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GENERAL INTRODUCTION

Although Canada is now rich in coal, oil, gas and water, which give
her at present an adequate supply of power, she must look to the future,
vhere the electric power demand will be many times the present level. For-
tunately, Canade has very large supplies of uranium, which, if used as fusl
for reactors, will generate power for many decades to come.

It has been estimated (1) that by 1980, Ontario would need to import
from Pennsylvania 37 million tons of coal per year to fuel its generating
plants. In the last five years, huge uranium ore deposits have been found
in the Bancoroft end Blind Liver areas of Ontario., Production of uranium at
the present annual rate, if irrediated in rcactors to a practicable 1
burn-up, would give an anmal energy output ten times that required in 1980,
Byven if the world's supply of uranium should become exhausted, scilentists
are sure that man will soon be able to control the fusion process, vhere
very light atoms combine together to produce an immense asmount of energy.
This is why so many scientists today are building and studying larger and
more sophisticated reactors of every conceiveble design.

In the present decade, vhere power is zbundant, however, atomic
fission reactors, as they now stand, are not economically competitive with
the other pover developments, which run at about six mills per kilowatt-houur.
Henoe, before any large scale power rcactors, suoh as those in ingland and
Scotland, are built, Canada must devise methods of reducing the capitsl

investment and the running costs.



Vhen uranium=235 undergoes fission, a great emount of heat energy
is released by gamme rays, fission fragments, fast neutrons and other par-
tigles.. The neutrons, in turn, may cause further fission and the heat
used to drive electric generators,

Of the many different types of reactors now in operation, there are
two main classes, alow and fast reactors. The slow reactors may be further
grouped into homogeneous and heterogeneous reactors, the latter being the
more common. Homogensous reactoras, such as boiling-water reactors, have
the uranium in salt form dissolved in a2 solvent moderator such as water or
heavy water. Heterogeneous reactors, on which the Canadians have based
their hopes, use the heterogeneous moderator principle, where uranium is
in the form of rods intersperced with some moderator such as D20, H20 or
graphite. The function of the moderator is to slow down neutrons from
fission to an energy too low for resonance absorption by 0238 yet adequate
to cause thermal fission of U235. The liquid moderators can be cooled by
circulation through heat exchangers and the graphite by a fast flowing gas
such as air.

Scme reactors use pure U235, gsome use natural uranium, which con-
tains less than 1% U235, others use intermediate "enriched" mixtures.,

238 and Th232

There are "breeder”" reactors that convert U y which are rela-
tively useless as thermal fisaion fuel, to Pu259 and U233 respootively,
which may replace 7233 as the fissionable material. All these types of
Teactors have thelxr particular advantages and disadvantages. Canada, being
a acountxy too small in population to tackle all these types, has chosen the
heavy-water moderated reactors as being both the most economical and the

eagiest to expand to larger proportions.
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Heavy-~wecter reactor techniques make it clear that one can depend
on obtaining an energy yield directly from netural-uranium fuel, in the
form of relatively inexpensive sintered oxide, as high as 8000 to 10,000
mogawatt days per tomne of uranium (2). At such a yield, the uranium
itself ocosts less than 1 mill per kilowatt-hour and if the cost of fab-
rication, insurance, etc. is included, the whole fuel inventory should
not exceed 1.5 mills per kilowatt-houxr. Uranium dioxide is now preferred
as a reactor fuel both for enriched and for natural-uranium reactors, not
only for the water cooled reactors such as Dresden, the Yankee and the
Canadian N.P.D. heavy-water reactors, but also for the advanced gas-
oooled reactors of the Unlted Kingdam and Oak Ridge. Uranium dioxide also
seems best for organic-moderated or organic-cooled reactors, and even for
some designs of sodium-cooled and fast reactors., If it were possible to
take superheated steam directly from the reactor to the turbine, UO2 would
again be preferable to the uranium metal,

There are many major advantages of using uranium dioxide for fuel.
One advantage over uranium metal is that it resists corrosion in water, an
important feature should the fuel rod sheath break. Uranium dioxide has
a much higher melting point than the metal, which is an advantege since
the reactor could thus be run at greater temperatures. The processing to
oxide foxrm is far easier and cheaper than to the mctallic form, a factor
that makes such reactors eoonomically more feasible. It has been found
(3) that the insoluble fission gases can be retuined in the oxide at

moderate burn-up levels without introducing undue lattice strains. Uranium

dioxide allows a long mrn-up without swelling; and there is no neutron



wastage, ince oxygen has no great affinity for thermal neutrons. The
main trouble lies in its very low heat conductivity, which causes a large
heat gradient across the rod.

In the N.R.X. reactor at Chalk River there are 176 fuel rods, 1.36
inches in diameter and 10.25 feet long. These rods are suspended in a
container known as the calandria, which contains the heavy-water moderator.
Some of these uranium metal rods have been replaced by rods of 002. One
having the code name CR V-e Rod 7 has been analysed, in part, mass spec-
trometrically as reported in this thesis. The fuel part of the rod was
nearly stoiohiometric U02. with & density 2.75 g/oc vhich is 89% of the
theoretical density of 002. This material has the appearance of a hard,
grey metal. Vhile in the reactor, this rod contributed toward the critical
mass, and was exposed to a large flux of neutrons, on and off for nore
than half & year. Vhen removed from the reactor and extracted from its
protective aluminium sheath, the rod was found to have developed & central
oylindriocal hole down its length, with radial cracks as far as the edge.
Rod 7 at the edge of the centre hole showed evidence of having been re-
oryatallized and perhaps melted, wheress at the cuter surface, which had
remained ococol, no obvious change had occurred., Fortunately, the rod in
general had not increased in diameter so that the aluminium sheath was
not broken.

Work is in progress at Chalk River (4) to understand these peculiar
effects. Measurements of the yield of rare gases from the rods are being
conducted by heating and grinding experiments both at Chalk ltiver and at
the Bettis Plant of the Vestinghouse Electrio Corporation, who work on be-

helf of the U.S. Atomic inergy Commission (5). Recently it has been found
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(6) that the ratios of the isotopes csl?3, ¢s13% ana cs17 in the rod were
not the same as the accepted values for fission (7), and that the ratios
vary themselves across the diameter of the rod. This discovery prompted
the research that is described in this thesis.

The absolute abundances of 08133, 05134 ’ 03135 ’ 09137, 0235,

236 238

4] and U in two sections of the rod were measured by the isotope

dilution technique using a 90° mess spectrometer, The sample pellets
were ocut from the rod at Chalk River, one coming from the recrystallized
zone and three from the non-recrystaliized zone. It has been found that
there was more cesium in the outer pellets than in the centre pellet, per

35 137

grem of uraniuvm by a factor of four, in the case of 03133, s*3? and Cs

134

and a factor of twelve for Cs « Morecover in beoth places there was less

cesium present than could be accounted for.









tures, the stable a phese exists; an orthorhombic single crystal that,
whon irradiated to O.ly bura-up, will grow 100 ¢ in the [010] dirxection,
shorten by 50, in the [}OQ] dircetion and rem2in unchanged in the [001]
direction. Une can introduce preferred orientation by the technique of
cold rolling so that, when irradiated, the uranium undergoes marked
dimensional expansions in two directions and contractions in the third.
Thus the aim has been to produce uranium metal with sma2ll, equiaxizl grains
of randam orientation, or 4 duplex texture such that two oxrientations,
one producing growth, and the other producing shortening, would cancel.

In §.2.X., experiuents shov thet wlhen a sheath develops 2 leak
the uraniua reacts chemicelly with the cool (50°C) water, slowly. ior
pover roaciors to be efficient the second law of thermodynemics dictates
e large heat gradient; hence future power reactors might operate with
water at as high a temperature as 30000. at this temperature the corrosion
rate of the uranium is about 100,000 times greater than the rate at 5000.
Chalk River experiments (1) showed that when & small hole was forzmed in
the sheath, the uranium liberated hydrogen which dissolved in its special
zirconium alloy sheath, causing it to embrittle ond breesk, exposing more
uranium, This realization convinced the Canadian group at Chalk Rivexr
that uranium metal would be unsatisfactory as a fuel for wvater cooled
power reactors.

It has been found (8), however, that uzaniwm dioxide can be
presged and sintered to dense hard pellets whioh cun resist water corrosion
even 2t 35000. dince uranium dioxide has a face-centered cubic orystal

Btructure it was expected to be far more isotropio than the metal, under
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Reactor design is 1iable to be limited (11) by this poor thermal
conductivity whioh demands that the fuel rod should be small in cross
section. The trouble with this is that it reduces the number of U238
fissions and in some cases leads to a high resonance tranping of neutronas.

Such factors limit the attainable burn-up vithout recycling.
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end it was found that thess voltages gave sbundances in agresment with

the accepted values. The potontiometer vas gimilarly used to compare ion
currents differing by 100 fold or more. It was found that the corrections
due to non-linearity of the electrameter and recorder were only significant
for peaks of about 1.5 inches or less. Since zll the peaks were conoider-

ably greater than 1.5 inches, no corrections were made,

(B) Uranium Dioxide

This study is related to the experimental fuel rod CR V-e /7
at Chalk River. The rod was placed in the N.R.X. reactor on July 30th,
1957, being one of several CR V-e rods, nominally enriched to 7.95,5 of
the total uranium, having a density (16) of about 9.75 g/cc. Rod 7 was
removed from the reactor on February llth, 1958, haviny been in for 196
days. During thie period the reactor was run at full power and shut off
intermittently, hence eny caloulations involving short half-lives, naking
usae of the log data, would be prohibitive.

Two samples were received, after they had "cooled” considerably,
in early November 1958, One, known as sample 25, consisted of a single
pellet taken from the reorystallized zone of the rod at a radiel position
of 9 o'clock (relative to maximum flux at 12 o'clock)t weighing about
150 mg. The other, asample 26, consisted of three su2ller pellets, cach
about 30 mg, taken from the non-recrystallized zone a£ 12 o'clock. 4
sectional photograph of this rod is showm in Figure 1. From the uranium-
235 gepletion, it has been estimated by R. G. Hart (17) that the burn-up
near sample 25 was 5000 # 230 IMy/D/tonne and neer semple 26 was 7200 *

200 lwWD/tonne.

*Notation tO compare radial positions with direction of core centre.
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(C) Chemical Procedure

All chemioal operations ware performed in a "dry box". Glaoss-
ware, beakers, pipettes and graduated flasks were cleaned with re-
distilled 6-molar nitric acid, after vhich they were repeatedly rinsed
in deionized distilled water to minimize contamination of the fission
products with nétﬁ}ally occurring nuclides,

(a) Treatment of Sample A

One of the pellets of sample 26 was put into a beakor and a
few drops of 6-molaxr redistilled nitric acid wvere added. The beaker
was then placed under an infrared heat lamp both to aid in the dis-
solution, and to evaporate the solution. In about 10 minutes the
uranium and the soluble fission products had.diasolved. ifter a furtler
10 minutes the resultant uranyl nitrate solution had evaporated almost
to dryness, removing the excess nitrio acid. The uranyl nitrate and the
fission products were then token into solution with about 5 ml of deionized
distilled water. A few drops of this yellow solution werc taken in a
fine tipped controlled pipette and were placed on the sesmpls filoment as
described above. The source assembly was put together and the mass
spectrometer evaouated to a pressure of 10"6 nm of mercury. The rotios
of the isotopes 133, 134, 135 and 137 of cesium vere then measured and
recorded as shown in Table I. The solution remaining was transferred %o
& polyethylene bottle to be stored for further possible anclysis, Tho
beaker and pipette were repeatedly rinsed in distilled deionized water,

which was then added to the bottle.
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TABLE VIII

Expected and Heasured Abundances of Cesium in Atoms/g U

Inside (Sample B)

Outside (Sample F)

Isotope leasured Expected Heasured Heasured Expected lieagured
Abundance Abundanca Expected Abundance Abundance vxpected
cald3 3,018 x 1087 1.410 x 10'® 0.214 1.285 x 1078 1.786 x 108 0.718
00i3“ 6.271 x 108 7.336 x 10%° 0.0855 7.715 x 1082 1.121 x 10%8 0.688
cst3? 1.130 x 10Y7  5.128 x 10%7 0.220 5.959 x 1077 5,500 x 107 0.720
coT 2,654 x 1007 1.327 x 1018 0,200 1.196 x 10°®  1.682 x 10'® 0.711

¢¢
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oxide disproportionates at the hot interior, liberating gaseous UO3

vhich then decomposeos at a colder surfase, liberating 02 which then
recycles., It ia difficult to perceive, on thermodynamical grounds,

why UO, should exist at the higher and decompose at the lower of two

3
temperatures.

Although it is hard to understand the role of the non-stoichiometric
oxide, it is well know to mass-spectroscoplsts thaot ursnium oxides
(probably U308) shov conszlderable volatility even at low temperatures.
For example, in the present work, the uranium oxide samples were eva-
porated from a tungsten filament at a temperature estimated to be 700°C,
vhich is well below the temperature expectod inside the rod., Therxefore
the hole in the centre could be accounted for by the volatilization and
reorystallization of come form of uranium oxide from the centre onto
oooler outer surfaces.

A possible explanztion for the lack of movement in the atoichio-
metrio U0, rod is also gilven by mass gpectrometry. Although no studies

2

havae been made of enission from U02

dioxide shov no similor tendencies to volatilize until filament temper-

s thorium dioxide and zirconiua

atures are in excess of about 2200°C. It ic probable that stoichiometric
UO2 would behave in z siniler manner. This explanation, however, muot
be subjected to more experimental confirmation.

(B) Re-cvaluation of the Zffective Copture Cross Sections of Uraniwn-235

Since both 09135 and U236 are formed from neutron irradiation of
U235 according to the relations:
ca'?? < P & ¢t ena 03 . W0 4 g,

it 19 apparent that if the fission product Csl” gvays with the uraniunm
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Cs at positions incide and at the edges of the rods. From the nass

gpectrometric work, only the abundences of the 05137 have bzen reported.
Since these analysas vere perforacd on cemples from various different
regions in rod 7, the rosulis are not strictly coaparable, but in faot,
do show the samo ‘trends.

From Tcoble VIITI it ocan be seen that ut the edge of the rod, all
the cemium imotopes measured arc in quantitios less than oxpecied from
caloulations involving the flux ond fission croos sections. It can alse
be seen that they ore each low by ncarly the same amount. Since the
cdge of the rod was nearly at room temporature, about the meltinz point
of cesium, and the centre of the rod wac ebove fthe boiling point, any
cenium formed in the centre yet not trapped in the lattice would diffuse
tovard the cooler edpe. At a corbaein point e2long the radiuz, vherce the
poturation prassure of the cesiun ves reached, the vapour would condense
onto greins of U02. At pgreater distunces from {the centre, cesium wvould
virtually rcmein vhere 1t vas formed, or would diffuze slowly, toucrd
the adge perhaps depositing on the shoeth.

Timg one cun expucty in a sertuin rodinl zone betwecon the centre
end edse, & lerge excess of casium. I the expocted abundences of the
ceoium isotopes cre calculoted using the velue of 3% obtained from these
cxperimontel data (column 2; Teble X) and using the flux obtzined frea
235 depletion (column 6, Table VII), it is found that at the cdge tho
ratio of the observed number of atoms to the cxpocted number of utons,
increcses fron mbeut 0.7 to 0.9, It therefore cppoars that the cosiun

at the edge pallet has csaentiolly rameinzd where it wos formed, or per-

haps & saall fraotion had moved touvards tho oheathe
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The inside pellet has showm that 09153, 08135 and 0313? have
deplated by a fzotor of about 5, which i ir apgresment with the ideas

134

expressed above; wvhercas the Cs

134

has depleted by a fzctor of about 12,

Since Co has the same chenicel properties aa the other cesiun isotopes,

and since any isotope fractionation effect must be more proncunced in

the heavier or lighter isotopes, it may be ooncluded that no obvious

property of the 081’4 can sccount for itz ecbrormal hehaviour, Jn explo-

nation for thiy effect can be found vhen it is noted that the nain dif-

134

feronce between the forametion of the COs and the fornetion of the other iso-

134 133

topes is that Cs is formed from Cg with the relecas of hign energy

gamma rays, vhereas the others are formed by beta deoay from xenon. Thus

the effect may be attributed to the energy of recoil given to the Csl3u,

134

gince, i this energy wore of no importance, the Cs would heve travelled

in the some mode as its preoursor.

In the general movemen} of Uo2 from the centre of the rod, the
xenon formed by fission, that is trapped in the UO2 lettice, iz clouwly
exposed. .8 e goas, it can travel irn the pores of the UOz. tVhen the xenon
decays to cesium, hovever, a high energy olectron iz relessged, ziving
the cesium 2 recoil energy of a few electron volts. This cnergy, aif-
ferent for each cesiun isotope, is erough to knock the cesiun otca 2
little woy, where it perhaps cmbedo itself in the UO2 surface. Zhernmsl
encrgy will be sufficient to releaso moat of the ecesium in this hot
region, and es a vapour, it diffuses to a cooler zone where it condenses.

134 153

VYthen a Cs atca is formed from a Cs atem that ig trapzed in the

lattice in the hot region of the red, ho-ever, it is given a large recoil
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The rigorous equation for the number of 0913‘{' at the end of the irradiation,
ca*, is

o)

134
Cs, -5 gt _

oF % (o- o'F%(b - o f) [° N -ﬁt] RCE %(a - ) [ - e-&]

(e - = cAIeE F| - o

Equation (3) as it stands is difficult to use since 1t involves multiple
subtracticn of approximately equivalent terms, the difference of which is
the abundance of Csly* « A rigorous expansion allows cancellation of mony
torms. Meking the assumption that ™ ° = 0, the followin expansion of

equation (35) has been obtained.
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