.43 X tt 1 .8 8 X 10“
299 1 . 7 * 8 7.34 X tt 4.20 X tt

-1 - 1 ^ 0  ̂cm ) A
o

Left overnight in Nitrogen.
282 1.802 5.91 X 10~7

1 0 " '
3.28 X 10“

303 1.742 1.32 X 7.57 X ft

323 1.678 2 .8 8 X It 1.72 X 10“
343 1.623 6 .9 6 X It r 4.29 X tt

354 1.595 1.34 X 10“° 7.77 X tt

376 1.541 1.93 X tt 1.25 X 1 0 -
397 1.493 5.50 X II 3.70 X ft

415 1.453 1.04 X 10 5 1.15 X 1 0 -
424 1.435 1.36 X If 9.48 X ff i
430 1 .4 2 2 1.64 X It 1.15 X 10~‘
441 1.401 2.24 X It 1 .6 0 X n

448 1.387 2.64 X ft 1.91 X tt

468 1.350 4.51 X ft-A 3.34 X tt

472 1.342 5.52 X 10 6 4.11 X 10-

i

L
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Pure CsCl. graph 2 . fcont ) 

Left overnight in Nitrogen 0 370°C.
369 1 . 5 5 8
336 1 . 5 1 7
400 1 . 4 8 6
411 1 . 4 6 2
421 1 . 4 4 1
433 1.416
440 1.403

Cooling
430 1.422
419 1 . 4 4 5
403 1 . 4 7 5
392 1 . 5 0 4
366 1 . 5 6 5
349 1.608
325 1.672
310 1 . 7 1 5
295 1 . 7 6 0
285 1 . 7 9 2
273 1 . 8 2 8
264 1 . 8 6 2
249 1.916
237 1 . 9 6 0
230 1.988

1 . 4 5 X
10H -0

9 .3 0 X 102.52 X Tf 1 .66 X 10
3 . 7 2 X tf 2 . 5 0 X tl
6 . 2 4 X rt 4 .2 7 X tt
1.20 X 10' j 8 . 3 3 X ft
1 . 7 3 X u 1 .22 X

0 1—1

2.15 X tt 1 . 5 3 X tt

1 . 5 6 X 10'-5-A 1.10 X 10
8171 X 10“

-0 6.02 X 10
4 . 4 6 X tf 3 . 0 3 X tl
2 . 8 0 X tl 1.88 X w
1.20 X tl

■7 7 .7 1 X 10
6 . 3 7 X 10'- I ■7 . 9 7 X ft
2 . 5 0 X tt 1 . 5 0 X tt
1 . 1 9 X ft

_Q 7 .01 X 10
8 . 9 0 X 10“

“O
5 • 05 X II

6.36 X tl 3 .5 5 X tl
3 . 5 0 X tt 1 .9 1 X tl
2.16 X tl 1 .16 X II

1.20 X ft O 6 .76 X 1 0 ‘
8.52 X 1 0 “-9 4 .3 4 X ft
5 . 6 4 X ft 2 .8 4 X tt

c•0•c .c> .0 ..0 .0 •

-2

-2
-3

-5

-6
V>J



Pure CsCl Graph 3.
168

 ̂0 /rp x 10  ̂A cf (ohm ^cm
195 2.137 2.10 x 10“ 9
205 2.092 2.94 x  "
213 2 .0 5 8 4.00 x "
234 1.972 7.56 x "
24-6 1.927 1.26 x 10~8
255 1.894 1 .6 8 x "
270 1.842 3 .06 x "
278 1.815 3.86 x "
297 1.754 8.39 x %
307 1.724 1.40 x 1 0 *
320 1.686 2 .5 0 x n
328 1.664 3.84 x "
342 1.626 6.80 x n
346 1.616 8179 x V
362 1.575 1 .8 6 x 10
373 1.548 2.91 x "
390 1.508 5 .1 7 x  "
400 1.486 7.67 x "
420 1 .4 4 3 1.46 x 10
440 1.403'' 2.73 x "
457 1.370 4.20 x "
471 1.344 6.40 x V
480 1.338 5.84 x 10
494 1.304 7.35 x "
513 1.272 8.40 x "
528 1 .2 4 8 1.18 x 10“^
545 1 .2 2 2 1 .7 0 x "

Cooling.
531 1.244 1.31 X 10"!
513 1.272 9.40 x 10
504 1.287 7.35 x "
495 1.302 5.67 x "
477 1.333 5.00 x "
475 1.337 9.71 x "
464 1.357 3.61 x 10~5
456 1.372 2.58 x "

cfT (ohm A.

9 .60  x 10“ J 
1 .41  x 10
1 .94  x  "
3 .83 x "
6 .5 4  x  n
8 .87  x  "
1 .66 x  10“ ^ 
2.12 x n
4 .79  x  "
8 .15  x  "
1 .48  x  10 ^ 
2 .30  x  "
4 .18  x "
5 .44 x  "
1 .18  x  10“
1 .87  x  n
3.43 x "
5 .17 x  "
1 .07  x  10
1 .95  x "
3 *06 x  "
4.76 x  ”
4 .40  x  10
5 .6 3 x  ”
6 .60 x  "
9.45 x "
1 .39  x  10" ^

1.05 x io*i 
7.39 X 10~5 
5.71 x "
4.35 x "
3.75 x "
7.26 x "
2.66 x 10 
1.88 x "

o .0 .0 .0 «& .0 *0 .0.0 .0 .0 .0 .0 .0 .0 .0 .0



Pure CsCl Graph 4* 169

P°C 1 —'zP/T x 1 0 ^  A d'Cohm ^cm
216 2.045 5.35 X 10229 1.992 7.33 X
243 1.538 1.32 X 10
259 1.880 2.48 X
285 1.799 7.36 X
305 1.736 1.43 X 10326 1.669 4.51 X352 1 .6 0 0 1.28 X 10380 1.531 3.54 X 10'
405 1.475 8.35 X442 1.399 2.73 X 10'
469 1.348 5.93 X
475 1.337 5.40 X 10'438 1.314 6 .64 X

it-8
tt
-7
tt

-6

tfT (ohm*"̂ cni~̂ )°A, 
-62.62 X 10

3.68 X
6.80 X
1.32 X 10
3.09 X
8.21 X
2.70 X 10
8000 X

2.25 X 10
1.65 X

1.95 X 10'
4.40 X

4.04 X 10
5.04 X

rt

-5

tt

-4
r o  WUU -X. " ,° o oc w

tt -2
v  4.40 x ",° / _ -,̂ -3

Cooling for reverse transition.
479 1.330 4.14 X 1 0 "6 3.11 X H 0 1

461 1.362 3.38 X tt

10-5
2.48 X tt

454 1.376 2.21 X 1.61 X 10
433 1.416 1.81 X

H 0

1.28 X V?*7399 1.488 6.89 X 4.63 X 1 0 - 3370 1.555 2.60 X tt 1.67 X tt

348 1.610 1.16 X it 7.20 X 10~4
325 1.672 4.11 X IQ"7 2.46 X tt

301 1.742 1.21 X

O
 

1—
I

6.93 X 10~5281 1.805 6.34 X 3.51 X tt

263 1.866 3.17 X n 1.70 X n r
243 1.938 1.65 X tt

0 8 .5 1 X io“6
229 1.992 9.60 X 10“9 4.82 X tt

207 2.058 6.74 X tt 3.24 X tt

O .0 *0 .0 #o *0 .0 *0 .2) .0 .0 .0 .0 .0 .0 .0 #0 .0 .0 .0 .o



Pure CsCl Graph 4a.
170

^ 0 / m x 10 A 6 (ohm ^"cm d T  (ohm "^cm A,T
231
247
267
279
295310
327
342
361
391
422
446
461
4-9
471
473
484

1.984 9.29 X 10~810"8
4.68 X 10"61.923 1.66 X 8.60 X tt

1.825 3.00 X tt 1.62 X io " 51.812 5.25 X n

10~7
2.90 X tt

1.761 1.01 X 5.74 X tt

1.715 1.99 X tt 1.16 X i o “4
1.667 4.33 X tt 2.60 X tt

1.626 7.77 X tt r 4.78 X tt

1.577 1.80 X 10 1.14 X 10“ 31.506 5.01 X tt

10~5
3.39 X tt

1.439 1.40 X 9.72 X tt

1.391 3.46 X tt 2.49 X tt

1.362 5.25 X tt 3.85 X tt

1.348 6.16 X tt 4.57 X tt
*■7

1.344 1.00 X tt

10-6
7.44 X 10~5

1.340 4.89 X 3.66 X n

1.321 4.91 X tt 3.72 X tt

o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o
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Pure CsCl. Graph 5. Annealed 192 hrs. at 400°C.

T°C 1 /V T x 10 - A 6  (ohm"'*'em"'1') <3T(ohm w V a
229 1.992 3.56 X 10~9 1.79 X 1 0 -6247 1.923 8.40 X tt

10"8
4.37 X It

264 1.862 1.82 X 7.97 X tt

281 1.805 3.74 X tt

10 “7
2.07 X 10“5

303 1.736 1.34 X 7.75 X It A
315 1.701 2.08 X n 1.18 X io“4
332 1.653 4.63 X n c 2.80 X It

355 1.592 1.30 X 10 0 8.16 X It

io”3374 1.546 2 .52 X n 1.63 X
396 1.495 5.70 X it C; 3.81 X It

413 1.458 1.08 X 10 ' 7.41 X tt
Q429 1.425 1.96 X It 1.38 X 10

442 1.397 3.10 X I I 2.22 X It

458 1.368 5.02 X It 3.67 X 11
468 1.350 6.11 X tt r 4.53 X

0
1 3

1 
V>

1

471 1.344 
Crystal chilled

9.30 X  
in liquid

1 0 "6

air.
6.92 X

m 2.088 4.32 X 1 0 "9 2.07x 10-6
2.041 4.80 X it 2.35 X It

232 1.980 6.96 X n 3.51 X tt

241 1.946 8.40 X n

1 0 -8
4.32 X tt

261 1.873 1.60 X 8.54 X tt

275 1.825 3.43 X It 1.88 X It

282 1.802 5.91 X It 3.82 X tt

10-4298 1.751 9.40 X It

1 0 -7
5.36 X

316 1.698 2.17 X 1.28 X 1 0  4

332 1.653 4.35 X tt

1 0 ” 6

2.63 X tt

349 1.608 1.00 X 6.22 X tt
324 1.546 2 .7 2 X it 1.76 X 10 3
402 1.481 7.41 X n

10~3
5.00 X tt0

438 1.406 2.28 X 1.62 X 10
454 1.376 3.92 X tt 2.85 X tt
467 1.351 5.80 X It 4.29 X tt
470 1.346 1.35 X It 1.00 X tt

O *0 .0 *0 *0 .o *0 *0 *0 *0 *o »o *0 *0 *0 #0 *0 .0
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Pure CsCl. Graph 6.

/j x 10  ̂ A 6 (ohm <5T (ohm "̂ cm A
236 1.965 6 .5 0 x ID-"! 3.3a x 10“ 6
250 1 .9 1 2 1 .2 0 x 10 6 .2 6 x
265 1.859 2.45 x " I .32 x 10“ 5
287 1.786 6 .8 8 x " 3.85 x "
311 1.712 2.31 x 10“' 1.35 x 10-4
333 1.650 5 .36 x ", 3 .2 5 x "
357 1.587 I .56 x 10“ '' 9.82 x ",
385 1 .52C 4 .2 3 x " 2.78 x 10
410 1.464 9.43 x " 6.44 x ",
436 1.410 2.34 x 10“' 1.67 x 10
454 1.376 4 .1 3 x " 3.00 x "
467 1.351 5*93 x ", 4.39 x ",
470 1.348 8.08 x 10 6 .0 0 x 10“''
472 1 .3 4 2 5 .7 8 x " 4.31 x "

.0*0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.
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Pure CsCl. Graph 6a. After irradation.

T°C 1 nP V T X  10  ̂A 6 (ohm"*1 cm"'3*) <5T (ohm ^cm
184 2.188 3.67 X 10~8 1.68 x 10~201 2.110 3.33 X I! 1.58 X It

207 2.083 4.06 X tt 1.95 X tt

227 2.000 4.60 X tt 2.30 X tt

245 1.931 5.06 X it 2.62 X tt

262 1.869 6.11 X tt 3.47 X tt

283 1.799 7.19 X tt
r-f 4.00 X tt

296 1.757 1.18 X 10-7 6 .68 X tt

306 1.727 1.81 X tt 1.05 X 10“‘
322 1.681 3.36 X n 2.00 X tt

355 1.645 5.95 X n r 3.62 X tt

567 1.562 2.14 X 10"6 1.37 X 10-
387 1.515 4.00 X tv 2.64 X tt

415 1.453 1.19 X 10“5 8.18 X tt

432 1.418 2.28 X tt 1.61 X 10“‘
455 1.374 4.94 X tt 3.58 X tt

466 1.353 5.56 X ft 4.11 X tt

474 1.339' 1.00 X tt£ 7.47 X 10"
474 1.339 5.60 X io“6 4.18 X tt

O *0 .0 #0 .0 »0 .0 *0 .0 *0 *0 .0 .0 .0 .0 .0 .0 .0 .0 .0 *0



Pure CsCl. Graph 7. Melt Grown.
s — "

T°C V T x 10  ̂A tf (ohm’- W 1 ) tfT (ohm"-i -1?A cm ) A
2/; 9 1.916 1.90 X 10~8 9.90 X 1 0 ~ t255 1.859 2.30 X If 1.24 X 10-5284 1.795 4.10 X n

ry 2.28 X n
506 1.727 1.14 X 10~7 6 .62 X ft
325 1.672 2.64 X n 1.58 X 10~4328 1.664 5.33 X n 2.00 X n
331 1.656 3.51 X IT 2.12 X n
343 1.623 5.80 X itr 3.58 X «
363 1.572 1.20 X 10 7.60 X n
369 1.558 1.56 X n 1.00 X 10"3379 1.534 2.17 X it 1.41 X n
390 1.508 3.45 X » 2.29 X tt
403 1.479 5.49 X it 3.71 X n
412 1.460 7..40 X itr~ 5.07 X n
424 1.435 1.09 X 1 0 ~ 5 7.61 X tt
431 1.420 1.36 X It 9.60 X it

/■N442 1.399 2.01 X R 1.44 X 10""2450 1.383 v 2 *66 X » 1.92 X n
458 1.368 3.93 X ft 2.87 X tt
464 1.357 4.25 X n 3.13 X tt
470 1.348 4.90 X n 3.60 X it
470 1.348 1.51 X n 1.20 X n

O.O.O.O.O.O.O.O.O.O.O.O.O.O.O.0.0.0 .0.0
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Pure CsCl. Graph 7a. After irradation.

^ 6  /j x 10  ̂A c3 (ohm cfT (ohm ^cm ^)A
227 2.000 6 .7 6 x 10~S 3 .3 8 x icf^
255 1.894 8 .3 6 x " 4 .2 2 x n
265 1.859 9.80 x " 5 .3 6 x "
276 1.821 1 .1 0 x 10~ 6.04 x "
293 1.767 1 .2 2 x " 6.80 x "
301 1.742 1 .4 1 x " 8.00 x »
316 1.098 l#92 x " 1 .1 3 x 10~4
328 I .664 2.71 x " 1.63 x "
333 1.650 3 .5 5 x " 2 .1 5 x "
346 1.616 6.19 x V  3.83 x w
360 1 .5 8 0 l.il x H T b 7 .0 0 x »
375 1.543 2.10 x " I .36 x 10
337 1.515 3.46 x " 2.28 x n
405 1.475 4.47 x " 3 .0 3 x "
416 1.451 8.71 x " 6 .0 0 x "
430 1.422 1 .3 6 x 10 9.59 x "
436 1.410 1.80 x n 1.27 x 10
450 1.383*' 3.03 x " 2.19 x "
457 1.370 3.68 x " 2.69 x "
470 1.346 5 .1 1 x V  3.80 x ",
471 1.344 4.00 x 10 2.97 x 10"^

o .0 .0 .0 .0 .0 .0 .0.0 .0 .0 .0 .0 .0 .0.0 .0



Pure CsCl. Graph 8. Melt Grown*

176

T°C 1 // T x 10 v A 6 (ohm "1 -Iscm ) dT (ohm
263 1 *866 1.02 X 10-8 5 *46274 1.828 1.98 X tt 8.10282 1.802 2*44 X tt 1.35304 1.733 7*80 X tt

10~7
4*50

322 1.681 1.80 X 1.07326 1.669 3.00 "y tt 1.81
339 1.634 3*57 X ft 2*20
J 1.592 8.92 X tt

io ”6
5*65380 1.531 2*14 X 1.42

394 1.500 5.44 X tt 3.66400 1.486 7*04 X tt 4.82
403 1.475 8.32 X tt

10-5
5*75430 1.422 1.63 X 1.17

443 1.397 2.65 X

LTv1o1—
I 1.97

467 1.351 5*00 X tt 3.79471 1.344 6*14 X 10”6 4*51
2nd. Heating*

-1 -1?,cm )a

"v* WX  -qx 10 ^
x n -4x 10 
x "
V  »»

x 10 
x 
x

n
-3
n

2 9 3 1 . 7 6 7 6 . 2 8 X

00 0
-

1 
1 

0
 0 

1—
1 

1—
1

3.55 X 1 0
3 1 8 1 . 6 9 5 1 . 7 6 X 1 . 0 3 X 1 0
3 3 8 1 . 6 3 7 3 * 7 2 X I t 2 . 2 7 X
3 4 4 1 . 6 2 1 6 . 7 2 X tt

4 . 1 5 X
3 4 6 1 . 6 1 6 6 . 6 8 X tt

c 4 . 1 5 X
3 8 0 1 . 5 3 0 1 . 8 7 X 10 6 1.20 X 1 0
3 9 7 1 . 4 9 3 3 . 2 0 X tt 2 . 1 4 X
4 1 5 1 . 4 5 6 7 . 1 6 X tf

10-5
4 . 9 8 X

4 3 0 1 . 4 2 0 1 * 1 7 X 8 . 3 0 X
4 3 8 1 . 4 0 6 1 . 9 3 X 1 . 3 7 X 10
4 5 6 1 . 3 7 2 3 . 1 8 X 10 5 2 . 3 4 X 10'
4 6 9 1 . 3 5 1 4 . 9 7 X tt 3 . 6 6 X
4 7 0 1 . 3 4 8 5 . 6 5 X 10 6 4 . 2 0 X 10'

n-2

tt

k-3

-5
-4

n
-3

n
-3

O .0 .0 .O *0 *0 .0 .0 .0 .0 .0 .0 .0 *0 .0 .0 *o *o

CM CM
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2+2 re on 9 « pa -dopea CeCl

1/2 x  1 0 ~ ? a  tfjoh^czT1 ) c5T (ohm*"1 cm"1 )°a

2 4 p 1 . 9 1 9 4 . 1 8 X
o
^1c

 
1—

1 2 . 1 8 X 1 0 “ 6o r" r"
c  - 0 1 . 8 9 9 7 . 3 4 X tt_ p 3 . 9 6 X tt— 0

1 0  ^2 7 2 1 . 8 2 1 2 , l r X 1 0  " 1 . 1 8 X
2 2 9 1 . 7 7 9 1 9 X tt

i o ~ 7
2 . 3 5 X !t

3 0 : 1 . 7 3 0 1 . 0 4 ■V- 6 . 0 2 X tt
3 1 5 1 . 7 0 1 2 . 0 0 X it 1 . 1 8 X 1 0 ~ 4
3 3 9 1 . 9 9 3 4 . 2 3 X tt 2.56 X It

3 4 8 1 . 6 1 0 e . 5 3 X it
r 9 . 3 0 X tt

y.•2,0 P 1 . 9 7 ^ 1 . 9 2 X

r0
 

1—
1 1 . 2 3 X 1 0

3 ° 7 l . r 1 5 4 . 6 1 X tt 3 . 0 4 \v■ tt

4 0 0 1 . 4 8 6 1 . 1 1 X i o “ 5 8 . 4 8 X tt

4 0 7 1 . 4 7 1 1 . 8 2 X tt 1 . 2 4 X

V1O
 

1—1

2n0

Chilled quickly

2.114

in liquid 

7.14 x
air.

10'~8 10
3.38 X H 0

1 Gt

222 2.^20 1.18 x 5.82 X tt

237 1.961 1.82 x tt 9.30 X tt

I Q " 5P R O 1.905 2.68 x tt 1.41 X
266 1.855 4.14 x n 2.23 X ft
278 1.815 5.24 x n 2.89 X ft
2Qp 1.761 7.66 x tt 4.35 X tf

• ̂ •O.O.O.O.O.O.O.O.O.O.O.O.
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Vrg~';h Ir . e.' — doped CpCI

1 /0  x  10 A cl (ohm"~1 cni~1 ) cfT (o h m ^ 'c n r1(?A

2 2 9 1 , 9 9 2 5 . 0 8 X 1 °-L Q 2 . 3 5 X 1 0 “ cOc;n 1 . 9 1 2 1 . 2 6 X 1 0  “ “ 6 .60 X II

2 2 6 1 - 9 5 9 2 . 3 7 X Tt 1 . 2 8 X 1 0 “ "
2 8 0 1 . 8 0 6 4 . 3 4 X Tl 2 . 4 0 X n
2 9 6 1 . 7 5 7 8 . 9 8 X o-

S 
1OH 5 . 1 1 X it

1 0  “ 43 1 1 1 . 7 1 2 1 . 7 7 X 1 . 0 4 X
3 2 9 1 . 6 6 1 4 - 5 3 X Tl

2 . 7 3 X it
3 4 6 1 . 6 1 0 9  - 6 6 X II

- ^ - 5
6 . 0 0 X ti

*7

3 7 2 1 - 5 5 0 1 . 2 3 X 7 . 9 2 X 1 0 “ ^

Chilled quickly in liquid nitrogen.

2 3 1 1 . 9 8 4 4 - 3 4 X
_p

1 0  ~ 2 . 1 9 X
—  R

1 0  "
2 4 5 1 . 9 3 1 6 . 1 0 X Tt 3 . 1 6 X n
2 6 0 1 . 8 7 6  ~ 9 . 4 4 X It

1 0  ” 7
5 - 0 3 X ti

2 7 7 1 . 8 1 8 . 1 . 2 3 X 6 . 8 0 X

- 101—12 9 2 1 . 7 7 0 1 . 7 7 X 11 1 . 0 0 X
3 0 4 1 . 7 2 1 2 . 7 2 X it 1.59 X tt
3 2 5 1 . 6 7 2 3 . 8 1 X it 2 . 2 8 X tt

• O #0 #0 *0 • O • O .0 • O .0 .0 *0 .0 •
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2 +3a -doped CsCl. Granh 11. 57 p m ,

•oc 1/T x 10  ̂A. 6 (ohm -1 -Is
cm ) dT (ohm -1 ' cm

217 2,041 4.51 X H 0
1̂ 0

2.19 X io"1226 2.004 5.40 X It 2.69 X tt

240 1.949 8.55 X rt
0 4.50 X tt

256 1.890 1.83 X 10“8 9.69 X tt

271 1.838 3 .6 0 X tt 1.96 X 10“289 1.779 6 .60 X t» r7 3.69 X tt

319 1.689 1.88 X 10“7 1.11 X 10"
342 1.626 4.98 X tt 3.09 X tt

358 1.885 9.00 X tt 8 5.73 X tt

369 1.558 1.71 X 10~~ 1.11 X 10“386 1.817 5.01 X Tl f 3.33 X tt

405 1.475 1.01 X 1C-5 7 • 58 X tt

417 1.449 1.54 X tt 1.08 X H T :428 1.427 1.77 X « 1.26 X ti
437 1.408 2.37 X tt 1.72 X it
445 1.393 2.49 X tt 1.82 X tt

458 1.368 3.51 X n 2.61 X tt

459 1.386 ~ 2.64 X it 2.19 X tt

459 1.366 2 ,4 6 X it 1.83 X tt

-1;

Cooled to room temperature

267
2nd. PleatinA. 
1.852 2.63 X 1 0 "8 1 .1 3 X 10

280 1.808 4.65 X tt 2 .6 7 X tt

295 1.760 7.8 6 X tf

1 0 -7
4.47 X tt

317 1.695 2.94 X 1.39 X 10
329 1.661 3.27 X ft 1.98 X ft

352 1 .6 0 0 7.65 X rt 4.83 X ft

381 1.529 2.03 X 10 1.34 X 10
391 1.506 3.33 X n 2 .2 5 X tt

404 1.477 5.13 X tt 3.54 X tt

423 1.437 8.40 X tt
(— 5.94 X n

429 1.425 1.02 X 10”- 7.32 X tt

439 1.404 1.35 X ft 9.79 X tt

451 1.381 1.72 X ft 1.27 X 10'
460 1.364 1.35 X ft 9.51 X 10'
4 6 0 1.364 8.19 X 10 0 6.00 X tt

-5

-4

-3

-2
-3

• O * 0  #0 • O * 0  * 0  • o * 0  • o  . 0  . 0  * 0  • o • o • 0  * 0  . 0  • O . 0  •
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2 +Ba -doped CsCl. Graph 12. 62 ppm.

r-3
O o •

1 -7° /rpX 10 A . cf (ohm ^cm -1) dT (ohm ^ c m T 1 )A
183
193

2.193
2.137

8 . 0 0
1.20

X
X
10"
10

-10
-9 3.65

5.71
X
X

i o ” 7
it

207 2.083 1.84 X Tf 8.83 X tt r219 2.033 3.40 X tl 1.67 X 10230 1.988 5.60 X rt
-8 2.82 X ft

2 <03 1.927 1.04 X 10" 5.39 X ft
262 1.869 1.96 X Tt 1.05 X 1C-5275 1.825 3.92 X rt 2.14 X tt
290 1.776 6.40 X tt 3.60 X ft
296 1.757 8.60 X Tt

-7 4.90 X tl
320 1.686 2.54 X 10' 1.50 X i o “ 4332 1.653 4.46 X tt r 2.70 X tt

355 1.592 1.22 X 10"“ G 7.66 X tt
372 1.550 3.04 X ft 1.96 X I O ” 3363 1.524 5.66 X rt

r~ 3.71 X n
393 1.502 1.16 X 10"-5 7.86 X tt

A410 1.464 1.78 X tf 1.21 X 10432 1.418 2.94 X TT 2.07 X tt

441 1.401 3.42 X Tt 2.45 X ft

449 1.385 4.24 X tf 3.05 X ft
456 1.372 4.48 X Tf 3.27 X IT

460 1.364 2.75 X ft r 2.02 X tt

469 1.348 8.60 X 10"- o 6.38 X i o - 3484 1.321 6.41 X ft 4.51 X ft

Cooling back through Transition.
477 1.333 2.54 X i o “D 1.90 X 10458 1.368 4.92 X ft 3.60 X tt
452 1.379 9.00 X ft_n; 6.53 X ft
442 1.399 1.68 X 10 " 1.20 X 10426 1.431 1.84 X ft 1.28 X rt
420 1.443 1.29 X tt 8.94 X 10
404 1.477 1.01 X ft 6.86 X tt
396 1.495 7.82 X 10-° 5.23 X ft
383 1.524 4.06 X n 2.66 X tf

(cont over)

t
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rp°

— —doped CsCl. Graph 12, 62ppm. (cont ) •
1 7̂
/jx 10 A. o' (ohm "̂ cm tfT (ohm ^cm "*”) A

3^8 I .560
347 I .613

10
.  io‘

1*°53 8.06 X lfl 1 7-07 v n
7 7^^ c~
30? 1.724 i.yi y I. 1 ,U x » -
^92 1.770 8.00 x 1 O A.RO v 1 n“5
2 7 2  1 . 8 3 5
255 1.894
237 1.951
220 2.028

2.09 X
10H ■6

1 . 3 4 X
1 . 0 1 X tt n 6 . 2 6 X
5 . 0 6 X 1 0 ”

' I
> . 0 7 X

1 . 9 1
8 . 0 0

X
X

it

1 0 “
•8 1

4
. 1 1
. 5 2

X
X

3 . 4 3 X tt 1 . 8 7 X
2 . 0 0 X # 1 . 0 6 X
1.16 X tt 5 . 9 0 X

6 .60 X H O
1•9

3 . 2 5 X

O•O• .0 ,

O•O

• 0  •

10n

V>
)
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2+3a -doped CsCl. Graph 15. 7rppin.

l'~3 o o 1 —3°V TX 10 A . <$ (ohm -1 -1 Xcm ) crT1 (ohm .̂ -1'cm
203 2 .101 4.51 x 10“8 2.14 X

LT>10H

217 2.041 6.30 X ”-7x 10 1
3.09 X

227 2 .000 1 .0 6 5.28 X «
249 1 .9 16 2.00 x " 1.04 X 10~4
276 1.821 5.43 X " p 2.97 X ti
289 1.792 6.15 x 10 3.42 X 10“52QG 1.748 9.63 X "“7x 10 1

5.52 X tf
313 1.706 2 .2 2 1.30 X 10~4
324 1.675 2 .5 2 x " 1.61 X tt
332 1 .6 0 0  

Left overnight
9 .60 x " 6 .0 0  

in stream of /-nitrogen.
X

K\1
= 

O1—1379 1.534 2.40 x 10 1 .5 6 X
391 1 .506 8.88 x ”-5x 10

5.40 X ft O412 1.460 1.86 1.28 X 10
429 1.425 2.39 x H 1 .6 8 X tt
433 1 .4 16 2.55 X  " 1.82 X tt
440 1.403 2.94 X  " 2.13 X ft
448 1.387 3.75 X  n 2.70 X tt
458 1 .3 6 8 2.09 X  " 1.53 X tt
475 1.337 1.07 x " £ 8.00 X 10-5
487 1.316

Cooling back
4.98

through
x 10

transition.

3.78 X tt

475 1.337 7.98 x 10 “b 5.97 X 10“5
457 1.370 8 .2 5 X "“5 x 10 D

6 .00 X tt
438 1.406 1.24 9.00 X tt
427 1.429 1 .1 6 x n 8.67 X ft
419 1.445 1.04 x " £ x 10

7.20 X tt
407 1.471 8.70 5 .2 2 X tt

• O • O • O • O *0 • O • O • O • O • O .0 .0 • O *0 *0 • O . O *0 •
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2n2a -do-necl CsCl. Graph IS. 97 m-i.
0 -^° i o
;Q 1 /T  x  10  ̂ A (5 (ohm crri~~) cfP (ohm~^ciu~^ ) a .

2 3 6 1 . 9 6 3 4 .60 X i o ~ d 2.34 X 10-5233 1 . 9 0 1 7 . 6 0 X tt

I O - 7
4 . 0 0 X tt

2 7 8 1 . 8 1 5 2 . 0 1 X 1 . 1 0 X 1 0 ‘ 4
3 0 2 1 . 7 4 0 4 . 8 6 X ft 2 . 8 0 X ft
3 3 0 I .658 9 . 0 8 X Tt

1 0 - 6
5 . 5 0 X ft

3 4 6 1 . 6 1 6 6  . 2 0 X 3 . 8 3 X 1 0 ~ 3
3 7 0 I . 5 0 0 9.60 X tt

6 . 1 7 X ft
3 8 2 1 . 5 2 7 1 . 4 1 X I O ' 5 9 . 2 3 X ft

4 0 3 1 . 4 7 9 1 . 8 1 X n 1 . 2 2 X 1 0
4 2 0 1 . 4 4 3 2 . 3 0 X tt

1 . 5 9 X tt
4 4 0 1 . 4 0 3 3 . 0 7 X tt 2 . 2 0 X n
4 4 7 1 . 3 9 0 1 . 8 0 X tt r 1 . 3 8 X tt
4 6 5 1 . 3 5 5 6 . 4 0 X 1 0 " ° 4 . 7 2 X I O - 3
4 7 9 1 . 3 3 0 5 . 4 2 X ft

3 . 7 5 X tt
4 9 0 1 . 3 H 4 . 7 0 X tt 3 . 4 0 X tt

• 0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.
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2 'Graph 14. ^-doped CsCl 88 p-pm.

2-£ 1/- x 10 " A (5 (ohm^cm"1) tfg (ohm^cni"^) A.
226 2 .004 3.21 X 10 “ 3 1 .6 0 X 10“ '
242 1.942 5.78 X ft 2.98 X ff
2RF 1.894 9.68 X tf

Q 9.11 X ft
268 1.848 1.45 X 10 7.83 X ft
276 1.815 2 .2 1 X ?! 1 .2 2 X IO" 5290 1.779 4.09 X tf 2.30 X t,
305 1.727 7 .6 8 X Tl 4 .45 X tf
321 1.684 1.58 X

10H 9.39 X ff77C 1.637 4.27 X tr 2 .6 1 X H 0
1

7.47 1 .5-62 8 .8 8 X ff

10“5
5 .6 8 X tf

367 1.515 1.18 X 9.96 X 1C-'
418 1.447 2 .16 X « 1.49 X io-2434 1.414 2.64 X ft 1.87 X tl

445 1.393 3.36 X it 2.41 X tl
447 1.389 1.99 X n 1.43 X tl
497 1.370 1.09 X n 7.94 X io“3473 1.340 6 .4 1 X 10“° 4.78 X tt
485 1.319 6.41 X ft 4.86 X It

• o.o.o.o.o.o.o.o.n.o.o.o.o.

v >
j 

ro 
v >
3
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9+replj 1 o. Qa -cio-ped CsCl._____ 104 Txpm
T°C . 7 °

1/T x 10  ̂ A (5 $0:1X1 -1 - l vcm ) cfT (oh: 

1 .4 2

-1n -1cm

16 0 2.309 3.29 X
n

1 0 ~ y X 10 "b
172 2.247 4.38 X tt O 1.95 X tt
192 2.151 1 .06 X 10 “6 4.93 X tt
212 2.062 1 .6 8 X I I s . 15 X tt
272 2.020 3 .01 X rt 1.42 X i o ” 5
24'4 1.934 7 . 1 2 X tt 3 .68 X tt
PCQ 1.880 9.31 X tt

i o ~ 7
4.95 X tt

26 4 1 .8 6 2 1 . 0 0 *v 5.35 X tt
282 1 . 8 0 2 1 . 8 0 X tt 9.99 X n
302 1.740 3.20 X 11 1.84 X 1 0 “ 4
320 1 .686 6.31 X tt

ioi
I D " 5

3.74 X it
_

10 ^342 1 .626 6 .46 X 3.93 X
372 1.550 1.03 X 6 .6 4 X It

J &  C 1.513 1 . 3 6 X tl 9 . 0 0 X io~6
400 1.486 1.59 X tt 1.07 X i o ~ d
418 1.447 1.89 X tt 1.30 X n

437
446

1.408
1.391

2 .8 8
4.52 X

tt
-6

1 0"
2.04
J  .  C. j

X
X

tt
-.7

10 "
46 c 1 •  36 4 3.85 X tt 2.80 X tt

474 1.337 4.52 X tt 3.37 X tt

Cooling.
470 1.346 1.71 X 10' 1 .27 X

10H

461 1.362 1 .37 X tf

10-6
1.00 X If A

442 1.399 9.31 X 6 .64 X i o 7IO-3433 1.416 5.93 X
10 Jr
io~G

4.18 X
408 1.468 1.24 X 8.44 X rt
382 1.527 7.81 X 5.14 X tt
363 1.572 5.19 X tf 3.30 X ft

344 1.621 3.24 X tt 2 >00 X it
329 1.661 1.55 X = 

10H 9.34 X 10“4
313 1.706 5.68 X 3.35 X tt
291 1.773 2.48 X tt 1 .50 X tt

IO'5271 1.838 1.35 X tt0 7.34 X
250 1.912 7.38 X 10'~ 3.86 X tt
236 1.965 4.46 X tt 2 .27 X tt c218 2.037

.0 .0 .0 .0 .0.0

1.00  

.0 .0 .0 .0 .0

X 

.0 .

tt

■ 0.0 .0 .

4.91 X 10
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JL C h 1 --7 -r- 2 + ,1 1 ic1 —Q.OTj6G CsCl 133 Trom

I/O x 10 " A tf (ohm -1c tf! (ohm* c 1 H o
>

316 1.690 3.85 X io"? 2.26 X

1oH

824 1 ."75 4.48 X ft 2.63 X Tt

1.500
1.625

7.84
1.81

X
X

it

1C-6
4.75
1.11

X
X

tt

io-3
351 1.603 4.56 X ft 2.85 X tt

358 1.585 7.26 X rt 4.58 X ft

361 1.576 8 .1 0 X tt 5.14 X tt

364 1.570 9.90 X ft 6.31 X !1
370 1.555 1.04 X 10 " 6.69 X tf

378 1.535 1.15 X ft 7.49 X tt

390 1.510 1.32 X ft 8.75 X tt
r i

405 1.475 1.78 X ft 1.21 X 10412 1 .4 60 2.01 X ff 1 .3 8 X tl

425 1.435 2.33 X ft 1.63 X II
432 1.418 2 .5 0 X ft 1.76 X ft

138 1 .406 1.64 X rt 1 .1 6 X ft
7147 1.389 1.37 X tt 9.86 X 10 '158 1.368 1.18 X tt 8.62 X tt

• 0.0.0.0. 0.0. 0.0. 0.0. 0.0.0. 0.0.
Gre.ph IS Ba -doped CsCl
232
253

1 .9 80
1.901

9.10
1.71

X
X
l°Io 
10 8

4 .6 0
9.00

X
X

10 tt
r*271 1 .8 3 8 3.06 X ft 1 .66 X io "5

283 1.799 4.40 X tt 2.47 X rt
298 1.751 5.97 X tt

1 0 -7
3.41 X 11

310 1.715 1.05 X 6 .1 2 X tt

10“ 4^  85 1.645 3.08 X ff 1.87 X
347 1.613 4.94 X tt 3.06 X tt

360 1.580 1.07 X "1 ^ 6.77 X tt

1 ° ~ l376 1.541 1.40 X 10 ^ $.06 X
389 1.511 1.70 X tt 1.13 X io "2
403 1.479 1.92 X rt 1.30 X ft
410 1.464 2.14 X tt 1.46 X It

418 1.451 2.31 X tt 1.59 X rt

428 1.431 1.73 X tt 1 .2 1 X 11
io "3443 1.397 1.29 X tt

r 9.24 X
468 1.350 8 .0 0 X 10~° 5.93 X tt
462 1.325 6 .1 2 X II 4 .6 2 X it

504 1.287 8 .0 0 X tt 6 .25 X tt

• O #0 *>,0 • O #0 • O • O *0 • O • O • O *0 • O • O .0 •



2+3a - doped CsCl. Graph 19. 153ppm.
187

1 'j T T
/ip* 10 " A 6 (ohm cm ) 6 T (ohm ^cm "̂ )°A.

172 2.247 1.50 X 1c-8 6 .68 X i°i190 2.160 2.42 X ft 1.12 X IO"5209 2.075 5*56 X tt 2.68 X tt

10-5218 2.037 1.45 X
io:2
IO"8

7.12 X230 1.988 8.71 X 4.38 X It

242 1.942 1.23 X 6.33 X tt

259 1.880 2.47 X ft 1.31 X 10~5274 1.828 4.11 X tt

10-7
2.25 X tt

301 1.702 1.21 X 6.95 X tt

313 1.704 1.94 X tt 1.14 X 10“4347 1.613 8.23 X tt
r 5.10 X tt

361 1.577 1.61 X 10 1.02 X 10-3377 1.538 2.24 X tt 1.46 X tt

385 1.520 3.54 X tt 2.33 X tt

392 1.504 5.83 X n 3.88 X tt

407 1.411 7.13 X n 4.85 X tt

414 1.456 8.23 X n

10-5
5.65 X tf

04°2 1.439 2.13 X 1.48 X 10
439 1.404 2.75 X tt 1.96 X tt

10~3443 1.385 1.19 X tt 8.59 X
453 1.377 1.09 X n

io-6
7.91 X tt

459 1.370 9.68 X 7.07 X ff

464 1.357 8.23 X tt 6.12 X tt

471 1.344 8.71 X tt 6.58 X tt
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£ge,ph 3a2+-d0T)e(i CsCl. Graph 20. 167 oim:.
n°Q

- 0
1. '? x 1C~:' A d (ohm ^cm ^ ) oT (ohm -1 -1

C1I1 ,

136 2.179 8.76 X 18 “ p 4 . 0 2 X
- 4

10
207 2.063 1 .31 X 10 6 .26 X tf

2 2 7 2 . 0 0 0 1 . 9 9 X tt 1 . 0 0 X 10-52 -̂3 1 . 9 3 1 3 . 0 5 X tt 1 . 5 8 X tt
261 1 . 6 7 6 A . 5 3 X tf 2 . 4 2 X ft

273 1 .8 32 6 . 2 1 X 11 3 . 3 8 X tt
P p r 1 . 7 9 2 e . o s X tf

4 . 5 1 X II

7 0 2 1.739 1 . 1 8 X

10 1—1 6 . 8 0 X rt
'7') 2̂ 1 . 7 1 2 1 . 4 1 X rt 6 . 2 2 X tt
7 1 3 jl  m : ; a" a 2 . 2 8 X tt

1 . 3 5 X i e 4 47 7 7 1 .6 50 3 . 7 8 X tt 2 . 2 9 X it
7 4 3 1 . 61^ 6 .64 X tt

r 4 . 1 2 X tt
7 .' 7 1.972 1 . 9 7 X 1 0 ‘ ° 1 . 0 0 X 1 0 " "1.334 0  0 7

' - •*- J X tt 4 . 0 6 X „
"T *1
;  r-L 1.506 1 . 1 6 X l e " " 7 . 7 1 X rt

4^7 1 . 4 7 1 I .99 X tt 1 . 0 8 X
- p̂“~2

4 2 9 1 . 4 2 9 2 . 3 4 X tt 1 . 7 6 X n

4-^3 1 . 3 9 7 3 . 2 1 X tt 2 . 3 0 X n
•z46 2 1 . 3 8 1 9 . 9 9 X 1 0  0 7 I • X 1 '■>”  ̂

4-33 1 . 3 2 3 C- ET 0 X tt 4 . 2 3 X tt
4 3 3 1 9 . 8 3 X rt

4 . 4 1 X II

.0.0. 0.0. 0.0. ̂ .0.0.0. 0.0.



189
2 +Ba - doped CsCl. Graph 21. 196ppm.

o
o

1 •2° 
V T x 10 A 6 {ohm. ^ -1\ cm ) cfT (ohm” ĉm"~̂ ) °A

249 1.916 1.03 X 10~6 5.38 X

10H

260 1.876 1.01 X tt 5.38 X tt

274 1.828 1.23 X tt 6.72 X It

288 1.783 1.20 X tt
ry 6.72 X ft

285 1.792 9.12 X H r 7 5.08 X tt

291 1.773 9.44 X II
c 5.32 X tt

299 1.748 1.00 X 10 5.72 X ft

318 1.692 1.16 X tt 6.88 X tt

330 1.658 1.56 X it 9.40 X tt

347 1.613 3.00 X tt 1.86 X 10~5
371 1.553 3.20 X it 2.06 X tt

379 1.534 3.64 X it 2.36 X ft

Cooled slowly to room temperature
271
301

1.838
1.742

3.40
1.38

X
X

_o
10-7 10 ' 1.85

7.94
X
X
10~5

t?

315 1.701 2.90 X tt 1.71 X IO"4
330 1.631 8.48 X 11 5.20 X tt

354 1.595 1.20 X 10 ~ 7.52 X tt

368 1.560 3.26 X II 2.10 X tt

390 1.508 6.18 X tf 4.10 X tt

400 1.486 9.70 X tt 6.42 X ft

412 1.460 1.88 X tt 1.32 X I f

429 1.425 2.56 X tt 1.80 X tt

442 1.399 3.22 X 10 5 2.38 X tt

454 1.376 2.28 X ft-A 1.66 X tt
__7;

467 1.351 9.57 X 10 7.08 X 10 5
479 1.330 6 .6 5 X tt 5.00 X tt



190

Ore.pii 2 -f2 2 . 3e0 - d o o e d  CsCl 234 loom
nT 'C 1/2 r 10 - A (5 (ohm -1 -lx cm ) <JT (ohm -1 >1cm

212 0 o£ o£ • • J > r_ 2.5S X
_o10 ^ 1.18 X 10”229 1.984 4.92 X ttQ 2.48 X Tl

249 1.933 1.02 X 1 0“" 5.26 X If
253 1.866 2.28 X rr

ry 1.22 X 1 0“237 1.786 1.08 X 1c- 7 6.05 X II
305 1.730 2.00 X ir 1.16 X 10"r, 1.701 3.72 X tt 2.19 X ft
331 1.656 6.64 X "c 4.13 X tt
349

r  rO
386

1 3 o pJl. • V,, - O
l . r 5 -
1.517

1.49
3.07
1.02

X
X
X

io~L’
tr
— O10

8.30
1.96
6.72

X
X
X

ft
10
tt

400 1.436 1.46 X 11 9.82 X tt
413 1.447 2.14 X it 1.48 X 1 0"430 1.422 2.88 X it 2.03 X tt
441 1.401 3.82 X rt 2.73 X ft
450 1.377 4.32 X tt 3.15 X It
430 1.364 3.54 X 1C“6 2.59 X 10474 1.339 2.64 X tt 1.97 X rt

• o.o.o.o.o.o.cr.o.o.o.o.o.o.o.o.o.
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Graph 23 -e^-cicmed CsCl______?6o ppa

- -iZS y 1^ ' A <5(ohm ^oa 8  CT (ohm 7cin 8 ° A .

2 7 ~ 1 .842 4.60 x  1C-7  2.50 x  IP-4
25; 1 - ?2? 6-45 x " 3 . SO x
29° 1 .75? 8.05 x "r 4 .68  x
3?P 1.686 1.21 x  i c -6 7.20 x " ,

1 *613 1 .99  x " 1 .24  x  10- ''
b£ 1.560 2 .68  x " 1 .72  x  "
B1 1-529 3.74 x " 2 .44 x

'7

2nd. I.eetin- after slow cooling.

224 2.012 3.89 X io~8 1.94 X 10~5237 1.957 5 • 98 X ft 3.01 X tt
231 1.908 9.00 X tt 4.72 X ft
264 1.862 1.32 X t—1 0

I 7.10 X tt
282 1.802 2.11 X 11 1.17 X H 0

1

221 1.773 2.62 X 11 1.48 X ft

313 1.704 4.51 X 11 2.64 X tt
327 1.667 7.80 X ft

r 4.08 X tt
342 1.626 1.32 X

IO1—
1 8.15 X 11

*■7Wc;r 1.592 2.11 X tt 1.33 X 10376 1.541 4.40 X rr 2.86 X ft
*92 1.504 7.20 X *1

f— 4.76 X tt

404 1.477 1.12 X 1C*"5 7.60 X tt
428 1.427 2.-3 X rt 1.78 X 10“2445 1.393 3.74 X rt 2.68 X 11

456 1.372 4.97 X ft 3.26 X 11

463 1.359 5.40 X it
r 3.97 X 11

471 1.344 5.83 X i o “ ° 4.34 X 10“°

C•c•0•c•c• c•0•0•0•c•0• > •-> . 0 . 0 .
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 ̂+Ba -doped Cg-Cl. Graph 24. 2SC ppm.
1/T x 10  ̂A (5 (ohm ^cm ~t~) c5T (ohm"'1 cm A

1 7 ? 2 . 2 4 7 1.20 X
_Q

10 - 5.34 X 10-7
1 8 5 2 . 1 8 8 1 . 5 4 X ft 7 . 0 5 X tt _
200 2 . 1 1 4 2 . 3 2 X ft 1.10 X 10’ °2 1 5 2.037 6 . 3 0 X !»f") 3 . 0 9 X tt
2 3 7 1 . 9 6 1 1.60 X 10 8.16 X tt
2 5 5 1 . 8 9 4 3 .75 X tt 1.38 X i o ’v27?
2 8 ?

1 . 8 4 ?
1 . 7 7 9

7 . 2 0
l .r6

X
X

tt-V
1C '

3 . 9 1
8 . 7 7

X
X

It
tt

2?? 1 . 7 4 8 3 . 9 2 X tt 1 . 6 7 X H O
1

315 1 . 7 0 1 4 . 7 0 X tt 2.76 X tt
3 3 2 1 . - 5 3 9.20 X ttr 5.56 X tt
?/:./ 1.621 I .64 X 10 "G 1.01 X 10“3
363 1 . 5 7 2 3 . 2 8 X rt 2 . 0 9 X ft
378 1 . 5 3 6 6.56 X tt

r r 4 . 2 7 X ft
39 1 1.506 1.02 X 1 Q - ' 6 . 7 7 X tt
4 0 5 1 . 4 7 5 1 . 7 1 X » 1.16 X

\J10
 

1—1

420 1 . 4 4 3 2.62 X tt 1 . 8 2 X ft
4 4 9 1 . 3 8 5 4 . 5 0 X tt 3 . 2 5 X tt
4 65 1 . 3 5 5 5 . 3 5 X ft 3 . 9 5 X ft
468 1 7R7• > J  s 1.46 X. ft 1 . 0 8 X tt•7
4 7 5 1 . 3 3 7 2 . 6 7 X i o ” b 1 . 9 9 X I Q -5

.0.0.O.O.O.O.O.O.O.O.O.O.0*0.
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Jc '-clo-ped. CsCl. Ora-oh 25. 10‘00 :;ix:i .
n

T C
__n

1/T x 10“: A 6 (ohm ■̂ “I'*cm ) cfT (ohm’"1 cm"1} °
236 1.960 4.80 X

(X.10 1—1 1.45 X io“62 r>0 1.910 8.48 X !f0 4.43 X tt
26 0 1.875 1.45 X 10 7.74 X If
271 1.840 2.67 X if 1.46 X 1 0 " 527? 1.612 4.72 X tt 2.38 X ft
291 1.773 7.92 X tt 4.48 X fl
298 1.751 9.60 X tt

10~7
5.50 X tt

313 1.706 1.63 X 9.70 X It
321 1.684 2.62 X ft 1.57 X lo“4
331 1.65b 4.08 X tt 2 • 48 X ft
341 1.629 5.92 X ft

lo“6
3.66 X tt

352 1.600 1.04 X 6.56 X tt
360 1.580 1.60 X tt 1.01 X 10“ "
374 1.546 2.56 X tt 1.66 X tt
390 1.508 4.43 X tt 2.98 X ft
398 1.490 6.40 X tt 4.37 X tt
410 1.464 9.84 X tt 6.85 X ft0421 1.441 1 . 4 5 X io“ 7 1.02 X 10427 1.429 1.92 X tt 1.37 X fl
437 1.406 2.61 X ft 1.89 X ft
443 1.397 3.30 X tt 2.42 X tt
447 1.389 3.53 X ft 2.74 X tt
453 1.368 4.68 X fl 3.42 X ft
466 1.353 5.95 X

ft 4.40 X tt
469 1.348 2.25 X ttr 1.68 X tt
472 1.342 5.88 X 10“° 4.38 X 10“5490 1 . 3 H 6.19 X tt 4.72 X rt
506 1.284 S.61 X tt

rr 6.71 X rt
515 1.269 1.07 X io“J 8.46 X fl

• o .o ,o .o .o .o .o .o .o .o .o .o o.o.o.
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1 Tc 2+2•. • 2c — a.coec. CsCl. Leas than 5 Ppm. 0

o
o 1/1 T I"' ' A. 6  (ohm •1 -1 , cm J & s { ohm”1err.U ) 0A

n  a t4̂ / 1.923 7.77 X 10-? 4.04 X io“°
261 1.873 1.49 X 10 0 7.96 X ft— R274 1.828 3.57 X 10 " 1.95 X 10
292 1.770 7.35 2C tt

10” 7tt
4.15 X ft

y

317
1.724
1.698

1 .3 2
2.20

X
X

7.66 
1.-30

X
X

tt
io“47?p 1.637 5.88 X T1 3.59 X tt

576 1.540 1.38 X 10 0 8.96 X fl_'7.•7 ;; r. 1.817 3.78 X tt 2.49 X 10 '
397 1.493 6 .20 X tt 4.15 X tt
414 1.456 1.16 X 10 " 7.70 X ft-2423 1.427 1.89 X If 1.33 X 10
441 1.400 2.69 X tt 1.92 X ft
453 1 .8 7 7 4.20 X tt 3.05 X tt
467 1.351 6 .30 X tt 4 .66 X •I
470 1.346 1.09 X tt 3.10 X 10 "

C•G•O•C•O•O• •c•c•c•c• 5.0.0.

Graph 27 . 3a^+-dopecL CsCl Undetectable-t

-9 r—D223 2.016 3.70 X 10 1 .84 X 10
240 1.949 5.91 X ttQ 3.03 X t!
255
263

1.894
1 .866

1 .6 2
2.64

X
X

10”°tt 8.55
1.42

X
X

ft
IQ' 5

275 1.825 3.40 X ft 1 .8 6 X ft
295
312

1 .7 61
1.709

9 .6 0
1.64

X
X

ft
1 0 -7

5.45 
9 .6 0

X
X

tt
ft

1 o” 4331 I .656 4.54 X ft 2.74 X

343 1.623 8.77 X tt
-6 5.40 X tt„ -3360 1 .5 8 0 1.81 X 10 1.15 X 10 J

374 1.546 3 .0 1 X tt 1.95 X tt
399 1 .4 8 8 7.80 X tt 5.24 X tt

-0
419 1.445 1 .4 8 X 10~" 1.03 X

j01—1

443 1.395 2.90 X tt 2.07 X tt
454 1.376 4.20 X ft 3.05 X n

463 1 .3 60 4.SO X tt 3.60 X tt
468 1.350 6 .0 0 X ft

1C~6
4.44 X tt

—■s
471 1.344 5.58 X 4.16 X 10 '
476 1.335 6 .0 2 X If 4.48 X ft

• 0.0. 0.0.0. 0.0. 0.0. 0.0. 0.0.0.
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Zre.yh 28 . Srg+~do ped CsCl

m 0 n
J. V-/ 1/1 x 10“' A “ 1 “0 y<5 (ohm cm ~) cfT (ohm -1 -1 /cm j
2 1.969 2.48 X -Q

10 3: 1 .2 6 X 10266 1 .8 C5 2.15 X 10 “° 1 .1 6 X 10“"'279 1.812 3.24 X tt 1.79 X tt
290 1.776 5.42 ■y Tf—7IP •

3.05 X II
204 1.733 1 .2 2 X 7.04 X

ic“4317 1.695 2 .1 6 X tt 1.27 X
y-'z 7 > ̂  < 1.632 5.40 X tt< 3.30 X tt
352 1 .6 00 1 .1 2 X 1P“U 7.00 X tt
■7 yp 1.525 2.19 X tt 1.41 X io“5
388 1.513 3.80 X tf 2 .5 1 X ft
406 1.473 7.45 X tt-c; 

10 "
5.06 X ft

422 1.439 1.36 X 9.45 X tt01.412 2 .16 X tt 1.53 X 10
Z51 1 .3 8 1 3.74 X tt 2.70 X tf

1.350 6.54 X ft 4.84 X
468 1.350 3.37 X tt 2 .5 0 X tt
469 1.348 1 .8 8 X rtr 1 .3 8 X tt
A69 1.348 5.39 X io“D 4.00 X io“5

• O *0 • o *o • o • O • O *0 • o *o • O *0 *0 .0 *

VJ1
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0 r&'oh. 2+r» r< ̂ '- 9 . Gs. —aovea. •i—1001oj 1 25  o ...'• Ji.il •

h-J
o o 1 / 7  x  l O ^ A cf (ohm -1 c - I n:;t ) <5T (oh: - ]r, . - 1  cm

227 2 . 0 0 0 2 . 8 6 X 1 ^ ~ 9 1 . 4 3 X 1 0 “ °
253 l . s e o 9 . 4 1 X MO 5 . 0 0 X it cr
274 1 . 3 2 5 2 . 0 2 X 10 1 . 1 0 X 1 0 “ "
297 1 . 7 5 4 5 . 2 9 X It 3 . 0 2 X tf
309 1 . 7 1 8 8 . 2 3 X t!n 4 . 7 9 X It

1 . - 7 2 1 . 6 5 X io“7 9 . 8 7 X rtA
343 1 . 6 2 3 3 . 7 6 X. n 2 . 3 2 X 10 “ 4
5r4 1 . 7 9 5 r  . 4 0 X rt 4 . 0 1 X ri
371 1 . 5 5 3 1 . 1 8 X 10 7 . 6 0 X rt"2
395 1 . 4 9 7 4 . 2 4 X If 2 . 8 3 X

■\1o 1—1

407 1 . 4 7 1 8 . 2 3 X IT 5 . 6 0 X rio
410 1 . 4 6 4 2 . 0 7 X

01o 1—1 1 . 4 1 X 10
426 1 . 4 3 1 2 . 5 0 X n 1 . 7 9 X rt
436 1.410 3 . 1 2 X rt 2 . 2 1 X rt
440 1 . 4 0 3 2 . 8 0 X it 2 .04 X ?r•7461 1 . 3 6 2 1 . 0 0 X tt 7 . 3 4 X
4S4 1 . 3 2 1 6.60 X 10*“° 5 . 0 0 X fl

.0.0. 0.0. O.o. 0.0. 0.0. ■"•0.0. 0.0,0.
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Iraph 50* So  ̂-doped CsCl._____81ppm.

U L  • x  10“ "  A . <s (oh jn "’1 ciTx"'1 ) d 'l (o h m ^ c m ""1 N°A.

282 1 . 8 0 2 3 . 7 8 X
—p

10 2,
10“ 1

2 . 1 0 X 1 0 - 5
302 1 . 7 3 9 1 . 0 6 X 6 . 1 1 X tt
317 ■1.699 1 . 8 3 X 11 1 . 0 8 X

sj*10H

333 1 . 6 5 0 3 . 6 6 X 11 2 . 2 2 X 11

349 1 . 6 0 8 7 . 0 6 X 11r 4 . 3 9 X It
339 1 . 5 6 2 1 . 0 9 X 10“ " 6 . 9 0 X tt
3 96 1 . 5 6 5 1 . 4 6 X 11 9 . 3 6 X ft
375 1 . 5 4 1 2 . 1 7 X 11 1 . 4 1 X

A10I—1

383 l . r 24 4 . 5 8 X 11
rr 3 . 0 0 X ft

412 1 • 46 0 1 . 0 3 X i r  5 7 . 0 4 X ft
442 1 . 3 9 9 2 . 1 0 X 11 1 . 5 0 X

\J10 1—1

497 1 . 3 7 0 2 . 9 6 X tt 2 . 1 6 X 11

468 1 . 3 5 0 3 . 8 2 X ft 2 . 8 3 X ft
477 1 . 3 3 3 4 . 5 9 X rt 3 . 4 4 X tt
484 1 . 3 2 1 5 . 3 2 X tt 4 . 0 3 X tt

10-3502 1 . 2 9 0 9 . 0 6 X 1 0 ~^ 7 . 0 2 X
517 1 . 2 6 6 1 . 1 8 X 1 0 “ ^ 9 . 3 1 X tf

• 0.0 .0.0 .0*0 .0.0 .0.0 .0.0 .0 •



2- 198Graph 31. S O g  -doped CsCl. 100 ppm.

T°C 1 — r0 V T x l O  ; A 6  (ohm’-1 - I ncm ) <5T (ohm’^cm’~^)° A.
212 2.062 1 *55 X 1 0 - 8 7.40 X l°~t23 0 1.988 2.56 X It 1.28 X 10-5
245 1.931 4.76 X ft 2.40 X tt

256 1.890 6 .44 X tt

10~7
5.42 X I t

277 1.818 1.05 X 5.80 X tt

297 1.754 1.56 X tt 8.90 X tt

314 1.704 2.36 X ft 1.58 X 10~4
537 1.637 5.09 X tt 1.89 X tt

361 1.577 5.10 X tt 5.25 X ft

579 1.554 6.80 X tf

10" S

4.42 X tt

596 1.495 1.56 X 1.05 X 10"3
427 1.429 4.70 X tt 3.28 X f l

455 1.577 8.25 X tt

10”5
6.00 X tt

A472 1.540 1.63 X 1.28 X 10
502 1.290 4.60 X tt 5.56 X It

523 I .256 1.70 X ft 1.36 X ft

556 1.239 1.8(5 X tt 1.46 X tt

555 1.208 1.95 X tt 1.64 X tt

571 1.185 2.08 X tt 1.75 X tt

547 1.220 1.50 X tt
£ I .23 X tt

io“ 3526 1*252 9.94 X 10 7. 5 X
507 1.279 7.20 X tt 5.60 X tt

491 1.509 5.55 X tt 4.08 X tt

481 1.526 4.00 X It 3.02 X ft

455 1.574 2.04 X tt 1.46 X tt

425 1.455 1.44 X It

10-7
1.02 X tt

10~4403 1.479 8.50 X 5.74 X
Second Heating.

10_7 1 0 " 1
555 1.650 7.20 X 4.40 X 10 5
549 1.608 1.16 X 7.70 X ft

565 1.567 1.95 X It 1.24 X 10~4
575 1.545 5.14 X tt 2.03 X tt

400 1.486 6.02 X tt

-61 0 ^
4.00 X t t

423 1.457 1.20 X 8.31 X tt

447 1.587 2.38 X tt 1.70 X tt

478
503 1.289

5.006.48 XX
tt
tt m

XX
tt
tt

540 1.230 9.55 X tt
— R 7.60 X tt

574 1.181 1.54 X 10 5 1.05 X 10 5
o.o.o.o.o.0.0*0*0*0*0 *0 .O.0.O *0
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g-Pci'pli 59 SO^ —doped. CsCl_____ 120 ppm•

H *  X//T x 10~- A . <5 (ohm~1ca"1 ; <5T (oha-1^ -11°A

273 1.832 1.79 X 10 ~ 9.76 X 10~820Q 1.779 3 • 56 X M 2.00 X 10-57,̂<2 1.739 6.96 X I t

-710 1
4.00 X fl

315 1.701 1.26 X 7.41 X tt

337 1.639 3.21 X n 1.96 X 10“4335 1.592 S.66 X tt r 5.44 X Tt

370 1.^55 2.18 X 10 1.40 X 10~3382 1.527 4.75 X Tt 3.11 X tt

404 1.477 8.00 X tt 5.42 X tt

425 1.433 1.22 X 1C"-' 8.52 X tf

451 1.381 2.04 X Tt 1.48 X 10472 1.342 3.32 X ft 2.47 X n

492 1.307 4.59 X rt 3.51 X tt

504 1.287 1.03 X tt 8.00 X 10‘5512 1.274 1.2C X tt 9.43 X tt

• O.O.O. 0.0*0. 0*0. 0.0. 0,0. 0,0. 0.0.
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Graph 33. SO2- - doped CsCl. 137ppm.

oo 1V T x 10 A O'(ohm"-1 “I ncm ) crT (ohm"1 cm’”'*')
248 1.919 1*07 X 1 0 - 8 5.56 X -6

10 s279 1.812 4.18 X tt 2.31 X 10
296 1.757 8.90 X n <-7 5.06 X tt

323 1.678 2.72 X 10~7 1.62 X 10“"4338 1.637 5*21 X. tt 3.18 X tt

352 1.600 7.72 X It
c. 4.13 X It ■"7382 1.527 5.90 X 10 c 3.86 X 10 "

405 1.473 1.02 X 1CT5 6.90 X flr\
429 1.425 1.71 X It 1.13 X 10452 1.779 2.58 X tt 1.87 X. it

468 1.351 3.35 X tt 2.61 X n
478 1.322 3.91 X tt 2.93 X it

495 1.302 5.62 X tt 4.32 X it

498 1.297 5.41 X It 4.17 X n
506 1.284 2.60 X It 2.02 X it

528 1.248 1.16 X It 9.29 X 1 0 ~ lCRCs J 1.208 1.51 X It 1.25 X 10"2
581 1.177 2.26 X tt 1.93 X tt

Cooling.
541 1.229 1.29 X 10 1.05 X 10
516 1.267 5.94 X 10“° 4.68 X 10
491 1.309 4.18 X It_c 3.19 X
473 1.340 2.80 X 10 5 2.08 X 10
456 1.372 2.30 X tt c: 1.67 X
438 1.406 1.38 X 10“f 9.81 X 10
416 1.451 7.66 X 10 5.27 X
397 1.493 4.32 X tt 2.89 X
385 1.517 2.80 X tt 1.84 X
370 1.555 1.81 X It

<7 1.16 X
338 1.637 5.86 X io -7 9.54 X 10
305 1.730 1.78 X tt

io"8
1.02 X

280 1.808 7.80 X 4.31 X 10’
257 1.887 2.94 X tt 1.56 X
232 1.980 1.27 X tt 6.41 X 10‘

O .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 *0
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2-rapli 34 SC: -doped CsCl______ 150 p-pm.

T°C .

■ — ■ ..../L-—..

1 /  — 70
T x  10 A . d’Cohrn ĉii cTT (ohm

1 H
O r 
1 H

248 1 .9 1 9 8 .2 7 X 1C- ? 4 .5 1 X 10"!
277 1.S1S 2 .9 5 X 1c -0 1 .6 2 X 1C“ !
235 1 .7 9 9 5 .4 7 X Tf 1 .9 5 X ff

29S 1 .7 5 7 ^ ^ -■ X ft
-710 1

5 .0 5 X Tf

525 1 .6 7 8 2 .0 5 X 1 .2 1 X 10“ '
552 1 .6 0 0 6 .7 4 X ff r 4 .2 1 X ff

572 1 .5 5 0 4 .6 5 X 10~b 5 . CO X 10"
582 1 .5 2 7 5 .85 X t? r- 5 .8 5 X ff

405 1 .4 7 5 1 .0 1 X 10 " 6 .8 2 X ff

429 1 .4 2 5 I .65 X tt 1 .1 6 X i o “ :
451 1 .5 8 1 2 .5 8 X tt 1 .8 7 X ff
A67 1 .5 5 1 5 .5 1 X tt 2 . 6C X ft

476 1 .5 5 2 4 .00 X tt 5 .0 1 X If

496 1 .2 9 7 5 .5 9 X ft 4 .16 X ff

506 1 .2 8 4 2 .6 2 X it 2 .0 4 X ff

527 1 .2 5 0 1 .1 5 X ti 9 .0 4 X 10",
556 1 .2 06 1 .4 6 X ft 1 .2 5 X 10"
57 6 1 .1 7 8

Cooling.

2 .2 4 X rt 1 .9 0 X If

565 1 .196 1 .2 4 X
-c; 

10 6 1 .0 4 X 10“ :
515 1 .2 6 9 5 .8 5 X 10 4 .5 9 X 1C-
491 1 .5 0 9 4 .1 6 X ft 5 .1 8 X tt
475 1 .5 4 0 2 .8 2 X 10 2 .1 0 X i o * 1
455 1 .5 7 4 2 .5 0 X II 1 .6 7 X ft

457 1 .4 0 8 1 .4 0 X fl

i o “ 6
9 .9 4 X 10“

416 1 .4 5 1 7 .7 1 X 5 .5 1 X tt

597 1 .4 9 5 4 .5 0 X fl 2 .8 8 X tt
585 1 .5 2 0 2 .7 4 X ff 1 .8 0 X tt

570 1 .5 5 5 1 .8 0 X It
- 7

10 ■
1 .1 6 X n

557 1 .6 5 9 5 .82 X 5 .60 X 10“ '
505 1 .7 5 0 1 .7 8 X ft 1 .0 2 X ft

280 1 .8 0 8 7 .6 5 X 10“ 8 4 .2 5 X 10“ !
257 1 .8 8 7 2 .9 2 X ft 1 .5 5 X ft

«_(!
252 1 .9 8 0 1 .2 4 X ti 6 .5 6 X 10

#0 *0 • O • O #0 #0 • o • o • o • o • O #0 • o • o •
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2 -ra" -h ;;-5 50± -doiped C s C l  212 -p-pra.

- - ° c V t  x  10~3 A <5 (ohm~1cm~1 ) cTT (oiim~1cm~‘1 ) A

301 1.740 3.03 X
CO10 1—1 1.74 X 10"5

307 1.725 4.30 X 11 2.78 X ft

309 1.720 4.86 X 11 2.83 X fl

317 1.695 7.10 X £*- 
= 

10 1—1
4.19 X II

32^ 1.675 1.00 X 5.97 X 11

"7 T *7.
 ̂J 1.650 1.48 X 11 9.00 X 11 A340 1.630 2.12 X 11 1.33 X 10~4

343 1.618 2.72 X 11 1.68 X It

352 1.600 3.68 X »» 2.30 X ft

360 1.580 8.51 X ft ^ 5.40x tt

372 1.550 4.84 X 10 “b 3.12 X 10~5
379 1.535 5.02 X tt 3.36 X tt

307 1.515 5.70 X 11 3.75 X ft

394 1.500 6.30 X ft 4.20 X ft

403 1.480 7.11 X fl 4.80x fl

413 1.458 8.05 X tt

10-5
5.50 X tt

422 1.441 1.10 X 7.65 X tt

430 1.422 1.45 X tl 1.02 X io*"2
433 1.415 ~ 1.50 X 11 1 . 0 6 X ff

443 1.395 1.70 X ft 1.22 X rt

450 1.383 1.82 X ft 1.32 X ft

457 1.370 2.07 X tt 1.51 X ft

472 1.342 2.55 X ft l.$9 X 11
477 1.333 2.85 X ft 2.14 X 11
491 1.309 3.40 X tt 2.69 X ft

496 1.300 3*86 X ft 2.97 X ft

508 1.280 4.00 X tt 3.12 X 11
517 1.266 3.00 X ft 2.37 X 11
518 1 • 26 5 2.38 X tt 1.88 X 11
519 1.263 2.30 X tt 1.82 X 11
523 1.255 2.13 X tt 1.60 X II

529 1.247 1.77 X tt 1.42 X ft

546 1.221 1.57 X 11 1.28 X It

O • O • O • O • O #0 #0 #0 • o • o *0 *0 •
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Graph 36. S0^“ -doped CsCl. 274 ppm.

O o

-.0
V T x lo"^ A <J (ohm’-1 -cm

278 1.815 9.30 X 10292 1.770 1.64 X 10
314 1.704 3.63 X
335 1.637 8.75 X360 1.580 2.23 X 1038? 1.524 5.30 X
406 1.473 1.87 X 10'
435 1.412 2.00 X 10'
460 1.364 2.27 X
477 1.333 2.78 X
409 1.312 2.97 X
506 1.284 3.25 X
520 1.261 3.54 X
527 1.250 1.47 X
554 1.209 7.60 X 10'
576 1.178 1.67 X 10'? 9c; 1.152

Cooling.
3.24 X

582 1.170 1.98 X 10'
543 1.225 8.75 X
508 1.280 1.02 X 10'
470 1.346 1.75 X
450 1.333 1.31 X
443 1.397 9.30 X 10'
413 1.458 5.00 X
369 1.558 1.40 X 1

341 1.629 5.00 X 10'
312 1.709 1.56 X 1

259 1.880 1.40 X 10'

0•0•0•0•0•0•0 0•0•0• .0«>0 •<

-9

it-R

»-6

n
-7

5.12 X 10
9.27 X
2.13 X 10
5.35 X
1.41 X 10
3.48 X
1.26 X 10
1.42 X 10
1.66 X
2.07 X
2.26 X
2.53 X
2.81 X
1.17 X
6.29 X 10
1.42 X 10'
2.81 X

1.69 X 10'
7.14 X 10'
7.69 X
1.30 X 10
9.47 X 10‘
6 .68 X
3.43 X 1

8.90 X 10'
3.07 X 1
9.12 X 10'
7.45 X 10’

it
-5

" 5.35 x "
1 1 .4 1  x  10“ 4

V  3.48 x "
1 .2 6  x  10*"£"i a r\  n /\"“c

fl
" 2 .0 7  x n
" 2.26 x "»» o C7 v n
n
V  1 .1 7  X "

6 .2 9  x  10" ^

-2 
_ ?
n-2
-3

it
-4
n
-5-6
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Graph 57 S O ^ - d o p e d  CsCl. 457 -opm.

^L-2* l/T X 10 ' A . o (ohm ^~om ^ ) ff'jCohni ^cm A.

239 1.953 4.40 X 1 0 ~ ^
10

2 . 2 5 X 10262 1.869 2.20 X l.ie X 10261 1.805 7.21 X ! 1Q 3.98 X’zC'rJ 1.724 2.57 X 10 1.49 X

0 1—17 0 0  J _/ 1 • 2 61 6.31 X tt 3.80 X
332 I.S55 7.20 X tt

1c-7 4.35 X
3 4 2 1.631 1.10 X 6.74 X7,rr 1.592 2 . 3 2 X tt 1.45 X

0
 

1—1

3 6 4 1.570 3.53 X tt 1.61 X
> w 1.524 5.85 X tt

r 3.84 X
3n2 1.504 1.01 X 1 0 5.60 X
7 0 7^ .. i 1.493 1.31 X tt 8.77 X/ n /-\4 1 a  ! 1.464 2.58 X ff 1.76 X H 0

406 1.473 3.00 X ft 2.04 X
422 1.439 7.82 X tt 5.45 X
465 1.355 2.25 X 10-5 1.54 X

0H

477 1.344 2.71 X tt 2.01 X
496 1.302 4.19 X ti 3.22 X
510 1.277 6.02 X ft 4*70 X
538 1.233 1 . 4 0 X it 1.13 X560 1.200 1.20 X tt 1.00 X
582 1.170 1 . 2 0 X tt 1.03 X

• O #0 • 0 #0 *©#0 *0 *0 • o • o • o • o • o •

Coolinp.
591 1.157 1.33 X 10~6 1.15 X

— V10 ,
10582 1.170 9.65 X 10 8.24 X

56 3 1.196 6.96 X tt 5.87 X tt

551 1.214 5.80 X tt
-c;10

4.78 X ttQ516 1.267 1.40 X 1.09 X 10
512 1.274 1.84 X tt 1.44 X tt
498 1.297 3.20 X it 2.46 X tt

473 1.340 2.00 X tt 1.59 X tt
10~5450 1.383 1.00 X tt

r 7.23 X
432 1.418 7.00 X 10 “° 4.94 X tt

416 1.451 3.15 X

A10“ 1

2.17 X tt

394
372

1.499
1.550

1.60
7.50

X
X

1.07
4.83

X
X

tt

10“4
350 1.605 3.30 X it 2.08 X If
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m ° r
7o

i/2 x 10 " A . Cf ( OiOiIl 1 C2

3 2 9 1 . 6 5 4 1.09 X
304 1 . 7 3 3 6.50 X
2 7 7 1.818 2.80 x
O " ’z.
C. .. y 1 . 8  '6 1.80 x
2 4 2 1.942 1 .16 X
2 2 7 2  . 0 0 0 8.00 x

—l -_i o<5T (ohm cm ) A.
<"'j.70 X

in101—1

3.79 X 11

1 .54 X f»
9.65 X 10
5.96 X 11

4 .00 X It

.0.0.O.o.O.O.O.O.0.0.o.o.0.0.
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Cre.ph 38 . Aixed crystal KCl-CsCl •

m ̂ p 1/9 y 10~' A 1/R (ohm.-I -J.'cm _

2° 9 1.779 4.90 X 10 "8
303 1.736 8.79 X Tt

320 1.686 1.52 X IO"7

322 1.681 1.69 X II

329 1.661 2.08 X 1?

341 1.629 3 .16 X It

365 1.560 9.00 X II

382 1.527 1.37 X 10

393 1.502 2.08 X II

407 1.471 •7 op ^ X II

425 1.433 4.49 x: It

440 I .403 6 • 42 X r n

451 1 .381 1.09 X 10 ^

467 1.351 1.33 X ft

473 1.341 

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0

5.27

.0.0.

X io"6

0



207

Ireph 79 I'ixecl crvstel CsI-CeCl
n

m r\ ... ^ 1/rp x 10 - A< 1/ R (ohm”-1 -cm

295 1.761 1.40 x: 10~7
513 1.706 2.46 X tt

3;C 1.6 58 4.77 X tt

550 1.605 9.40 X Tt

364 1.570 1.62 X • io“6

367 1.515 3.25 X tt

358 1.490 5.30 X ft

414 1.456 8.70 X tt

426 1.431 1.43 X I O ' 5

444 1.395 2.13 X tt

466 ~ 1.353 3.62 X ft

469 1.348 6.00 X io“6

•O.O.O.O.O.O.O.O.0.0*0.
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CDLORIOi JIFFUSIOF No. 1 .
Diffusion time = 71.? hrs.
Diffusion temperature = 195 + 3°C. i.e. at 2.137

a * PUD! CsCl (unannealed}
* *** Initial activity = 1238 Final activity =

Background = 38 Background =■K
Corrected value = 1213 Corrected value =

i ° e  t / ,  = - r .o i is i
 ̂ O ^Diffusion coefficient, D (cf /sec) , = 8.6 x 1C

Ik D CsCl (annealed in vacuo at 400°C. for 24

Initial activity „ = 715 Final activity =
Background = 38 Background =
Corrected value = 681 Corrected value =

log A t/. = -0.0169Ao
Diffusion coefficient, D (cmVsec) , = 9.4 x 102 , .„-13

*
** All counts expressed as counts per minute (cpmj

Corrected for background and dead-time losses. 
Corrected for standard deviations.

1215
53

1174

hrs •)

704
53

655
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CHLORIDE DIFFUSION No. 2 .
Diffusion time = 69.25 hrs.

Diffusion temperature = 228 + 2 ° C . i.e. @  1.996
t 1 oPURE C s C l . ( annealed in vacuo @ 400 C. for 24 hrs.)

Initial activity = 1373 Pinal activity = 1299

= 58 Background = bO

= 1331 Corrected Value = 1253 

= -0.0263

Background 

Corrected Value

log A t/A
0 2 —12 Diffusion Coefficient , D (cm /sec) , = 3.0 x 10

’ 1 .0.PURE C s C l . ( annealed in vacuo @ 400 C. for 24 hrs.) 

Initial activity = 1794 Pinal activity = 1721

Background = 58 Background = 60

Corrected Value = 1763 Corrected Value = 1685

log A t/A = -0.0196
°  2 \ —12 Diffusion Coefficient , D (cm /sec) , = 1.6 x 10
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CHLORIDE DIFFUSION Mo. 5 .
Diffusion time = 21 hrs.

Diffusion temperature = 280 + 2 ° G . i.e. S 1.808 

e * PURE C s C l . ( in nitrogen ).

Initial activity = 812 Final activity = 782

Background = 19 Background = 23

Corrected Value = 798 Corrected Value = 764

log A t/A = -0.0189
Diffusion Coefficient, D (cad/sec) , = 5.6 x 10-A^

So/-doi>ed CsCl. ( in nitrogen )

Initial activity = 1315 Final activity = 1292

Background = 19 Background = 23

Corrected Value = 1310 Corrected Value = 1283

log A t/. = -0.0091
^ ? —T 'Diffusion Coefficient, D (cm /sec) , = 1.2 x 10



211

SO  ̂-doped CsCl. ( in nitrogen )
Initial activity-<y
Background 

Corrected Value
j

Jrx.Io & VA o

= 555 Pinal activity = 543
= 19 Background = 23

= 538 Corrected Value = 522

= -0.0131
2 -12 Diffusion Coefficient, D (cm /sec) , = 2.5 x 10

S0^ -doped Cs C l . ( in nitrogen ;

Initial activity 

Background 

Corrected Value

log At/A

= 2112 Pinal activity = 2053 

= 19 Background = 23

= 2130 Corrected Value = 2065

= -0.0134
2Diffusion Coefficient, D (cm /see) , = 2.5 x 10 -12

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CHLORIDE DIFFUSION No. 4.

Diffusion time = 43 hrs.

Diffusion temperature = 320 + 3°C* i.e. @ 1.686 
2_

• SO^ -doped CsCl ( in nitrogen )

Initial activity = 337 Final activity = 286

Background = 21 Background = 21

Corrected Yalue = 317 Corrected Yalue = 266

log A t/ = -0.0762
0 2 —11 Diffusion Coefficient, D (cm /sec) , = 2.6 x 10

p __

S0^~-doped CsC l . (- in nitrogen )

Initial activity = 214 Pinal activity = 205

Background = 21 Background = 21

Corrected Yalue = 193 Corrected Yalue = 184

log A t/A = -0.020S
0 2 -12 Diffusion Coefficient, D (cm /sec) , = 8.5 x 10
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2 -c * 50^ -doped CsCl. ( in nitrogen
Initial activitv

Background

Corrected Value 
Alofc X /

o

= 279 Pinal activity

= 21 Background

= 258 Corrected Value
= -0.0480 

2Diffusion Coefficient, D (cm /sec) , - 1.5 x 10

252
21

231

-11

2-d. S0^ -doued C s C l , ( in nitrogen )

Initial activity = 450 Pinal activity = 399

Background = 21 Background = 21

Corrected Value = 430 Corrected Value = 379

l0£ A t/ = -0.0549
0 2 -11 Diffusion Coefficient, D (cm /sec) , = 1.7 x 10
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Ba"3+-doped CsCl. ( in nitrogen ) 211 ppm. 

Initial activity = 1709 Pinal activity

Background
Corrected Value

= 1527
= 21 Background = 21

= 1712 Corrected Value = 1525
log A t/ = -0.0503o

Diffusion Coefficient, D (cm /sec) , = 1.6 x 10 -11

2 +f. Da -doped C s C l . ( in nitrogen ) 48 ppm.
Initial activity = 887 Pinal activity = 775

Background = 21 Background = 21

Corrected Value - 872 Corrected Value = 759

log At/, = -0.0603
0 O —11Diffusion Coefficient, D (cm /sec) , = 2.0 x 10 

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CT~LORIDi; DIFFUSION No. S.
Diffusion time -- 20 hrs •

Diffusion temperature = 333 + 2 ° C . i.e. @ 1.650

a • HTRD CsCl. ( 1 in vacuo ’ )
Initial activity = 777 Final activity = 711

Background = 37 Background = 37

Corrected Value = 745 Corrected Value = 678

log At/ = -0.0410
o O s  -11Diffusion Coefficient, D (cm /sec) , = 2.8 x 10

13 • 11JRB C s C l . ( in nitrogen )

Initial activity = 1040 Final activity = 940

Background = 37 Background = 37
Corrected Value = 1012 Corrected Value = 911

103 A % / a  = -°-0456
a 2 —11 Diffusion Coefficient, D (cm /sec) , = 3.6 x 10

• O .0 .0 .0 .0 .0 .0 .0 .0 .0 *0 .0 .0 .
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c i i l o r i d d  d i f f u s i o n  n o .  6 .

Diffusion time = 20 h r s .

Diffusion temperature = 345 + 2°C . i.e. D 1 .6 1 8

PURE C s C l . ( 1 in vacuo 1 )

Initial activity = 538 Pinal activity = 302

Background = 60 Background = 59

Corrected Yalue = 279 Corrected Value = 244

lor = "0>°582o
Diffusion Coefficient, D (cm^/sec) , = 5 .8  x  10 ^

.0 .0 .0 .0 .0 .o .0 .0 .0 .0 .0 .0 .
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CHLORIDE DIFFUSION .No .. 7 .
Diffusion time = 29 hrs.

Diffusion temperature = 352 + 3°6. i.e. D 1.600

. PURL C s C l . (in nitrogen )

Initial activity = 1557 Pinal activity = 1300

Background = 50 Background = 57

Corrected Value = 1528 Corrected Value = 1257

log A t/Ao = -0.0874
2 —11 Diffusion Coefficient, D (cm /sec) , = 9.2 x 10

b • PURE C s C l . ( 1 in vacuo’ )

Initial activity = 1146 Pinal activity = 948

= 50 Background = 57

= 1107 Corrected Value = 899

Background

Corrected Value 

Alog A t/, = -0.0902

Diffusion Coefficient, D (cm /sec) , = 9.6 x 10 -11

#0 • O • O • O • O *0 • O • O *0 #0 *0 *0 • o •
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CHLORIDE DIFFUSION No. 8 .
Diffusion time = 20 hrs.

Diffusion temperature = 358 + 2 ° C . i.e. @ 1.585

a * CURE C s C l . ( in nitrogen )

Initial activity = 354 Pinal activity = 308

Background = 17 Background = 24

Corrected Value = 338 Corrected Value = 285

log A t/. = -0.0741
0 2 -11 Diffusion Coefficient, D (cm /sec) , = 8.2 x 10

PURE C s C l . ( in nitrogen )

Initial activity = 429 Pinal activity = 350

Background = 17 Background = 24

Corrected Value = 413 Corrected Value = 327

log ^t/. = -0.1015
0 2 —10 Diffusion Coefficient, D (cm /sec) , = 1.2 x 10
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?+ /Be. -doped CsCl. ( in nitrogen ) 77ppm«
Initial activity = 548 Final activity
Background 
Corrected Value

log At/.

=  488
= 17 Background = 24
= 533 Corrected Value = 466
= -0.0583

o pDiffusion Coefficient, D (cm /sec) , = 5,7 x 10-11

d. Bac -doped 6sCl. ( in nitrogen ) 162 ppm.
Initial activity = 581 Final activity
Background 

Corrected Value 

log At/„

= 549
24= 17 Background =

= 567 Corrected Value = 527 
=— 0.0318

Diffusion Coefficient, D (cm /sec) , = 2.0 x 10-11
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e. SO,-doped CsCl. ( in nitrogen )■4
Initial activity 

Background 

Corrected Yalue

log At/A

= 350 Final activity = 321
- 17 Background = 17

= 334 Corrected Yalue = 298

= -0.0495
dDiffusion Coefficient, D (cm /sec) , = 4.0 x 10-11

f • SO^-doped CsCl. ( in nitrogen )
Initial activity = 214 Final activity = 203

Background = 17 Background = 24
Corrected Yalue = 197 Corrected Value = 179

Alog At/. = -0.0416

Diffusion Coefficient, D (cm /sec) , = 3.5 x 10 ^

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CHLORIDE DIFFUSION No. 9.
Diffusion time = 4 hrs,

diffusion temperature = 358 + 3°C, i.e. @ 1 .5 85  

• PURE CsCl.
Initial activity = 832 Pinal activity = 765

= 55 Background = 55
= 783 Corrected Value = 715

= -0.0395

Background 

Corrected Value 

log At/,Ao
2 —10 Diffusion Coefficient, D (cm /sec) , = 1.2 x 10

b. PURE CsCl.
Initial activity 

Background 
Corrected Value 

log At/.

= 875 Pinal activity = 805

= 55 Background = 55
= 827 Corrected Value = 755

= -0.0396
2 —10 Diffusion Coefficient, D (cm /sec) , = 1.2 x 10

• O # o • O • O #0 #0 • O #0 • 0 *0 .0 *0 •



222

CHLORIDE DIFFUSION No. 10.
Diffusion time = 24 hrs.
Diffusion temperature = 360 + 2°C . i.e. @ I.58O 

B• 30  ̂-doped CsCl. (1 in vacuo')
Initial activity
Background

Corrected Value 
AlO; "t/A

= 625 final activity
=• 27 Background

= 601 Corrected Value
= -0.0730

535
29
508

)iffusion Coefficient, D (cm /sec) , = 8.0 x 10-11

L . SO^-doped CsCl. (' in vacuo * )

Initial activity = 4271 Pinal activity = 3751
= 27 Background = 29
= 4396 Corrected Value = 3853

= -0.0576

Background 
Corrected Value

log At/,

Diffusion Coefficient, D (cm^/sec) , = 4.7 x 10 ^

.0.0.0.0.o.o.o.0.0.0.o.o.o.
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c . Sot -doned CsCl. (1 in vacuo 1 )■4
Initial activity 

Background 
Corrected Yalue

loc ^t/ .A‘O

= 621 Pinal activity = 517

= 27 Background = 29
= 597 Corrected Yalue = 490
=  - 0.0858

Diffusion Coefficient, D (cm2/sec) , = 1.1 x 10"~1C

2-d . S0  ̂-doped CsCl. (’ in vacuo 1) 162 -ppm.

Initial activity = 737 Pinal activity = 646

Background = 27 Background = 29

Corrected Yalue = 714 Corrected Yalue = 621
log At/. = -0.0606

o
Diffusion Coefficient, D (cm^/sec) , = 5*4 x lo"^1



224

2-S0^ -closed CsCl. (’ in vacuo ' ) 123 p-pm.

Initial activity = 1829 Pinal activity = 1560

= 27 Background = 29

= 1829 Corrected Value = 1553
= -0.0711

Background

Corrected Value 
Alog t/Ao

C.')if fusion Coefficient, D (cm /sec) , = 7.4 x 10-11

f . SC  ̂-doped CsCl. (* in vacuo f).

Initial activity 
Background 

Corrected Value

log At/Ao

= 3829 Pinal activity = 3272
= 27 Background = 29

= 3926 Corrected Value = 3331

= -0.0715

Diffusion Coefficient, D (cm^/sec) , = 7.5 x 10 ^

• o .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CHLOItlDE DIFFUSION No. 11.
Diffusion time = 6 hrs.

Diffusion temperature = 370°C. i.e. @ 1*555 

• PfKE CsCl. ( in nitrogen )
Initial activity = 489 Pinal activity

Background 

Corrected Yalue 

X°s At/A
O

= 58 Background

= 433 Corrected Value
= -0.0613

434
60
376

Diffusion Coefficient, D (cm /sec) , = 2.2 x 10-10

b.PURE CsCl. ( in nitrogen )
Initial activity = 622 Pinal activity

Background 
Corrected Yalue 

log At/A

= 547
60= 58 Background =

= 567 Corrected Yalue = 489

= -0.0643

Diffusion Coefficient, D (cm /sec) , = 2.5 x 10-10
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2 +
-doped C sC l. ( in  n itro g e n  ) 126 ppm.

I n i t i a l  a c t i v i t y  = 940 P in a l a c t i v i t y  = 876

Background = 58 Background = 60

C o rre c te d  Y a lue  = 889 C orrected  Value = 823

lo g  ^ t / , = -0 .0335a / A
o 2

D if fu s io n  C o e f f ic ie n t ,  D (cm /s e c )  , = 6 .3 x  10"11

2+
d . Ba -doped C sC l. ( in  n it ro g e n  ) .

I n i t i a l  a c t i v i t y  = 601 P in a l a c t i v i t y  = 557

-  58 Background = 60

= 545 C orrected  Yalue = 500

= -0 .0374

Background 

C o rre c te d  Ya lue 

lo g  At / A o
D if fu s io n  C o e f f ic ie n t ,  D  (cm ^/sec) , = 7 .7  x  10 ^
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2 —
e .  ZC± -doped CsCl. ( in nitrogen )

Initial activity

Background 

Corrected Yalue

log At/A

= 458 Final activity = 389
= 58 Background = 60

= 402 Corrected Yalue = 330

= -0.0857

Diffusion Coefficient, D (em2/sec) , = 4.4 x IQ"10

2_f. S0^ -doped CsCl. $ in nitrogen ) 180 ppm.
Initial activity = 488 Final activity = 420

Background = 58 Background = 60
Corrected Yalue = 432 Corrected Value * 361

log At/A = -0.0780
0 2 -10 Diffusion Coefficient, D (cm /sec} , = 3.7 x 10

• O • O .0 .0 .O .0 .0 *0 *0 .0 .0 .0 .
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.PHI. DIFFUSION No, 12.

Diffusion time = 21.75 hrs.

Diffusion temperature = 380 * 3°C. i.e. @ 1.531 
• PUEU CsCl. ( in nitrogen )

Initial activity = 1354

>8 cur rouna

Corrected Yalue

log t/A

Final activity = 1042

= 32 Background = 30

= 1338 Corrected Yalue = 1021

= -0.1174o
Diffusion Coefficient, D (cm2/sec) , = 2.4 x lO^1^

b. PURE CsCl.

Initial activity = 1419 Final activity = 1076
Background = 32 Background = 30

Corrected Yalue = 1404 Corrected Yalue = 1055

log At/A = -0.1241o
2 —10Diffusion Coefficient, D (cm /sec) , = 2.7 x 10

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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2 +■ -doped CaCl. 97 num.
Initial activity = 254 Pinal activity = 227

Background = 32 Background = 30

Corrected Value = 223 Corrected Value = 197

log t/ = -0.0538
o

Diffusion Coefficient, D (cm^/sec) , = 7,2 x 10*"^

a • Ba^-doned CsCl.

Initial activity 

Background 
Corrected Value 

log At/A

= 443 Pinal activity = 367
= 32 Background = 30

= 412 Corrected Value = 338

=  - 0.0860

Diffusion Coefficient, D (cm /sec) , = 1.3 x 10-10

• O .O .O .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CHLORIDE DIFFUSION No. 13.
Diffusion time = 4 hrs.

Diffusion temperature = 388 + 2°c. i.e. @ 1.513 

a * PURE CsCl. ( in nitrogen )
Initial activity 

Background 
Corrected Yalue

log At/A

= 521 Einal activity = 457

= 58 Background = 57

= 465 Corrected Yalue = 382
= -0.0854

o p —10Diffusion Coefficient, D (cm /sec) , = 3.4 x 10

"b • PURE CsCl. ( in nitrogen )
Initial activity = 832 Pinal activity
Background 

Corrected Yalue

log At/„AO

= 58 Background

= 780 Corrected Yalue

= -0.1109
2Diffusion Coefficient, D (cm /sec) , = 4.3 x 10

= 652 

= 57
= 600

-10
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2+Ba -ap'oed CsCl. ( in nitrogen )
Initial activity 

Background 

Corrected Yalue 
log At/.

116 t>~pm.

= 737 Final activity = 667

= 58 Background = 57

= 683 Corrected Yalue = 614
= -0.0464

? —loDiffusion Coefficient, D (cm /sec) , = 1.7 x 10

d. Ba^+-doped CsCl. ( in nitrogen )
Initial activity = 588 Final activity = 539
Background = 57 Background = 57

Corrected Value = 533 Corrected Yalue = 484

log At/, = -0.0419
o 2 —10 Diffusion Coefficient, D (cm /sec) , = 1.4 x 10
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2-
SO^-doped CsCl. ( in nitrogen )

Initial activity = 882 Final activity = 720
= 58 Background = 57

= 829 Corrected Value = 667

= -0.0945

Background 
Corrected Value

log At/,
2 —10 Diffusion Coefficient, D (cm /sec$ , = 3.7 x 10

.2-f . SO -doped CsCl. ( in nitrogen )

Initial activity 
Background 

Corrected Value 

log A$/a

= 707 Final activity = 535
= 58 Background = 57

= 653 Corrected Value = 480

= -0.1537
2 —10 Diffusion Coefficient, D (cm /sec) , = 5.0 x 10

.O .O *0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .
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CHLORIDE DIFFUSION Do. 14.
Diffusion time = 4 hrs*
Diffusion temperature = 404 + 3°C. i.e. @ 1.477

a. PURE CsCl.
Initial activity 
Background 
Corrected Value 

log At/„

= 673 Pinal activity = 572
= 54 Background = 54
= 623 Corrected Value = 522
= -0.0768

2 —10 Diffusion Coefficient, D (cm /sec) , = 4.9 x 10

b. PURE CsCl.
Initial activity 
Background 
Corrected Value 

log At/a

= 831 Pinal activity = 705
= 54 Background = 54
= 783 Corrected Value = 655
= -0-0774

u 2 —10 Diffusion Coefficient, D (cm /sec) , = 5.0 x 10

• o.o.o.o.o.o.o.o.o.o.o.o.
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CHLORIDE DIFFUSION No, 15.
Diffusion time =2.5 hrs.
Diffusion temperature = 420 + 2°C. i.e. @ 1.443

a. PLERE CsCl. ( in nitrogen )
Initial activity = 809 Pinal activity = 702
Background = 58 Background = 58
Corrected Yalue = 756 Corrected Yalue = 648

log = *0.0669
o 2 —10Diffusion Coefficient, D (cm /sec) , = 6.0 x 10

b* PPRE CsCl. ( in nitrogen )
Initial activity = 1286 Pinal activity = 1078

= 54 Background = 54
= 1242 Corrected Yalue = 1030
= -0.0713

Backgound 
Corrected Yalue

log At/,
o 2 *10 Diffusion Coefficient, D (cm /sec) , = 8.8 x 10___

• O .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 •
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CHLORIDE DIFFUSION No. 16.
Diffusion time = 65 hrs.
Diffusion temperature = 429 + 3°C. i.e. @ 1.425

a. LURE CsCl.
Initial activity = 566 Pinal activity =
Background
Corrected Value

log At/A

= 34 Background =
= 535 Corrected Value =

=  - 0.3860
2 -9Diffusion Coefficient, D (cm /sec) , = 1.1 x 10

b . Ba^+-doned CsCl 88 -p-pm
Initial activity = 1560 Pinal activity
Background 
Corrected Value 

log At/.

= 35 Background =
= 1546 Corrected Value =
= -0.2170

2 -10 Diffusion Coefficient, D (cm /sec), = 5>8 x 10___

235
15
220

950
20
938
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SO^ -doped CsCl
Initial activity 
Background

Pinal activity 
Background

Corrected Yalue 

Alog At/,

= 314
40

= 684
= 35
= 653 Corrected Yalue = 275
= -0. 3756

2 —9Diffusion Coefficient, D (cm /sec) , = 1.0 x 10

• O .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 •



237

CHLORIDE,. DIFFUSION Mo. 17.
Diffusion time = 70.75 hrs.
Diffusion temperature = 440° + 3°C. i.e. @ 1.403

a. PURE CsCl.
Initial activity = 2498 Final activity = 1129
Background 
Corrected Yalue 

log At/.

= 32 Background = 20
= 2519 Corrected Value = 1116
= -0.3525

2 “9Diffusion Coefficient, D (cm /sec) , = 1.3 x 10

b. PURE CsCl.
Initial activity 
Background 
Corrected Yalue

log V A

= 2143 Final activity
= 30 Background

2 -9Diffusion Coefficient, D (cm /sec), s 1.5 x 10_

825
18

= 2152 Corrected Yalue = 812

= ^0.4167

• O.O.O.O.O.O.O.O.O.O.O.O.
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cppoBidi: .:i??t:sion n o . i s ,
diffusion time = 3 hrs.
diffusion temperature = 450 + 2°C. i.e. at 1.333

a. PIRz CsCl (in nitrogen)

Initial activity = 1014 Pinal activity =
Background = 63 Background =
Corrected value = 959 Corrected value =

log A t/\ = -0.1293
2 -9diffusion coefficient, B (cm /sec) , = 2.3 x 10

1. PlB-z. CsCl (in nitrogen)

initial activity = 343 Pinal activity
Background = 63 Background
Corrected value = 261 Corrected value

log At/ = -0.1122
o 2

diffusion coefficient, D (cm /sec) , = 1.6 x 10-9

772
65
712

281
65

217

#o .O .O .O .O .0 .O .O .O .0 .0 .0 .
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i d. DIFFUSIOE Do. 19
Diffusion time = 18 hrs.
Diffusion temperature = 4-56 + 3°C.

a. IT.JHL CsCl

i.e. at 1.372

Initial sctivity 
Background 
Corrected ve.lue

log A t/ft

= 974 Final activity = 510
= 58 Background = 58
= 924 Corrected value = 454

= -0.3086
2Diffusion coefficient, D (cm /sec) , = 3.0 x 10

b. 3a2+-do-oed CsCl.

Initial activity 
Background 
Corrected value

-1 Klog t

= 1222 Final activity 
= 58 Background
= 1176 Corrected value

= -0.1350
Diffusion coef?icient, D (cm /sec) , = 1.6 x 10

= 913
= 58
= 862

-10

2+c • Ba -doped CsCl

Initial activity 
Background 
Corrected vakiie 

log At/A

= 792 Final activity
= 58 Background
= 739 Corrected value
=  - 0.1196

= 636
= 58
= 561

0 2 —10 Diffusion coefficient, D (cm /sec) , = 1.2x10

• 0 .0 .0 .0 .0 .0 . o . o . o . 0 .0 .o.o.
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CABSIUL DIFFUSION Mo. 1 . 

d i f f u s io n  tim e  = 116 .5  h r s .
o

D if fu s io n  te  mpe r a t  l ir e  = 248 + 3 C. i . e .  a t  1 .919  

PURE CsCl unannea led ( in  n it r o g e n )

I n i t i a l  t o t a l  a c t i v i t y  = 1102 F in a l t o t a l  a c t i v i t y
Background 

C o rre c te d  va lu e

- c o n t r ib u t io n

= 51 Background

-  1062 C o rre c te d  va lu e  

= 440 ^ - c o n t r ib u t io n
■ c o n tr ib u tio n

lo g  At / A

= 622
= -0 .0 17 1

t
- c o n t r ib u t io n

O  ̂ p  ̂ _-j A
D if fu s io n  c o e f f ic ie n t ,  D (cm /s e c )  , = 8 .2  x 10

b . PITRE CsCl annea led ( in  n it r o g e n )

I n i t i a l  t o t a l  a c t i v i t y  = 921 F in a l t o t a l  a c t i v i t y  =

Background 

C o rre c te d  v a lu e

'- c o n t r ib u t io n
X

( ^ - c o n t r ib u t io n  = 509

lo g  ^ t / A

= 51 Background =
= 878 C o rre c te d  v a lu e  =

- c o n t r ib u t io n  -= 569

= -0 .0 3 1

- c o n t r ib u t io n  =

o
2 —13D if fu s io n  c o e f f ic ie n t ,  D (cm /s e c )  , = 5 .4  x  10

= 1072
= 46

= 1036 
= 438

= 598

881

46
842
369
4 7 3

• O.O. 0 .0 . '■'i.^.O.O. O.o. O.O.
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oTCI: Ho 2.

Diffusion time = 66 .5 lire.
o

Diffusion temperature = 290 + 7 C . i.e. at 1.776 
2.. PUkD CsCl annealed.

*K' *XInitial total activity = 777 final total activity = 750
Background ■xCorrected, value

V"-contribution

= 47 Background = 47
= 777 Corrected va.lue = 710
= 706 ^-contribution = 706

■contribution 
log U/.,

= 427
= -0.024(

■contribution = 404

^ 2 \ —I7Diffusion coefficient, D (cm /sec) , = 3.4 x 10“~

*>• IUFlE CsCl emannealed
Initial total activity = 927 final total activity = 893
Background = 47 Background = 47
Corrected value = 888 Corrected value = 854

^-contribution = 768 ^-contribution =365
^-contribution = 520 (b -contribution = 489

log At/A = -0.0267
0 2 —17Diffusion coefficient, I) (cm /sec) , = 3.8 x 10 ^

.O.O.O.O.0 .0 .0 .0 . O.O.O.O.O.O. O.o.
•X
Corrected for dead-time losses and background radiation 
Corrected for standard deviations, and when ratio of 
V-contributions is outwith If.
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CARSIIO; DIPFTTSI CM Ho. 'ZJ •
diffusion time =■■ 21.  ̂krs .

o
Diffusion temperature = 307 + 2 C. i.e. at 1.724

a. PTJRP CsCl (in nitrogen)

Initial total activity = 999 Pinal total activity = 928
Background 
Corrected value

^-c ont r ib u t ion 
(b -contribut ion

log "t/A

= 72 Background - 68
= 936 Corrected value - 867
=392 v-contribution = 392
= 54-4 
= -0.0589

-contribution = 4-75

Oiffusion coefficient, D (emVsec) , = 1.4 x 10-12

• 11 BP CsCl (in nitfbgen)
Initial total activity = 1142
Background = 72
Corrected value = 1081

^-contribution = 462
(b -contribution

log At/A
o

Diffusion coefficient,

Pinal total activity = 1064 

Background = 68
Corrected value = 1006

^-contribution = 462
^-contribution = 544= 619 

= -O.056I
D (cif/sec) , = 1.2 x 10~12
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c . Sr^-doped CsCl
Initial total activity = 843 Pinal total activity =
Background 
Corrected value

f-c on't r ibut i ont-contribution
log ‘t/.

Diffusion coefficient

= 72
= 776 
= 320
= IDS

Background =
Corrected value =

^-contribution = 
^-contribution =

= -0.0624
(cm /sec) , = 1.6 x 10

d. 2 + ■doped CsCl
Initial total activity = 698 Final total activity =
Background 
Corrected value

-^-contribution
^-contribution

log %/.

= 72 Background
= 630 Corrected value 
=  262 
=  368

^-contribution
-contribution

= -0.1233
Diffusion coefficient , D (cm^/sec) , = 6.5 x 10

Ca^+-dopea CsCl
Initial total activity = 602 
Background 
Corrected value

•contributionr̂-contribution

Pinal total activity 
= 72 Background

Corrected value
^-contribution

log A t/,

= 228 
= 305
= -O.3199

-contribution =

2 —11 ‘iffusion coefficient , D (cm /sec) , = 8.4 x 10

779
68
715
320
395

594
68
539
262
277

441
08

374
223
146
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'0; -doped CsCl— 4----1-------
Initial total activity - 586 Final total activity =
Background 
Corrected value

■contributionn̂-contribution = 293 
log At/,

- 72 Background
= 517 Corrected value 
= 224 ^-contribution

(b-contribution
=  - 0.0621

544
68
478
224
254

2 —12 Diffusion coefficient, D (cm'/sec) , =1.6 x 10

g.S0^ -doped CsCl

Initial total activity = 851 Final total activity =
Background 
Corrected value

V-contribution

*■contribution 

log At/,

= 72
= -784 
= 333 
= 451

Background 
Corrected value

-contributionV -contribution =
= -0.0207

823
68
760
330
430

Diffusion coefficient, D (cm /sec) = 2.1 x 10-13

• O.O.O.O.O.O.0.0.0.0.0.0.0.
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• IFFUSIPlx x.o« 4.

.Diffusion time = "8.75 lirs. o
Diffusion temperature = 320 + 2 C. i.e. at 1.68b 
1TI0D CsCl annealed (in nitrogen)

Initial total activity = 907 Final total activity =
Background 
Corrected, value

^-contribution 
-contribution

log "t/A

= 70 Background
= 644 Corrected value 
= 361 ^-contribution
= -̂63 ^-contribution

= -0.0679
2 —12 Diffusion coefficient, D (cm /sec) , = 2.7 x 10

b. PURP CsCl unannealed (in nitrogen)
Initial total activity = 736
Background 
Corrected value

 ̂-contribution 
-contribution

log At/A

= 71
Final total activity = 
Background =

= 6 6 9  Corrected value
= 281
=  388 .

= -0.0729

^-contribution = 
^-contribution =

2 —12 Diffusion coefficient, D (cm /sec) , = 5*0 x 10

842
74

774
361
413

680
74

609
281
328
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Sr^-doned CsCl annealed (in nitrogen)
Initial total activity =r 850 Pinal total activity =
Background 
Corrected value

^-contribution 
■contribution 

A,*
Ion t/Ao

Diffusion coefficient

= 71 Background
= 786 Corrected value 
= 336 >/ -contribution =
= 450 i& -contribution =
=  - 0.0610

(cm^/sec) , = 2 .0 x 10

a Sr^+-doT)ed CsCl unannealed (in nitrogen)
Initial total activity = 960 Pinal total activity =
Background 
Corrected value

^-contribution 
^ -contribution

log At/„

= 71 Background
= 903 Corrected value 
= 384 ^-contribution
= 519 ^-contribution

= -0.1003
2 —12 Diffusion coefficient, D (cm /sec) , = 5*8 x 10

SC?~-doned CsCl

Initial total e.ctivity = 921 Pinal total activitv =
Background 
Corrected value

^-contribution 
-c on tr ibut ion

log At/A
*

= 71 Background
= 857 Corrected value 
= 360 ^-contribution
= 491 ^-contribution

= -0.0209
2 —1vDiffusion coefficient, D (cm /sec) , = 3.1 x 10 ^

796
74

727
336
391

74
796
384
412

895
74

828
360
468
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CABSIUk DIFFUSION Do.
Diffusion time = 66.2r lire. o
Diffusion temperature = 364 + 30. 

a. PT3R3: CsCl ( in nitrogen )

i.e. at 1.370

Initial total activity = 70S Final total activity = 
Background 
Corrected value

= 57 Background

-contribution
-contribution

log At/A

= 3• ■ Corrected value =
= 274 ^-contribution =
=  362 

= -0.1572

contribution =

_ 2 —11 Diffusion coefficient, B (cm‘/sec) , = 1.6 x 10

b • Ca^+-do'pea CsCl ( in nitrogen )

Initial total activity = 843 Final total activity =
Background 
Corrected value

^-contribution 
-contribution

log At/„

= 57 Background
= 793 Corrected vedLue 
= 335 ^-contribution
= 458 ^-contribution

=  - 0.3366
Diffusion coefficient, D (cm /sec) , = 1.0 x 10-10

.O .O .0 .0 .0 .O .0 .0 .0 .0 .0 .0 .0 .

598
61
540
274
266

604
61
546
335
211
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f". n —  riTTr v_/ i-i..:..; D i  >. . '0] Fo. 6.
Diffusion time = 19 hr?.

o
Diffusion temperature = 363 + 3 G . i.e. at 1/ 

a . I L'Rl CsCl annealed ( in nitrogen )

Initial total activity = 790 Final total activity
background 
Corrected value

^-contrihution 
-c on t r ihut ion

= 54 3a ckgr o i m  d
= 700 Corrected value 
= 094 ^-contribution

log ^t/
= 406
= -0.1446

contribution

Diffusion coefficient (cin'Vsec) , = 4«5 x 10 ^

^ • 3DHE CsCl unannealed ( in nitrogen )

Initial total activity = 842 Final total activity
Background 
Corrected value

V-contribution 
-c ont ribut ion

log At/.
*

= 54 Background
= 793 Corrected value 
= 336 ^-contribution
- 457 (b-contribution

= -0.1454
2Diffusion coefficient, U (cm /sec) , = 4*6 x 10-11

24-

= 634 
= 52 
= 585 
= 294 
= 291

= 711 
= 52 
= 663 
= 336 
= 327
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3&^+“do-necL CsCl ( in nitrogen }
Initial total activity 
Background 
Corrected value

^-contribution 
-contribution 

AI
lo; ‘t/A

Diffusion coefficient

= 639 final total activity = 
-■ 54 Background =
=: 588 Corrected value -
= 246 ^-contribution =
= 342 ^-contribution =

= -0.2739
2 10(cm ,/sec) , = 1,9 x 10

2_d. SO, -doped CsCl ( in nitrogen )
Initial total activity = 786 final total activity =

- 54 Background =
== 737 Corrected value =
= 315 ^-contribution =

-contribution =

Background 
Corrected value

^-contribution 
>-contr ibut ion 

Alo. Lt/A

=  422 
= -0.0964

2 —11 Diffusion coefficient, D (cm /sec) , = 1.9 x 10

478
52

428
246
182

701
52

653
315
338

.0 .0 .0 .0 .0 .0 .0 .0 .0 »o .0 .0 .0 .



caesiui: uippusiou do. 7.

Diffusion time = 5 Are.
0
2 C.Diffusion temperature = 402 + i.e. at 1.4

EURE CsCl (in nitrogen >j
Initial total activity = 676 
Background = 57 
Corrected value = 6 2 5  

^-contribution = 258 
^-contribution = 565

Pinal total activity 
2a,clc round 
Corrected value

^-contribution 
P -contribution

log kx / . = -0.1261>-
0 2 Diffusion coefficient, D (cm /sec) , = 1.2 x 10-10

b . PURE CsCl ( in nitroaen \
)

Initial total activity = 596 Pinal total activity
Eackyround = 57 Background
Corrected value = 542 Corrected value

/ -contribution = 222 /-contribution
^ -contribution = 520

V
P-contribution

log At/
0

Diffusion coefficient, D

-0.1268

(cm^/sec) . = 1.2 x 10 ^

250

586
58

531
258
273

517
58

461
222
259
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■

*+ ( in  r iitro p ;e n

I n i t i a l  t o t a l  a c t i v i t y  = 779 F in a l t o t a l  a c t i v i t y  =

-  57 Background =

= 727 C o rre c te d  va lu e  =

= 325 ^ - c o n t r ib u t io n  =
-  422 (b -c o n t r ib u t io n  =

=  - 0.1270

Background 
Corrected value

^ - c o n t r ib u t io n  

■ c o n tr ib u t io n
*

lot ^t/,
? TODiffusion coefficient, B (cm /sec) , =1.2 x 10

674
56

620
305

315

6• Ba^+-doued CsCl ( in nitrogen )
Initial total activity = 1177 Final total activity =
Background 
Corrected value

^-contribut ion 
, -contribution

*
log At/A

= 57 Background
= 1133 Corrected value 
= 487 ^-contribution
= 6 4 6  ^ -contribution
=  - 0.1512

2 -inDiffusion coefficient, D (cm /sec) , = 1.9 x 10

992
58

943
487
456

.0 .0 .0 .0 .0.0 .0 .0 .0.0.0 .0 .0.
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c o m ,  dtffotot- nVy -t'i il ; O • o

O f  fusion time = 2.5 hrs • o
Diffusion temperature = 449 C

c . F O B  CsCl
i.e. at 1.565

Initial total activi' 
Background 
Corrected value

^-c on't ribution 
!>-contribution 
V A

= 803 Final total activity = 657 
= 61 Background = 56
= 747 Corrected value = 603
= 313 ^-contribution = 313
= 4IA ^-contribution = 290

log t/, = -0.1751Jrl
2 , —lo)iffusion coefficient, D (cm /sec) , = 4.5 x 10

b. i o r  csci
Initial total activity = 670 Final total activity = 
Background 
Corrected value

j'-contr ibut ion 
^ -contribution

= 6l Background 
= 613 Corrected value

log At/,
x\.

= 263 

= 350

= -0 .1472

^-contribution 
-contribut ion

f

570 
= 58 
= 515 
= 263 
=  252

o
Diffusion coefficient, D (cm /sec; , = 2.9 x 10-10
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' +c • H inpe1; :i

Background 

G o r r  e c t  e d vc lu.e

^ - c o n t r ib u t  io r< 
^ - e o n t r  ib u t io n

log ^V,KO

■32 F in a l t o t a l  a c t i v i t y  
58 Background 

>51 C o rre c te d  ve.lue

^ - c o n t r ib u t io n  

^ - c o n t r ib u t io n

-0 .0 95 4

-10

266
- 7:-.R

niffusio n  c o e f f i c i e n t ,  D (c rn V s ec ) > = 1.2 x 10

d . Ba^+-doped CsCl

I n i t i a l  t o t a l  a c t i v i t y  = 995 F in a l t o t a l  a c t i v i t y  t
Background 

C o rre c te d  va lu e

- c o n t r ib u t io nV
- c o n t r ib u t io n

log At/Ao

= 58 Background =
= 947 Corrected value =
= 419 v-contributior =
- 628

=  - 0.0627
*
-contribution =

D if fu s io n  c o e f f i c ie n t ,  D (cm ^/sec) , = 5 .3  x  10 ^

610
58

559
266
295

925
58

877
419
458

#0 • o • Q #0 *0 • O *0 *0 • O • O • O *0 #0 •
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I T1 I PI' ?To . Q .

diffusion t im e  = 2.0 h rs o
D i f f u s i o n  t e m p e r a t u r e  = 481 + 2 C ,  i . e .  a t  1 . 3 2 6

r i u ' i  C e l l  ( in  n i t r o g e n  )

I n i t i a l  t o t a l  a c t i v i t y  = 541 F i n a l  t o t a l  a c t i v i t y

Background 
0 o r  r  e c t  e c' va lu e

■ c o n t r i b u t i o nC

-  78 B a d e  r o u n d

= 4o5 C o r r e c t e d  v a l u e  

= 187  ^ - c o n t r i b u t i o n

-  465 

= 78

388

■ c o n t r i b u t i o n  = 278 - c o n t r i b u t i o n  =

187

201
lot V , = - 0 . 1 4 1 5

2 —10 
) i f f u s i o n  c o e f f i c i e n t ,  D (c m “ / s e c )  , = 4.6  x  10

PURE C s C l ( i n  n i t r o g e n  }

I n i t i a l  t o t a l  a c t i v i t y  = 548 F i n a l  t o t a l  a c t i v i t y  =

B a c k g r o u n d  

C o r r e c t e d  v a l u e

- c o n t r i b u t i o nr
?■

■ c o n t r i b u t i o n  = 284

lo; ■t/,.R

= 78 B a c k g ro u n d

= 473 C o r r e c t e d  v a l u e  

= 189  ^ - c o n t r i b u t i o n

- c o n t r i b u t i o n

462
78

386
189

197

- 0.1588
? —1 o

' i f f u s i o n  c o e f f i c i e n t ,  D ( c m ~ /s e c )  ? = 5,5  x  1 0 ~
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2-80  ̂ -viopeo. CsCl ( in nitrogen ,

Iritial total activity = r38 Final total activitv
BPCK:-;Toura 
Correcte-d velue

•^-contribut ion 
■e on tr ibut ion

lo g  - t / A

= 75 Background
= 4c2 Corrected value 
= 176 -^-contribution
- 286 (3-contributiont
= -0.2184

diffusion coefficient, B (cuf/sec) , = 9>7 x 10

426
73
349
176
173

-10

10 I -upped CsCl4;. ( in nitrogen

Initial total activity = 872 Final total activitv = 684
Background 
Corrected value

|'-cont r ibut i o n 
^contribution?-

log U /

= 78 
= 799 
= 314 
= 485

Background 
Corrected value

•contributionfe-contribution =
= -C.2144

Diffusion coefficient, D (cm /sec = 9.4 x 10

78
610

296

-10



256

GALS I IT. DlllfldSIOr'' No, 10 .
L'iffusion time - 120 hrs.
diffusion temperature = 233 ± 3°C . i.e. B 1.972 

^  71111 CsCl (in nitrogen} **
Initial total activity = 1910 Pinal total activity = 185^
Background = Si Background = 58*
Corrected, value = 1880 Corrected value = 1823

^-contribution = 760 ^-contribution = 753
(^-contribution = 1120 -contribution = 1070

log At/. = -0.0198
, 2 -1*.urffusior coefficient, TJ (cm /sec) , = 1.0 x 10

b CsCl (in nitrogen)

Initial total activity = 830 Pinal total activity = 808
Background 
C o rr e ct e d value

v-contribution
contribution = 443

log At/A.

= 61 Background = 58
= 775 Corrected value = 755
= 332 ^-contribution = 332

-contribution = 423
=  - 0.0201

2Diffusion coefficient, D (end/sec) , = 1.2 x 10“13

Values corrected for background radiation and dead-time 
flosses.
Corrected for Standard deviations and also corrected 
when the initial and final j/-contributions differ by 
more than 1/. ®
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Ture1 CsCl from Graph 2

Wt or crystal “ 0.4100 g
Dissolved in cell and 4 drops of NH buffer added

3titrated against 1.03 mM EDTA

RESULTS I/ll of EDTA added Absorbance
0.00 0.087
0.02 0.098
0.04 0.115
0.06 0.132
0.08 0.147
0.10 0.166

End point occurs below 0.009 ml

2+Now 1 ml of ImM EDTA = 0.1b7 mg Ba
2+

. . 0.009 ml of 1.03mM EDTA = 0.00127 mg Ba
2+ 6

• • Ba - 0.00127 x 168.4 x 10.
(Ts+“ oIWOO x-'137.4' x 10®

= less than 4 ppm



258

!Pure! CsCl from Graph 4 and 4a

Wt of crystal = 0.4170
Dissolved in 2 ml of distilled H 0 and 4 drops NH

2 3buffer added titrated against 1.03mM EDTA

Results Ml of EDTA added Ab sorbanc e
0.00 0.066

CMo•o 0.077
0.04 0.098
0.06 0.115
0.08 0.132
0.10 0.150
0.12 0.167
0.14 0.185

End point occurs at 0.009 ml

Now 1 ml of EDTA (1.03mM) = 0.157 mg Ba
0.009 ml of 1.03mil EDTA

2+
2+

2+
• . B&

Cs

- 0.00127 mg Ba
6= 0.00127 X 10 x 168.4

0.4170 x 157.4 x 103
z 3.7 ppm



259
2+

Ba -doped CsCl from Graph 11

Wt of crystal - 0.2336 g
Dissolved in distilled water and 10 drops of HH

3
buffer added. Solution made up to 5 ml and 2 ml 
titrated against 1.03mM EDTA solution.

Re suit s Ml EDTA added Absorbance
0.000 0.044
0.012 0.050
0.025 0.053
0.040 0.061
0.065 0.080
0.080 0.094
0.095 0.105
0.115 0.120

End point is at 0.051 ml
24Now 1 ml of ImM EDTA - 0.137 mg Ba

. ^4. . 0.031 ml 1.03 mM - 0.00437 mg Ba in 2 ml
- 0.0109 mg in 5 ml

• 2+ 6 
• • Ba - 0.0109 x 168:^ x 10

Cs + 0.2336 x 157.4 
57 ppm



260

2 +
Ba -doped CsCl from Grg) h 12

Wt of crystal 0,2917 g
Dissolved in distilled water, 10 drops NH buffer

3added made up to 5 ml. 2 ml titrated with 1.03 mM
EDTA

Results Ml EDTA added Absorbance
0,00 0.085
0.02 0.091
0.04 0.097
0.06 0.115
0.08 0.131
0*10 0.148
0.12 0.166
0.14 0.180

End point occurs at 0.042 ml
2 +Now 1 mlnM EDTA - 0.137 mgs Ba

2+
0.042 ml of 1.03 ml,I = 0.00593 mgs Ba in 2 mlEDTA 2+
• . in 5 ml = 0.0148 mgs Ba

2+ 0 
• • Ba " 0.0148 x 168.4 xlO

03 0.2917 x lo7.4 x 103
= 62 ppm



261

24
Ba "doped CsCl from Graph 15

Wt or crystal 0*4420 g
Dissolved in 2 ml made up to 5 ml with buffer 10 drops 
of buffer added 2 ml titrated against 1*78 m lvl EDTA

Results ml EDTA added Absorbance
0.00 0.107
0.02 0*115
0.04 0.120
0.06 0.147
0.08 0.178
0.10 0.200

End point is" at 0.040 ml

2 +
Now 1 ml of 1 mlvl EDTA - 0.157 mg Ba

24
. . 0.040 ml of 1.78mM EDTA= 0.0103.mg Ba in 2 ml
• 2+• • in 5 ml = 0.0258 mg Ba
. 2-h
• * SS—  = 0.0858 x 168.4 x IQ6

CS 0.4480 x 137.4 x 103
= 71 ppm



262

Ba -doped CsCl from Graph 14 

Wt of crystal - 0*2036 g
Dissolved in distilled water 10 drops NH buffer added

3
and made up to 5 ml, 2 ml titrated against 1.03mM EDTA 

Results Ml EDTA added Absorbance
0*00 0.061
0 . C 2 
0.04 
0.06 
0.08 
0.10 
0.12

0.096

0.153

0.078

0.120

0.074

0.137

End point occurs at 0.040 ml

1 ml of 1 mM EDTA 0.1o7 mg Ba
2+

0.040 ml of 1.03mMEDTA = 0.00564 mg Ba in 2 ml
2*z 0.0141 mg Ba in 5 ml2-+

IS  s 0.0141 x 168.4 x 106
0.2036 x 1g7.4 x 10'
85 ppm



263

2 +
Ba -doped CsCl from Graph 15

Wt of crystal = 0*2086 g
Dissolved in distilled H 0, 10 drops ammonia buffer2
added and made up to 5 ml „ 2 ml titrated against 1*03 
xnM EDTA

Results Ml of EDTA added Absorbance
0*00 0.032
0.02 0*040
0*04 0.043
0.06 0.057
0.08 0.080
0.10 0.095
0.12 0.111

End point occurs at 0*047 ml
2 +Now 1 ml of 1 mM EDTA - 0*157 mg Ba

• 2 +* * 0*047 ml of l*03mM EDTA - 0*0066 mg Ba In 2 ml
2-h

= 0*0165 mg Ba in 5 ml
• 6• • Ba  - 0*0165 x 168*4 x  1 0

Cs+ 0.2086 x 157.4 x 10

- 97 ppm



2 +
Ba -doped CsCl from Graph 16

264

Wt of crystal = 0*2906 g
Dissolved In distilled water, 10 drops HH buffer

3added and made up to 5 ml* 2 ml titrated using 1*78 
xriM EDTA

Results ml EDTA added Absorbance

oo*o 0.065
0*02 0.073
0.04 0.075
0.06 0.105
0.08 0.126
0.10 0.150
0.12

End point occurs at 0*040 ml
24-

Now 1 ml inM EDTA - 0*137 mg Ba
24* * 0.040 ml of 1*78 mM EDTA = 0.0098 mg Ba in 2 ml
2 4in 5 ml - 0*0245 mg Ba

2+-
• • Ba = 0.0245 x 168,4 x 10

Gs+ 0.2906 x 137.4 x  1 0 6

s 104 ppm



2+
Ba -doped CsCl from Graph 17

77t ol' crystaj. a 0*1017 g
Dissolved in cell and 4 drops NH^ buffer added 
titrated against 1*03 mM EDTA#
Results ml EDTA added Absorbance

oooo 0.132
0.02 0.142
0.04 0.J.45
0.06 0.1*8
0.08 0.154
0.10 0.175
0.12 0.191
0.14 0.208

End point occurs at 0#078 ml

Nor 1 ml or 1 mM EDTA « 0.137 mg Ba2*
.*• 0,078 ml or 1#03 mM EDTA = 0.011 mg Ba2*



266

2 +
Ba -doped CsCl from Graph 19

Wt of crystal - 0*2350 g
Dissolved in distilled water, 10 drops UH buffer

3added and made up to 5 ml* 2 ml titrated with 
l©03mM EDI A*

Results ml EDTA added Absorbance
0.00 0*083
0.025 0.095
0.050 0*097
0.075 0*105
0.100 0*120
0.125' 0.142
0.150 0*152

End point occurs at 0*084 ml
2+1 ml of 1 mM EDTA - 0*137 mg Ba
2-h

* * 0*084 ml of l*03mM EDTA = 0*0119 mg Ba in 2 ml
2 +

B 0*0298 mg Ba in 5 ml
2+ 6

• • Ba  s 0*0298 x  168*4 x 10°
Cs+ 0*2350 x 137.4 x 105

= 153 ppm



267

Ba -doped CsCl from Graph 20 

Wt or crystal » 0*2460 g
Dissolved in distilled water 10 drops buffer added 
and solutions made up to 5 ml# 2 ml titrated against 
1*03 mM EDTA.
Results ml EDTA added Absorbance

0.00 0.101
0.02 0.115
0.04 0.118
0.06 0.122
0.08 0.130
0.10 0.138
0.12 0.158
0.1ft 0.175
0.16 0.192

End point occurs at 0.0*95 ml
1 ml or 1 mM EDTA s 0.137 mg Ba

* 0.134 mg Ba2* in 2 ml
* 0*0335 mg Ba^* in 5 ml

• . 0.095 ml of 1.03 mM EDTA

• •

0.2460 x 1*7.4 x 103
s 167 ppm

0.0535 x 168.4 x 106



268

2 4-
Ba -doped CsCl from Graph 21

Wt of crystal - 0.^682 g
Dissolved in distilled water 10 drops of NH buffer

3added and solution made up to 5 ml. 2 ml titrated 
against 1.78 mM EDTA*

Results ml EDTA added Absorbance

0.000 0.113
0.025 0.121
0.050 0.127
0.075 0.138
0.100" 0.172
0.125 0.204

End point occurs at 0.070 ml
2 +

1 ml of 1 mM EDTA - 0.137 mg Ba
2 -H

0.070 ml of 1.78mM EDTA - 0.017 mg Ba in 2 ml
2 += 0.043 mg Ba in 5 ml

• 2+ 6 • • __ = 0.043 x  168.4 x 10°
Cs''' 0.2682 x 137.4 x 10°

= 196 ppm



269

2 +
Ba -doped CsCl from Graph 22

Wt of crystal = 0.1850 g
Dissolved in distilled water, 10 drops NH buffer added

3made up to 5 ml. 2 ml titrated against 1.03 mM EDTA. 

Results ml of EDTA added Absorbance
0.00 0.220
0.025 0.225
0.04 0.227
0.06 0.230
0.08 0.236
0.10 0.240
0.12 0.258
0.14 0.275
0.16 0.295
0.18 0.310

End point occurs at 0.10 ml
2 +Uow 1 ml of 1 mM EDTA = 0.157 mg Ba

• 2+. . 0.10 ml of 1.03 mM EDTA = 0.0141 mg Ba in 2 ml
2 *4"- 0*0352 mg Ba in 5 ml

2+ 6 * * —  - 0.0352 x 168,4 x 10
Cs+ 0.1830 x 157.4 x id3

s 234 ppm



2 ■+•
B& -doped CsCl from Graph 25

270

Wt of crystal - 0*2588 g
Dissolved in distilled water, 10 drops NH buffer

3
0dded and solution made up to 5 ml* 2 ml titrated 
against 1*03 mM EDTA*

Results ml of EDTA added Absorbance
0*00 0.045
0*02 0.055
0.04 0.056
0.06 0.058
0.08 0.060
0.10 0.061
0.12 0.066
0.14 0.068
0.16 0.075
0.18 0.095
.nt occurs at 0.155 ml

2+
Now 1 ml of 1 mM EDTA - 0,137 mg Ba

. 2 +• • 0*155 ml of 1*03 mM EDTA= 0*0219 mg Ba in 2 ml
2 += 0*0547 mg Ba in 5 ml

• 2 +
• * 2£_ s 0.0547 x  168,4 x 10

03 + 0.2588 x 137.4 x 105
« 260 ppm



271

Ba -doped CsCl from Graph 24

Wt of crystal = 0*3756 g
Dissolved in distilled water, 10 drops NH buffer added

3made up to 5 ml. 2 ml titrated against 1.03 mM EDTA* 

Results ml EDTA added Absorbance
0.00 0.070
0.05 0.079
0.10 0.080
0.15 0.088
0.20 0.092
0.25 0.100
0.30 0.135
0.35 0.170

End point occurs at 0.245 ml
Now 1 ml of 1 mM EDTA 0.137 mg Ba

2 +
0.0346 mg Ba in 2 ml 

2+0.0864 mg Ba in 5 ml
0.245 ml of 1.03 mM EDTA

0.0864 x 168.4 x 10
0.3756 x 137.4 x 10’
280 ppm



272
2 +-

Qa -doped CsCl from Graph 29

Wt of crystal - 0*4120 g
Dissolved In distilled water, 10 drops buffer added, 
made up to 5 ml. 2 ml titrated against 1*03 mM EDIA*

Results ml of EDTA added Absorbance

0*00 0.035
0*02 0.043
0.04 0.048
0.06 0.050
0.08 0.053

oi—i •o 0.055
0.12 ’ 0.060
0*14 0.079
0.16 0.096

End point occurs at 0*120 ml
2+Now 1 nl of 1 mM EDTA s 0*040 mg Ca
2+

0*l£ ml of 1.0b mM EDTA - 0*0049 mg Ca in 2 ml
2 += 0*0124 mg Ca in 5 ml

• 2 +
* * — —  - 0.0124 x  168.4 x 106

Cs't' 0.4120 x 40.06 x 10S
= 125 ppm



273

2+ 36
B& -doped C3CI (from Cl diffusion No*4e)

Wt of crystal = 0*3250 g
Dissolved in distilled water, 10 drops of NH buffer

3
added* Solution made up to 5 ml and 2 ml titrated 
against 1*78 mM EDTA*

Results ml of EDTA added Absorbance

0.00 0.074
0.025 0.083
0.055 0.088
0*075 0*094
o,xoo 0,3.07
C.X30 0.144
0*160 0*181

End point occurs at 0,092 ml
2 +New 1 ml of 1 mM EDTA = 0.157 mg Ba
2 +0,092 ril of 1.78 i M  EDTA = 0.0224 mg 3a in 2 nl
2 +

s 0*0561 mg Ba in 5 ml2 +Ra 5“~  = ft *0561 x 163.4 x 10
°3+ 0.3850 x 137.4 x 103

= 211 ppm



274
2 + o oBa -aopea ?1 (from Cl diffusion a-

Wt of crystal - C.3128 g
D i s s o l v e d  i n  c e l l ,  4 d r o p s  of airanor i c  M b 'f o r  c f  cl?d 

er< If-: n^r/rst 1.78 mM EDTA.

Results ml of EDTA added
0.00

.• .

ob s or oanc o
0.180

0.025 0.187
0.050 0.191
0.080 0.230
0.10 0.255
0.13 0.285

End pplnt occurs at 0.050 ml
2 +

Now 1 ml of 1 mM EDTA - 0.1O7 mg Ba
2+

0.050 ml of 1.78 mM EDTA = 0.0122 mg Ba
2+Ba 6

— T  = 0*0122 x 168.4 x  10
0.31S8 x 107.4 x 103

= 48 ppm



275

2+ 36
Ba -doped C 3CI (from Cl diffusion ITo. 8c)

Wt of crystal = 0.2808 g
Dissolved in distilled water and 10 drops of Mi

3
buffer added. Solution made up to 5 ml and 2 ml 
titrated against 1.05 mM EDTA*

Results ml of EDTA added AHsorbance

0.00 0.043
0.02 0.048
0.04 0.054
0.06 0.066
0.08 „ 0.085
0.10 0.105
0.12 0.122

End point occurs at 0.050 ml
2 +

Now 1 ml of 1 mM EDTA = 0.1o7 mg Ba
2 +

. . 0.050 ml of 1.03 mM EDTA = 0.00706 mg Ba in 2 ml
2 +

= 0.01765 mg Ba in 5 ml
.  2  +-

* * B® = 0.01765 x 168.4 x 10
03 * 0.2808 x 137.4x10^

77 PP“
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2+ 36
Ba -doped CaGl from Cl diffusion No. 8d

Wt of crystal = 0.x870 g
Dissolved in distilled water and 10 drops of ammonia 
buffer added# Made up to 5 ml and 2 ml titrated 
against 1.03 mM EDTA#

Results ml of EDTA added Absorbance

o • o o 0.082

:vj
o«o 0.092

0.04 0.096
0.06 0.100
0.08 0.112
O.xO 0.130
0.12 0.150

End point oucurs at 0.070 ml

Now 1 ml of 1 mM EDTA = 
• *. 0.070 ml of 1.03 mM EDTA =

s

2+-
0.137 mg Ba

2 +
0.00988 mg Ba 

2 +•
0.0247 mg Ba

2+
* • B 0.0247 x 6168.4 x 10

Cs 0.1870 x lo7.4 x 10°
« 162 ppm

in 5 ml
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ki+ 36Ba -doped CsCi (from Cl diffusion No. 11c)

Wt of crystal s O.j.655 g
Dissolved in distilled water and 10 drops of NH3
buffer added* Solution made up to 5 ml and 2 ml 
titrated against 1*05 mM EDI A.

Results ml of EDTA add ed Ab sorb an c e

0*00 0.047
0*02 0.050
0.04 0.053
0.06 0.065
0.08 0.083
0.10 0.101
0.12 0.116

End ooint occurs at 0.049 ml 24-
Now 1 ml of 1 mM EDTA = 0.137 mg Ba

. 24-
. . 0.049 ml of 1.03 mM EDTA 0.00691 mg Ba in

2 4-
* 0.01728 mg Ba in

2 +
• * Ba 6 + a 0*01728 x 168*4 x 10

03 0.1655 x 137.4 x 10

128 ppm



278

36Ba -doped CsCl (from Cl diffusion No.I2c)

Wt of crystal - 0.272^ g
Dissolved in distilled water, and 10 drops of MI buffer

3added# Iviade up to 5 ml and 2 ml titrated against 
1.03 mM EDI’A*
Results ml of EDTA added Absorbance

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0.073

0.108

0.069

0.062
0.067

0.090

0.125
0.140

End point occurs at 0.061 ml

• • 0.061 ml of 1.03 mM EDTA
Now 1 ml of 1 mM EDi'A

4“
0.157 mg Ba

2 +
0*00861 mg Ba in 2 ml 

2 +0.02152 mg Ba in 5 ml
. c,
• • Ba

Ca + 0,02152 x 168.4 x  10 
0.2722 x  167.4 x  1 0 °

6

97 ppm



2 +• 36
Ba. -doped CsCl (from Cl diffusion No. 15c)

Wt of crystal z 0*2445 g
Dissolved in distilled water and 10 drops of NH buffer

3
added# Solution made up to 5 ml and 2 ml titrated against 
1#78 mM EDTA#
Results ml of EDTA added Absorbance

0.00 0.077
0.02 0.082
0.04 0.088
0.065 0.121
0.085 0.147
0.115 0.179

!nd point occurs at 0.058 ml

• • 0.038 ml of 1.78 mM EDTA
Hew 1 ml of 1 mM EDTA

2+
0.137 mg Ba

2 +
0.00926 mg Ba in 2 ml 

2 +
0.02315 mg Ba in 5 ml

6



280
2+ 36

Ba -doped CsCl (from Cl diffusion No. 16b)

Wt of crystal = 0*22 96 g
Dissolved in distilled water and 10 drops of NH buffer

3ad - ed. Solution made up to 5 ml and 2 ml titrated
against 1.78 mM EDTA.
Results ml of EDTA added Absorbance

0.00 0.068
0.02 0.074
0.04 0.094
0.06 0.120

0.08 0.147
0.10 0.166

End point occurs at 0.027 ml
2 +Now 1 ml of 1 mM EDTA s 0.1o7 mg Ba 

• 2 *+• • 0.027 ml of 1.78 mM EDTA = 0.00659 mg Ba in 2 ml
- 0.01546 mg Ba in 5 ml

• o
■4. = 0.01646 x 168.4 x 10

0.2296 x 137.4 x 10

88 ppm



281
2 —

SO -doped CsCl from Graph 30

l¥t of crystal = 0*5845 g
Dissolved in 2 ml of BaSO solution* Centrifuged with

4
2 ml of standard B a d  solution. 2 ml of resulting2
solution titrated against 1.03 mM EDTA in the presence
of NH buffer*3
Results ml of EDTA added Absorbance

oo*o 0.142
0.030 0.153
0.050 0.159
0.070 0.164
0*100 0.170
0.125 0.177
0*155 0.179
0.180 0.184
0.205 ~ 0.201
0.285 0.220
0.260 0.248

End point occurs at 0*188 ml 5-
In absence of SO end point occurs at 0.280 ml 
* 2-  * * Amount of Ba  ̂reacting with SO - 0*092 ml EDTA

How 1 ml of 1 mM EDTA = 0*096 mg SO
4 2-

*** 0*092 ml of 1.03 mM EDTA- 0*00907 mg SO in 2 ml
4

r 0*01814 mg SO in 4 ml

SO 6
4 = 0*01814 x 168*4 x 10

Cl 0*5845 x 96*07 x 105 - 83 ppm



2- 282
SO "-doped C 3CI from Graph 514

Wt of crystal - 0.2073
Dissolved in 2 ml of BaSO solution. Centrifuged with

4
2 ml of standard Baci solution# 2 ml of resulting2
solution titrated against 1.03 mM EDTA.
Results rl of EDTA added Absorbance

0.00 0.083
0.025 0.091
0.050 0.092
0.070 0.099
0.105 0.102
0.140 0.106
0.160 0.113
0.180 0.116
0.200 0.120
0.220 0.125
0.240 0.142
0.260 0.158
0.295 0.186

End point occurs at 0.220 ml 
2-

End point in absence of SO occurs at 0.280 ml.
. 2 + 4  2-
• • Amount of Ba reacting with SO = 0.060 ml EDTA

4 2-
1 ml of 1 mM EDTA = 0.137 mg Ba2* s 0.096 mg SO

4
2-. . 0.060 ml of 1.03 mM EDTA = 0.00593 mg SO in 2 ml
4

= 0.01186 mg SO3- in 4 ml
SO2' = o.QTiffi T . *  n n m

4  0.2073 x 96.07 x 10° * 100 PPm



2-
30 -doped CsCl from Graph 52 283

Wt of crystal s 0.2955 g
Dissolved in 2 ml of' BgSO^ solution centrifuged with 2 ml
of standard BaCl^ solution* 2 ml of resulting solution
titrated against 1*03 mM EDTA.
RESULTS ml of EDTA added Absorbance

0.00 0.122
0.02 0.129
0.04 0.131
0.06 0.132
0.08 0.137
0.10 0.144
0.12 0.144
0.14 ~ 0.148
0.16 0.151
0.18 0.156
0.20 0.173
0.22 0.190
0.24 0.206

End point occurs at 0.178 ml 
2-End point, in absence of SO^ occurs at 0.28 ml.

• 2+ 2-• . Amount of Ba reacting with 30 = 0.102 ml EDTA4 (
How 1 ml of 1 mM EDTA : 0.137 mg Ba^+ a 0.096 mg SO
.*. 0.102 ml of 1.03 mM EDTA = 0.01009 mg S0^_ in 2 ml

a 0.02018 mg S0^“ in 4 ml4
• 2-  6. . SO, . 0.02018 x 168.4 x 10

1 q f  • —  —  —  ■ "■

Cl" 0.2955 x 96.07 x 103 ; 2 2 0  ppm



2 -
SO^ -doped CsCl from Graph 55 284

?7t of crystal - 0*1122 g
Dissolved in 2 ml of BasO^ solution* Centrifuged with 2 ml 
of BaClg solution 2 ml of resulting solution titrated 
against 1*05 mM EDTA in the presence of buffer*
RE SUIT S ml of EDTA added Ab sorbanc e

0.00 0.032
0.02 0.041
0.04 0.042
0.06 0.042
0.08 0.046
0.10 0.049
0.12 0.052
0.14 0.052
0.16 0.055
0.18 0.057
0.20 0.060
0.22 0.060
0.24 0.066
0.26 0.084
0.28 0.103
0.30 0.120
0.32 0.134

End point occurs at 0*237 ml 
2-End point, in absence of SO occurs at 0*280 ml

• 2+ ^ 2-• • amount of Ba reacting with SO^ = 0*043 ml EDTA
1 ml of 1 mM EDTA = 0*096 mgs SO^

2-. . 0.043 ml of 1.03 mM EDTA - 0.00425 mg SO in 2 ml
42-* 0*00850 mg SO in 4 ml2-  6 4

• • SO s 0.00850 x 168.4 x 10
4  --------------------------------------------------

 1 0.1122 x 96.07 x 10 = 137 ppmCl



9. 285S0~ -doped CsCl from Graph 34 4.------- —  ' ------

Wt of crystal = 0*1779 g
Dissolved in 2 ml of Ba30^ solution* Centrifuged with 
2 ml of BaClg solution. 2 ml of resulting solution 
titrated against 1.03 mlvl EDTA in the presence of NH^ buffer. 
RESULTS ini of EDTA added Absorbance

0.00 0.100
2.03 0.109
0.06 0.115
0.09 0.121
0.12 0.127
0.15 0.130
0.18 0.136
0.21 0.148
0.24 0.174
0.27 0.196
0.30 0.317

End point occurs at 0.205 ml
2-End point, in the absence of SO occurs at 0.280 ml

• 2+ ^ 2- • • Amount of Ba reacting with SO^ s 0.077 ml EDTA
Now 1 ml of 1 mM EDTA - 0.096 mg S0^~

0.077 ml of 1.03 mM EDTA = 0.00761 mg SO “ in 2 ml4
* 0.01522 mg S0^“ in 4 ml4

• 2-SO
4 = 0.01522 x 168.4 x 106
Cl” 0.1VV9 x 96.07 x 10 = 150 ppa



2 -SO^ -doped CsCl from Graph. 55 236

Wt of crystal - 0*1880 g
Dissolved in 2 ml of Baso^ solution* Centrifuged with 
2 ml of BaCl^ standard* 2 ml of resulting solution titrated 
against 1*03 mK  EDTA in the presence of MI buffer*O
RESULTS ml of EDTA added Absorbance

oo•o 0.077
0*03 0.085
0.06 0.089
0.09 0.096
0.12 0.099
0.15 0.105
0.18 0.120
0 *2l 0.143
0.24 0.167
0.27 0.186

End point occurs at 0*165 ml 
2-End point, in absence of SO occurs at 0*280 ml

• 2+ ^ 2—* • Amount of Ba reacting with SO" s 0*115 ml EDTA4
1 ml of 1 mM EDTA = 0*096 mg S0^“

4 2-  . . 0.1X5 ml of 1.03 ml! T3DTA = 0.01137 mg SO in 2 ml
42-« 0*022 74 mg SO in 4 ml4

• 2-  6• • SO, . 0.02274 x 168.4 x 104
Cl" 0.1880 x 96.07 x 103 = 212 ppm



2-
SO -doped CsCl From Graph 56 2°7

Y/t of crystal - 0*1265
Dissolved in 2 ml of Baso solution* Centrifuged with

4
2 ml of B a d  standard solution* 2 ml of resulting 2
solution titrated against 1.03 mM EDTA in the presence of
NH buffer*3
Results ml of EDTA added Absorbance

oc.o 0.092o.o 0.102
0.08 0.110
0.12 0.117
0.16 0.128
0.20 0.146
0.24 0.175
0.28 0.202

End point occurs at 0*18 ml-
End point, in absence of SO occurs at 0*28 ml2+ 4 2-
• • Amount of Ba reacting with SO - 0*10 ml EDTA

4 2 -Now 1 ml of 1 mM EDTA = 0.096 mg S O *
4 2-

• • 0.10 ml of 1.03 mM EDTA = 0.00988 mg SO in 2 ml
42-z 0.01976 mg SO in 4 ml 2- 4

. . SO 6 4_ = 0.01976 x 168.4 x 10
Cl’ 0.1265 x 96.07 x i d 5 * 274 ppm



2- 288
SO^ -doped CsCl from Graph 57

Wt of crystal = 0.1363 g
Dissolved in 2 ml of BaSO^ solution* Centrifuged with 2 ml 
of standard Baci. solution* 2 ml of resulting solution 
titrated against 1*03 mM EDTA in the presence or NH buffer*O
RESULTS ml of EDTA adde d Absorbance

0.000 0.063
0.025 0.074
0.055 0.080
0.080 0.086
0.115 0.098
0.135 0.114
0.160 0.133
0.190 0.153

End point occurs at 0*108 ml 
2-End point, in absence of SO occurs at 0*280 ml42+ o• * Amount of Ba reacting with 30^~ - 0*172 ml EDTA4

Now 1 ml of 1 mM EDTA = 0*096 mg S0^“
• 4 2-• • 0*172 ml of 1.03 mM EDTA - 0*0170 mg SO in 2 ml4

- 0*0340 mg S0^“ in 4 ml
• 2-  6• * SO, - 0.034 0 x 168.4 x 10

  0.1363 x 96.07 x 10 ■ 437 ppm
Cl



36SO -doped CsCl (from Cl diffusion No. lOd5
Wt of crystal s 0.2600 g
Dissolved in 2 ml of Baso^ solution. Centrifuged with 2 ml
of standard B a d  solution. 2 ml of resulting solution
titrated against 1.78 mM EDTA in presence of NH_ buffer.3
RESULTS ml of EDTA added Absorbance

0.00 0J23
0.030 0.128
0.055 0.130
0.075 0.135
0.095 0.148
0.115 0.172
0.135 0.198
0.155 0.212

End point occurs at 0.085 ml 
2-End point, in absence of SO^ occurs at 0.155 ml

• 2+ 2-. . amount of Ba reacting with SO^ = 0.070 ml EDTA
1 ml of 1 mM EDTA - 0.096 mg S0^~

4 2-. . 0.070 ml of 1.78 mM EDTA = 0.0120 mg SO in 2 ml
s 0*0240 mg S0^~ in 4 ml

. 2- 4
• • 80. 6 4 - 0.0240 x 168.4 x 10__

Cl" 0.26 00 x 96 . 07 x 103 = 162 ppm



2- 36 290
SO -doped CsCl (from Cl diffusion No.lOe)

YIt of crystal - 0*1948 g
Dissolved in 2 nil of BaSC solution* Centrifuged with 2 nil

4
of standard BaCl solution* 2 ml of resulting solution2
titrated against 1*78 mil EDTA in the presence of RH buffer*

3Result s ml of EDTA added Absorbance
0*000 0.140
0.025 0.150
0.055 0.153
0.080 0.157
0.100 0.160
0.120 0.180
0.140 0.208
0.160 0.232

End point occurs at 0.105 ml
2-End point, in absence of SO occurs at 0*155 ml

2+ 4 2-
• * Amount of Ba reacting v/ith SO = 0*040 ml EDTA

4 2-Now 1 ml of 1 nil EDTA m 0*096 mg SO
4

2-• . 0*040 ml of 1.78 mM EDTA r 0.00684 mg SO in 2 ml
4

= 0*01368 mg SO2- in 4 ml
2- 4

• • SO 6
4 s 0.01368 x 168*4 x 10—-   3-

C1 0*1948 x 96.07 x 10 = 123 ppm



2- 36 291
30^ -doped CsCl (from Cl diffusion No* 11 f)

V/t of crystal = 0*1601 g
Dissolved in 2 ml of Baso solution* Centrifuged with 2 ml

4
of B a d  standard solution* 2 ml of resulting solution 2
titfcated against 1*03 mM EDTA in the presence of NH buffer*

3Results ml of EDTA added Absorbance
0*00 0.088
0.03 0.095
0.06 0.103
0.09 0.108
0.12 0.117
0.16 0.120
0.18 0.127
0.21 0 J40
0*24 0.164
i*27 0.186

End point occurs at 0*196 ml 
2-

End point, in absence of SO occurs at 0*280 ml
2+ 4 2-• » Amount of Ba reacting with SO s 0*084 ml EDTA

4 2-Now 1 ml of 1 mM EDTA = 0*096 mg SO
4 2-.*. 0*084 ml of 1*03 mM EDTA = 0.00832 mg SO in 2 ml

4
- 0*01664 mg SO2 in 4 ml

4
# 2-

• • SO 6 4_ = 0*01644 x  168*4 x 10
0•1601 X 96•07 X 10* a 180 ppm
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