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Nuclear Physics
INTRODUCTION
The atomic nucleus is unbelievably small yet it contains all but the tiniest frac
tion of the mass of every object that surrounds us. To gain some idea of how small,
consider atoms. If it were possible to line them up single file, it would take tens
of millions of them to stretch over one centimetre. If one could expand the diam
eter of one atom until it were the size of a football field, the nucleus would be
represented by a pea at the centre of the field. And yet what wonders a nucleus
contains. We have been studying it for 100 years, yet the deeper we look into it,
the more surprises we find. We do know that it is composed of neutrons and pro
tons,' which taken together are called nucleons. The nucleus can emit very many
things, especially when it is disturbed (see Box A). Because 0• particles, which are
electrons, come out of the nucleus, it was once thought that it must contain elec
trons; but it does not. As someone has said, "Because barks come out of dogs does
not mean that dogs are composed of barks". How do we study the nucleus? No
microscope can see anything so small. There is already a hint in what has been
said above, but if we had to wait to see what came out of the nuclei that nature
gave us, we would know very little about their make-up; yet that is all that sci
entists in the early years of this century could do. Most of what we know has
been learned by perturbing the nucleus, usually by hurling other particles at
it, such as nucleons and combinations of nucleons, and observing what comes
out. This may sound crude, but it is really the only method we have. If the pro
jectile is charged, such as a proton, electron or a particle, the bombarding is
done by machines called particle accelerators, or more commonly, just accelera
tors. If the projectile is uncharged, such as a neutron or a neutrino, other means
are employed.
The nucleus is an important part of all matter. Its study can help us under-ý
stand the origin and behaviour of our universe; it can be used as a laboratory to
study the nature of the fundamental particles themselves. A nucleus can exhibit
a wide range of complex and beautiful phenomena; it can contain anywhere
from one to more than 250 nucleons. It therefore covers the mid-ground be
tween simple systems of one, two or three particles that we can describe with
"simple" single-particle theories, and those with many thousands of particles,

1it

is true that other particles can exist in the nucleus with names such as meson and
hyperon, and they do play a role, but their existence is transitory.
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Radioactive nuclei, both natural and man-made, and stable
nuclei when they are disturbed, can emit radiations, both par
ticle and electromagnetic. Many particles can be emitted by a
nucleus, including other nuclei if it is sufficiently excited; how
ever, common radioactive nuclei emit predominantly
radiations of three types: a particles, 0 particles, and the nu
cleons (I.e., protons and neutrons). a particles are the nuclei
of the helium atom; they have two neutrons and two protons
tightly bound together, but no surrounding electrons. The
particles are electrons, either negatively or positively charged.
In the latter case, they are usually referred to as positrons. But
how can electrons come out of the nucleus when they are not
there? The answer is that the weak force can transform a neu
tron to a proton and an electron, producing at the same time
an exceedingly light (possibly massless) particle called a neu
trino, symbol V.(Actually it is an antineutrino.) The weak force
can also transform a proton to a neutron plus a positive elec
tron and a neutrino, if energy is available from an external
source, such as the rest of the nucleus. In both cases, the elec
tron is referred to as a 0 ray, or as V or.r- if there is a need to
differentiate. Electrons are only referred to as 3 rays whenthey
arise from the action of the weak force.

such as a gas, that can be well described by statistical theories.
The most compelling reason for studying the nucleus is that it
is one of the few ways in which we can study the strong force,
the strongest of the four forces in nature, 2 and the one that
holds nuclei together by overcoming the mutual repulsion of
the positive charges on the protons.
Thermal neutrons 3 have several advantages as projectiles
with which to bombard the nucleus. First of all, they carry no
charge, so they can easily enter the nucleus; the result is a nu
cleus in a narrow range of excited states (see Box B). A charged
particle usually must have considerable energy in order to over
come the electrostatic repulsion between it and the positively
charged nucleus. The result can be either a single nucleus in a
highly excited state, or two nuclei (the target and the projectile)

The electromagnetic radiations are called y rays; they are
the same as the visible light and the X rays that are emitted by
excited atoms, except that they have a higher energy, usually
much higher. Because of their greater energy they have a
shorter wave length than the visible light emitted by atoms,
and they are much more penetrating, even more than X rays.
When a y ray does strike an atom, a high-energy electron is
frequently ejected. As it has a charge, this high-energy elec
tron can ionize other atoms; i.e., separate other electrons from
their parent atoms. These secondary, or free, electrons may
be collected in a detector such as an ionization chamber, a
proportional counter, a Geiger counter, or a germanium de
tector. After the atom has been ionized, it is left in an excited,
state; it frequently deexcites by emitting visible light. If the
material is a scintillator, such as sodium iodide or bismuth
germanate, this light can escape from the material and be
picked up in a photomultiplier. The amount of light, or ioni
zation, depends on the energy of the y ray; the more energy
the more ionization, so the detectors mentioned above can
give us information on the energy.of the yray (the Geiger coun
ter is an exception; it gives no information on the energy, but
only the number of Y rays).

in various stages of excitation. The resulting system is thus con
siderably disrupted and much less well defined. Of course,
negatively charged electrons have no such problem, and they
are indeed used extensively with nuclei to study the weak force,
but they cannot investigate the strong force.
Because the neutron is a useful particle for probing the nu
cleus, we can begin to see how Chalk River became an important
contributor to knowledge in nuclear physics, and in particular

The four forces are, in order of their strength, the strong force, the elec
tromagnetic force, the weak force and gravity.
3

Thermal neutrons are those whose energies are in thermal equilibrium
with the molecules of the reactor moderator.
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A nucleus with a given numbe er of protons and neutrons,
usually referred to as a nuclide e,I can exist in a number of
states. The one of lowest energy y is called the ground state;
all the others have higher eneergy and are called excited
states. Near the ground state th ie excited states are few and

to what physicists call nuclear structure, by which they mean
the way that nucleons are organized inside the nucleus. Re
search reactors in the forties and fifties provided hitherto un
dreamed-of numbers of neutrons, and hence were at the fore
front of many branches of science, nuclear physics being one of
them. Any of the small number of laboratories then fortunate
enough to have such a facility could enjoy a free run into essen
tially untouched, seemingly limitless fields of ground-breaking
research in nuclear physics. Chalk River, with its high-flux re
actors, NRX and NRU, and strong research policies combining
fundamental and applied science, was well positioned to take a
commanding lead in those early years. This favourable position
ultimately declined as more laboratories entered the field with
research reactors surpassing NRU, and so, with the passage of
time, the unique opportunities in reactor-based nuclear physics
at Chalk River diminished. In contrast, as we shall see later, the
accelerator-based nuclear physics, though subject to the same
obsolescence of equipment, moved from strength to strength
and remains competitive to this day. In 1958, the small, vertical
electrostatic accelerator of the type often called a Van de Graaff
accelerator was replaced by the world's first tandem accelerator;
it was subsequently replaced in 1967 with the new and larger
Emperor, or MP tandem, and more recently, with the addition
of a superconducting cyclotron, the present powerful Tandem
Accelerator SuperConducting Cyclotron (TASCC) facility was
created (see figure 8.1).
Nor was this preeminence in equipment restricted to large
facilities such as reactors and accelerators. In the early days,
Chalk River was unusually well endowed with excellent re
sources in electronics - not simply the best low-noise fast

usually well separated, but at higher and higher energies
the states become very numerous, closer together, broaden,
and eventually, overlap.
'Footnote 4.

amplifiers, kicksorters (pulse height analyzers), discriminators
and coincidence circuits (most of them designed and built in
house), but with technologists who could rapidly design and
build custom electronic systems. In the sixties, the necessity
of providing one's own electronics became less necessary, but
by then the first small transistorized digital computers were
coming on the market, and Chalk River had the knowledge
necessary to use them for data acquisition. In addition, the
laboratory had outstanding expertise in detectors. We shall
learn later of some of these activities, but for now will mention
an application having nothing to do with reactors or accelera
tors: the measurement of the half-life of the muon. A small
building at Chalk River was outfitted with a large cosmic-ray
telescope and (for those days) some very fast and complex elec
tronics. The result was the first accurate measurement of the
lifetime of the muon (see Box G), at that time a mysterious new
particle. Today its accurately known lifetime, 2.19703 ± 0.00004
microseconds, is in good agreement with Chalk River's 1951
value of 2.22 ± 0.02.
NUCLEAR PHYSICS AT THE REACTORS
Neutron Capture Gamma Rays
We have already seen that the neutron should be a useful probe
of the nucleus, and so it was with the study of the y'rays from
neutron capture; that is, those that are emitted promptly upon
the absorption of a neutron. For nuclear physics, the ability to
resolve and determine the precise energies, intensities and other
basic properties of individual y rays was a high priority.
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According to the Shorter Oxford Dictionary, the word
"spectrometer" was first used in 1874 and was at the time ap
plied to an instrument used to measure the index of refraction
of a material. However, the word was soon applied to instru
ments separating light into various colours and measuring
their intensities. The colour of light is determined by the wave
length. When in the twentieth centuryit became known that
the wavelength and the energy were simply related, the word
spectrometer came to mean any instrument that separated and
measured a range of entities, that is, a spectrum, into its com
ponents. In nuclear physics, the component is usually the en
ergy, the momentum or the mass. Thus a y spectrometer usu
ally separates and measures the energies and intensities in a
spectrum of y rays, a 0 spectrometer the momentum of -rays,
and a mass spectrometer the mass of particles.

One of the first programs in nuclear physics at the startup of
NRX in 1947 investigated the prompt y rays arising from the
capture of a thermal neutron. The record-breaking neutron
flux of NRX enabled Chalk River scientists to make the first
high-resolution measurements of these y rays. The first pub
lished Chalk River measurements on an important fundamental
physical property - the energy released when a neutron and a
proton are bound together to form a deuteron - attracted world
wide attention; it resolved a discrepancy in the results of other
laboratories that were pursuing the same problem using older
methods.
For several years after NRX startup, the high flux of the reac
tor, combined with the excellent resolution and precision of a
new type of spectrometer (called a pair spectrometer (see Box C),
resulted in an abundance of measurements that were un
matched at the time. They earned the scientific team a reputa
tion for excellence, and added significantly to the prestige of the
whole laboratory. To cope with the flood of data generated by a
reactor running day and night, the team installed one of the
earliest fully automated control and data-recording systems for

Spectrometers come in many types and sizes: they may be
as small as a germanium crystal weighing less than a few grams,
to measure the spectrum of charged particles, such as a parti
cles, or be several stories high, weighing hundreds of tons, as
at a high-energy accelerator such as at CERN or Fermilab, to
measure the masses and energies of very high-energy parti
cles. Spectrometers may make use of single or multiple elec
tric or magnetic fields, of refraction or diffraction. A pair
spectrometer measures the momenta of both the electron and
the positron created when a high-energy y ray is annihilated.
Unlike other particle spectrometers, which strive for uniform
fields, a lens spectrometer (see for example figure 8.2,4) ex
ploits the properties of a highly non-uniform field.
See Box H for further information on a particular type of
spectrometer.

a spectrometer in such an environment. Among contributions

to physics gleaned from these early measurements were: 1) de
tails of y emission and the densities of states in nuclei through
out the periodic table of the elements, 2) the first elucidation of
the energy dependence of the intensities of y rays of a specific
electromagnetic type emitted from highly excited nuclei, and 3)
the first demonstration of simple high-energy spectra implying
unexpectedly simple structures in certain heavy elements, a re
sult that lent strong support to the then-emerging nuclear shell
model (see Box D).
Subsequently, at both NRX and NRU reactors, an improved
pair spectrometer (figure 8.3,2), a novel high-resolution diffrac
tion spectrometer, and later (1964) the first large lithium drifted
germanium detector (both of the latter two devices being first
developed at Chalk River) were employed to extend the capture
"y-ray studies. Included were a few special measurements from
which could be extracted certain otherwise inaccessible but
necessary cross-sections for thermal-neutron capture.
By 1959, through the use of ever more diverse techniques,
and neutrons with energies well above the average of the thermal
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In the late forties a new nuclear model appeared, called the
shell model, in analogy with the very successful atomic shell
model. Previously the only models available were the liquid
drop model, which assumed that the nucleus was simply a
fluid drop, and the statistical model, which assumed that the
nucleus was a kind of soup of neutrons and protons. Since
we know that the nucleus contains a relatively small number
of nucleons, such models are clearly inadequate for many
purposes. Just as for the electrons in the atomic shell model,
the nuclear shell model supposes that the nucleons are ar
ranged in a series of shells, and again as for atoms, these shells
were named s, p, d, f, h, i, etc. The nuclear shell model is,
however, a good deal more complicated than its atomic pred
ecessor, because in the case of the atom, the electrons in the
shell move under the influence of a potential created by an
external body, the nucleus. In the nucleus, the nucleons move
in a potential that they themselves create. The situation is
further complicated by the fact that the nucleus contains two
types of particles - neutrons and protons - and, except in

the lightest nuclei, in unequal numbers. Thus the protons
may be filling one shell, such as the s shell, while the neu
trons are filling the'd shell, giving rise to nomenclature such
as s-d shell nuclei. This makes the calculations considerably
more difficult.

spectrum, many other detailed nuclear properties were deter
mined. Some of the new techniques involved collaboration with
other laboratories, such as the Brookhaven National Laboratory
in the United States, which designed and built equipment to be
installed at NRU. The combined data obtained from these stud
ies remain today at the core of empirical codes for shielding de
sign and assessment for both fission and fusion reactors, while
the formalism established to account for the results has been
adopted into modern theories of y-ray intensity distributions.
In a collaboration unusual at the height of the cold war in the
sixties, Chalk River scientists and a team from the Kurchatov

LIA
When a shell is filled, or closed (i.e., it contains all the par
ticles that it is allowed to), the resulting nuclei are more sta
ble than their neighbours, just as with atoms for which the
closed shell atoms are the rare gases. The nucleons in this case
are tightly bound together, so that the formation of these nu
clei releases more energy (or requires less) than the formation
of their neighbours; they are also spherical and resist defor
mation. Such nuclei are often called magic; if both the neu
tron and proton shells are closed, they are called doubly magic.
In the fifties, a somewhat different nuclear model ap
peared, the collective model. The shell model is an independ
ent particle model, but in the collective model, all the nu
cleons behave as a group. Two such group modes are
vibrational and rotational. The latter has turned out to be
very important in nuclei. Any non-spherical nucleus may
exhibit rotational properties, and these give rise to a par
ticularly regular y-ray spectrum, the rotational spectrum.
Determination of these rotations has turned out to be a most
fruitful way of studying nuclei.
Subsequently, the nuclear shell model and the collective
model were united to create the unified model. It is the best
we have today, and it is very good. For example, it accounts
for the fact that many nuclei, if not most, are not spherical
but are spheroidal, or even ellipsoidal.

Institute in Moscow, which had employed a different method to
measure capture y rays, produced a comprehensive joint com
pendium of all thermal neutron capture data then available, the
majority being provided by their own laboratories. This compi
lation was the definitive repository of information on y rays
from thermal-neutron capture for many years.
In recent times, the worldwide use of the unique, element
specific signatures provided by prompt 'yrays listed in the
above compilations and in a more extensive recent tabulation
published by Chalk River have grown rapidly. Because these
radiations are emitted promptly on capture of the neutron, and
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because of their relatively high energy, they have certain advan
tages over the delayed, lower energy yrays detected in thermal
neutron activation analysis. A disadvantage is that they require
an on-the-spot neutron source of high intensity. As a result,
they have found use in restricted but diverse applications, such
as on-line monitoring of process streams, determination of sul
phur in coal and oil, analysis of biological and environmental
materials, prospecting, and determination of nitrogenous explo
sives in luggage.
Early Beta and Gamma Spectroscopy
It was realized that a new high-flux reactor (such as NRX)
would provide an abundance of new radioactivities not previ
ously available. L.G. Elliott and colleagues began construction
of a magnetic lens j3-ray spectrometer (see Box C) at'the Mon
treal Laboratories in 1944. It was to be used for the study of 0
and y activity of " 33Pa, and of the y rays of fission products,
especially 14°La. By June 1946, two lens spectrometers had been
placed end-to-end for coincidence studies at Montreal, and a
high-transmission spectrometer had been built for shipment to
Chalk River. At that time the only accurate way to determine
Y-ray energies was to measure the energy of conversion elec
trons and make the necessary simple corrections.
By the end of 1947 a large magnetic spectrometer had been
set up and aligned at the south thermal column of NRX, and

Since the early days of nuclear physics, a standard nomencla
ture has been used to specify the reaction taking place, viz.
X(x,y)Y. X is always the target nucleus, and x the projectile,
which may or may not be a nucleus. The products of the reac
tion are y and Y.By convention, Y is the heavy product, and y
one or more light products. For example, in the reaction given
below, "Cd(n,)"VCd, neutrons bombard the isotope "'Cdto
produce a y ray and " 4Cd. If multiple light products are pro-

studies of "Cd(n,7) " 4 Cd (see Box E) were in progress. A variety
of experiments followed. Of particular interest was the first ob
servation of Doppler-shift broadening and its use in determin
ing short nuclear lifetimes. The external conversion line of the
479 keV y ray emitted following the reaction l°B(na)7 Li showed
Doppler broadening (from a recoil) and analysis of the shape
showed that the mean lifetime of the "Li excited state is less than

3xl103 seconds.
By 1950 there were three 3-spectrometer installations.
J.M. Robson had one at the NRX reactor for determining the
lifetime of the neutron (see figure 8.2,4). It is energetically
possible for a neutron to decay to a proton, and evidence for
this had been obtained at the Oak Ridge National Laboratory
in the United States. In an ingenious experiment, Robson
was able to measure the spectrum of P rays in coincidence
with the proton, and to show that it had the expected shape
and end point. His careful measurements led to publication,
in 1951, of the first accurate half-life of the neutron,
12.8 ± 2.5 min. Subsequently, Robson attempted an even
more daring experiment. Beta decay of a nucleus is mediated
by the weak interaction; the neutron is the simplest system
that undergoes decay and is therefore well suited to calcu
lation. The probability of the 53 particle and the V being emit
ted with a given angle depends on the fundamental nature
of the weak interaction. Robson attempted to measure the
probability distribution of the angle between the proton and

P3

duced,-y will be written as 2p, nta, 2n2p, etc., with no comma
between the light products. A slight exception occurs in the
case of fission, in which, for example, the symbol "'U(d,pf)
means that'a deuteron (d) gives up its neutron (ni) to form the
nucleus IU, which subsequently undergoes fission to produce
a very wide range of product nuclei(the fission products). The
proton (p) continues largely unscathed, except for a change in
direction, and is frequently referred to as a spectator.

Physics

the electron, from which the correlation of the 0 and the V
can be deduced. This extremely difficult experiment met
with only limited success.
A second spectrometer with a double-lens was set up at
Chalk River. This spectrometer had considerably sharper reso
lution than the earlier arrangements. It was used for studies of
many P3 spectra, including '98Au, '70Tm, and 'Hf. The third
setup was an end-to-end pair of lens spectrometers in the
NRX annex. The members of the pair could be operated inde
pendently, so that P3 rays from a source at the centre could be
measured in one spectrometer, and coincident conversion elec
trons in the other, an arrangement that proved most useful in
the development of the fast-slow coincidence technique to be
described later.
By 1950, scintillation counters began to be used in 0 and y
studies; they comprised small anthracene crystals for speed,
and larger crystals of sodium iodide doped with thallium,
NaI(TI), for high efficiency. While the energy resolution of
NaI(Tl) detectors was modest (e.g., 5 percent at 1 MeV), they
proved useful in many y-ray studies and in particular coinci
dence experiments used to determine a sequence of y rays.
One experiment was the spin-parity sequence of energy lev
els in the doubly magic 208Pb nucleus (see Box D) thought to
be 0+(ground), 2+, 4+ ... as in other even-even nuclei. When

the angular distribution between the y rays from the two low
est states was measured, the spin-parity sequence proved to be
0+, 3-, 5-, an exception to the general rule.
Another interesting technique was the development of very
high gain proportional counters, initially for the purpose of
detecting the 2.8 keV X rays from the decay of 37Ar. The mo

tivation was an experiment proposed by Pontecorvo to de
tect neutrinos, which would produce "Ar from "Cl in a large
tank of carbon tetrachloride. The experiment was never car
ried out, but the counters were used to measure the P spec
trum of tritium (see Box A). The analysis of the shape of the
spectrum near its 18.6 keV endpoint showed that the mass of
the light neutrino was less than 500 eV, an upper limit that
was not reduced for many years. The most recent limit (1991)
is 7.3 eV.
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Fission
In the late forties, knowledge of the fission process was meagre.
The theory of fission, based on the liquid drop model of heavy
nuclei, was able to predict neutron-induced fission threshold
energies and the total energy release, but not much more. It was
therefore appropriate that the fundamental physical process on
which all fission reactors was based should be studied at Chalk
River.
Soon after the initial operation of the NRX reactor in 1947,
the energies of both fragments were measured in coincidence in
a double ionization chamber. From such measurements the
prompt' mass yield, was measured and compared with the final
mass yield, as previously determined at the Montreal Labora
tory and in the United States by chemical means. About the
same time, a series of experiments was begun to determine the
properties of the prompt fission neutrons. Although it is these
neutrons that make a sustained chain reaction possible, very
little was known about their origin and properties. The first
experiment used a beam of thermal neutrons from one of the
two graphite thermal columns, a gridded ionization chamber, to
239
235
register the fragment energy in fission of 23U, U, and Pu,
and a high-pressure methane proportional counter for detecting
the fast neutrons.
The results verified that most of the neutrons are emitted
from the full-velocity fragments. Moreover, it was found that
about 30 percent more neutrons came from the light frag
ment than from the heavy. It was well known then that fis
sion by thermal neutrons is asymmetrical in the mass yield,
the most probable mass numbers in 23'U(n,f) being 94 and
140. It was clear from the energetics of the process that the
neutrons must come from a higher average excitation energy

4

The prompt masses are those existing immediately after the fragments
separate, but before the prompt neutrons are emitted. Although an
average of 2.5 neutrons is emitted in the fission of uranium, any
number between 0 and about 5 may be emitted, with each emitted neu
tron lowering the fragment mass by one unit. The resulting mass after
neutron emission is the final mass.
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in the light than in the heavy fragment. The answer to why
the excitation energies should be so different in the light and
heavy fragments would only emerge years later, with the de
velopment of the shell model of nuclear structure (see Box
D).
In 1951, a second series of experiments was begun to learn
more about neutron emission from the fission fragments. In the
first of the more detailed experiments, the single ion chamber
used earlier was replaced with a back-to-back chamber similar
to the one mentioned above, which could measure the energies
of both fission fragments simultaneously. Two neutron detectors
were used, one on each side of the ion chamber. The fragment
energies were recorded on two slowly moving, synchronized
strip-chart recorders. The amplitude of the stroke on the chart
was a measure of the fragment energy; the detection of a neu
tron in the same direction as the fragment was noted by a tick
on the side of the chart. Needless to say, the total number of
events analyzed by this state-of-the-art, two-dimensional
analyzer was limited by the courage and stamina of the reader.
Simple relations between the energies and momenta of the
fragments allowed the calculation of the masses in each event.
The neutron yield could now be correlated with the mass of
the fragment moving in the direction of a particular neutron
counter.
A surprising result of this experiment was that the lightest
fragments in both the light and heavy groups emitted very few
neutrons, but near the symmetric mass region, the light frag
ment emitted many more neutrons than the paired heavy frag
ment, although the latter was only very slightly heavier. This
sawtooth variation of the number of neutrons with the fragment
mass, initially believed impossible by many, has since been cor
roborated for every case investigated, including spontaneous,
thermal-neutron and proton-induced fission.
In the mid-fifties, the velocities of paired fission fragments
were measured by time of flight, and an improved mass reso
lution of 2.5 to 3.0 mass units was obtained. The data record
ing was automated to the extent then possible - coded pulse
heights recorded on punched paper tape, subsequently trans
ferred to punched cards for reading by the Datatron, a vacuum

tube electronic computer with a 4,000-word memory (8 kilo
bytes in modern terminology). The experiment yielded the
average total kinetic energy in the spontaneous fission of 2 2 Cf.
The energies of the prompt y rays were also measured and
showed a negative correlation with the total kinetic energy of
the fragments, as expected.
With the advent of the NRU reactor in 1958, the time-of
flight measurements (figure 8.2,5) were extended to the ther
mal-neutron fission of 2 33U, 2U, and 239Pu, and with improved
fragment detectors, the mass resolution was reduced to 2.0
units. With this high-resolution fine structure was seen in the
prompt mass yields. It is most pronounced at high total kinetic
energies, where the fragments have little excitation energy, and
most noticeable in the fission of 235U and 2 39Pu. Another feature
clearly shown was the large drop in total kinetic energy when
the masses are nearly equal. This drop is now believed to result
from an increased deformability of the light fragment near the
symmetric mass region and is related to the sawtooth variation
of neutron emission discussed earlier. Near the closed shells,
such as at N=50, 82 and Z=50 (N and Z are the number of neu
trons and protons), the fragments are rigid, whereas those far
from closed shells, such as those at masses 110 and 160, are
softer (see Box D).
In the mid-sixties, attention was directed to charged particle
induced fission, taking advantage of the newly installed MP
Tandem Accelerator, and of solid-state detectors for measur
ing particle energies. The fissioning nuclei studied were 23U
and 24°Pu. Whereas these nuclei had been studied earlier in
neutron capture-induced fission, in the new experiments they
were produced by the reactions 235U(d,pf) (see Box E) and
239Pu(d,pf).
Particular attention was paid to the excitation en
ergy range in the product nuclei from 5 MeV to 10 MeV, a
range that brackets the excitation energy produced in neutron
MU and 23 9pu.
capture in 23
To characterize the transition state (fission saddle-point
states), the angular distribution of the fragments with respect
to the classical recoil axis was measured. In both cases studied,
a large anisotropy was observed at excitation energies near the
fission threshold. These results were interpreted in terms of the
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angular momentum quantum numbers of the transition states
populated in the (d,pf) reaction.
The (d,pf) work was subsequently extended to lower excita-'
tion energies with a resolution of 100 keV in •'Pu(d,pf). In a tour
de force requiring continuous data taking for over 300 hours, a
resolved level structure was found at excitation energies between
4.8 and 5.2 MeV in "Pu. The fragment angular distributions for
all seven observed levels were found to be the same.
In the fifties and sixties, Chalk River was a leading institu
tion in the field of fission physics, the NRX and NRU reactors
providing exceptional facilities in the field. By the late sixties,
it became clear that further fruitful research in the fission proc
ess with thermal neutrons was unlikely. On the other hand, it
was becoming clear that, for example, the fission transition state
properties could be approached through heavy ion collisions of
a variety of projectiles and targets.

the detectors at 900 to each other and shielded from each
other. The branching ratio dropped dramatically to less than
104 after an overnight run. We then returned the detectors to
the 1800 position and placed leadplates in front of each one.
This latter measurement confirmed our suspicions. It was not
two-photon decay with both y rays coming from the target,
but a single yray from the target that scattered out of one de
tector into the other, leaving some energy in both detectors.
During the third week, we wrote up a note for Physical Re
view Letters. The fourth week we rested. Needless to say get
ting the note into print took much longer - over three months.
We continued, in a more mundane way, to improve the
sensitivity and statistics of the measurement. We finally got
the branching ratio limit down to less than 5x104 , which was
still a factor of 20 above the more conventional theoretical pre
dictions. We also looked for but failed to find doubly radiative

neutron capture in

2H

and 160.1

Two-photon decay

NUCLEAR PHYSICS AT THE ACCELERATORS

In the late winter of 1974, a preprint was brought from the
Institute Laue-Langevin (ILL) in Grenoble, reporting the obser
vation of coincident y'rays adding up to 2.22 MeV (in addition
to the well-known single yTray of that energy) following the cap
ture of neutrons by a water target. The branching ratio for this
two-photon branch, compared to the single-photon branch,
was reported to be much larger than any theoretical prediction.
This was the beginning of a most exciting period for at least
four physicists at Chalk River. The experiment was quite easy
to set up. It took about a week to get the beam line ready and
the electronics working. To quote one of the experimenters:

The Chalk River Electrostatic Accelerators

We took data for about a week. Every physicist at Chalk River
knew what we were doing during that week. It took about
twelve hours to do a measurement so each day we would set up
some configuration, run it overnight, see the results on the
analyzer when we came in the next morning, discuss the result
during the day and, in particular, at lunch with everyone else,
reconfigure the equipment and run again overnight.
In the first measurement with the detectors opposite each
other, we saw the same high branching ratio. Then we placed

The superconducting cyclotron is but the latest of a series of
accelerators at Chalk River. The first, the Van de Graaff (1952-60)
(figure 8.1,1), was a."home-made" vertical machine with a
maximum voltage of 3 million volts (MV) on a terminal at the
top. It could accelerate several light ions, 6 but was mainly used
with protons and 3He. It was superseded by an EN tandem Van
de Graaff (1958-67) (figure 8.1,3,4,5) made by High Voltage Engi
neering Corporation. Originally, the central terminal was rated at
a voltage of 5 MV, but later it and the approximately sixty subse
quent ENs ran successfully at 7 MV. The Chalk River EN was
the first tandem in the world and could accelerate useful beams
5 E.D. Earle, private communication.
6 An Ion is an atom with a non-zero net electric charge. The terms "light
ion" and "heavy ion" are not precisely defined in common usage. Here
we will consider an ion of helium or lighter as "light", and carbon or
heavier as "heavy". This leaves ions of lithium and boron as neither
light nor heavy.
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FIGURE 8. I
ELECTROSTATIC ACCELERATORS AT CRL

1. The vertical 3 MV Van de Graaff wasfirst in the series
of CRLfs electrostatic accelerators, and its first "high"
energy accelerator. It is shown with its gas-holding
tank removed being inspected before.operation by
Nuclear Physics Branch staff.
2. Physicists discuss results in the "control room" of
the 3 MV machine.
3. The arrival of the pressure vessel for the world's first
tandem accelerator, HVEC's 5 MV EN Van de Graaff
arrives at CRL and is greeted with great interest by
Nuclear Physics Branch staff.

2

:

i

1

-3

Physics 147

4. AECL commissioning staff at the EN tandem
with the 900 analyzing magnet in the fore
ground and the switching magnet with its 3
alternative beam lines on the left.
5. The EN tandem control room shortly after
startup.
5

6. The MP tandem Accelerator.

4

6
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of heavy ions (e.g., carbon and oxygen). This technical devel
opment caused a revolution in nuclear physics, especially when
coupled to the further development of silicon crystal heavy-ion
counters, germanium crystal y-ray counters, and transistorized
multichannel analyzers. These devices were all built at Chalk
River, which for a time held a lead in this area of nuclear phys
ics. The EN tandem was in turn replaced by the present MP
tandem with 10 MV on the central terminal. Modifications in
1972 upgraded the MP tandem (figure 8.1,6) to 13 MV, and
subsequently in 1986 to 15 MV. Planning for a superconduct
ing cyclotron energy booster was begun in 1972. Plans called
for designing and building the first superconducting cyclotron
in the world. Its installation occurred in two phases: a proof of
principle stage completed in 1987, and the total facility stage
(TASCC), fully commissioned in 1991.
Light Particle Reactions
In 1948 there was a 150 kV Cockcroft-Walton accelerator avail
able, capable of accelerating deuterons. It had been built a short
time before for research on very light nuclei, but was proving
insufficient, and a larger accelerator of 250 kV was being built.
It was known that when deuterons bombarded tritium, there
was a prolific production of energetic (14 MeV) neutrons. The
plan was to bombard various elements with these fast neutrons
and look for the resulting radioactivities. At that time there was
in existence a fairly good, semi-quantitative treatment of nu
clear reactions, called the statistical model (see Box D). Accord
ing to it, one would expect an energetic neutron to be captured
on collision and then share its energy with all the protons and
neutrons of that nucleus. Then, much later on a nuclear time
scale, a proton, or one or two neutrons, would by chance gain
enough energy to escape. For the inelastic reactions, the expected
yields were (n,2n), (n,p), and (n,a) (see Box E), in that order.
The theory here was quite clear: the last two reactions on this
list would become increasingly rare to the point of extinction,
as the target nucleus became heavier. The proposal was to look
for these reactions in some of the convenient light nuclei. Where
the reaction product was known, the reaction cross-section

could be quantitatively measured from the radioactivity of the
product. Adequately accurate measurements were possible
with solid samples, without chemical separation, thanks to the
careful calibration of fr-counting efficiencies that had been
made by the chemists. The necessary tritium targets for the
150 kV accelerator were also prepared by them.
In fact, everything was ready: accelerator, targets, counting
equipment, supplies, and theory. The accelerator was, however,
rather primitive, and the counting equipment was crude by the
standards of even a few years later. The laboratory was a great,
empty, draughty barn of a building. Nevertheless, the experi
ments went well. The first results, on the lightest elements, were
pretty much as expected, and for the heavier nuclei, the (n,2n)
results continued broadly to follow the expected trends. How
ever, reactions giving charged particles, protons and alpha
particles began to show astonishingly large probabilities. The
mere fact that they were observable at all ran strongly against
the statistical theory.
At this point, some of the theorists became interested. To
them it was quite clear that we were seeing a predicted, but
hitherto unseen reaction: direct interaction in which an ener
getic particle comes in so swiftly that it bumps out one of the
particles in theltarget nucleus, while the others act merely as
spectators. Such a reaction, in a heavy target, when charged par
ticles are to be emitted, is orders of magnitude more probable than
the statistical heating-up kind of reaction described by the ear
lier theory. This, then, was a new phenomenon and the first ex
perimental confirmation of the predictions of a model based on
the independent existence of separate particles in nuclear matter.
These and other direct interactions arising from proton,
deuteron and alpha bombardment, including the excitation of
nuclear rotations and vibrations, were soon seen in other
laboratories. The theory was worked out in detail,-so that the
nuclear structure and reaction mechanisms were well under
stood. Some years later, others became interested in this work,
and several examples of rotational excitation by means of
14 MeV neutrons were studied. The cross-sections were found
to be in satisfactory agreement with the predictions based on
the y decay of these states.
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Although the production of 14 MeV neutrons from the deu
terium on tritium (DT) reaction continues to be of interest in
many other fields, its use for the study of nuclear structure and
reactions was limited. Even with the best advances in technol
ogy and computing, it finally proved to be just too difficult to
get further useful information. One other measurement was
made, nonetheless: a precise determination of the fast-fission
cross-section of uranium. By 1968, 14 MeV neutrons had run
their course as a principal research tool in nuclear physics, and
the 250 kV Cockcroft-Walton accelerator was shut down.
Nuclear Molecules
The arrival of the world's first tandem accelerator at Chalk River
in 1957 presented the nuclear physicists with the opportunity
of studying nuclear reactions with heavy ions in detail never
possible before. The EN tandem accelerator (figure 8.1,4) first
accelerates negative ions to a 5-million volt positive electrode,
where several electrons are removed from the fast-moving ion.
Afterwards, the now multiply charged positive ion again ac
quires energy by further acceleration to ground potential. For
example, a beam of carbon atoms with 20 MeV can readily be
produced in microampere ion quantities.
Such strong beams of carbon ions made possible new types of
experiments, often with completely unexpected results. For ex
ample, in the bombardment of carbon by carbon, it was found
that the reaction yield varied with ion energy in such a way as to
suggest that the two carbon nuclei did not immediately fuse, but
formed a transient nuclear molecule. This discovery created much
interest and was later shown to be present in other cases, with
indications that, in addition to shell structure and rotational be
haviour like spheroidal liquid drops, nuclei could show strong
cluster structure, making them sometimes appear like molecules.
This discovery would have been very difficult to make with
out the development of the tandem accelerator and silicon
heavy ion counters. The studies also had indirect implications
for the creation of the new field of accelerator mass spec
trometry in 1977, because of the discovery that some negative
atomic ions could not be formed for subsequent tandem

acceleration. Attempts were made in the early sixties to accel
erate negative nitrogen ions to study their nuclear reactions.
This was found to be impossible and negative nitrogen hydride
ions had to be used instead. It is now known that there is no
stable negative nitrogen ion.
In the early sixties, it was realized that this could be used to
separate "4C and "4N for radiocarbon dating, but it was techni
cally not possible until the development of powerful new ion
sources with special properties some fifteen years later. In the
meantime, one of the first experiments in the new subject was
done identifying boron negative ions by accelerating them in
the tandem accelerator (figure 8.1,4) and subsequently strip
ping all five electrons off the boron, prior to counting the ions
after magnetic analysis. Radiocarbon dating by accelerator mass
spectrometry, with applications in archaeology, storage site se
lection for nuclear waste, oceanography, climatology, and many
other disciplines, grew out of these early experiments, illustrat
ing once again the unexpected applications from basic research.
Nuclear Spins from Angular Distributions
We have seen (in Box B) that nuclei can be excited into an enor
mous variety of states. Each state has a different set of quantum
numbers, one of which is the spin (a measure of the angular
momentum). One method for an excited nucleus to shed excess
energy is by the emission of y rays. It was predicted, and soon
found, that the number of Tyrays detected following nuclear re
actions varied with the angle between the direction of the yrays
and the direction of the particles (see figure 8.2 for instruments
developed to measure these angular correlations) such as pro
tons or alpha particles initiating the nuclear reaction. These are
the so-called angular distributions of nuclear radiations, and in
the fifties the laboratories at Chalk River became well known for
pioneering work in this field. The shape of the angular distri
bution is determined by the spins (and parities7 ) of the initial
SParity in physics is a purely quantum mechanical concept. It refers to
the symmetry properties of the wave function under the action of re
flection in a mirror, and may be positive or negative.
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and final states of the emitting nucleus. Today there is a wealth
of information on the excited states of nuclei, much of it stem
ming from the early work at Chalk River.
The theory of 'y-ray angular distributions is quite compli
cated and in the sixties experimental nuclear physicists had
difficulty with it, because of the knowledge of quantum
mechanics it required. Fortunately, Chalk River had recently
hiied several young, enthusiastic theoretical physicists who
collaborated with the experimental physicists to revolutionize
the subject. The theorists educated the experimentalists in the
intricacies of angular distribution theory.
During the mid-fifties, J-ray angular distributions and more
complicated correlations were exploited to measure the spins
and other properties of nuclear states in an ever-more sophisti
cated fashion. Eventually, two special simplified geometrical
arrangements, which became widely known as the Litherland
geometries I and II,8 became standard. A theoretical paper was
published on this subject and led to multitudinous measure
ments of nuclear spins around the world. Such measurements
were essential precursors to the discovery of collective motion
in light nuclei (discussed later) and to, for example, the meas
urements that showed that the neon observed in stars must be
made at much higher temperatures than previously supposed.
This successful fusion of experiment and theory would have
been of much lesser importance if, simultaneously at Chalk
River, imaginative work in electronics had not also been in
progress; multichannel analyzers enabled the complicated Y-ray
spectra to be unravelled quickly and the presence of nearby
computers, primitive by today's standards, made the rapid
analysis of the data possible.
Collective Motion in Light Nuclei
In contrast to heavy nuclei, where the liquid drop model
reigned supreme in its increasingly successful description of the
collective motion, the nuclear shell model (see Box D), was ap
plied with some success to the lighter nuclei, especially those
lighter than oxygen. These two views of nuclear structure were
first thought to be mutually exclusive, but with the help of

some of the work with the Van de Graaff, it was shown that the
two views were complementary.
The work on collective motion of nucleons in light nuclei
started in 1954 with the decision to study "Mg(p,W 25Al, because
it was expected to show a simple y-ray spectrum suitable for
analyzing with one of the all-vacuum-tube, thirty-channel
analyzers built by Moody at Chalk River in the late forties. The
angular distributions were also expected to be easier to analyze.
In fact, the situation proved to be complicated and the Y-ray
decay scheme and angular distributions were only obtained af
ter much work. The data were not understood at first, and sev
eral abortive attempts to explain it on the basis of the shell
model bogged down in impossible complications. Finally, on the
way by train to the Washington meeting of the American Physi
cal Society in 1955, to present a paper on the subject, one of the
group, while reading Bohr and Mottleson's papers on rotational
bands in heavy nuclei, realized that the data for 25Al could all
be explained by assuming that three rotational bands were
present in the low quantum states of 2'Al.
This discovery was followed by a lot of exciting activity, as
it was possible to predict the existence and properties of other
quantum states in 25AI. For example, the third member of the
ground state rotational band was predicted to be a resonance in
the nuclear reaction with an angular momentum of four units
of h (Planck's Constant). This is a high angular momentum for a
1.2 MeV proton and explains why this quantum state had not
been seen previously. It was found after a short search, its en
ergy and other properties having been predicted.
Several years of work on 2'AI followed this discovery, and
during the work one of the team had the good fortune to visit
Bohr, Mottleson and Nilsson in Copenhagen, who explained the
latest calculations of Nilsson on the shell model calculations of
the quantum states in a spheroidal potential. On his way back
to Chalk River in the fall of 1955, this emissary, armed with the
galley proofs of Nilsson's paper, complete with corrections in
Danish, was able to predict the results of other experiments that

Named after A.B. Litherland.
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were later carried out. 25Al is still one of the classic examples of
a light nucleus that clearly demonstrates the relevance of the
collective model in light nuclei.
The discovery of strong Coulomb excitation (i.e., excitation
by'the transient electric field of a passing heavy ion), led to the
suggestion that heavy nuclei, such as tungsten and tantalum,
had large electric quadrupole moments and so were football
shaped. Such nuclei could show rotational bands of states (see
Box D) associated with the collective motion of the nucleons in
the nucleus. This motion was not the rigid rotation of nucleus
originally envisaged by Rutherford, but a new type of collective
flow of the nucleons suggested by Bohr and Mottleson, which
is closer to the motions of the atoms in a liquid drop.
Coulomb excitation was studied with the EN tandem at
Chalk River, after its discovery elsewhere, and the topic of col
lective motion of the nucleus was actively pursued by research
ers using the ion beams from the tandem and using radioactive
nuclei prepared by reactor irradiations as sources in f3-ray
spectrometers.
The Nuclei in the s-d Shell
The Chalk River nuclear physics group has made very impor
tant contributions to the understanding of nuclei of the s-d
shell (Box D); i.e., nuclei from 160 to 'Ca. The s-d shell nuclei pro
vided crucial data for the development of nuclear-shell-model
theory. Here the sophisticated calculations were manageable

When a nucleus spins in a magnetic field, the direction of the
axis about which it is spinning can only assume certain
each orientation has a different
directions,
(quantized)
energy, the size
of which and
is larger the larger the magnetic field.
A y ray emitted by such a spinning nucleus will have Its en
ergy modified by the energy associated with the orientation.
This modification, called hyperfine splitting, will be very small

and realistic, even with many-body systems of considerable
complexity. Strong collaboration with Canadian university sci
entists developed and continues to the present time. About
1970, a very important collaboration resulted in a systematic
study of the 'y-ray transition rates and a-particle transition
probabilities for the decay of the levels in the ground-state band
of2Ne. The results of this important study at Chalk River were
consistent with the microscopic approach of the shell-model
predictions, and not with the simpler collective-model predic
tion. These experiments were recognized as crucial to nuclear
theory, since the properties of 2Ne could be calculated with
precision sufficient to make stringent tests of the shell model.
In the same period, major contributions to the study of the
nuclear moments of s-d shell nuclei were made through devel
opment in our understanding of the Coulomb reorientation ef
fect and magnetic hyperfime interactions induced when heavy
ions collide and separate (see Box F).
The group made substantial contributions to the methods of
measuring radiative lifetimes of nuclear levels during the sev
enties and eighties. These techniques allowed the group, again
collaborating with university scientists, to make a systematic
study of transition strengths in s-d shell nuclei, and led to a
better understanding of the underlying nuclear structure. It
also led to systematic measurements of selected transitions in
mirror nuclei (the mirror of a nucleus with Z protons and N neu
trons has N protons and Z neutrons). These experiments have
resulted in the determination of the polarization charges carried

unless the magnetic field is very large. It happens that the
field at the nucleus created by the electrons of the atom can be
very large indeed. The transient magnetic field at the nucleus
created by a passing high-speed heavy ion can also be large,
large enough to change the direction of the axis of spin. This
is called the Coulomb reorientation effect.
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by protons and neutrons in the nucleus, and contributed to the
impressive advances in nuclear structure theory that have taken
place. These discoveries and subsequent recognition by the in
ternational physics and technological communities enhanced
AECL's reputation in nuclear endeavours.

The accuracy of DSAM is primarily dependent on our
knowledge of the deceleration of the ions in solids. Thus com
prehensive systematic experiments on the stopping powers of
various materials for many ions were carried out at Chalk
River.

Doppler-shift Attenuation Method for Measuring
Short Lifetimes

The Recoil Distance Method

In the Doppler-Shift Attenuation method (DSAM), the lifetime
of an excited level emitting a Yray is compared with the slow
ing down time (approximately 3x 01`3 s in our case) of recoiling
ions in a solid. The Doppler effect on the frequency or energy
of the emitted radiation is used to determine the velocity of the
nucleus at the time of its decay.
The first experiment measuring the lifetime of an excited
nuclear state by DSAM was carried out at Chalk River in
1948. (See the section entitled "Early Beta and Gamma
Spectroscopy".) Later, the power of the method was greatly en
hanced when used in conjunction with heavy-ion beams from
the tandem accelerators. Later still, another huge leap in sensi
tivity was obtained through the use of the high-resolution
Ge(Li) detectors newly developed at Chalk River, and of the
electronic computer signal processing systems discussed above.
The method was subsequently refined, improved and applied to
the study of nuclei throughout the periodic table. Today, the
DSAM technique is used to measure lifetimes as short as 10-11 s
to as long as 10-1 s.
An important advance in DSAM developed at Chalk River
was the use of targets made by implanting 30-40 keV helium
ions into thin metal foils. The technique became known as the
inverse reaction method, because it reversed the previous
method of bombarding a heavy target nucleus with a light ion.
The much higher momentum of the heavy ion colliding with the
helium target meant that higher recoil velocities of the interaction
product could be achieved and hence the accuracy of the lifetime
measurement could be increased. The inverse reaction method is
advantageous in all Doppler-shift lifetime measurements.

In the recoil distance method (RDM), the nuclei excited in a re
action recoil freely in a vacuum, with a velocity of a few per
cent of that of the velocity of light, until they hit a moveable
stopper that reduces their velocity to zero in less than one
picosecond (10-12 s). Because of the Doppler effect, the energies
of the 'Yrays emitted by the stopped and moving nuclei are
different. Knowing the velocity of the recoiling ions from the
Doppler-shift, the distance between the target and stopper,
and the ratio of the stopped to moving recoils, it is possible to
obtain lifetimes in the range 101-2 s to l0-1 s. In 1970, a capaci
tance method of measuring very small distances between the
very flat, thin target foil and the stopper was introduced, ex
tending the technique to the few-picosecond region, and
thereby allowing its use with heavier nuclei.
. Later, it was discovered that the radiation patterns from
highly stripped excited ions recoiling in vacuum were greatly
perturbed by magnetic hyperfine interactions between the
nucleus and its remaining tightly bound electrons. These ef
fects allowed magnetic moments of excited states with life
times accessible to RDM - moments previously inaccessible to
measurement - to be determined. An understanding of this
phenomenon developed at Chalk River and elsewhere, largely
based on experiments at Chalk River, made it possible for
Chalk River physicists to exploit the method fully to improve
our knowledge of nuclear structure.
DSAM and RDM, both largely pioneered at Chalk River, are
now widely used in nuclear structure studies at accelerator
laboratories throughout the world. They have given us de
tailed knowledge of the electromagnetic transitions in nuclei,
much of it generated at Chalk River.

Physics

Investigations of the Weak Force
Superallowed Beta Decay
Nuclear properties are usually studied so that scientists can

understand the nucleus itself. As our understanding and tech
niques have improved, however, it has been possible to use the
nucleus as a laboratory in which the fundamental forces of na
ture can be probed. Beginning in the early seventies, one such
opp6rtunity was recognized at the tandem accelerator, and later
at TASCC. This group was to spend more than twenty years
studying a particular type of 0 decay called superallowed in a
series of selected nuclei.
The weak force (see Box A) is responsible for beta decay, the
process by which an isotope of one element transforms into
the isotope of another, via emission of an electron (or positron)
and an anti-neutrino (or neutrino). It had been hypothesized
in the late fifties that a certain conservation principle (the con
servation of vector current - CVC) should apply to the weak
force and, over the next decade, increasingly demanding tests
of CVC had been pursued. One of these tests was to study the
P3
decay of spin-zero, positive-parity nuclei that decay to ana
logue states in their daughters; i.e., to states with exactly the
same quantum numbers as the parents. Such transitions are
called superallowed. Under these very special conditions, the
transition strengths are almost a direct measure of the weak

A comprehensive description of the Standard Model is beyond
the scope of this work. For our purposes it is sufficient to say
that according to the model, particles such as nucleons are not
fundamental; the fundamental particles are quarks and lep
tons. The nucleons are formed from three quarks held together
by gluons, the carriers of the strong force and so named In
analogy with the photon, the carrier of the electromagnetic
force. The leptons are light, weakly interacting particles (see
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force unadulterated by uncertainties in the nuclear structure
of the states involved. A series of such measurements in dif
ferent nuclei can then test CVC conservation with substantial
precision.
A unique isotope separator was designed and installed; it
was used to prepare pure samples of sub-second radioactivities
for precise half-life measurements. Helium-jet and gas-transfer
systems were developed for branching-ratio measurements. A
new technique using the Q3D 9 magnetic spectrometer was in
vented for measuring the total energy released in the transition.
Finally, a variety of theoretical techniques was applied to the
calculation of small correction terms necessary in extracting
fundamental information from the measurements. In this way,
unprecedented levels of accuracy and precision were attained.
By 1992, CVC conservation had been demonstrated to 3 parts
in 10,000. These results are being used to put constraints on the
Standard Model (Box G), a model that unifies the description of
the weak and electromagnetic forces.
The isotope separator mentioned above has also been used to
study "exotic" nuclei; that is, those rather far away from the
region of nuclear stability, particularly those approaching the
9 A large, high-precision, high-transmission magnetic spectrometer, so
called because it consists of one quadrupole magnet followed by three
dipole magnets.

Box A), of which the electron, the muon and the neutrino are
examples. The particles formed of quarks are divided into two
categories: the baryons (heavy particles) formed of three
quarks (e.g., the nucleons); and mesons (particles of mass in
"termediate between that of the leptons and the baryons),
formed of two quarks (e.g., the pion). In early days the muon
was frequently referred to as the g meson. However today it is
known not to be meson but a lepton.
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proton drip line, beyond which the nucleus becomes unstable
to proton emission. The half-lives and masses have been deter
mined for many such nuclei, the masses both from measuring o
decay energies and decay chains, and by direct measurement of
the mass by the separator. This is possible because of the excep
tionally high mass resolution of the separator.
ParityViolation in the Nucleon-Nucleon Interaction
Measurements of parity violation in the nucleon-nucleon
system have been pursued for many years to determine the role,
if any, of the weak interaction. It is characteristic of the weak
interaction, unlike the strong, that it violates conservation of
parity. Early measurements on a two-nucleon system reported
in 1972 by a Russian group on the reaction n + p -> d + y
indicated a parity-violating component about 200 hundred
times greater than the theoretical limit. This discrepancy was
considered very significant, since the two-nucleon calculation
is simple and straight-forward.
Around 1980, an experiment to measure the same parity-vio
lating component via the inverse reaction, d + y-> n + p, was
begun at Chalk River. An intense beam of polarized electrons1 0
was required, as well as a score of high-efficiency, high-speed
neutron detectors. Electrons were generated by a gallium arse
nide photoemission source and accelerated by the high-current
Chalk River Electron Test Accelerator (ETA).
To reach the required sensitivity of I in H0P, it was necessary
to count at least 1016 neutrons. The source, the accelerator, and
the detectors were equal to this monumental task, but the
positional stability of the electron beam under electron polari
zation reversals was not good enough, and only an upper limit
that scarcely eliminated the Russian value was reached. The ex
periment was thus disappointing, but the gallium arsenide
source won its developer an Institute of Electrical and Electron
ics Engineers prize.
AcceleratorMass Spectrometry
Immediately following the 1977 publication of the first reports
of the detection of 14C at natural levels with a tandem accelerator,
by the groups at Toronto-Rochester and Simon Fraser-McMaster,

a team at Chalk River began similar measurements. The first
successful detection of 14C at natural concentrations was
achieved in January 1978. The use of time-of-flight discrimina
tion through the Q3D spectrometer gave exceptionally clean
detection of 14C relative to 13C backgrounds - a serious problem
elsewhere at the time. In the period 1978-82 the Chalk River
program concentrated on 14C with a highly sensitive system
based on two sequential magnetic analyses followed by a veloc
ity filter. During this time, the ages of about 100 different items
were determined. The accuracy was better than 5 percent, the
age limit 45,000 years. Among the major topics studied were
Antarctic meteorites, ground water samples related to the waste
management program, mammal bones from western Canada and
most notably, the Taber Child. Its geological setting suggested
an age of -35,000 years, which would have made it one of the
earliest evidences for human occupation of the central plains of
North America. From a 1.6 gram sample, an age of 4,100 ± 750
years was obtained, showing the skeleton to be post-glacial. The
' 4C program was suspended in 1982 when the tandem was shut
down for installation of the new TASCC facility. The program
was resumed in 1988 after the completion of the TASCC instal
lation project. It is presently devoted to -Cl measurements of
interest to the Nuclear Waste Management Program, as well as
to hydrology, environmental tracing and glaciology.
OTHER NUCLEAR PHYSICS ACTIVITIES
Theoretical Physics
The theoretical physics group at Chalk River has always been
small, less than a dozen physicists, but it has lent invaluable
support to the nuclear physics and the condensed matter pro
grams. In the early years it was the backbone of the reactor
way
physics program, and continued to contribute in a smaller
up to 1984. In addition, it provided considerable assistance to
other non-physics programs in the laboratory. Because of this,
10 The polarized

electrons produced polarized gamma rays by
bremsstrahlung on a tantalum target.
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much of its work has been discussed under the particular pro
gram; for example, the work on two-photon decay, angular
correlations of y rays, superallowed 0 decay, 03 spectrometers,
liquid helium, neutron-scattering cross-sections, and others.
However, some work does not fit neatly under the programs dis
cussed so far. One example is the early work of A.G.W. Cameron
on the primordial formation of nuclei and their level densities.
This was a massive empirical study, using for the most part IBM
punched card computers, and was for many years the standard
reference work on both subjects. Another was the work begun
in the early seventies and extending into the eighties on quarks
in nuclei. It grew out of work in particle physics, such as that
on the weak interactions. Although the non-relativistic quark
model had had astounding success in baryon spectroscopy, its
ideas had not been incorporated into nuclear models. The re
search at Chalk River, in collaboration with groups at the
Universit6 de Montreal and Julich/Bochum in Germany, were
fruitful first steps in understanding the role played by quantum
chromodynamics (that is, quarks and gluons) in the strong in
teraction between nucleons in the nucleus. More recently, Chalk
River theorists have made contributions, particularly in the
realm of string theory, towards the attainment of the creation of
a unified field theory.
Development and Exploitation of Ge(Li)
Detectors at Chalk River
For many years, nuclear physicists dreamed of having Y-ray de
tectors with energy resolution comparable to that obtainable
with the internal conversion technique. The introduction of
NaI(Tl) scintillation detectors in 1948 was a great step forward.
While they had high detection efficiency, the energy resolution
was modest. In the late fifties, I.L. Fowler had developed a
number of thin solid-state detectors, mainly for heavy-particle
detection. Attempts were begun to produce larger (thicker) de
tectors of germanium crystals by drifting lithium ions into
them, to compensate for impurities, and create the equivalent
of an impurity-free germanium volume that would act as a
solid-state ion chamber.

By June 1963, photopeak resolutions for '"Cs of I percent
had been measured from a device 15 mm in diameter having a
1 mm thick layer. By September 1963, G.T. Ewan and A.
Tavendale reported measurements of 'y-ray spectra from
an 18 mm diameter, 8 mm deep flat Ge(Li) detector with energy
resolutions of 4.5 keV at 122 keV and 6.0 keV at 1333 keV. By
June 1964, progress on a fast-drift method for making lithium
drifted germanium detectors was reported, and by September a
drift of 13 mm was achieved. A contract was given to RCA
Victor Co., in Montreal, to develop these detectors commer
cially, and by December 7 encapsulated detectors of 5 mnm depth
had been received from them. Subsequently, work was begun
on an open-ended coaxial diode, a method that was a signifi
cant step towards higher-efficiency, higher-resolution Y-ray
spectrometers. Ewan and Tavendale were awarded a Radiation
Industry prize by the American Nuclear Society in 1967.
In the years that followed, other laboratories began con
structing Ge(Li) detectors and the shortage of good germanium
crystals from Belgium became a limiting factor. RCAXs venture as
a possible commercial supplier of Ge(Li) detectors was limited
by this shortage, as well as by the headquarters decision that all
foreign sales of Ge(Li) detectors must be handled through the
New York office. Ultimately, a spin-off company from Oak Ridge
National Laboratory (United States) called ORTEC, began grow
ing its own germanium detectors, and perfected a method of
growing intrinsic germanium crystals in which impurity com
pensation by drifting in lithium ions was no longer needed.
This removed the hardship of having to keep Ge(Li) detectors at
liquid nitrogen temperature lest the lithium ions drift out of
position and the detector become useless.
Instrument Development at Chalk River
Double-Focussing Pi-Root-Two Beta Spectrometer
at Chalk River
First thoughts on an iron-free, pi-root-2, p-ray spectrometer
with a planned resolution of 0.015 percent in momentum at
a maximum solid angle of 1.5 percent of 47C steradians were
articulated in March 1955. By March 1956, the design was
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complete; three pairs of coaxial coils were specified, the largest
being 4 m in diameter.
The theoretical calculations showed that great care in manu
facturing the coils would be needed. it was also necessary to
eliminate any interference from the earth's and man-made mag
netic fields. A suitable site was found and a non-magnetic build
ing designed to accommodate the nine-metre diameter coils that
would nullify any stray magnetic fields. The building construc
tion was completed by the summer of 1957, and Canadair, being
successful in meeting the required stringent tolerances, delivered
the all-aluminum coils and support structure to Chalk River in
November 1957. By March 1958, the spectrometer was opera
tional and experiments had begun. The spectrometer performed
exactly as predicted, and momentum resolutions as sharp as 0.01
percent in momentum (at reduced transmission) proved possible.
In the decade that followed, many nuclear decay schemes
were investigated. Techniques for preparing very thin sources
were developed, because the energy loss of electrons leaving the
source material was a limiting factor on the sharpness of inter
nal conversion lines, as indeed was the natural width of the lines
themselves.
The spectrometer was copied in a number of other laborato
ries. A 3/4 size version was built in Tokyo at the Institute for
Nuclear Studies, and 1/3 size versions at the California Institute
of Technology, Idaho Falls, Oak Ridge National Laboratories,
NRC in Ottawa and the National Physical Laboratories in
Teddington (United Kingdom).
In 1962, a technique for absolute calibration was devel
oped; the energy of the 411 keV external conversion line of
gold was measured very precisely against positron annihila
tion radiation. Thus with the rest mass of the electron as a
basis, several other y-transition energies were determined
with high accuracy. These provided the most accurately avail
able y-ray energy standards for the next decade, and were par
ticularly useful in calibrating Ge(Li) y detectors in the late
sixties and early seventies.
The latest experiment with this spectrometer took place in
1983-86 in a search for the rest mass of the neutrino, following
a report of observation of the influence of a heavy neutrino with

a mass of 17 keV in the 0• spectrum of tritium. The P spectrum
of 63Ni, another low-energy 03 emitter, was examined, but the
expected kink from the heavy neutrino failed to appear. The
question of whether there is real evidence for 17 keV heavy
neutrinos remained a hot topic until 1992. The evidence is now
against the existence of a 17 keV neutrino.
Fast-Slow Coincidence Technique
A new concept for measuring very short (for those days) nuclear
lifetimes occurred to R.E. Bell about 1948. The technique,
which became known as the fast-slow coincidence technique,
separated the measurement of time from that of pulse size and
selected only those events that corresponded to the desired en
ergies. Bell used two detectors of fast organic phosphors cou
pled to the new photomultipliers, and a new tube developed for
television to deliver the resulting pulses to a system of cables
that gave an output only when the two pulses were within two
nanoseconds of each other. The time spectrum was scanned by
varying the lengths of the cables and the successful pulses were
passed to one input of a slow triple-coincidence circuit. Thus an

output occurred only when fast-time selection and the two slow
pulse height selection limits were satisfied.
In 1949, the end-to-end P-spectrometer, described earlier,
was equipped with two stilbene detectors. The first use of this
technique showed that the 83 keV P-ray transition in '"Yb had
a half-life of 1.60 nanoseconds. Many nuclear lifetime measure
ments followed using sources of '"Au '"1Hf, 6WCo, and 239Np, and
much new information was obtained on the decay schemes of
these nuclei.
By the early fifties, the fission- and P-ray groups replaced
single-point time selection with time-sorting by using time-to
amplitude converters (TAC). This technique was widely copied
and is now in standard use in most nuclear physics laboratories
throughout the world using off-the-shelf electronics.
On-line Data Handling at the Accelerators
In 1962, Chalk River was one of the first laboratories to purchase
a digital computer for on-line data acquisition. The computer, a
Digital Equipment Corporation PDP-1, was designed to operate
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with many types of input-output devices. Specialized interfaces
were designed and built at Chalk River to store single-parameter
spectra directly in the memory of PDP-1 and to acquire, monitor
and output multiparameter data to magnetic tape. Because of its
versatility and reliability, the PDP-1 computer served the needs
of tandem-based experiments for nearly twenty years.
One of the first time-sharing (multi-user) computers, a
DEC PDP-10, was purchased in the late sixties. Once again, spe
cialized hardware was developed for data acquisition/analysis.
However, this computer was used primarily for off-line analy
sis, because the time-sharing operating system could not be
optimized for real-time applications.
In 1983, when the MP Tandem was shut down for the instal
lation of the superconducting cyclotron, the PDP-1 and the
PDP-10 were replaced with a CAMAC (Computer Automated
Measurement and Control) based data acquisition system inter
faced to a Perkin-Elmer model 3230, 32-bit minicomputer. This
computer had a speed twenty to fifty times greater than that of
the PDP-1, and an on-line storage capacity 160,000 times
greater. Subsequently, a second, even faster, computer with
considerably greater storage capacity was added. Software de
veloped at Oak Ridge was acquired and adapted to meet local
needs. Specialized CAMAC hardware was developed in-house,
and front-end microprocessors were obtained to control and
acquire data from complex experimental devices, such as the
87C spectrometer (figure 8.2,3), a $5 million apparatus with 92
independent detectors and data rates of up to 400 kilobytes/s.
These superb data-handling facilities, for many years unique
in the field, were crucial in creating and maintaining the repu
tation for excellence enjoyed by Chalk River in the nuclear
physics community, and for establishing the many firsts at
tained by the tandem physicists.
Cosmic-Ray Neutron Monitors
In 1957, Hugh Carmichael and Ivan (Dick) Fowler developed
some very large BF3 proportional counters, 15 cm in diameter by
180 cm long. An array of several of these counters was mounted
in paraffin wax in Deep River in 1964, where, with several sub
sequent modifications, they operated until 1995, producing a

continuous hour-by-hour record of the atmospheric neutron flux
that results primarily from cosmic rays originating in the sun.
Solar flares create a rapid increase in particles emitted from the
sun and are responsible for the magnetic storms that frequently
wreak havoc with radio communications and with large electric
power networks. The cosmic rays reach the earth before the
magnetic disturbances, and hence the Deep River neutron moni
tor provides an early warning of such storms. Consequently, the
results were relayed to NASA and to Strategic Air Command
headquarters in Colorado until 1972. These detectors were sub
sequently manufactured in Canada and shipped to about a dozen
monitoring stations around the globe in time for the International
Year of the Quiet Sun (1964-65). Many of these are still operating.
Large Arrays of Gamma Detectors
Gamma spectroscopy has benefitted greatly from the develop
ment at Chalk River of large arrays of detectors. The first was the
Ferguson Goniometer in 1959, originally referred to as "the
heavy angular distribution table" (see figure 8.2,1). It consisted
of a large NaI(T1) detector (12 cm diam by 12 cm), moveable in a
horizontal plane, and a second similar detector moveable in a
vertical plane on an arm that could itself rotate about a vertical
axis. It occupied an entire small room. The second was the
Icosahedron, a device that could locate 20 NaI(TI) detectors at
fixed points in the icosahedron. The Icosahedron was little
used, but served as a prototype for the Lotus (1966) (figure
8.2,2), an elaboration of the Ferguson Goniometer, which could
locate seven large NaI(T1) detectors at arbitrary polar and azi
muthal angles, limited only by the constraints imposed by the
massive arms necessary to position the heavy detectors accu
rately. In a modified form, the Lotus still exists today, but was
superseded in 1986 by a much more powerful spectrometer
called the 8i (see figure 8.2,3).
Other Innovative Technical Developments
Many other innovative devices and techniques were devel
oped at Chalk River. One of these was the Double Flat-Crystal
Transmission Spectrometer for y/rays (1957-79)(figure 8.3,2).
This ingenious device was developed to the stage of making
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FIGURE

8.2

BETA, GAMMA, AND FISSION SPECTROMETERS AT CRL

1. The large Goniometer with two experimenters
2. The Lotus with its creator
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3. The 8 Spectrometer with the proposers and users
of this exceptional instrument.
4. John Robson examines the apparatus, at NRX,
with which he measured the angular correlation
between the P particle and the v in the decay of
the neutron.
5. The fission group makes some adjustments to the
fission-fragment fission-neutron time-of-flight
apparatus at NRU.
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very precise measurements of the wavelength of the 511 keV
annihilation radiation and of the 411 keV 'yray in 198Au. An
other was the Compton Monochromator (1966-76), which made
use of a beam of high-energy 7rays from neutron capture in 9Ni
falling on an aluminum crystal to produce monochromatic y
rays with energies between 2 and 8.3 MeV. These were used to
make very high resolution measurements of the photofission
cross-sections of 233U, 235U, and 239 Pu. The measurements were
subsequently refined even further using a Bremsstrahlung
Monochromator (1974-83), installed first at the electron linear
accelerator at the University of Toronto and later at the Univer
sity of Illinois.
Radioactive Standards Laboratory
From the earliest days, it was necessary to have standards
against which the strengths of a-, [3-, and y-emitting nuclides
could be measured, and a group was set up at Chalk River to
provide them. The provision of standards is a legal responsibil
ity of NRC, of which at that time Chalk River was a part. In
1952, when AECL was formed, the responsibility for producing
radioactive standards remained largely at Chalk River and re
mains there to this day, although a standards group was set up
at NRC in Ottawa. A radioactive standard is somewhat different
from other standards, since a given source decreases more or less
rapidly with time. Thus it is necessary to know at least three
things: the source's radioactive half-life, its emission rate, and the
time at which it was measured. It is the job of a radiometrology
group to produce radioactive sources for which these three things
are accurately known, yet the only one that is easy to measure is
the time of the measurement. The difficulties with 0 emitters are
particularly acute. The Chalk River group realized early that it
was necessary to do absolute 0 counting. This they did by devel
oping a 49 counter and several ingenious techniques based on it.
All standardization is a comparison; however, in the case of radio
activity there is no ultimate standard, such as a platinum-iridium
kilogram in Paris or a cesium clock. This difficulty is "solved"
by a round-robin of international comparisons in which a pro
posed standard is measured by each of about twenty national

standards laboratories. It is a matter of tremendous pride that
Chalk River has consistently shone in these comparisons, al
though many nations have much larger radiometrology groups.

Condensed Matter Physics
INTRODUCTION
According to the duality principle in quantum mechanics, par
ticles exhibit wave-like qualities, and waves exhibit particle-like
qualities. Thus the neutron, normally considered a particle, has
wave-like properties. It so happens that the wavelength of a
neutron at thermal energies is comparable to the spacing of at
oms in a crystal. This fortunate property means that neutrons
can be diffracted by the regularly spaced atoms in a crystal, just
as light is diffracted by the regular lines on a grating. Such dif
fraction studies either by neutrons or X rays give information
on the position of atoms. In certain cases, neutrons have consid
erable advantage over X rays: they can "see" light atoms; they
can differentiate between atoms of nearly equal atomic number;
they can, with a few exceptions, penetrate deeply into matter;
and, very importantly, they are sensitive to the magnetic prop
erties of atoms." However, most importantly, the fact that the
neutron energies are thermal means that their energies are com
parable to the excitation energies of the crystal. Thermal neu
trons are thus particularly useful for studying these excitations,
and this gives them a large advantage over X rays.
Condensed Matter Physics at NRX
Exactly the same considerations as those at the beginning of the
nuclear physics section apply to studies of bulk matter. NRX,
with its high flux of thermal neutrons, was ideal for the exploi
tation of neutron scattering techniques, which had been initi
ated at the Argonne (ANL) and Oak Ridge (ORNL) National
n The magnetic interaction of light waves is extremely weak so that

only with the most intense laser beams can the magnetic properties of
matter be investigated.
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Laboratories in the United States, and it was clear that the field
was simply waiting for Chalk River scientists to make exciting
discoveries - which they did. By 1950, the use of beams of ther
mal neutrons from NRX to study the structure of condensed
matter (solids and liquids) had been established (figure 8.3,1).
Initially the program concentrated on gases, but by the end of
this period, the emphasis had shifted, with tremendous success
and far-reaching significance, to condensed matter.
Thermal neutrons from the core of a reactor emerge with a
wide range of energies. For useful experiments it is necessary
to have a neutron beam with a well-defined energy impinge on
the sample under study. This can be done with filters, chop
pers, or by diffraction from single crystals. If changes in the
neutron energy must also be measured (e.g., in inelastic scat
tering), similar measurements must be made on the scattered
neutron.
The early workers undertook the development of spec
trometers that exploited each of these techniques. One require
ment was the ability to move heavy shielding with precision;
the use of anti-aircraft gun mounts proved to be a more accept
able solution than the earlier one of physicists with crowbars.
Large, fist-sized, single crystals were desirable; by 1954, suit
able crystals of several metals had been grown. Large, low
noise,12 reliable, boron trifluoride detectors were needed and
available on-site. Appropriate electronic (vacuum tube) instru
ments were also developed on-site, as few were available com
mercially.
From the conception of the program, certainly as early as
1949, experiments on liquid helium were envisaged. By 1952, a
Collins liquifier was installed not far from the reactor face at
NRX, and a container suitable for holding cryogenic liquids for
many hours, even days, in a neutron beam, was built.
The early instruments provided a monochromatic beam;
i.e., neutrons of a single wavelength or energy, suitable for dif
fraction experiments. Results on urea and ammonium chloride
were published in 1951 as a proof of the technique, while on a
more practical level, studies on the texture of uranium and
rolled aluminum commenced. The first experiments on cryo
genic liquids were undertaken in 1952, with preliminary data

on helium, argon, nitrogen and oxygen. After NRX restarted in
1954, this program was expanded and more detailed and accu
rate results obtained; those for liquid helium in particular at
tracted wide international attention.
These experiments on structure gave qualitatively the same
type of information as that from Xrays, although exploiting the
advantages of neutrons over X rays. But neutrons could do
much more, a fact quickly realized by physicists everywhere. It
is well known that the energy changes that take place on scat
tering reflect the motions of the atoms; the trick was to find a
feasible way to measure these changes. As early as 1951, B.N.
Brockhouse and his colleagues were developing methods for
doing this, and over the decade demonstrated them in a remark
able series of experiments. Initially, Brockhouse and D.G. Hurst
used the known dependence on energy of the high neutron ab
sorption of certain elements to obtain information on neutron
energy transfer. The results were interesting, but could not re
veal the exciting details they knew were contained there; these
revelations had to await the restored NRX and the development
of new instruments, notably the triple-axis spectrometer (see
figures 8.3,3 and 8.4).
Triple-axis Spectrometer
The neutron scattering experiments described in the previous
section gave qualitatively the same information as could be ob
tained with X rays; i.e., the positions of atoms from measure
ments of the changes in direction (and hence momentum) of the
scattered neutron. But to exploit the ability of neutrons to meas
ure the motions of atoms, it was necessary to fird a feasible way
of measuring the changes in neutron energy that take place on
scattering. By the mid-fifties, Brockhouse was developing sev
eral methods for doing this, and over the next few years, he
demonstrated them in a remarkable series of experiments.
Competition was strong with Brookhaven (United States),
Harwell (United Kingdom) and Saclay (France), among others,
12

That is, free of the radioactive contaminants and unwanted electrical
breakdown that give rise to spurious pulses.
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FIGURE

8.3

NEUTRON SPECTROMETERS AT NRX
1. Researcher Norm Alcock examines some output from the first
neutron diffraction spectrometer (designed by Don Hurst) at the
NRX reactor (circa 1947).
2. On the left, a member of the capture gamma-ray group at one face
of the NRU reactor with the pair spectrometer designed and built
by the group and used to measure neutron capture gamma rays.
Another staff member adjusts the positioning device on the flat
crystal spectrometer used to make exceedingly precise measure
ments of gamma-ray energies.
3. Technologist Ed Glaser makes adjustments to the system he
designed to move all parts of the Constant Q Triple Axis
Spectrometer in the way required to achieve constant Q
motion. Bert Brockhouse looks on.
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8.4
Schematic diagram of the first constant Q triple axis spectro
meter which was mounted at NRU in 1958. M, is a neutron
filter, X, is the monochromating crystal, S is the sample
under study and X2 is the analyzing crystal.
FIGURE

8.5
The first photon dispersion curves ever measured. They were
FIGURE

obtained for aluminum at the NRX reactor and described in a
letter to the editor - Physical Review 100 (1955) 756 by B.N.
Brockhouse and A.T. Stewart.
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all striving to establish firsts. That Brockhouse achieved so
much so quickly was the result of a synergy of his instinct for
good physics, his foresight in choice of technique, the local
skills that produced large single crystals and state-of-the-art
neutron detectors, an excellent technical staff, the superb reac
tor facilities and support services at Chalk River, and of course,
a lot of hard work.
Brockhouse's experiments attracted international attention
and, along with later achievements, led to various honours, in
cluding the Oliver E. Buckley Prize of the American Physical
Society, and Fellowship in the Royal Society of London, and
later, the Canadian Association of Physicists' Medal for
Achievement in Physics, the Order of Canada, and, as a final
crowning glory, the joint award of the Nobel Prize for Physics
in 1994 (see below). The outstanding achievement of this period
was the first measurement of the energy vs. momentum (or the
frequency/wavelength) relationship for lattice waves in crystals,
first for aluminum (see figure 8.5) and later for germanium.
Closely related but different measurements on vanadium and
water resulted in other highlights from this period.
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As stated previously, such experiments require knowledge of
the direction and energy of the neutron before and after scat
tering. Determining the beam direction is straightforward, and
there are several practical ways to determine energy. In the time
of-flight method, rotating choppers" 3 (at least two) placed in the
beam provide sharp pulses of neutrons with a well-defined
speed, which after scattering are timed over a known distance. In

" In this method, a beam of neutrons emerging from the reactor Is
chopped in segments, whose length in time is short compared to the
time between segments. The chopper is a wheel or drum made of some
material opaque to neutrons, with a hole or slot through it, to allow
neutrons to pass when the hole is lined up along the beam. The neu
trons in the bunches have different velocities and hence different flight
times over a long (afew metres) path between the chopper and the sam
ple, and between the sample and the detectors.
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A triple-axis spectrometer (figures 8.3,3 and 8.4) is a device
that produces monoenergetic neutrons from the broad spec
trum of thermal neutrons emanating from a reactor, and then
measures the energy of these neutrons with respect to the scat
tering angle after they have interacted with a sample. It per
forms these tasks with the aid of three crystals mounted over
three axes of rotation. The first crystal selects neutrons in a
a triple-axis crystal spectrometer, Bragg scattering (see Box H
and Box I) is used to determine the speed of neutrons both be
fore and after scattering. A third method uses filters to transmit
neutrons of some energies preferentially; it is less precise but
has often been used. Brockhouse developed variations and com
binations of all of these techniques, but used the triple-axis
spectrometer for his best work, including the very extensive
measurements on lead and the alkali halides begun at NRX but
completed at NRU.
Condensed Matter Physics at NRU
With the restart of NRU in late 1958, Brockhouse's triple-axis
spectrometer was ready to operate there with a beam of neutrons

The scattered intensity of a beam striking a crystal is greatly
enhanced when the distance along the beam direction from

one plane of atoms to the next is equal to the wavelength of
the beam, and when the angle of incidence is equal to the an
gle of scattering. Such enhanced scattering is called Bragg scat

tering. It can occur for different angles of incidence when the
distance is 2, 3, 4 and so on, wavelengths, and from differing
planes of atoms in a complex crystal, giving rise to a number
of Bragg peaks. The phenomenon results from constructive

narrow band of energies by means of Bragg scattering (see Box
I). The second is the sample under study; it need not be a crys
tal, but to exploit the full power of the instrument, it usually
is. The third selects monoenergetic scattered neutrons, again
by Bragg scattering. In this case the energy is determined by
the angle of the neutron detector.

from one of the high-flux through-tubes that passed close to the
centre of the reactor.
At the other end of this through-tube, Brockhouse built a
hybrid crystal/time-of-flight instrument called the rotating
crystal spectrometer, a device he had tried out at NRX and was
now building at NRU as part of a more extensive program.
A special triple-axis spectrometer (with characteristics espe
cially chosen for experiments on liquid helium) was being
built at one of the very large (30 cm diameter) holes in the NRU
thermal column. A third neutron scattering facility at NRU was
a high-precision multi-chopper time-of-flight spectrometer
being built under the Canada-United Kingdom cooperation
agreement with Harwell, primarily for studies of reactor
moderator materials.

interference of the incident and scattered waves. Bragg scat
tering from crystals of low neutron absorption, such as

aluminum or silicon, can be very efficient. The width of the
Bragg peak depends on the perfection of the crystal, the more
regular or impurity-free the crystal, the narrower (and higher)
the Bragg peak. Thus a Bragg peak from a good silicon crystal

can have a very narrow spread in neutron energies (0.1 per
cent is routinely available).
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By the mid-seventies, the neutron scattering instrumentation
at NRU had undergone significant changes. Three new compu
ter-controlled triple-axis spectrometers were operated by Chalk
River staff, often with the collaboration of visitors from Cana
dian and foreign universities. Both the universities of McMaster
and Guelph had their own spectrometers at NRU.
The advance that made the triple-axis spectrometer so pow
erful for studying lattice vibrations in solids was the invention
by Brockhouse in 1959 of the Constant-Momentum-Transfer (or
Constant Q) method of making measurements. For accurate in
terpretation, these studies require the measurement of the dis
tribution of scattered-neutron energies at single, preselected
values of the neutron momentum transfer. However, kinematic
considerations easily show that if the energy transfer varies,
then the momentum transfer must also vary. Brockhouse real
ized that one could change various spectrometer angles (for ex
ample, the crystal orientation and scattering angle) in such a
way that the magnitude and directions of the momentum trans
fer would remain the same at each point of the energy distribu
tion.
The practical realization of this idea was first achieved in
experiments on lead with banks of cleverly constructed manual
switches; the results helped make Chalk River the undisputed
leader in this field. At an international conference where this
technique was reported, it was jokingly described as a triumph
of experiment over mathematics. Crystal spectrometers oper
ated in this way collect data at a much slower rate than pulsed
beam, time-of-flight spectrometers, but the latter measure
complete time distributions in many detectors simultaneously.
By contrast, the triple-axis spectrometer has usually been re
stricted to point-by-point measurement in a single detector.
The advantages of the triple-axis spectrometer are two: its
specificity and its flexibility. First, its specificity: the time-of
flight method is a scatter-gun approach, in which the interest
ing data have to be gleaned from a large body of data, whereas
the triple-axis spectrometer can be arranged to measure ex
actly the quantities of interest. 14 Second, its flexibility: to be
efficient, time-of-flight requires large banks of detectors,
which are not easy to modify or relocate. Time-of-flight is well

suited to liquids, gases and amorphous solids, whereas the
triple-axis spectrometer is the method of choice for crystalline
materials. The big successes of the sixties were measurements
on lead, sodium iodide, liquid helium, the magnetic materials
magnetite and cobalt, and the ferroelectric material strontium
titanate.
The extraordinary importance for condensed matter science
of these two developments, the triple-axis crystal spectrometer
and the Method of Constant Q, can scarcely be overestimated.
Their importance, along with all the pioneering neutron
scattering research performed with them, was recognized in
1994 with the award of the Nobel Price for Physics to Dr.
Brockhouse and to an American colleague, Dr. C.G. Shull, who
was honoured for his pioneering work in neutron diffraction
(elastic scattering).
In lead, detailed measurements were made of the relationship
between the energy and momentum for the lattice vibrations
travelling in different directions in the crystal (the so-called
phonon" dispersion curves). Analysis of these curves showed
that the forces holding the lead atoms in the crystal were of ex
tremely long range. These measurements were sufficiently pre
cise to demonstrate a direct influence of the electrons in the
metal on the lattice vibrations. This influence had been pre
dicted on theoretical grounds (the so-called Kohn effect), but
this was its first reported observation. Measurements at higher
temperatures showed that the forces between the lead atoms
were apparently temperature-dependent, and for the first time
demonstrated that the lifetime of the phonons gets shorter as
the temperature increases.
In sodium iodide, an alkali halide crystal similar in structure
to common salt, the measurements were the first for a crystal
with more than one kind of atom, and yielded results that
had extensive implications for both theory and experiment.

"Modern high-speed, low-cost electronics might be able to overcome
this disadvantage of the time-of-flight method.

"The atomic vibrations of a crystal lattice may be quantized. The quan
tum of these excitations is called a phonon, in analogy with the pho
ton of electromagnetic radiation.
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In liquid helium, the most accurate and extensive measure
ments to date, and also the first at elevated pressures, were made
with the new spectrometer. In magnetite, the measurements re
suited in the first-ever direct observation of spin waves (i.e.,
magnetic disturbances that propagate in the crystal in a wave
like manner) in any magnetic material, and in cobalt the first in
a metal.
The lead, sodium iodide, liquid helium and magnetite/cobalt
measurements were followed by extensive programs at NRU on
both simpler and more complicated metals, insulators and mo
lecular crystals of increasing complexity, liquid helium under a
wide range of temperatures and pressures and, later in the six
ties, an extensive program on magnetic materials.
The metals program ranged from measurements on sodium
(figure 8.6), perhaps the simplest of all metals from a theoretical
standpoint, to complicated alloys such as brass (a mixture of
copper and zinc) and alloys of niobium and molybdenum.
Measurements on pure niobium and molybdenum reflected the
diverse superconducting characteristics of these metals and
spawned considerable international activity on the underlying
theory.
The insulators and molecular crystals program included ex
tensive measurements on strontium titanate and provided a dra
matic demonstration of the connection between ferroelebtricity
and the extreme temperature dependence of the frequencies of
certain types of atomic vibration. This program later expanded
to include complicated semiconductors, such as gallium arse
nide, and complex molecular crystals such as hexamethylene
tetramine, some of which had to be grown at the temperature
of liquid nitrogen.
The liquid helium measurements continued under increas
ingly better experimental conditions. In the thirties, it was pos
tulated that when liquid helium was superfluid, at temperatures
less than about two degrees above absolute zero, about 10 per
cent of the atoms essentially did not move (the so-called zero
momentum state). New methods of analysis, combined with
high-precision neutron scattering measurements, gave the first
convincing direct experimental evidence that this theoretical
concept was correct. Other results were completely unexpected;

8.6
The first accurate determination of the phonon frequency
FIGURE

distribution from neutron scattering. (A.D.B. Woods, B.N.
Brockhouse, A.T. Stewart, and R. Bowers; Phys. Rev. 128 (1962)
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for example, at large scattering angles the width of the scattered
peak did not increase monotonically with the transferred mo
mentum, but oscillated. Furthermore, below the critical point
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(the lambda point), the width did not increase with increasing
momentum transfer, but decreased.
The program on magnetic materials covered measurements
on crystals ranging from rare earth metals, such as erbium and
holmium, to antiferromagnetic salts, such as potassium manga
nese fluoride. Also included were mixtures of materials that al
lowed the effects of the variations of certain magnetic param
eters to be investigated.
Other notable work included experiments on water, liquid
lead, liquid tin, liquid neon, many exotic magnetic and non
magnetic crystals, and biological materials. Since the sixties,
collaboration with Canadian and foreign universities has been
steadily increasing, and has now been formalized to the point
where a joint organization, the Canadian Institute for Neutron
Scattering (CINS), has been established. CINS has obtained
grants from the Natural Science and Engineering Research
Council that have been used for major equipment and its in
stallation at NRU, e.g., DUALSPEC, a triple-axis and diffrac
tion spectrometer combined. CINS is active in promoting new
neutron scattering facilities in Canada.
The eighties saw the development of a technique to measure
strains in materials caused in the manufacture of components
(e.g., by welding or forming). Materials tend to corrode or fail
in regions of high strain, and this technique, commercialized as
Applied Neutron Diffraction for Industry (ANDI), has proved to
be valuable in improving manufacturing processes in items as
diverse as heat-exchanger tubes and Saturn rockets.16 The de
velopment of ANDI is a fascinating story, but occurred almost
entirely after the cut-off date for this history.
The neutron scattering experimental program has been sup
ported throughout by a small but active theory effort. Before
the early sixties, the mathematical analysis needed for the in
terpretation of the experiments on liquid lead was created.
In 1959, a model, the Cochran "shell model", was developed
for the interpretation of the sodium iodide and related ex
periments. This model subsequently led to a new theory to
describe the onset of ferroelectricity. Significant contribu
tions were made to the theory describing the effects of in
creasing temperature on vibrating atoms in crystals. Since

1965, theoretical achievements varying from new, powerful
ways to analyze experimental results to a recently published
book, entitled Neutron Optics, have been made. Some of this
analysis was crucial to the interpretation of liquid helium meas
urements, while the treatise on neutron optics has been recog
nized as a comprehensive review indispensable for people
working in this field.
Positrons at Chalk River
Chalk River scientists were responsible for the first two experi
ments to show that positron annihilation could be a useful tool
in solid-state research. In the first experiment, R.E. Bell and
R.L. Graham, using a new high-resolution electronic timing cir
cuit developed for nuclear physics, discovered that some posi
trons in certain solids have a lifetime much longer than the
rest. These long-lived positrons were found only in insulat
ing solids such as plastics or fused quartz, which had vacant
lattice sites. They correctly postulated that some positrons
formed positronium"' in these little cavities, and that
orthopositronium, because it has one unit of angular momen
tum, cannot self-annihilate quickly into two y rays, as can
parapositronium with spin 0. It lives much longer, eventually
annihilating with an electron picked off another molecule. This
postulate was confirmed a year or so later in an experiment that
measured the three y-annihilation rates in these same materials.
The rate confirmed the existence of orthopositronium. An inter
esting problem arose in these three y-coincidence experiments:
the coincidence rate for the three counters in the plane of the
specimen - which is the condition to detect the three-photon
decay of orthopositronium - was less than the coincidence
rate observed when one counter was lifted out of the plane to
record the background rate. It was some time before these sci
entists realized that the gain of a photomultiplier tube can
16 A full-sized, 3.6 m-diameter section of the rocket was mounted at a

spectrometer in NRU for this work.
Positronium is like a hydrogen atom with a positive electron replacing
the proton.
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change slightly when that tube is tilted in the earth's mag
netic field!
The other experiment was the careful measurement of angu
lar correlation of the two yrays from the electron positron anni
hilation. If the electron and positron are not moving, the angle
must be exactly 1800. The slight departure from 1800 that is ob
served is a direct measure of the speed of the electron. The first
experiment illustrating that this method could be used to ob
serve electron velocities was done by a Chalk River physicist on
leave at Dalhousie University following the NRX accident. Fol
lowing this preliminary work, many other experiments with
much better resolution were done at Chalk River, proving the

usefulness of this new technique for solid-state physics. Others
had previously attempted these measurements but failed, either
from inadequate angular resolution or an inadequate time scale.
In the first one, the time scale was too short to see the long life
time, and in the second, the angular resolution was too poor to
see any structure in the velocity spectrum of electrons in solids.
These two experimental techniques, pioneered and first
used successfully at Chalk River, have now spread around the
world. Hundreds of scientists are using them in studies ranging
from many-body effects in electron gases to the determina
tion of defects near the surface of implanted semi-conductor
materials.
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Chapter Nine

Accelerators and
Fusion
G.C.

HANNA

INTRODUCTION

Unlike chapters seven and eight in this section, chapter nine is concerned with
applied research. This research is included in the section on Basic Research be
cause it lay outside the mainstream of CANDU development and because much of
it was carried out by scientists from the basic research area. It was concerned,
primarily, with the large-scale production of neutrons by means other than
nuclear fission, i.e., from high-energy nuclear reactions using charged-particle
accelerators or from controlled thermonuclear fusion.
Two applications for accelerator-produced neutrons were explored. The first,
electronuclear breeding, and the second, a high-flux research facility, are de
scribed in the next two sections of this chapter. The accelerator work led to ex
tensive activities in other applications of accelerators which are described in the
third section. The fourth section gives a brief account of fusion and AECL's
activities in this field, and the chapter concludes with an overall assessment of
the programs.
ELECTRONUCLEAR BREEDING
The concept of electronuclear breeding arose out of W.B. Lewis's pioneering
analyses of how nuclear power could best contribute to global energy .require
ments. In a series of reports written between August 1951 and May 1952, he de
veloped the idea that the Chalk River approach to atomic power should be the
long irradiation of natural uranium. His economic analysis indicated that it could
compete with coal for the generation of electricity, provided that the uranium fuel
could be irradiated long enough to produce a thermal energy output of 3,000
megawatt days (MWd) per tonne before having to be removed from the reactor.
This had already been achieved in NRX; CANDU reactors currently yield about
7,000 MWd per tonne.
However, if allthe natural uranium could be fissioned it would yield almost a
million MWd per tonne. In principle, a large fraction of the uranium can be
fissioned through the use of fast neutron reactors to "breed" the fissile material
plutonium-239 from the "fertile" uranium-238 and produce power at the same
time (see chapter one and chapter eighteen). Similarly, thorium-232 can be
fissioned by breeding uranium-233, and this is theoretically possible in thermal
neutron reactors.
The third report of the series (DR-22) states that "it is appreciated that the
large-scale exploitation of atomic power involves the operation of "power
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breeder" reactors...". The report provides an extensive analysis
of plutonium breeding and argues that "the exploitation of the
long irradiation of natural uranium is not likely to be limited by
cost competition from plutonium power breeders, but only by
the total amount of fresh natural uranium which can be ob
tained at a cheap enough price:' It goes on: "The possibility of
a cheaper production of power from, for example, artificially
generated fast neutrons and thorium, and some remoter possi
bilities are discussed in an accompanying highly speculative
paper DR-23". Lewis's ideas were further developed over the
next few months and presented in DR-24.
The essential idea, which later became known as electro
nuclear breeding, was to use electrically generated neutrons to
convert fertile to fissile material. Evidently the electrical energy
required should be as small a fraction as possible of'the energy
that can be obtained from the fissile material produced. The
most promising method for generating the neutrons appeared
to be the bombardment of a heavy-element target, uranium or
thorium, with an intense beam of protons or deuterons acceler
ated to an energy of several hundred MeV. The high energy
is important; a larger fraction of the beam energy goes into
neutron-producing reactions than at low energy, where most of
it is dissipated in ionization processes.
High-energy particles can break off chips or splinters of nu
clear material from heavy nuclei. This phenomenon is called
"spallation," a term borrowed from geology and mining. Most
of the neutrons produced in the high-energy bombardment of
heavy nuclei are not associated with the spallation process
they are just "boiled off" from excited nuclei - but they are
nevertheless generally referred to as "spallation neutrons".
Producing enough spallation neutrons for electronuclear
breeding on a significant scale called for accelerator beam cur
rents much larger than were then available. Lewis was attracted
to the challenge of developing high-power accelerators, perhaps
because of his earlier work on the radiofrequency (rf) system of
the Cambridge University cyclotron, and his subsequent in
volvement with high-power radar systems during the war. Only
limited resources were available at Chalk River in the early fifties,
and Lewis was looking to developments in the United Kingdom

and the United States to provide the necessary advances in
accelerator technology, though he was also encouraging NRC
and Canadian universities to embark on accelerator programs.
In July 1952, during the initial development of these ideas, a
future systems organization was set up. It included a high
energy systems panel, which considered the theoretical calcu
lation and experimental measurement of neutron yields, and
also the requisite accelerator technology. This interest was com
municated to the atomic energy authorities in the United King
dom and the United States on the assumption that information
bearing on it would go under joint American-British-Canadian
classification. The United Kingdom agreed; the United States
apparently found that the query was too embarrassing to make
any reply at all, but agreed with the maintenance of security.
In fact, the United States had just cancelled its own project,
which went by the cover name of the materials testing accelera
tor (MTA). It had been started in early 1950, by Lawrence and
Alvarez at Berkeley, to produce fissile material (and/or tritium)
for the American weapons program by using an enormous lin
ear accelerator. The plan was to generate a 500 mA beam of
350 MeV deuterons, in a structure 18 m in diameter and 450 m
long. This beam, with a power of 175 MW, would bombard a
complex depleted-uranium target assembly and produce 564 kg
of plutonium per year, approximately equal to the output of a
1,500 MW (thermal) production reactor. Its advantage over a
reactor was that it did not depend on natural uranium, which
was thought to be in short supply. A prototype "front end" (the
first 27 m of the accelerator) was built at the abandoned
Livermore naval air station, and in the summer of 1952 it was
beginning to show some promise. By this time, however, the
growing supply of uranium and the improving efficiency of
production reactors obviated the need for production accelera
tors. On 7 August 1952, the USAEC deferred all plans for the full
accelerator and left the prototype to die a natural death. Reports
on the project were declassified in February 1957.
The existence of a high-current accelerator project at
Livermore had been revealed, though not its power or purpose,
in a list of USAEC contracts published in the July 1952 issue of
the journal Nucleonics. In an assessment made earlier that
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month, Lewis had noted that the Berkeley scientists had been
publishing a great deal of information bearing on neutron
yields at high energy, but had been silent for the past three
years; he now considered (July 28) that the Livermore accelera
tor suggested that the United States might already be interested
in the subject.
The MTA accelerator employed primitive technology, but an
improved design was developed using a higher frequency
(48 MIHz rather than 12 MHz) with a corresponding reduction
in tank diameter. A front end was built at Berkeley and operated
more satisfactorily; it produced 30 mA of 7.5 MeV deuterons.
None of this American information was available to the Ca
nadians, who were dependent on United Kingdom cooperation,
especially on a group at Harwell that was just starting to design
a 600 MeV linear accelerator for particle-physics research. This
machine was not intended to produce large average currents,
but much of the technology was directly relevant.
Most of the Chalk River effort was directed to the question
of neutron yields. Calculations were made, but the underlying
nuclear theory was considered to be unreliable at the energies
of interest (several hundred MeV), and attention was quickly
focused on the possibility of experimental measurements. The
highest energy accelerator in Canada was the McGill cyclotron
and some measurements were made there using 77 MeV pro
tons, but they were obviously of limited value. Accelerators
under construction in the United Kingdom would eventually be
suitable but the indefinite delay was not considered to be ac
ceptable. In the absence of American cooperation, it was de
cided to attempt to use the high-energy proton component of
cosmic rays.
Protons in the energy range 250-900 MeV make up only
about 0.5 percent of the total cosmic-ray particle flux at sea
level, and about 2 percent of it at an altitude of 3,000 m. Equip
ment was designed and built to select individual protons from
the large background of unwanted particles (mostly muons),
measure their energies, and measure the number of neutrons
they produced in slabs of tin, tungsten, lead and uranium.
Although it seemed possible to do the experiment at Chalk
River (altitude 150 m), it was clear that a higher altitude would

have the double advantage of an increased proton flux and an
increased proton/muon ratio; comparisons of data at two alti
tudes would check that muon effects were being correctly al
lowed for. The equipment was therefore assembled in a nine
metre-long trailer, which, it was originally planned, would be
taken to a site near Sunshine Lodge, Banff, at an altitude of
2,200 m. It subsequently turned out to be politically possible to
use the 3,260 m Echo Lake site of the Inter-University High
Altitude Laboratory in Colorado, where the proton flux in the
energy range of interest is more than a factor 3 greater than at
Sunshine (and a factor 11 greater than at Chalk River).
The United States agreement that Chalk River scientists could
use their cosmic rays came in the spring of 1953. They had de
cided that the research could be regarded as unclassified high
energy physics, so long as measurements were made only on
simple targets and not on complex target configurations, which
had received a lot of attention during the MTA project. The
experiment was carried out on this basis. The American authori
ties were very cooperative, and the Echo Lake laboratory was
most accommodating - $2 a night per person for lodging and $1
a day for the experiment. Food and electrical power were extra.
No request was made to use an American accelerator, in par
ticular the recently commissioned 3 GeV Cosmotron at the
Brookhaven National Laboratory (so named because it was to
take over the job previously done by cosmic rays). By the time
it might have been politically possible to use the Cosmotron, the
Chalk River group felt that their cosmic-ray apparatus would
give satisfactory results; using an accelerator might give data
more quickly, but new apparatus would have to be built to op
erate in an unfamiliar environment.
. However, the cosmic-ray experiment turned
out to be much
more difficult than expected, and diagnosing and rectifying
problems with the apparatus took time. Final modifications
were made and the equipment recommissioned at Echo Lake
by two physicists in December 1955. They worked twenty
five-hour days and were back on solar time when they went
home for Christmas. A satisfactory series of measurements
was made during the next three months. The trailer labora
tory returned to Chalk River in April 1956, a long series of
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runs followed (in Deep River), and the results were published
in 1960. In spite of the delay, they constituted the only experi
mental data on neutron production in heavy elements by pro
tons above 200 MeV. Within the experimental uncertainties
(typically 20 percent) they confirmed theoretical predictions
which had by then become more reliable.
Their practical usefulness was in abeyance. Economic stud
ies at Chalk River had concluded, in January 1955, that de
velopments in power reactors had postponed the day when
high-energy systems might be economical producers of neu
trons. As described later in this chapter, the economics of
electronuclear breeding were re-examined from time to time.
The use of spallation neutrons to produce a very high flux of
thermal neutrons for experimental purposes was the basis of
the ING proposal, which used the Echo Lake data until
measurements were made on the Cosmotron in 1965.
ING: THE INTENSE NEUTRON GENERATOR
Early research at Chalk River had benefited greatly from the
NRX reactor, which had the world's highest thermal-neutron
flux,' 6X1013, until it was overtaken in 1952 by the United
States Materials Testing Reactor (MTR) with a thermal flux of
4X1014 (and a fast flux of 2X1014 ). NRU, commissioned in 1957,
has a thermal flux of 3X10' 4 . It was designed as a general pur
pose reactor for support of a wide range of basic and applied
research activities and not as a high-flux reactor per se.
For a given configuration of fuel and moderator the flux
is simply proportional to reactor power, which is limited by
the rate at which heat can be extracted from the fuel. Spe
cially configured reactors can provide regions where the
thermal flux for a given power is substantially higher than
in conventionally configured reactors, like NRU (and NRX).
Widespread interest in such high-flux reactors was develop
ing in the fifties, and the High Flux Beam Reactor (HFBR)
at the Brookhaven National Laboratory, which has a flux of
10"1, was started Up in 1965. Its prime purpose was to pro
vide beams of thermal neutrons for the type of research al
ready under way at NRU and other reactors.

It was in this context that the director of the physics division
met with three of his staff in the spring of 1963 and asked them
to consider what Chalk River should do in the high-flux field.
By June 1963, they had made a preliminary study of three
potentially useful sources of neutrons; fission, spallation and
fusion. Recognizing that flux is limited by heat removal, they
rated these sources according to the energy released in the
production of one useful neutron -130 MeV for fission, 40 MeV
for spallation, and 17 MeV for fusion. They dropped fusion,
conceptually the best, because its practical realization was
unpredictable, and their study of contemporary accelerator
technology convinced them that the spallation route was fea
sible. Following consultation with the neutron users at Chalk
River, a high neutron flux research facility study committee
(HNFC) was set up in July 1963 to give further detailed consid
eration to the possibility of a high-intensity spallation neutron
source based on a proton*accelerator. For convenience it will be
referred to as ING, the intense neutron generator, although it
only received that name at a later stage.
The conceptual design of ING proceeded rapidly, with valu
able assistance from accelerator groups in Europe and the
United States who were developing proposals for "meson facto
ries." These required proton beams in the relevant energy range
(0.5-1 GeV) at an intensity of 0.5-1 mA. ING needed much
higher intensity, but there did not seem to be any fundamental
reason why this could not be achieved.
The ING accelerator2 was designed to provide a 65 mA pro
ton beam of energy 970 MeV, along with some low-intensity
beams for meson production and other purposes. The main
beam would be bent downwards so as to impinge vertically on
a liquid-bismuth target, 10 cm in diameter and 60 cm deep, sur
rounded by a tank filled with heavy water 250 cm in diameter
In this section the numerical Values that are quoted refer to fluxes of
neutrons per square centimetre per second, but the units are omitted
for the sake of brevity.
2 Figure 9.1 shows ING in its 1967 version, when a 1.5 km-long linear
accelerator had replaced the originally proposed separated orbit cyclo
trons, and lead-bismuth had replaced bismuth (figure 9.2).
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and 300 cm deep (see figures 9.1 and 9.2). As in a reactor like
NRU, there would be internal irradiation positions and beam
tubes leading out of the tank. The maximum thermal flux
would be 1016, scaled back from the originally hoped-for value
of a thousand times that of NRU, but still a factor of ten larger
than is available today at the world's three leading research re
actors (HFBR at Brookhaven, HFIR. at Oak Ridge and the ILL
reactor at Grenoble). The estimated capital cost-was $60 million,
in 1964 dollars, including $42 million for the accelerator, but
excluding engineering design costs and the cost of the bismuth
target for which there were no design studies. The predicted
operating cost was $7 million per year.
Meanwhile, other proposals had been developed under the
aegis of a future systems committee, set up by Lewis in the fall
of 1963 to consider possible future initiatives for Chalk River.
These proposals were for programs in fusion, fast reactors, the

long-distance transmission of energy, fuel cells, magneto
hydrodynamic energy conversion, and the direct conversion
of heat to electricity. The various subcommittees that devel
oped these proposals reported in the spring of 1964. Only in
the case of fusion was a recommendation made for a signifi
cant program (which was not accepted); for the rest the rec
ommendations were, at most, for a modest activity that would
preserve some awareness of outside developments.
Lewis presented the ING project to J.L. Gray and the AECL
board of directors in May 1964. He proposed a period of fur
ther study to establish practicability, with expenditures small
at first but growing rapidly into the range of $4-10 million a
year. It was agreed that the work should continue.
In his presentation, Lewis stressed not only ING's scientific
importance but also its potential for generating revenue from
isotope production, and the role ING could play in developing
profitable high-technology ca
FIGURE 9.-1
pabilities in Canadian industry.
ING - Thermal Neutron Facility. Cutaway view of the target buildir ng.
While these considerations were
always being advanced in sup
ARRIAGE
port of ING, they did raise two
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problems: the extent to which
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the research capabilities of ING
should be compromised to in
crease isotope production, and
the extra cost and delay that
would inevitably be required to
vitalize an initially unqualified
and therefore largely unrespon
sive industry.
Another difficulty, which was
to become very serious, also
arose at this stage. The problem
was the siting of ING. For Lewis,
one of the principal elements in
the rationale for ING was its im
portance for the scientific future
of Chalk River, and he naturally
insisted that it be located there.
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FIGURE 9.2

The ING Target/Moderator Assembly Schematic
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However, Gray had qualms regarding the expansion of the labo
ratory that would be necessary.
The immediate problem was the cost, and Lewis returned
from his presentation to the board with instructions to the
ING group that the cost of the accelerator itself should not
exceed $25 million. The accelerator system that had been
proposed comprised three Separated Orbit Cyclotrons (a first
stage injecting into a larger second stage, which injected into
the still-larger final stage). The SOC was a new accelerator
concept and the only alternative was a linear accelerator
(linac) system. The linac was a relatively well-established
device, though not on the scale required for ING, but the

SOC was judged to be less expensive to build, because of its
smaller size and more efficient radiofrequency (rf) cavity sys
tem. This latter feature would also reduce the operating costs
below those of a linac. Without some unforeseeable new devel
opment, there did not seem to be much prospect for halving the
cost of the accelerator.
In any event, a substantial R&D program was initiated to es
tablish confidence in the design and to develop more reliable
cost estimates. Some of the achievements of the next two-year
period were:
"* Measurements were made of the neutron yields from thick
targets of beryllium, tin, lead, and natural uranium bom
barded with protons in the energy range 0.5 to 2 GeV. They
were carried out, in cooperation with an Oak Ridge group,
on the Brookhaven Cosmotron in February 1965, and they
provided more accurate data than had previously been
available.
"* An engineering design for the liquid-metal target was
started and experiments were underway to study problems
of corrosion, cavitation and mass transfer.
"* A consulting firm carried out, under contract, an engineer
ing design of the complete facility and prepared detailed
cost estimates for both SOC- and linac-based systems.
"• Finally, in July 1966, a decision was made in favour of the
linac over the SOC. Los Alamos had developed a linac de
sign for their meson factory with greatly reduced if losses,
and satisfactory sources of if power for it were becoming
available. Engineering problems of tolerances, alignment
and foundations would be easier with a linac, as would
reparability and realignment. The final cost figures slightly
favoured the linac, though the difference was within the
uncertainties of the estimates.
The research activities that ING would support also received
further consideration. They were almost all in the basic research
area; e.g., nuclear physics, nuclear chemistry, and condensed
matter studies by neutron scattering. Research in the materials
science area included radiation-damage studies, but providing
special facilities for them received little attention and it is not
clear how useful ING would have been for such work.
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The list of justifications for ING included electronuclear
breeding, but it was not a strong argument, especially since an
economic analysis included in the proposal showed that this
prospect still lay in the indefinite future. It was intended that a
low-intensity beam would be steered to a "nuclear power tech
nology facility," where relevant parameters could be measured;
some measurements of this type were carried out later under
contract at the TRIUMF accelerator.
All of this work, the design of the ING facility and the plan
ning of its research program, was carried out with very little
input from the Canadian research community outside Chalk
River. Prior to the authorization of the design study in May
1964, this was perhaps understandable, but as the study pro
gressed it became clear that outside communities had to be
brought into the picture. Accordingly, a symposium on ING
was held in Chalk River in April 1965, to which people from
government, industry, and universities were invited.
.The reactions of the university scientists were the most pro
nounced. They deplored the idea of AECL unilaterally design
ing a major scientific facility that they would then be expected
to support and use - they should have been involved at the out
set. In response, Lewis set up and chaired an ING study advi
sory committee, made up almost entirely of university physi
cists, to address their concerns.
The committee had a difficult job, compounded by the in
creases in the estimated costs for ING, which grew rapidly,
reaching $155 million by June 1966. No progress was made in
resolving the difficult questions of where ING should be sited,
and of the organizational arrangements e.g., between AECL
and a possible multi-university institute.
Nevertheless, the time had come, two years into the design
study, for a decision on whether to proceed with ING. The pro
posal that Lewis took to the executive committee of the AECL
board of directors in August 1966 had Gray's acquiescence
rather than his full support. Gray had written two memoranda
to Lewis in May expressing his concern about the high cost of
ING and his opposition to Lewis's position on siting and organi
zation. The executive committee decided that the government
had to be consulted before the project went any further, and

Lewis made another presentation later that month to a subcom
mittee of Privy Council members and other government repre
sentatives. They in turn referred it (on 4 October 1966) to the
newly created Science Council, which set up an ad-hoc commit
tee of eight men, drawn from universities, industry, and the
Economic and Science Councils, to review the proposal. The
committee engaged two Canadian-born accelerator experts from
the United States as consultants.
On 17 March 1967, the committee reported to the Science
Council, which accepted its findings. The principal ones were:
"* In the context of probable future national expenditures on
R&D, the financial and manpower demands ofING were not
excessive.
"* A number of technical issues, particularly rf power sup
plies, ion-source life, system reliability and control, and
liquid-metal target design, called for further feasibility
studies, probably lasting two years before a commitment
to construction could be justified. (The Science Council
recommended that up to $7.5 million be provided for this
purpose.)
"* Maximizing the benefits of ING would probably require a
site more generally accessible than Chalk River. To safe
guard the interests of universities and industry, there
should be an immediate change in the project organization,
with the setting up of a senior managing board incorporat
ing university and industry members. Questions such as
siting could be studied during the two years of further fea
sibility studies.
"* A careful review should be undertaken towards the end of
the feasibility studies.
For more than a year, the government took no action. R&D work
continued at Chalk River and, under contract, in industry and
universities, though with less financial support than the Science
Council had recommended. Meanwhile, opposition to ING from
outside AECL grew even stronger, with deans of engineering
expressing particular hostility.
At last, following the general election in June, the Trudeau
government cancelled the ING project on 20 September 1968,
because of its "very high cost".
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It was probably the right decision. ING's proponents were
pushing to extreme limits technologies with which they had no
experience, and estimated costs ($750 million in 1993 dollars)
were correspondingly unreliable. Given that public support for
science was waning, the government could not be expected to
make the open-ended commitment that ING demanded.
-AECL's failure to include Canadian universities in the plan
ning of ING is often cited as a major cause of its demise. In fact,
only a handful of ING supporters could have been recruited,
since there was little relevant technical experience at the uni
versities and limited interest in the research program proposed
for ING. Most of the university researchers saw the high cost of
ING as putting their own research funding at risk, and more prior
consultation could hardly have persuaded them otherwise.
. For its proponents, ING was the project that would assure
Chalk River's future as a major research laboratory with the man
date "to conduct fundamental nuclear research and to promote
the practical applications of atomic energy." 3 They also had the
resources to develop proposals such as ING to an advanced stage,
resources that were far larger than those available to universities,
and this funding imbalance underlay the conflicts that arose.
The cancellation of ING was a great disappointment for
Lewis. In November 1968 he was appointed to a staff position
in AECL's head office organization, without any direct respon
sibility for research at Chalk River, though he was still located
there. He continued to take a keen interest in alternative accel
erator systems, but his attention turned increasingly to the eco
nomics of advanced fuel cycles, particularly the Valubreeder
reactor (see chapter eighteen).
ACCELERATOR PHYSICS
The Post-ING Transition
Following the cancellation of ING, Chalk River moved quickly
to establish a program that would exploit the capabilities de
veloped during the ING project, and it was approved by Gray
on 26 November 1968, just two months after the project was
cancelled.

The new program had two parts. The first continued work on
lead-bismuth, with emphasis on its possible usefulness as an in
reactor coolant. It soon became clear, however, that it would be
difficult to find compatible materials for fuel cladding and cool
ant channels that had low neutron absorption. Resources for an
expanded program were not available and the work was
stopped in September 1969.
The second part was the development of accelerator technol
ogy with emphasis on high-current, high-efficiency devices.
Electronuclear breeding would be a long-term objective, but
some near-term applications were identified, notably the use of
high-current electron accelerators for industrial radiation
processing, and the use of cheap, large rf power sources in in
dustrial heating applications.
Apart from the lead-bismuth target, ING would have faced
three main technical challenges:
i providing an intense source of protons and holding them
together, against the disruptive influence of their mutual
electrostatic repulsion, while they were given an initial
acceleration;
2 accelerating them to their final energy as efficiently as
possible; and
3 reducing the costs of generating the large amounts of rf
power that would be required.
Two major experiments had been planned to verify the ING
design: the proton injection experiment (PIE), and the electron
test accelerator (ETA), which, respectively, addressed items (1)
and (2), fast electrons being a cheap alternative to fast protons
for (2). These experiments, described below, formed a major
part of the post-ING program.
Work on (3) continued at a reduced level and several ex
perimental magnetrons were built and tested. In 1970, a prom
ising industrial heating application was identified and a con
tract was given to Varian Associates of Canada Ltd. to develop a
commercial magnetron. The application evaporated, but work
continued at low priority, leading in 1974 toa pre-production
3

AECL's Annual Report for 1961-62, page 7.
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magnetron that generated 140 kW of 915 MHz power with a
very gratifying efficiency of 80 percent. In the absence of any
firm industrial application, this work was then set aside.
During the ING study a number of possible alternative
accelerator systems had been considered. One of the most in
teresting was the electron ring accelerator, which had been in
vented in the USSR and demonstrated there on a very small
scale. The basic idea was to produce a stable ring of relativis
tic electrons, and then load it with protons at a concentration
of about one proton per 200 electrons. The ring is then accel
erated, and it drags the protons with it. Because of their high
effective charge, the protons could, in principle, be acceler
ated to I GeV over a distance of just a few metres. Experiments
were started in 1970 on generating the very short intense
bursts of electrons that would be required, but they were ter
minated early in 1975, to release effort for the superconduct
ing cyclotron.
Accelerators for Electronuclear Breeding
An analysis made during the ING study concluded that
electronuclear breeding using high-energy protons could be
come economic only iffthe price of uranium were to increase, as
high-grade ores were used up, by a factor of about three.
The economics of an "accelerator breeder" (AB) were re-ex
amined on a number of occasions, with similar results. The last
review, in 1981, considered an AB producing one tonne of fis
sile material per year, which would service about six 2,000
MWe CANDU stations using a thorium fuel cycle with a conver
sion-efficiency factor of 0.9 and operated at 80 percent availabil
ity. The estimated capital cost in 1981 dollars was $1.5 billion,
30 percent of it for the 300 mA 1 GeV accelerator and its power
supplies, and the rest for the target and its surrounding blanket,
where the fissile material is produced. This cost was too high;
the price of uranium-235, taken as $48 a gram, would have to
increase by a factor of at least three before the AB system could
become competitive.
Thus electronuclear breeding remained a distant prospect
throughout this fifteen-year period, and one could argue that

the AB ought to have been abandoned earlier. However, the
AB did provide a technically feasible way of putting an upper
limit on any future rise in the cost of nuclear energy, more
feasible, during this period at least, than the alternative of
fusion.
It should also be recognized that the relevant activities
were carried out at relatively low power, requiring only mod
est expenditures, that they were making important contribu
tions to accelerator technology, and that they were providing
the foundations for devices with near-term applications. Fur
thermore, the development of high-current accelerators for
neutron production and other purposes was a major interest
at several other leading laboratories. Links established dur
ing the ING program were maintained, with great benefit to
Chalk River, especially with Los Alamos, Brookhaven, and
Oak Ridge.
The high current test facility (HCTF) built for the PIE
experiment (see figure 9.3) followed the design proposed for
the first stage of ING. Hydrogen gas is ionized by an arc dis
charge and protons are extracted. This ion source is inside the
high-voltage dome, which is connected to the positive termi
nal of a 750 kV DC power supply, and the protons accelerate
towards ground potential along an accelerating column. They
are then steered by two magnets into an Alvarez tank, named
for its inventor, which accelerates them to an energy of 3 MeV.
Radiofrequency power (168 kW at 268 MHz) fed into the tank
sets up oscillating voltages between hollow electrodes located
along the tank axis; they have entrance and exit holes (not
shown in figure 9.3) to let the protons through. The distances
between successive electrodes are so arranged that the protons
are in the interelectrode gaps when the voltages are in the
right direction to accelerate them, and are inside the elec
trodes, and thus unaffected, when the voltages reverse. As the
protons accelerate they travel further in each rf cycle; to allow
for this the electrode lengths and spacings are increased along
the tank axis.
In an AB the protons would be further accelerated in a se
ries of Alvarez tanks to an energy of 200 MeV and then to 1 GeV
in a "coupled-cavity" linac.

r
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ETA (see figure 9.4) is a coupled-cavity linac of the type,
developed at Los Alamos, that was chosen for ING.
Radiofrequency power (805 MHz) from two 100 kW klystrons
is fed to a series of resonant cavities coupled together with off
axis cavities. Electrons are accelerated by the oscillating elec
tric fields in the on-axis cavities, which are each 180 degrees
out of phase with their neighbours. The lengths of the cavities
are chosen so that the electrons take one half cycle to traverse
them, and are therefore always in an accelerating field. As in
the Alvarez tank, distances have to match velocity, but v, the
electron velocity, rapidly approaches c, the velocity of light,
FIGURE

9.3

High Current Test Facility

so that the initial "graded-P section" (P3 being v/c) is quite
short.
ETA was designed to accelerate a 20 mA electron beam to
an energy of 4 MeV. The work went well and by 1979 had es
tablished that much higher currents could be accelerated
given more rf power; e.g., 100 mA with 500 kW, 80 percent of
it going into the beam, and the rest into heating the cavities.
The Alvarez tank had problems with the rf supply and
heating effects in the tank. It first accelerated protons in 1980
and during a final series of runs in 1985 a 5 mA beam, limited
by the output of the 750 keV accelerator, was accelerated to
an energy 10 percent higher than the 3 MeV
design value. The experience gained estab
lished confidence that accelerators of this
type could meet AB requirements.
Such was not the case with the 750 keV ac
celerator. It was always recognized that ini
tial acceleration would be difficult. The pro
tons must be accelerated as fast as possible to
minimize the spreading of the beam caused
by their mutual repulsion, which means that
the accelerating column must be operated
with the maximum possible voltage gradi
ent. This maximum is reduced when a beam
IN
is being accelerated, because of a multitude
of secondary effects that the beam can pro
duce. The accelerator behaved well at low
current (5 mA), but a long struggle to im
prove performance at 40 mA met with little
success. Nevertheless, it worked at least as
well as any other similar accelerator.
Fortunately, by this time a new device had
appeared: the radiofrequency quadrupole
(RFQ) accelerator, which was invented in the
USSR and further developed at Los Alamos.
The principle is illustrated in figure 9.5. An
IlGH VOLTAGE
rf voltage is applied to the top and bottom
DOME
electrodes, which are connected together,
-,
and an equal voltage of opposite phase to the
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FIGURE

9.4

The Electron Test Accelerator

(similarly connected) right and left electrodes. The resulting rf
quadrupole field has a strong-focusing effect on particles
travelling in a more or less axial direction. If the spacing be
tween top and bottom electrodes varies periodically along
their length, and there is a similar but out-of-phase variation
between the left and right electrodes,' an axially directed
component of the electric field is produced. The RFQ thereby
becomes an accelerator, but one with strong-focusing forces to

FIGURE

9.5

The RFQ Accelerator Schematic

hold the beam together. Satisfactory performance demands
tight dimensional tolerances and extremely smooth surfaces.
The RFQ can accept protons at low energy (e.g., 75 keV),
which greatly eases the initial acceleration problem, and accel
erate them to an energy suitable for injection into an Alvarez
tank (e.g., 2 MeV). Chalk River started RFQ work in 1981, main
taining close cooperation with Los Alamos.
The top and bottom electrodes are closest together when the left and
right ones are farthest apart, and vice versa. The spatial period of the
interelectrode distance is increased to match the increasing distance
travelled by the particles in one rf cycle as they accelerate.
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An ion sofirce suitable for an AB was available, thanks to a
development program that had been under way since the ING
days. In 1979, a "duoPIGatron" ion source, operating in an In
jector Test Experiment, was giving a 450 mA beam of protons
with an energy of 42 keV.
Confident in their ion source and linac technology, and with
faith in the RFQ, the group started, in 1980, to plan a staged
approach to building an AB. The first stage would be ZEBRA
(zero energy breeder accelerator), to study the launching of a
full 300 mA beam. It would comprise an ion source and
preaccelerator (to 75 keV), an RFQ accelerator (to 2 MeV) and an
Alvarez tank to 10 MeV, which was considered to be the mini
mum energy necessary for an effective study. The estimated
capital cost was $15 million.
In 1981, ZEBRA was selected by AECL as the best available
program on which to base an AECL Research presence in Que
bec. Civil engineering design of office and laboratory buildings
started in late 1982, but this Quebec initiative was abandoned
in August 1983 for a number of reasons.
By this time it was clear that the prospects for electronuclear
breeding were receding far into the future - there were ample
supplies of low-cost uranium, and the global demand for nuclear
energy was levelling off. The AB program quietly lapsed, but
work on RFQ continued, and the prototype, RFQ 1, successfully
met its design specifications in 1990, accelerating 75 mA of
50 keV protons to an energy of 600 keV. Chalk River was a world
leader in this RFQ work, and received substantial funding for it
from Los Alamos. Unfortunately, the financial constraints within
AECL led to the decision in 1992 to terminate this program, and
the equipment was transferred to Los Alamos in March 1993.
Smaller Accelerators for Neutron Production
In 1970, AECL:s commercial products division (CPD) expressed
interest in cancer therapy using neutrons. Suitable neutron
sources were not available and Chalk River agreed to develop a
strong 14 MeV neutron source. An accelerator conceptually
similar to the 750 keV HCTF accelerator would provide a beam
of 300 keV deuterons, which would bombard a titanium tritide

target. This target would be sandwiched between thin layers of
aluminum oxide, to prevent the tritium escaping, and thereby
achieve an acceptable target lifetime. Target testing began in
.1971, but an encouraging initial result could not be duplicated
- the aluminum-oxide layers did not retain their integrity - and
this approach was abandoned in 1973.
Meanwhile, CPD interest in neutron therapy had waned, but
the Chalk River biologists needed an intense fast-neutron source
(FINS) for their research. FINS was to generate 4x1012 neutrons
per second -just about adequate for neutron therapy - which
called for a 25 mA beam of 300 keV deuterons. A rotating tar
get, a standard technique for effectively increasing the amount
of tritium available, would give a target lifetime of about one
hundred hours. The FINS accelerator started to operate in 1976,
but stable operation at full current was only achieved three
years later. The rotating target did not perform as expected and
outgassing limited the output to about 1012 neutrons per second.
Nevertheless, it was one of the most intense 14 MeV neutron
sources in the world and it operated reliably for many years.
In 1973, a conceptual design was worked out for a supercon
ducting cyclotron for neutron therapy that was small enough to
be mounted on a rotatable gantry. A 25 mA beam of 30 MeV deu
terons would bombard an internal beryllium target, giving a dose
rate of 60 Gy per minute at a source-to-skin distance of 125 cm
(equivalent to a FINS-type source of strength 3x10' neutrons per
second). The idea was patented and AECL later received payment
from the American manufacturer (Medcyc) of a neutron-therapy
cyclotron for the Harper Grace Hospital in Detroit.
A neutron source for industrial use, particularly radiography,
was designed in 1982 and named CANUTRON. A 50 mA beam
of 2.5 MeV protons from an RFQ accelerator impinging on a liq
uid lithium target would produce 4x10 3 neutrons per second,
giving a thermal flux of 1012 neutrons per cm 2 per second in a
light-water moderator. The idea was not taken up.
Electron Accelerators for Therapy
As described in chapter five, AECL's CPD had outstanding
success with cobalt-therapy machines, but by the mid-sixties
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electron accelerators were recognized as potential competitors.
Accelerators can produce X rays that are of higher energy, and
consequently more penetrating, than the gamma rays from co
balt-60. This greater penetration is advantageous in the treat
ment of deep-seated tumours, because it reduces the unwanted
dose to intervening tissue relative to the dose that has to be de
livered to the tumour. The X rays, produced when the electrons
hit a metal target, have lower energies than the electrons; e.g.,
the X rays from a 3 MeV accelerator have about the same depth
dose distribution as the cobalt-60 gamma rays (1.17 and 1.33
MeV). The electrons can also be used directly (i.e., with the tar
get swung out of the way) to treat more accessible tumnours.
High-energy electron accelerators had been used for cancer
treatment before cobalt-60 became available - in particular,
24 MeV betatrons, one of which had been installed at the Uni
versity of Saskatchewan in 1948. These were inconveniently
large machines, and the era of compact accelerators mounted on
rotatable gantries began with the Clinac 4, launched by Varian
Associates of Palo Alto, California, in 1967 (CPD knew of their
plans two years earlier). This 4 MeV linear accelerator (linac)
gave a depth-dose distribution only marginally better than a
cobalt-60 machine, and it was more expensive and less reliable.
Nevertheless, it rapidly became very popular, mainly because
the Blue Cross medical insurance plan in the United States had
established a fee of $10 per accelerator treatment versus $5 for
cobalt-60.
CPD initially considered cooperating with an established ac
celerator manufacturer - including Varian, who had made an
offer - but by December 1969 decided to enter the market in
dependently. The first accelerator would be a low-energy, 4
6 MeV, medical linac (LEML) to be developed at Chalk River,
and this would be followed by a 25-35 MeV microtron, to be
developed at the University of Western Ontario (London, On
tario) with funding from CPD. In both cases, the accelerators
would be incorporated into therapy units to be designed by
CPD.
LEML would provide electrons of the same energy as ETA,
but only one hundredth the current, and it would be physically
much smaller. A pulsed magnetron would supply rf power

(approximately 2.5 MW peak, 2 kW average) at a frequency of
3 GHz. LEML would operate, like ETA, on the standing-wave
principle, in contrast with traditional travelling-wave linacs,
which require more rf power to produce the same electron en
ergy. (A microtron also makes efficient use of rf power. The elec
tron beam, accelerated in an rf structure, is repetitively steered,
by magnetic fields, back into the structure, where it receives
further accelerations.)
The original plan was not followed. What happened was very
complicated, and only the main features are described here. The
first complication was due to the Chalk River group who, wel
coming a program that promised near-term benefits, moved
quickly to explore a range of possibilities. These included, by
September 1970, a high-energy medical linac of 25-35 MeV en
ergy (HEML) - actually a two-linac system - that could be pow

ered by the same magnetron that LEML would use. Clearly, this
was in competition with the microtron and it was agreed that a
choice would have to be made at some future time. (CPD finally
abandoned the microtron possibility in 1975). The next devel
opment was CPD's April 1971 decision to drop the LEML in fa
vour of an intermediate-energy (8 MeV) linac, IEML.
Plans changed dramatically in 1972 when CPD negotiated an
agreement with the Paris-based Compagnie G~n~rale de
Radiologie (CGR), which was AECL's agent for medical product
sales in many European and South American countries. CGR
was marketing two therapy units, the 6 MeV Neptune and the
32 MeV Sagittaire - both using travelling wave linacs - and

wanted CPD's help to market them in North America. CGR had
no interest in collaborating on LEML, HEML or the microtron,
and, since they were developing a 16-20 MeV unit called
Saturne, CPD's need for any Canadian accelerator was far from
clear. In any case, CPD's resources were almost completely com
mitted to the unexpectedly big job of modifying Neptune to
meet North American standards. (Sagittaire already did, but it
was very expensive and there would be few sales.) The modi
fied Neptune, marketed as Therac 6, was in fact a CPD-designed
therapy unit incorporating a CGR accelerator (eventually, CPD
built this also). The first unit was delivered to a hospital in 1975.
Similarly, the Saturne accelerator in a CPD-designed therapy
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unit was marketed as Therac 20. Altogether, CPD sold thirty-six
Therac 6s and twenty Therac 20s. They performed well, but the
enterprise was unprofitable for reasons described in chapter
five.
The 1972 CGR/CPD agreement coincided with a break
.through at Chalk River - the concept of a single "turn-around"
linac for HEML' (see figure 9.6). The electron beam is launched
from an annular gun and accelerated through a series of cou
pled cavities energized from a 3 GHz 2.6 MW pulsed
magnetron. The on-axis coupled system, designed at Chalk
River, is cheaper to manufacture than the side-coupled type
used in ETA. The electrons leave the accelerating structure
with an energy of 12.5 MeV, are then turned back into it,

where they pick up another 12.5 MeV, and then pass through
the hole in the annular gun to the extraction magnet. Full accel
eration on the second pass is obtained only if the electrons re
enter in phase with the rf field; by moving the magnet this
phase can be changed and the output energy varied down to
5 MeV.
Many problems had to be solved before the bright idea of
1972 became the Therac 25. Most were solved in a logical and

SProduction models differed somewhat from the version shown in fig
ure 9.6. One of the focusing elements, the gap lens, was replaced by a
quadrupole triplet, and the annular gun was replaced by an off-axis
electron emitter and electrostatic inflection system.

9.6
Therac 25
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coherent way (e.g., meeting the very exacting performance re
quirements of the reflecting magnet), but developing a satisfac
tory electron gun involved as much art as science, and it took a
long time. One problem was never solved, however, and as a
result Therac 25 cannot be used for low-energy X-ray therapy.
Achieving the required dose rate demands a much larger elec
tron current than at high energy, and this large current has to
be accelerated to 12.5 MeV and then decelerated. During this
process some beam is spilled and unwanted Xrays and neutrons
are produced. Their intensity exceeded regulatory standards,
even with external shielding. When the electrons themselves
are used for therapy, much smaller currents are required and
standards are met.
Therac 25 deliveries started in December 1982, and after
some commissioning difficulties the first unit entered service in
October 1983. By July 1986 twelve were operating - seven in
Canada and five in the United States.
Between July 1985 and January 1987 there were six serious
accidents involving overdoses to patients. They were traced to
deficiencies in the software of the computer control system.
Appropriate changes were made and the machines were allowed
to resume operation. One of the American clinics that had ex
perienced an accident returned its machine, and one has been
retired, but the other ten were operating reliably at the time of
writing (1993).
In January 1985, AECL decided to stop making medical
accelerators. The Therac 6 and Therac 20 programs had lost
money and the Therac 25 was also unprofitable. The Therac 25
was a complicated machine and its development was a long
and costly process. Many customers were lost because of
delayed market entry, and others because the expected low
energy photon capability turned out to be unavailable.
There were many reasons for the failure of AECL's medical
accelerator program. The Chalk River group overestimated the
advantages of the new standing-wave technology, and under
estimated the time and effort required to convert a laboratory
demonstration into a saleable product. This was hardly sur
prising in a research-oriented group of people, full of bright
ideas but short of practical experience, who were determined

to demonstrate that their long-term program could provide a
near-term benefit. CPD was not exactly blameless either, but the
fatal weakness was that the whole medical accelerator program
lacked strong central direction. One might have expected AECL,
at this stage in its maturity, to have provided an adequate man
agement structure.
The Superconducting Cyclotron
In 1972, the Chalk River nuclear physicists put forward a re
search program that called for an additional accelerator to in
crease the energies of the heavy ion beams available from their
tandem accelerator (see chapter eight). After studying several
possibilities, the accelerator physics branch proposed a super
conducting cyclotron (SCC) as the best choice. The advantage of
using superconducting coils was the very high magnetic field
that could be produced (5 tesla), which reduced the size and
hence the cost relative to conventional cyclotrons. Advances in
superconducting technology, especially the United Kingdom
development of twisted conductors, had made it possible to
produce very high and very stable magnetic fields over large
volumes for the bubble chambers then being used in high-en
ergy physics. The Chalk River scientists were the first to recog
nize that the technology was good enough for use in cyclotrons.
After some persuasion by Chalk River, the idea was accepted by
Michigan State University, and later by Milan. Contact with
those groups was close and mutually beneficial.
Figure 9.7 shows the basic features of the SCC. Heavy ions
from the tandem pass through a thin carbon foil, which strips
off more of their electrons; this increases their net charge and
decreases their radius of curvature in the magnetic field. They
are then accelerated by rf fields in the eight gaps between the
four hollow "dees" and the four top-and-bottom pairs of "flut
ter poles" (early cyclotrons had two D-shaped rf electrodes, and
the name has stuck). As they speed up, the ions spiral outwards
until, in their outermost orbit, radius 65 cm, they are electro
statically deflected and extracted from the cyclotron. The flut
ter poles produce an azimuthally varying magnetic field, which
provides vertical focusing, and each contains a set of thirteen
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FIGURE 9.7
"trim rods" (a Chalk River innovation) for
Superconduc ting
has
field
This
field.
adjusting the magnetic
to increase with increasing radius to com
SUPERCONDUC
pensate for the relativistic increase in ion
mass and so keep the ion motion in phase
with the rf.
By adjusting the magnetic field and rf
conditions, the SCC can be made to acceler
ate all ions, from lithium to uranium, to en
ergies of at least 10 MeV per nucleon and
CRYOSTAT
with an energy spread of less than 1 part in
2,000. In its first run, for example, 71 MeV
iodine-127 ions from the tandem, charge
7+, were stripped to charge 23+ and then
YOK
accelerated to 1,270 MeV.
It was realized at the outset that the SCC
faced a number of technical challenges - in
particular, the stability and reproducibility
of the magnetic field, and the behaviour of
the rf acceleration system. They were not
amenable to study using small-scale mod
els, and approval was obtained from the
AECL board of directors in June 1974 to
construct full-scale versions of the mag
IRON SKIRT
netic and rf systems. The work went well;
satisfactory performance of the two sys
CYUNDRICAI
tems was demonstrated, and in July 1978
the board approved the first phase of the
project - the construction of the tandem
cyclotron facility (TASCC) with a single ex
SUP
perimental target location. (The second
phase, which added beam transport lines
and associated equipment for nine addi
tional target locations, was approved in
February 1986).
The inner wall of the magnet cryostat was then modified
to accommodate the rf accelerating structure and the two
major components of the cyclotron operated together in
1982. It was then dismantled and moved to the tandem

Cyclotron

laboratory. First beam was extracted on 19 November 1985.
It is not possible in this brief account to describe the many
elegant and innovative features that distinguish this cyclo
tron. The design has proved extremely successful, enabling a
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comparatively small group of accelerator physicists to provide
the Canadian nuclear physics community with a powerful and
versatile accelerator at modest cost.
Other Activities

and Engineering Research Council, the agency responsible for
funding university research in Canada. It was not a large con
tribution in the HERA context ($500 million), but it was the first
firm offer from outside Germany, and it earned Canada consid
erable credit.
Unfortunately, a design change at HERA in May 1984 obviated
the need for the proposed system, and a new Canadian package
had to be organized. Eventually it comprised two smaller acceler
ating systems from Chalk River, plus a beam transport line from
the TRIUMF laboratory, at a total cost of about $6 million. The
accelerating systems, though based on Fermilab (United States)
designs, required the development of a new technique to swing
cavity frequency and a very fast feedback system to control it.
The work took longer than expected, but the systems arrived in

The development of accelerators for industrial radiation
processing headed the list of items that had been proposed for
the post-ING program. Following the successful operation of
the electron test accelerator, careful consideration was given to
possible applications for such 100 percent-duty-cycle linacs.
Early in 1984, a conceptual design was put forward for RAPELA
which could produce a 50 mA beam of 10 MeV electrons; i.e.,
500 kW of beam power compared with 80 kW in ETA. How
FIGURE 9.8
ever, industrial interest was lacking.
IMPELA Prototype
A new idea was born the following year:
IMPELA, a long-pulse, variable-duty-cycle
linac that would operate efficiently at lower
beam power. Construction of a 10 MeV 50 kW
prototype began in 1986 (see figure 9.8). It
gave first beam on 14 April 1989 and full
power on 8 November 1989. It won an Ameri
can award as one of the 100 most significant
technical products introduced in 1990. Three
units have been sold, and the prototype con
tinues to operate, very reliably, at Chalk River,
carrying out irradiations for commercial cus
tomers (see also chapter twenty).
In October 1982, the leader of the ETA
project was invited by the Canadian high
energy physics community to chair a commit
tee that would recommend what Canada
should contribute to a large electron-proton
collider (HERA) planned for Hamburg, Ger
many. By December 1983, it had been decided
that Chalk River would design and build a
coupled-cavity rf system (2.5 MW) for beam
bunching in the main ring. The cost, about $7
million, would be met by the Natural Sciences
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time, thanks to some slippage in the HERA schedule, and are
operating very satisfactorily (see also chapter twenty).
The development of ion sources to produce intense proton
beams had been extended to other ions in 1979. By 1984, contract
work was being undertaken for two American manufacturers of
semiconductor equipment, and a licensing agreement was con
cluded with one of them (Eaton/Nova) for the use of the Chalk
River duoPIGatron in ion implanters; it realized about $500,000.
An activity very different from those just discussed began in
1984: the study of particle acceleration by lasers. Harnessing
the very high fields that lasers can produce in plasmas could
lead to a new generation of accelerators with much higher en
ergy than is practicable with current technology. The Chalk
River laser accelerator has generated a field of 1.7 GeV/m, ac
celerating an injected electron beam of energy 12 MeV to 29
MeV in a distance of I cm.
FUSION
One might have expected AECL, the Canadian agency responsi
ble for the peaceful utilization of atomic energy, to have embarked
at an early stage on a program to develop fusion as a source of
energy. In fact it did not. This section gives an elementary de
scription of the fusion process and outlines AECI's involvement.
Nuclear fusion refers to reactions between light nuclei that
produce heavier nuclei, e.g., the DT reaction, in which a colli
sion between a deuterium and a tritium nucleus produces an
alpha particle, a neutron and 17.6 MeV of energy. To be able to
react, the nuclei must have enough kinetic energy to overcome
their mutual electrostatic repulsion; in thermonuclear fusion,
this energy is provided by heating the DT mixture to a tempera
ture of about 100 million degrees. At such temperatures, the
atoms lose their electrons and the reacting medium becomes a
plasma. Fusion reactions take place spontaneously in stars, but
on earth the problem is to create a sufficiently dense hot plasma
and hold it together long enough to achieve break-even; i.e., for
the thermonuclear reactions to produce as much energy as that
used to create the plasma. Until very recently this had been
done only in nuclear weapons, where the reaction is so fast that

a lot of energy is produced before the plasma blows up; this is
called inertial confinement fusion (ICF) and is the principle em
ployed in laser fusion, which is described below.
Plasmas can be held together by specially shaped magnetic
fields, and this magnetic confinement (MCF) approach to con
trolled thermonuclear fusion is being vigorously pursued
around the world, in particular with the construction of succes
sively larger versions of the tokamak machine, a USSR inven
tion. By the late eighties, large tokamak experiments were close
to break-even, and in 1991 the European JET (Joint European
Torus) experiment exceeded break-even by 14 percent.
The total world expenditure on fusion research is currently
about $2 billion a year, and its proponents estimate that fusion
will be established as a practical source of energy some time in
the second quarter of the next century. Comparing it with fis
sion, they claim that with fusion there is an unlimited supply
of cheap fuel (the deuterium in the oceans), there is no danger
of a divergent chain reaction, and the radioactive wastes are
much more manageable, since there is no need to mine uranium
and no fission products or plutonium are produced. No attempt
will be made here to assess the force of these safety and envi
ronmental arguments, but it should be noted that adequate sup
plies of fission fuels will be available for a very long time. 6
Research into the possibility of controlled thermonuclear
fusion in the United States, the United Kingdom and the USSR
In his 1971 paper "Energy in the Future: the Role of Nuclear Fission and
Fusion", Lewis estimated that supplying 15 billion people with 5-50
thermal kilowatts each (i.e., 5 to 50 times the average per capita consump
tion in the world today) "...would cause no severe pressure on world re
sources of uranium and thorium for hundreds of centuries...". For DT
fusion the tritium is made by bombarding lithium with the neutrons
produced in the DT reaction, so that the available energy is set by the
availability of lithium. This limit is very roughly comparable with what
is available from uranium and thorium. However it is reasonable to suppose
that, long before there is a shortage of any of these materials, the much
more difficult DD reaction will have been harnessed, which would pro
vide 15 billion people with 15 thermal kilowatts each for a billion years.
The cost of deuterium is not important; the current price of $300 for a
kilogram of heavy water translates into 0.00004 cents per electrical kwh.
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was initially secret, but in 1956 the Russians disclosed some of
their results, and on 24 January 1958, the United States and the
United Kingdom announced the declassification of results ob
tained in their programs. On the previous day, the British held a
press conference claiming - wrongly as it turned out - that con
trolled thermonuclear fusion had been achieved in the ZETA
toroid at Harwell.
A few days later Lewis wrote an appraisal of the situation
pointing out that there was still a long way to go - the number
of neutrons produced by ZETA, assuming they were of ther
monuclear origin, indicated a fusion power output of a mil
lionth of a watt. He also discounted the advantages claimed for
fusion regarding fuel supply and radioactivity.
Consistent with Lewis's scepticism, AECL did not set up a
fusion research program, though the possibility was reviewed
on three subsequent occasions, as described below. AECL kept
in touch with outside developments through a group of in
house scientists, some of whom had a background in fusion
research. This fusion awareness activity worked well, thanks
to the excellent relations maintained with leading fusion
research laboratories, some of which were facilitated by ex
changes of technical information in areas common to fusion
and accelerator technology.
The first serious consideration of an AECL fusion program
was in 1964 as part of the future systems study already men
tioned in connection with ING. The proposal that was submit
ted recommended assembling a group of fifteen professionals
who would decide what type of major, $1-million machine
should be built and then proceed to use it for research. The
proposal did not identify any particular Canadian expertise or
focus that would make the program more than a small addition
to the existing world effort, and it was not funded.
In January 1973, following the partial declassification by
the United States of weapons-related research, Chalk River
set up a laser fusion working party (LFWP) to review the
prospects for laser fusion. This approach looked promising
for Canada because two laboratories, the Defence Research
Establishment, Valcartier (DREV), and NRC, were at the fore
front of high-power carbon-dioxide laser development, and

laser-plasma interaction studies were underway, notably at
NRC.
In laser fusion, a small frozen DT pellet is fired into an
evacuated reaction chamber that is surrounded by a battery of
high-power lasers, all aimed at the centre of the chamber.
When the pellet reaches the centre, the lasers are fired and
their radiation compresses and heats the pellet. The resulting
fusion reaction is so rapid that a substantial amount of energy
is generated before the pellet expands and disperses, which is
the ICF principle.
Members of the LFWP visited many laboratories in Canada
and the United States, including Livermore and Los Alamos,
and consulted their experts, who were very helpful. It became
clear that there were serious problems: the pellet compression
process was not well understood, and much of this research
would remain classified because of its relevance to weapons; the
optimum wavelength was unknown, though it was almost cer
tain to be much smaller than that of carbon dioxide lasers,
where Canadian high-power laser expertise was concentrated;
laser performance and cost would have to improve dramatically;
many engineering problems would have to be solved (e.g., pel
let fabrication and delivery, and materials damage, including
damage to lasers).
The LFWP concluded that any Canadian initiative would
have little effect on the rate of progress, and its recommenda
tion, made in October 1973, was that AECL should await devel
opments and reassess the situation when scientific feasibility
had been demonstrated.
In fact, progress has been slower than expected and ICF, in
cluding the possible use of particle beams instead of lasers, is
still much less advanced than MCF. The current world effort is
about 90 percent MCF and 10 percent ICF with most of the lat
ter contributed by the American program, which is largely de
fence-oriented.
The LFWP recommendation was accepted, and AECL contin
ued its fusion-awareness activity at about the pre-1973 level.
However, to safeguard AECL's potential future role, an agree
ment was reached in 1975 with NRC, which had been desig
nated lead agency for fusion, that AECL would be the logical
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agency to take responsibility if and when a major commitment
to a Canadian fusion reactor project was warranted.
The introduction to the LFWP report had stated that, be
cause of the smaller energy release per neutron in fusion than
in fission, fusion could be considered a better source of neu
trons than of energy. This suggested replacing the idea of using
fusion to produce power directly with a scheme in which most
of the power would come from a near-breeder fission reactor,
with fusion supplying a relatively small number of make-up
neutrons, probably in the form of fissile material. In this role,
fusion would be in direct competition with accelerators.
In 1981 AECL conducted a major study of the economics of
fusion as a source of neutrons for fission-energy systems. A DT
fusion reactor would be surrounded by a blanket, containing
uranium and/or thorium and lithium, in which the 14.1 MeV
neutrons from the DT reaction would be multiplied, by a vari
ety of nuclear reactions, and produce additional energy, fissile
material, and enough tritium to fuel the fusion reaction. Typi
cally, a uranium-lithium blanket would produce 1.6 atoms of
plutonium-239 and 130 MeV of energy per deuterium atom
consumed, in addition to the mandatory atom of tritium. How
ever, blanket operation, including the extraction of fissile ma
terial and tritium, represented a formidable engineering chal
lenge, and the estimated thirty-year-lifetime cost of the system
exceeded that of currently available stand-alone reactor systems
by about a factor of three. As noted earlier, the accelerator
breeder was found to be similarly uneconomic, though the ac
celerator technology was considered to be closer to realization
than controlled thermonuclear fusion. Interest in either ap
proach waned as the prospect of thorium fuel cycles receded
(see chapter eighteen).
Although AECL did not embark on a fusion program of its
own during this period, it played a role in the establishment of
a national fusion program (NFP). This was a complicated busi
ness and only a brief outline can be given here. It started with
Project FC (Fusion Canada), a federally funded study by five
Quebec institutions that, in November 1974, recommended pro
grams in ICF with carbon-dioxide lasers, MCF with a small
tokamak, fusion-reactor materials with a strong neutron source,

and the design and evaluation of conceptual fusion reactors. An
advisory committee, which included an AECL representative,
reported on this proposal in March 1975. It supported the ICF
and materials work, but not the building of a tokamak, and rec
ommended only a very small reactor design effort.
Response from the federal government came slowly. An inter
departmental panel on energy R&D (PERD), set up in January
1974, had designated NRC as the lead agency for fusion in June
1974, but it was only in June 1978 that NRC was able to an
nounce an NF. Its principal components were: participation in
foreign projects, an ICF program at NRC, and a tokamak facility
at IREQ, Hydro-Quebec's research institute in Varennes. The
limited funds available in the first few years of the program were
used to finance detailed studies of the feasibility of projects in
these areas.
In 1981, the federal and Quebec governments concluded an
agreement to share the cost of building the Varennes tokamak,
roughly $40 million over a five-year period. It produced its first
plasma in 1987 and has since made significant contributions to
fusion research.
In 1982, the federal and Ontario governments and Ontario
Hydro agreed to set up a Canadian fusion fuels technology
project (CFFTP) as part of the NFP. CFFTP would exploit the tri
tium technology that had been developed in the CANDU reac
tor program, and tackle the process-engineering and materials
problems associated with the tritium breeding blanket and the
first wall of a fusion reactor. AECL undertakes significant tri
tium-related research, some of which predated the setting up of
CFFTP (see chapter fourteen).
The intended ICF component of the NFP has not material
ized. NRC's own program took a different direction, and at
tempts by the University of Alberta to obtain funding for a large
laser-fusion program have been unsuccessful.
AECL took over the management of the NFP from NRC in a
phased operation that was completed by 1 April 1987. With a
funding level of some $25 million per year, the NFP is modest
compared to the fusion programs of some other countries, but
its tightly focused research is highly regarded and Canada plays
an effective role in international fusion activities. Strategically
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the NFP is designed to ensure that Canada can make the best
possible use of the ongoing opportunities offered by fusion
R&D around the world.
EPILOGUE
An assessment of the programs described in this chapter inevi
tably focuses on Dr. W.B. Lewis, who was responsible for Chalk
River having an accelerator program and not having a fusion
program.
He proposed the use of accelerators to product neutrons for
"breeding" fissile material at a time when the perceived short
age of uranium provided strategic, if not immediately economic,
justification and he continued to believe, throughout his life,
that accelerator-produced neutrons could have a role in meeting
the world's eventual energy requirements. It is far from certain
that he was wrong.
His championship of ING is no surprise - neutrons for re
search were of incalculable value - and he found it hard to ac
cept that the Canadian government was capable of making a
substantial commitment to CANDU but had nothing for what he
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CANDU DEVELOPMENT

Chapter Ten

CAND U and
Its Evolution
H.K.

RAE

Chapter one described the beginnings of the atomic-energy program in Canada,
and how Chalk River became established as an internationally prominent research
centre by the early fifties. In common with other countries where similar research
centres had evolved in this period, notably the United States, the United King
dom, France, and the USSR, there was at Chalk River much speculation and some
preliminary conceptual studies of the prospects for nuclear power generation.
WB. Lewis, the director of research at Chalk River, initially leaned toward
breeder reactor concepts to maximize the energy obtainable from available ura
nium and thorium resources, which at that time were thought to be very limited.
G.C. Laurence, a senior member of Chalk River staff, began in 1950 to advocate
the natural uranium-fueled heavy-water reactor for power production, a concept
that made maximum use of existing Canadian nuclear experience.
Chalk River was aware of British and American developments through the
United States-United Kingdom-Canada tripartite agreement. However, detailed in
formation on nuclear power development was not provided by either the United
Kingdom or the United States, because their power programs were interwoven with
their military programs. American legislation prior to 1954 severely restricted re
lease of information about its pressurized-water-reactor development. But Chalk
River's NRX reactor was an essential testbed for the fuel for the United States navy's
nuclear-submarine program. The navy was instrumental in having the first high
temperature, high-pressure water loop installed in NRX in 1951 (see chapter two).
By 1951, Canada's nuclear power program began to take shape. In August of
that year, Lewis, drawing on input from many staff at Chalk River, prepared 'An
For readers unfamiliar with the CANDU power reactor a brief description is appended to
this chapter, providing background for chapters ten through eighteen.

192

CANDU

DEVELOPMENT

Atomic Power Proposal", a report that gave direction to this
program and began what would become Lewis's missionary zeal
for the natural-uranium-fueled, heavy-water-moderated power
reactor. In his report he proposed that it might be possible for
nuclear power to compete with coal as a source of electricity. He
cited three achievements or near-achievements as the basis for
his forecast. First was the achievement of irradiations of NRX
fuel to a total heat output of 70 MWh/kg of uranium, making
uranium three or four times cheaper than coal or oil as a heat
source, and there were prospects for longer irradiations. Sec
ond, the design for the NRU reactor was in progress; it incorpo
rated means for continuous operation with on-power fueling,
and confirmed that high-power output should be attainable
from a physically small reactor. Third, the experience with the
United States navy loop experiments confirmed the practicality
of operating a high-temperature, high-pressure water system
with nuclear fuel, and zirconium seemed to be a candidate to
combine adequate strength, good corrosion resistance and low
neutron capture as a fuel-sheathing material.
Because of the presumed scarcity of uranium, Lewis stressed
in his early proposal, and in later refinements of it, the need to
chemically process the irradiated fuel and recycle the recovered
uranium and plutonium to the reactor. By multiple recycles he
foresaw a total consumption of as much as 3 percent of the ini
tial uranium, ten times that consumed in a single irradiation of
70 MWh/kg. However, as it later transpired, uranium is a rela
tively abundant element and its oxide can be irradiated to 200
MWh/kg in CANDU, so recycling became unnecessary and un
competitive. The story of fuel cycles and how their study was
revived in the seventies and eighties as future options for
CANDU is told in chapter eighteen.
By 1952, the atomic energy project at Chalk River was the
largest NRC division and further growth was planned, with the
construction of the NRU research reactor underway. If Lewis's
proposal for nuclear power development was accepted, even
greater growth might be necessary, and a greater degree of in
dustrial orientation would be desirable.
In addition, Chalk River was beginning to generate com
mercial revenues from isotope sales and loop irradiations.

These factors led to the formation of AECL as a crown corpo
ration, and the transfer of the Chalk River laboratories to
AECL on 1 April 1952.
By the early fifties, Ontario Hydro had become interested in
the prospects of nuclear power as an alternative to coal for elec
tricity production. In January 1952, the premier of Ontario
Leslie Frost and the chief engineer of Ontario Hydro, Richard
Hearn met with C.J. Mackenzie, president of NRC and soon-to
be president of AECL, and C.D. Howe, the federal minister re
sponsible for NRC and AECL. Thus, the stage was set for the
long and productive period of cooperation between AECL and
Ontario Hydro that became one of the essential elements in the
successful development of CANDU. The immediate results of
the meeting were the appointment of Hearn to AECL's board of
directors, and preliminary joint studies of potential reactor de
signs by AECL and Ontario Hydro engineers. Half of the eight
members of AECL's first board of directors were representatives
of Canadian electrical utilities, and this strong utility connec
tion continued for nearly two decades throughout the formative
years of CANDU development.
But progress was slow, in part due to the priority that had to
be given to salvaging NRX after the December 1952 accident. In
September 1953, Chalk River hosted AECL's first Atomic Power
Symposium, attended by representatives of industry and the
utilities to discuss the feasibility studies and supporting re
search and development. While heavy water was strongly
favoured as the moderator, the choice of coolant was less clear;
options considered included light water, heavy water, steam,
gas, organic liquids and liquid metals. Lewis proposed the con
struction of a small demonstration power reactor. This sympo
sium implemented a policy that originated with C.D. Howe,
requiring the early involvement of utilities and industry in the
nuclear power program, and limiting AECL's role to R&D.
THE NUCLEAR POWER GROUP AND NPD-1
Coincident with the appointment in November 1953 of WJ.
Bennett to replace C.J. Mackenzie as AECL president, the power
program began to move forward at an increasing pace. Bennett

-

announced to AECL staff that nuclear power was to be their
main objective. He reorganized Chalk River, appointing Lewis
as vice-president for research and development (a job he was
already doing) and Lorne Gray as vice-president for administra
tion and operations. Early in 1954, utilities, engineering compa
nies and manufacturers were invited to participate in a feasibility
study of nuclear power. Representatives of Babcock-Wilcox and
Goldie-McCulloch Co. Ltd., British Columbia Electric Company
Ltd., Canadian-Brazilian Services Ltd., the Hydro-Electric Power
Commission of Ontario (Ontario Hydro), Montreal Engineering
Co. Ltd., and Shawinigan Water and Power Co. Ltd, nine in all,
came to Chalk River and formed what became known as the nu
clear power group (NPG). It functioned as a unit of Chalk River's
engineering design division and was led by Harold Smith of On
tario Hydro. The group had access to everyone at Chalk River,
and included as its tenth member an AECL reactor physicist.
The aim was to develop a nuclear power reactor that could
compete economically with coal-fired stations. It was to be
fueled with natural uranium and moderated by heavy water,
because this concept appeared promising for power production,
it was well-suited to Canadian resources and did not require
enriched uranium, it was an extension of existing Canadian re
actor experience, and it was perceived as requiring only a small
development program. In retrospect, we know that the devel
opment program was large, but it was probably less than might
have been required had a different reactor concept been chosen.
Implicit in the above rationale was Lewis's conviction that low
fueling costs would be crucial to success, since they would off
set the anticipated high capital costs. Another factor must have
been the knowledge that large-scale heavy-water production
plants were operating in the United States, that the cost of pro
duction was not unreasonably high, and that this technology
would be available to Canada (see chapter seventeen). Finally,
this reactor concept appeared to fit in with Ontario Hydro's his
tory of capital-intensive power stations that had low operating
costs. Ontario Hydro also wanted a design that was consistent
with the limited industrial resources available in Canada.
Although the reactor power was not specified, a maximum
capital cost was set that limited the size to about 10 MW,
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thereby limiting the risk associated with this first step toward a
new technology.
The fuel considered was uranium metal sheathed in Zircaloy
2, an alloy of zirconium being developed in the United States for
its nuclear submarine program. Both ordinary water and heavy
water coolant were considered. Both steel pressure vessel and
zirconium alloy pressure tube reactor designs were examined.
An AECL committee, the power reactor group, chaired by WB.
Lewis, provided guidance and review as the study progressed.
At the end of 1954, the NPG concluded that a power rating in
the range of 10 to 20 MW would be within the capital cost tar
get; that there was little difference in cost between a pressure
vessel and pressure-tube design, but that the former was pre
ferred since it was based on established technology; and that
heavy water was the preferred coolant, because in larger reac
tors it would give lower unit-energy costs.
The design parameters for the prototype were agreed upon
and proposals were invited for detailed design and construc
tion. Seven bids were received. AECL selected Canadian General
Electric in March 1955 as the prime contractor for NPD - the
Nuclear Power Demonstration. CGE would contribute $2 mil
lion in engineering development in support of the design to be
carried out in Peterborough, where they had decided to locate
their Civilian Atomic Power Division (CAPD). The total cost of
NPD was.expected to be $20 million. AECL's annual operating
budget for Chalk River was only about $10 million at this stage
(excluding the construction of NRU). Ontario Hydro was con
firmed as the utility to be involved in the project; they would
supply the site and the conventional power equipment, buy
steam from the nuclear system and operate the plant. AECL
would pay for and own the nuclear system.
CGE supplied about a dozen of its own engineers to the ini
tial staff of CAPD and its general manager, Ian McRae. They re
cruited about the same number of engineers from Chalk River,
including Ian MacKay who was to manage engineering, and
several of the members of the NPG including John Foster as
manager of design. Both AECL and Ontario Hydro retained a
strong influence on key decisions through regular review
meetings.
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With the design and development proceeding in parallel, it
was inevitable that design changes would be needed as new
information became available; this would lead to a better dem
onstration, but delay the reactor's completion and increase its
cost. Charting a course through this minefield was the task of
the NPD technical committee, chaired by Lewis; the NPD
project committee, consisting of senior AECL, Ontario Hydro
and CGE managers and chaired by Gray; and ultimately Bennett
and AECL's board of directors. Lewis was frequently the cham
pion of change.

Initially, NPD was to have an electrical output of 10 MW.
However, by August 1955, AECL had decided to increase this
to 20 MW, so that fuel performance information would be pro
duced more quickly and the fuel rating in central channels
would be closer to that expected in future large commercial
reactors. The channel diameter had already been selected as
83 mm based on a combination of engineering design consid
erations and reactor-physics optimization studies. A seven
element fuel bundle had been selected, but with the increase in
fuel rating it became necessary to further subdivide the fuel in
the central channels and a 19-element bundle design was se
lected for use in these channels. This early decision on a 19
element bundle configuration, 80-mm in diameter, set the
pattern for CANDU fuel development and it became the an
cestor of all CANDU fuel.
At about the same time, the fuel material was also changed.
Originally, Zircaloy-clad uranium metal had been chosen, al
though some priority was also given to developing a high-tem
perature aluminum alloy as sheathing, because of the high cost
of zirconium. Work on uranium oxide as a fuel had also begun.
Information exchange with the United States and the United
Kingdom had greatly improved in 1954 with the relaxation of
secrecy, in preparation for the first United Nations conference
on the peaceful uses of atomic energy. Both the United States
and the United Kingdom were experiencing problems with ura
nium metal. The advocates of uranium oxide were extolling its
advantages. In the summer of 1955, Westinghouse's Bettis
Atomic Power Laboratory (BAPL), one of the United States na
vy's reactor development contractors, tested an intentionally

defected uranium dioxide fuel element in an NRX loop. Al
though CRL was not told what the fuel was, a routine X ray
before irradiation showed it was only half as dense as uranium
metal and the inference was clear. Its excellent performance and
AECL's intimate knowledge of that performance convinced
Lewis that oxide was the correct choice. In October he went to
an NPD technical committee meeting at Peterborough and told
CGE that the fuel would be uranium oxide.
While the design of NPD proceeded, the NPG was aug
mented, renamed the nuclear power branch, and given the task
of studying a large uranium-heavy-water reactor, to determine
a conceptual design and power output likely to compete with
alternative power sources in Canada, and to define the develop
ment work required. This study took two years.
In the spring of 1957, the nuclear power branch reported its
conclusions as follows: power output had the largest effect on
unit energy cost and a unit of least 200 MW was required to
compete with a coal-fired power station. A 200 MW station
should be built, since this was the best fit to Ontario Hydro's
anticipated needs in ten years' time. The size of pressure vessel
required would be much larger than an equivalent enriched
uranium light-water reactor vessel, and beyond current experi
ence. Its manufacture would require a technology unlikely to be
developed in Canada (in fact, the much smaller NPD vessel was
being fabricated in Scotland). Zircaloy pressure-tube technology
was being developed in the United States for the Hanford N
Reactor' so a pressure-tube design was now considered to be
practicable, and was recommended. Since a thirty-year amorti
zation period would be needed to achieve a low unit energy
cost, the station life should be at least thirty years. However, it
would be premature to set this as the target for the reactor, and
therefore the core should be replaceable; that would be possi
ble with a pressure-tube design. A horizontal orientation of the
pressure tubes simplified the support of the reactor and its fuel,
and made bi-directional on-power fueling practicable. A major
and essential innovation, one unique to CANDU, was this
2 A graphite-moderated pressurized-water reactor being built for the

United States government to produce both plutonium and electricity.
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fueling system. Short fuel bundles would be inserted in one end
of a fuel channel and would be moved progressively through
the channel as each new bundle was added and an irradiated
one removed from the other end. By fueling adjacent channels
in opposite directions a more uniform neutron flux could be
obtained throughout the reactor. The higher net neutron pro
duction from fresh fuel would offset the neutron losses by ab
sorption in the fission products within fuel nearing the end of
its irradiation in the adjacent channel. All the fuel would leave
a channel at roughly the same total irradiation, which would be
about twice that achievable with unidirectional fueling or with
full-length fuel bundles. The higher average fuel irradiation
achieved with this fueling scheme helped to compensate for the
extra neutron loss by absorption in the pressure tubes. One dis
advantage of the pressure-tube design was a higher capital cost
due to an increase in heavy water volume in the moderator rela
tive to that in a pressure-vessel design, since a wider spacing
between channels was required to accommodate feeder pipes at
each end of each channel and the head of the fueling machine.
Uranium oxide sheathed in Zircaloy was recommended as the
fuel; even though it gave slightly higher unit-energy costs than
uranium metal, its good performance seemed much more cer
tain. It was predicted that the core design would permit an ir
radiation of 195 thermal MWh/kg with natural uranium. Ura
nium enrichment was found to reduce the unit energy cost
somewhat, but only if a much higher fuel irradiation could be
achieved. For any irradiation up to that attainable with natural
uranium, the enriched fuel results in a substantially higher cost.
Enrichment was not recommended, since fuel performance at
high irradiation was unknown.
This study, led by Harold Smith, set the main conceptual
design features of CANDU, and most of these have been retained
throughout the program. The choice of a pressure-tube reactor
design removed any limit on reactor size, so that the same basic
design could be used as progressively larger units were re
quired. However, now NPD, with its pressure vessel, was no
longer a representative demonstration. And so two years into
the design it would have to undergo a major change and liter
ally be turned on its side. Bothwell, in Nucleus, his history of

Atomic Energy of Canada Limited, describes how AECL,
Ontario Hydro and CGE made this decision, which would
double costs and delay construction by a year or more, but
would provide essential early experience with the CANDU
concept. Some orders, including that for the pressure vessel,
had to be cancelled.
NPD-2
Major new features - the fuel channel, the horizontal calandria
and the fueling machine - had to be designed, developed and
tested for NPD-2. The nuclear power branch had proposed a
fuel bundle length of one foot. The CGE team decided 50 cm
was short enough, and this was a decision that Lewis endorsed
immediately. The same length is still used for all CANDU fuel,
even though it was recognized by about 1960 that a 200 cm long
bundle would be adequate to achieve the desired fuel irradia
tion benefits of using the bi-directional, on-power fueling
scheme. Having fewer end plates in the channel should permit
a somewhat higher irradiation. However, the 50 cm length was
recognized to be extremely convenient to make and handle, and
has proven to be very reliable and sufficiently efficient.
The choice of fuel-sheath thickness is another prime exam
ple of Lewis's influence on the project. He was determined to
minimize the non-fuel materials within the reactor core that
waste neutrons and thereby limit the total heat output from the
fuel (neutron economy is discussed in chapter eleven). His goal
was a fuel irradiation of 240 MWh/kg, which would result in an
attractively low fueling cost for commercial CANDUs. By late
1958, fuel-design details were being specified so that produc
tion could begin in 1959. The NPD technical committee re
viewed the design. CGE and some of the AECL fuel developers
recommended 0.6-mm-thick sheaths, 20 percent thinner than
the manufacturers were already making for American reactors.
Lewis proposed 0.25 mm and insisted on a sheath no thicker
than 0.4 mm for the 19-element fuel, unless it could be proved
why it had to be thicker. And he was determined that the per
formance of thin-sheathed fuel would be demonstrated in NPD
from its initial startup. Since all agreed that the seven-element
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fuel for the outer channels should have 0.6 mm sheaths, this fuel
was produced first, giving fuel developers and fabricators a year
to investigate thin sheathing. By the beginning of 1960 it was
clear that thin sheathing showed considerable promise, but
irradiation experience was limited. Consequently, the decision
was taken to produce two batches of 19-element fuel, one with
0.6 mm sheaths and the other with 0.4 mm. About 200 bundles
of each formed the initial fuel loading for the central channels
of NPD in early 1962. The thin sheaths performed well and, ever
since, all CANDU fuel has been sheathed with 0.4-mm-thick
Zircaloy tubing. The development of the NPD fuel and the
evolution of this design to much higher power ratings in later
reactors was a major multidisciplinary program (see chapter
thirteen).
While American information on pressure tubes provided a
starting point, the CANDU design conditions were different and
the need to minimize neutron absorption was much greater. The
development of fuel-channel materials became a large program,
which continued to grow in size and breadth (see chapter
twelve), and it remains a major development activity still.
Each of the 132 NPD fuel channels contained nine fuel bun
dles; however, the pressure-tube length was 4 m, so half of each
bundle at the ends of the channel was outside the neutron flux.
An important decision in the design of NPD was the choice
of carbon steel for the heat-transport-system piping, rather than
the more expensive stainless steel being used in American reac
tors. It was recommended by CAPD for NPD-l, where the sys
tem piping surface was small, and was endorsed by the metal
lurgists and chemists at Chalk River. The choice was maintained
for NPD-2, despite the much more extensive piping required for
the pressure tube design, and carbon steel has been successfully
used in all CANDU reactor heat transport systems (see chapter
fourteen).
The carbon-steel inlet and outlet feeder pipes were to be con
nected to the fuel channels through end fittings, which would
also provide access for the fueling machines to connect to the
ends of each channel. To fasten the pressure tube to each end
fitting, a rolled joint was selected as the best alternative. The
end fitting was fabricated from a stainless-steel alloy having the

required strength and a good match to the zirconium-alloy
pressure tube in its coefficient of thermal expansion. Years of
development and testing went into achieving an adequate
design. The same rolled-joint concept has been used for all
CANDU fuel channels, although it has evolved in details of
design and fabrication. Inadequate control of rolling procedures
was the cause of some pressure-tube failures in the Pickering
and Bruce stations (see chapter twelve). As a result, closer toler
ances and better inspection procedures were instituted.
An ingenious system was proposed for reactor control using
moderator level combined with a means of rapidly dumping the
moderator into a dump tank for reactor shutdown. This concept
was applied to NPD, Douglas Point, RAPP and Pickering A.
Moderator dump for shutdown was chosen for the early
CANDUs because of shortcomings in the reliability of shut-off
rods at that time. However, for Pickering and later CANDUs,
moderator dump would not provide sufficiently rapid shut
down, so shut-off rods of demonstrated high reliability were
adopted; moderator dump was retained in Pickering A to pro
vide a greater depth of shutdown than shut-off rods alone, a
function that was provided in all later CANDUs by the injection
of a soluble neutron absorber (soluble poison, e.g., gadolinium
nitrate) into the moderator. The main control of NPD was
through moderator level, but this technique was of lesser im
portance in Douglas Point, RAPP and Pickering A. It was omit
ted from all later CANDUs. Reactor power was controlled by
solid neutron absorbers in Douglas Point, and liquid ones in
Pickering and later CANDUs (see chapter eleven).
A major concern with any heavy-water reactor is to avoid
losses of this'costly material ($60 per kilogram when NPD
was being designed). Extensive leakage-collection systems
were installed. However, these could not be applied to the
many joints and valves in the high-pressure, heat-transport
system, where most small leaks of heavy-water that might
occur would immediately vapourize. The answer was to iso
late the reactor vault and the boiler room so that large air
driers could recover the bulk of this leakage. A preliminary
version of this concept was installed at NPD. The commercial
CANDU units have benefited from a substantial program to

CANDU and Its Evolution 197

improve heavy-water containment and minimize losses (see
chapter fourteen).
Lorne McConnell of Ontario Hydro created the NPD operat
ing organization, which in turn produced the operational pro
cedures that became the pattern for all Ontario Hydro nuclear
stations, and for the other utilities that operate CANDUs. NPD
was not only the first Canadian power reactor, it was also the
training ground for designers, researchers and operators who
would go on to manage the growth of the CANDU program over
the next two decades.
Initial operation of NPD occurred in April 1962 and full
power was reached on June 28. NPD successfully demonstrated
the feasibility of the CANDU concept through reliable opera
tion, safe refueling at full power and acceptably low heavy
water losses. NPD operated until 1985, when it became evident
that its pressure tubes should be replaced (see chapter twelve);
after a prolonged shutdown it was decided that the cost of
retubing would far exceed the value of continuing to operate
NPD, and it was taken out of service in 1987. It ran reasonably
well throughout its operating life and provided early experi
ence with CANDU components, systems and materials. NPD
was also a testbed for new fuel-bundle designs, for alternative
pressure-tube materials, new instruments and other compo
nents. However, its usefulness in this regard was rather limited
by the fact that its neutron flux was considerably lower than
that in large CANDUs. For a period, the heat-transport system
was modified to permit coolant boiling; this provided confidence
that the large commercial CANDU reactors could operate stably
with net steam production in the more highly rated channels.
An experimental irradiation of cobalt in NPD in 1965-66
demonstrated the concept of cobalt-60 production in CANDU
reactors (see chapter five). In NPD the cobalt was contained in
three elements of a bundle, similar to a fuel bundle, with the
other elements containing only helium. Three experimental
bundles interspersed with natural-uranium fuel were loaded by
the fueling machine into one channel. Due to the neutron ab
sorption by the cobalt, the average burnup of all the fuel in NPD
was reduced by about 3 percent during the eighteen-month
experiment. Forty cobalt bundles of the NPD design were

loaded into four channels of Douglas Point in 1966, reducing
the fuel burnup by 12 percent. However, cobalt-60 production
was low because of the poor early performance of Douglas Point
(see below); when increased reactivity in the core was needed
in 1969, the cobalt bundles were replaced by fuel. Arrange
ments were made for cobalt production in reactivity control
rods (adjuster rods) in Pickering, and subsequently in other
CANDUs (see chapter eleven). While awaiting the first output of
cobalt-60 from Pickering, eighty bundles were loaded into NPD
in 1971; in this case the reactor had to be partially fueled with
slightly enriched uranium (1 percent uranium-235). Three
million curies were produced, but the cost was considerably
higher than from adjuster rods in Pickering or later CANDUs.
The important contribution of NPD was in its early years.
There were problems with components to be overcome - faulty
valves, for instance. Heavy-water leakage and losses were high
initially. Improvements to the iecovery system and the elimina
tion of many sources of leakage reduced average losses from 25
to 7 kg per day. The latter would be an acceptable loss rate for a
large CANDU reactor.
The initial attempt at on-power fueling failed, resulting
in the escape of heavy water from the heat-transport sys
tem. About 1,000 kg were lost, but the bulk of the escaped
water (4,000 kg) was recovered and had to be purified and
reconcentrated to reactor grade, since it had become mixed with
ordinary water when the dousing system had been triggered
by the pressure rise in the reactor vault. The fueling machines
were repaired, but required considerable maintenance to retain
adequate reliability. Machines of an improved design were
installed in 1969.
DOUGLAS POINT

In 1957, while CGE got busy with NPD-2, AECL and Ontario
Hydro decided to proceed with a detailed design assessment
and development work for the 200 MW station, which would
become known as Douglas Point. At the time, a power of
200 MW was considered to be a commercial station. In fact,
when Douglas Point was built, its steam condenser would be the
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largest in Canada. However, it was soon surpassed by much
larger CANDU units, and so for the last two decades Douglas
Point has usually been referred to as a prototype reactor.
For the 200 MW design study AECL set up the nuclear power
plant division (NPPD) in Toronto early in 1958 in space pro
vided by Ontario Hydro. In essence, this decision was an ar
rangement imposed by Ontario Hydro, who would be the
ultimate customer.
Ontario Hydro agreed to participate in the design study and
supplied about fifteen engineers, including Harold Smith on a
part-time basis to manage NPPD. The Toronto location provided
for close association with Ontario Hydro and ready access to
industry, but also meant less direct influence by Lewis and the
R&D environment of Chalk River.3 NPPD was given control of
CGE's contract for NPD-2, so that this project would be coordi
nated with the 200 MW design study and its supporting engi
neering development work, also to be a part of NPPD.
J.L. Gray, who by May of 1958 would become president of
AECL, outlined AECL policy in establishing NPPD in a report
(AECL-561) entitled 'A Statement of the Nuclear Power Develop
ment Program." Gray stated that arrangements were being made
for participation of other utilities in addition to Ontario Hydro,
and of manufacturing and engineering companies; that the de
sign would be directed toward maximum use of Canadian manu
facturing facilities; and that NPPD was envisaged as a transitional
step until nuclear power had reached a stage of use at which utili
ties and industry could undertake further development on a nor
mal commercial basis. However, NPPD grew into a permanent
part of AECL (known as Power Projects, then CANDU Operations,
and more recently AECL CANDU), providing engineering serv
ices for domestic CANDU stations and overall project execution
and management for CANDU stations overseas.
John Foster joined NPPD as deputy manager and became
manager after Smith became chief engineer at Ontario Hydro.
Another wave of transfers from Chalk River to the CANDU de
sign activities took place, and a half-dozen or so attachments
from other companies to NPPD were obtained. Engineers were
also recruited from the Avro Arrow project when it was can
celled in February 1959.

For a short time, NPPD was side-tracked into developing a
conceptual design for a vertical reactor, but Lewis and Gray
firmly insisted that the designers stick to the horizontal ar
rangement already chosen.
By the spring of 1959, the government, AECL and Ontario
Hydro were anxious to advance the start of work on the
200 MW unit, mainly because of the rapid pace of development
of nuclear power in the United States, Britain and France. AECL
and Ontario Hydro reached an agreement whereby AECL would
design and own the station, and Ontario Hydro would con
struct and operate and pay for the electricity. Ontario Hydro
would also own the site and have an option to buy the station
once it had demonstrated successful operation. The Douglas
Point site, near Kincardine on Lake Huron, was selected as be
ing suitably remote (in case of a major accident), yet not too far
from Toronto. It was at this time that the acronym CANDU was
selected, originally to designate the Douglas Point station. How
ever, it was usual to call power stations by place names and
CANDU became the generic name for the Canadian heavy
water power reactor. The Douglas Point project established
the organizational pattern for Ontario Hydro's nuclear power
program. It was a learning experience for NPPD, Ontario
Hydro's construction division and a large number of Canadian
manufacturers.
To achieve the ten-fold increase in power output from NPD
to Douglas Point required a higher coolant temperature to in
crease steam-cycle efficiency, a doubling of the maximum power
rating of the fuel, a higher average to maximum fuel power rat
ing (flatter neutron flux distribution), a 5 m (rather than 4 m)
channel length,4 and 306 fuel channels instead of 132. There
were many changes in the details of material selection, compo
nents and systems design from NPD. Zircaloy calandria tubes

4

One senior member of NPPD recalled that the contribution of W.B.
Lewis must never be underestimated. He was in the background but
he was like Buddha or God. He had such an obvious grasp of nuclear
energy.
Although each fuel channel in Douglas Point contained twelve fuel
bundles, only ten were within the flux.
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and a stainless-steel calandria were selected for greater strength
and better corrosion resistance than aluminum used in NPD,
and became the norm for all future CANDUs. The reactor and
its auxiliaries were housed in a concrete containment building
with 1-m-thick walls, rather than in an underground vault, and
a more elaborate dousing system was provided to control pres
sure in the event of a major release of steam. The evolution of
Canadian reactor-safety philosophy and the design response to
these requirements has already been described in chapter four.
A major innovation was the use of extensive computer data
processing and a limited degree of computer control; in this first
application of computer control to a power reactor, the tasks of
the computer were limited to those that could be done manu
ally or by separate equipment if the computer was not working.
Douglas Point was the first reactor in the world in which a reac
tivity-control element was positioned by a stored-program dig
ital computer.
Although the location of NPPD in Toronto had diminished
Lewis' direct influence on the design of Douglas Point, he con
tinued to lead the supporting development work at CRL well
into the sixties. As he had throughout the design of NPD, Lewis
provided the stimulus, coordination and much of the direction
of this program. He delved deeply into the details of many ar
eas of research 5 to gain a detailed understanding so that he
could assess problems, participate in the solutions and give
more effective overall direction. He delighted in detailed tech
nical participation, especially in the area of fission product
movement in uranium dioxide (see chapter thirteen). But most
importantly, he had a great talent for synthesizing disparate sci
entific, engineering and cost factors into a coherent picture that
could lead to a solution, which he then pursued tenaciously.
Lewis dominated CRL throughout this period and was an inter
nationally recognized authority on nuclear energy. He fostered
broad participation by AECL researchers in international meet
ings and collaboration with many other nuclear laboratories.
The Douglas Point project was stretched out to seven years
by delays in completing the design and by late deliveries of
equipment. Often, the equipment failed to meet specifications
and had to be returned to manufacturers for upgrading. The
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Canadian content was 70 percent, supplied by some 600
companies.
Operation began late in 1966, and the early years were
6
plagued by problems. It was not declared to be in-service until
September 1968. The main coolant pumps had to be modified;
valves required frequent maintenance. Heavy-water leakage
was excessive and much development work was required to
bring it under control and keep losses within an acceptable
range. The situation was further exacerbated by the difficulties
of making repairs - space around equipment was constricted by
over-zealous minimizing of heavy-water holdup in the heat
transport and moderator piping systems, and radiation fields
were high. The latter problem was the result of poor water
chemistry control, resulting in the movement of radioactive cor
rosion products into the steam generators and other out-reactor
components, a phenomenon discussed in chapter fourteen. This
was remedied by developing a chemical process for removing
the corrosion products, and improving the chemical control
procedures.
Douglas Point was in some respects "over-designed" - it was
too complex. It also demonstrated that the good, standard
engineering quality accepted for many conventional compo
nents was not good enough. This caused AECL to expand its
R&D effort to take an in-depth look at many out-reactor
components (for example, pump seals, valves, steam generators
and heat exchangers), and to develop much more rigorous
specifications for them (see chapter fourteen).
In a speech to the Canadian Nuclear Association in 1985, John Foster
recalled Dr. Lewis' style thus: "He [Dr. Lewis] walked into any intel
lectual space as if he didn't care who owned it. Trained as a physicist,
he would debate on equal terms with metallurgists, biologists, econo
mists and engineers in their own fields, but he was usually well pre
pared. His only measures of other people were their knowledge, intel
lectual ability and integrity. Depending on how they measured up in
these respects, he treated his most junior subordinate in the same way
he treated internationally renowned scientists. He could be acerbic at
times, but he could also be very considerate."
"6"In-service" commences when reactor operation has been demon
strated to be sufficiently reliable for commercial use.
'
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These expensive lessons were learned in time to apply them
to the large commercial reactor stations being built in the late
sixties and early seventies.
As with NPD, the need to retube Douglas Point, combined
with a growing list of other major modifications that were
needed, led to the decision to take it out of service in 1984.
Douglas Point did not produce electricity as cheaply as ex
pected, and Ontario Hydro never exercised its option to buy the
station. However, during its eighteen years of operation, earned
revenue paid for most direct operating costs. Ontario Hydro
benefited considerably through the experience gained by its
operating staff.
Unfortunately, the late sixties were a critical time in the world
power-reactor scene. Douglas Point won no converts to the
heavy-water design. Most countries opted for the American style
of light-water reactor, and Canada was left largely alone as the
developer of the heavy-water concept. Success was to be achiev
ed, but too late to make a major impact on the world market.
PICKERING A
By 1964, studies by Ontario Hydro showed that a 500 MW
reactor would be needed to compete with the newest coal-fired
stations, which consisted of multiple 500 MW units. Also, the
expected rate of expansion of the Ontario Hydro system re
quired the addition of large blocks of power to serve Ontario's
booming economy. Ontario Hydro decided to commit two
500 MW units. An agreement was worked out whereby Ontario
Hydro would build, own and operate the units and AECL
would do the nuclear design, as engineering consultant. Ontario
Hydro would invest the equivalent of two coal-fired units,
about 40 percent of the cost, and the Ontario and federal
governments would provide 28 and 32 percent of the cost,
respectively. The governments' investments would be repaid
from the savings in the cost of electricity relative to that gener
ated by Ontario Hydro's Lambton coal-fired station. In the fed
eral case this was an important revenue for AECL for some years.
The timing of this commitment turned out to be extremely
fortunate. It was made before the problems at Douglas Point had

surfaced; otherwise, it might not have been approved so read
ily. But it was not made too early for the design to benefit from
some of the lessons learned at NPD and Douglas Point.
At the same time, NPPD was confirmed as Canada's ongoing
reactor design organization. A major factor leading to this deci
sion was Ontario Hydro's aversion to being dependent on a sin
gle private-sector supplier. It left CGE with a design team, but
no domestic market. NPPD changed its name to Power Projects
and later moved to its own facilities at Sheridan Park
(Mississauga, Ontario) in 1966.
Ontario Hydro wanted the new station, which would soon be
expanded to four units, located close to the load centre. They
recommended an available Ontario Hydro site at Pickering,
30 km east of downtown Toronto. This was approved after it
was shown that the probability of an accident was very small
and that the containment system would make the probability of
any release of radioactivity of consequence to the public ex
tremely remote.
The scale-up in power from Douglas Point was achieved by
adding 27 percent more channels, increasing the channel di
ameter to 103 mm, with a corresponding 50 percent increase
in allowable fuel bundle power, and achieving a flatter flux
distribution to raise the average bundle power. Many at Chalk
River opposed this change in channel diameter, in part because
the 83 mm channel used at Douglas Point and NPD appeared to
give somewhat lower power costs, but mainly because of the ac
cumulated R&D experience with the smaller size. The debates
on channel diameter at the power reactor development program
evaluation committee (see chapter one) were long and acrimo
nious. Chalk River finally proposed a solution: use the 103 mm
channel with a 28-element fuel bundle, but the elements must
be the same size and operate at the same rating as those in
Douglas Point, so that the existing body of fuel-development
information would be clearly pertinent. In the longer term, the
move to the larger channel facilitated the design of the larger
reactors that followed Pickering.
The policy for Pickering was to select heat-transport system
components only slightly larger than those at Douglas Point, to
keep in step with Canadian manufacturing capabilities. The result
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was sixteen main coolant circulating pumps and twelve steam
generators per reactor, 50 percent and 70 percent larger, respec
tively, than the ten pumps and eight steam generators installed
at Douglas Point.
At Pickering the next step in automation of reactor control
was taken. All major plant processes were to be controlled by
the central computer. Since failure of the computer would shut
the reactor down, a second identical computer was added on
standby and able to take over at any time. This arrangement has
worked well, and has been used in successive CANDUs with
increasing levels of sophistication.
The Pickering reactors were an outstanding success in their
first decade of operation. They demonstrated consistently high
capacity factors, except for a period when about 10 percent of
the tubes in two units had to be replaced because of cracking
(see chapter twelve). The cost of electricity was less than from
contemporary coal-fired stations. Heavy-water leakage and loss
were well within the design targets. Radiation fields have re
mained low. In short, few of the problems experienced at NPD
and Douglas Point were encountered. This good record has been
clouded since 1983 by prolonged shutdowns to replace all the
pressure tubes in all four units, for reasons explained in chap
ter twelve.
During early operation at Pickering, some fuel failures oc
curred after fuel-bundle power was raised rapidly in a large step
as a result of refueling; similar failures were also occurring
at Douglas Point. The immediate problem was controlled by
restricting power changes during refueling, and a long-term
solution was developed by modifying the fuel (see chapter thir
teen). Subsequent CANDU fuel performance has been excellent.
A recent exception occurred during the initial operation of
Darlington (see below). A number of fuel bundles were severely
damaged by vibration arising from pressure pulses generated
by the heat-transport-system pumps. New pump impellers were
installed that give a higher frequency of pressure pulse that is not
transmitted to the fuel, thus restoring good fuel performance.
An important feature of on-power fueling is the ability to
remove failed fuel bundles before they can deteriorate and
seriously contaminate the heat-transport system. Thus, in
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CANDUs, fission products make only a minor contribution to
radiation fields around steam generators or piping after shut
down (see chapter fourteen). Instruments that measure gaseous
fission products and radioiodines (which are readily released
from failed fuel) in the coolant are used to detect any failures.
Two methods were developed to locate the channel containing
the failed fuel bundles. One is to scan the gamma radiation from
each of the outlet feeder pipes during shutdown, to detect accu
mulated solid fission products (e.g., zirconium-95, niobium-95
and lanthanum-140) that deposit on the walls. The other is to
measure the amount of two short-lived volatile fission products,
which emit delayed neutrons (bromine-87 and iodine-137),
in a sample of coolant from each channel using an on-line
delayed-neutron monitoring system. The latter are used at both
Bruce stations and the CANDU-6 reactors, while gamma scan
ning is used at both Pickering stations and Darlington.
BRUCE AND LATER CANDUS
In 1968, Ontario Hydro committed four 745 MW units to be
built adjacent to Douglas Point, and this became the Bruce A
station. This was only two years after Douglas Point began op
erating and three years before Pickering started up. They were
the first units to have large coolant circulating pumps, only four
per unit. Steam generator size was more than doubled so that
only eight per unit were required. The increased reactor power
output was achieved by a combination of additional fuel chan
nels and an increase in the fuel bundle power rating; the latter
required a change to a 37-element bundle in which the diameter
of the individual elements was reduced by 15 percent. Each
Bruce A reactor was designed for a maximum total output
equivalent to 905 MW electrical: a net electrical output of 745
MW, about 50 MW for unit services, such as the coolant cir
culating pumps, and additional steam for heavy-water pro
duction (see chapter seventeen) of up to the equivalent of 110
MW electrical.
Commencing operation in 1977, the Bruce A units continued
the good performance of CANDU until steam-generator prob
lems occurred in the nineties due to excessive deposits forming
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on the secondary side (see chapter fourteen). There were very
few pressure-tube problems until the early nineties, when evi
dence was found of pressure-tube fretting by fuel-bundle
vibration. This was also observed in Darlington.
Figure 10.1 illustrates the growth of the CANDU program
over three decades. A second four-unit station was built at
Pickering for initial operation in 1983. Figure 10.2 shows the
eight Pickering reactors, all connected to a single vacuum build
ing, and the two large turbine halls. A second four-unit station
at Bruce was started up in 1984. The latter units were provided
with larger turbines than in Bruce A and are each capable of a
net output of 860 MW. Ontario Hydro's Darlington station
FIGURE 10.11
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comprises four 880 MW units. AECL helped India to build two
CANDU units similar in design to Douglas Point; India has since
built a series of similar reactors of their own modified design.
CGE sold a 125 MW CANDU to Pakistan. Starting in 1970,
AECL developed the single-unit station design, now known as
CANDU 6. With an output of about 600 MW, it was based on
the Pickering reactor, but uses the higher channel power possi
ble with 37-element fuel bundles, large steam generators and
pumps. Four units are in operation: Point Lepreau in New
*Brunswick, Embalse in Argentina, Gentilly-2 in Quebec and
Wolsong I in Korea. In the late eighties, the first of five planned
units was being built in Romania. In the early nineties Korea
ordered three more units for the Wolsong site.
The twenty large commercial CANDU reactors in service by
1988 were designed and built over a period of nearly three dec
ades, (1959-87). This may seem like a small program until it is
realized that each reactor represents an investment equivalent
to several billions of today's dollars. A large multi-unit CANDU
station will produce during its lifetime a total amount of energy
equivalent to a major oil discovery, such as Hibernia. The
CANDU program is a major high-technology enterprise, and
one with a high Canadian content.
Since the mid-eighties, AECL CANDU has been developing a
smaller nuclear power station (450 MWe) which is designated
CANDU 3. It is simplified in design, with fewer components and
a layout to facilitate fast construction and ease of maintenance;
a number of evolutionary improvements over the CANDU 6
have been incorporated to enhance safety, extend operating life
and increase capacity factor. The overall target is a lower cost of
electricity.

Design, Construction, Start-up
In Service

ORC AND BLW

Because the coolant and moderator are separate, the basic
CANDU concept can accommodate coolants other than heavy
water. Two that were investigated extensively and were used in
demonstration or prototype reactors were an organic coolant
and boiling light water; the corresponding power-reactor de
signs are referred to as CANDU-OCR and CANDU-BLW. The
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advantages perceived for these designs over
FIGURE I0. 2
Pickering Gtcnerating Stations A & B Showing the Vacuum Building to Left
the established heavy-water-cooled design
of Eight Rea actor Units
were: lower capital cost, higher steam-cycle
efficiency, lower heavy-water inventory, and
very much lower heavy-water leakage.
Ian MacKay was attracted by the potential
of an organic coolant to provide a high-outlet
temperature, and thus a high steam cycle
efficiency, at a relatively low coolant pres
sure. When he joined CGE he persuaded them
to fund a small study. The organic-coolant
concept attracted Lewis and AECL, and by
the late fifties a substantial development
program, split between Chalk River and
Peterborough, was in progress. In 1959,
when the decision was reached that AECL
would build a second research centre in
Manitoba, it would have as its focus a reac
tor designed for research and to demonstrate
the organic-coolant concept. This reactor,
WR-I, was brought into operation in 1965,
and successfully demonstrated the feasibility
of sustained operation at a coolant tempera
ture of 4001C. The OCR program was stopped
in 1972, despite this technical success and
forecasts that the concept would perhaps
produce electricity 15 percent cheaper than
the standard CANDU (see chapter sixteen). There were four
Development of the BLW concept began in the early sixties,
principal reasons: the cost of an OCR prototype was consid
and included ajoint program with the British of studies in boil
ered to be too large a risk for a relatively small and uncertain
ing water loops in NRX and NRU. Collaboration with Italy, Japan
benefit; Pickering was a success and no utility was convinced
and the United States on studies of boiling-heat transfer was
of OCR's promise; the reliability of the fire suppression system
also important. When Hydro-Quebec showed an interest in
(necessary with a combustible coolant) was challenged; and,
CANDU, they sought a federal financing arrangement similar to
OCR represented a distinct departure from the growing trend
that for Douglas Point, but this could only be justified for a pro
of world nuclear technology to water-cooled designs. Organic
totype. AECL recommended the construction of a CANDU-BLW
cooled reactor programs in Europe and the United States, with
prototype, and a design group was set up in Toronto in 1965,
which Canada had collaborated, had been abandoned by the
and ultimately became part of Power Projects. This prototype
seventies; the light-water reactor had won the race in these
became the Gentilly-1 station operated by Hydro-Quebec. It
countries.
began operation in 1972, but only operated for short periods at
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full power. There were serious reactor-control
problems requiring some re-design and modi
fication; before this work was completed, and
reflecting Hydro-Quebec's lack of interest in
purchasing the station, the reactor was shut
down permanently in 1978, and has since
been decommissioned (see chapter sixteen).
Heavy-water-moderated prototype reactors
cooled with boiling-light water, but using
enriched-uranium fuel, have operated suc
cessfully in Britain and Japan.
In retrospect, the choice of BLW for
Gentilly-1 was perhaps unfortunate. A few
years later, after WR-I had operated success
fully for a few years, the choice might have
been an OCR. In any case, in a retrospective
review in 1987, well after his retirement in
1974, J.L. Gray regretted the decision not to
pursue the OCR concept. Although Lewis sup
ported the choice of BLW for Gentilly-1 in
1965, he had become a strong advocate for OCR
by 1970. But by the early seventies AECL had
other priorities, like the supply of heavy water,
that were straining its financial resources.

FIGURE 10.3
Point Lepreau Generating Station

CANDU PERFORMANCE
Year after year, CANDU reactors dominated the list of the
world's top ten nuclear power stations in lifetime capacity
factor.' For example, when the 285 stations throughout the
world that are 500 MW or larger in size are ranked by life
time capacity factor to the end of 1989, the top ten consist of
six CANDUs, three German PWRs and one Belgian PWR.
First was the Emsland unit in West Germany at 91 percent,
followed by Point Lepreau at 89.6 percent. The other five
CANDUs were Pickering units, 5, 6, and 7, and Bruce units 5
and 6. By the end of 1990, Point Lepreau, shown in figure
10.3, then entering its eighth year of operation, had the
highest lifetime capacity factor in the world, 89.7 percent.

However, some CANDU reactors have significantly lower
lifetime capacity factors; e.g., Pickering units I to 4, because
of long shutdowns for pressure-tube replacement, and some
units at Bruce A and Darlington, because of recent steam
generator and fuel problems. By 31 March 1994, Point
Lepreau's lifetime capacity factor had increased to 91.4 per
cent, second in the world to Emsland at 91.5 percent.
In 1987, the Canadian Engineering Centennial recognized
CANDU as one of ten outstanding achievements in engineering
in Canada since 1887.

SCapacity factor is the ratio of the actual energy produced during any
period to the energy that could have been produced in the same period
if the plant had operated continuously at its fully rated capacity.
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Some of the factors that give CANDU an edge in capacity fac
tor over other reactor types are on-power fueling, computer
control, rigorous operator training and a strong R&D capability
within AECL, which has worked closely with the utilities in
developing improvements or correcting operating problems.
The role of R&D did not end with the successful operation of
Pickering A or Bruce A. An essential continuing role has been
detailed analysis and trouble shooting, which underlies con
tinuing reliable performance. As described in chapter twenty,
this R&D role has evolved to a dual one: a large generic program
supported jointly by AECL and the CANDU Owners Group
(utilities that operate CANDU reactors), and a variety of station
specific commercial contracts.
Of course, a higher capacity factor will reduce the cost of
electricity. In 1984 Ontario Hydro compared the average cost of
FIGURE 10.4

Projected Unit Energy Costs of Major Supply Options
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electricity for their CANDU stations with their forecast of the
cost of electricity from light-water reactors if they were built
and operated by Ontario Hydro. They concluded that electric
ity from light-water reactors would be 17 percent more expen
sive in Ontario. In 1993 the Korean Electric Power Corporation
reported that its CANDU 6 unit produced electricity 15 percent
cheaper than the average for their PWR units.
Inherent neutron economy, the use of natural uranium, reli
able fuel performance and on-power fueling all contribute to
achieving a low fueling cost. The cost of heavy-water loss, while
meeting the design target, is not insignificant; however, it, to
gether with the interest charges on the heavy-water inventory,
are offset by a fueling cost that is considerably lower than that
for light-water reactors.
The provision of closed-loop automatic reactivity control,
combined with the inherently small change in reactivity with
power, provides considerable flexibility in responding to demand
power changes. Excellent load following performance has been
reported for the CANDU station in Argentina, where conditions
within the national power grid periodically require this mode of
operation.
CANDUs have excellent environmental and safety records. Emis
sions of radioactive materials have been generally less than one
percent of the regulatory limits. There has been no measurable dose
to a member of the public from any acute release of radioactive
material. The radiation dose to the majority of exposed workers has
been well below the regulatory limit of 50 millisieverts per year.
Health and Welfare Canada report' about fifty instances of overex
posure throughout the operating history of CANDU power stations
in Canada, fourteen of them in excess of twice the regulatory limit.
Ontario Hydro's experience with operating both nuclear and
coal-fired base-load power stations has shown that the nuclear
option has consistently provided electricity at a lower cost. Elec
tricity from oil or gas is even more expensive than from either
uranium or coal. Figure 10.4 shows Ontario Hydro's estimates
of the future costs of power from major supply options - for
capacity factors over 50 percent nuclear will continue to cost
8

National Dose Registry, W.N. Sont, private communication. (1993)
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less. If cost allowances for the health and environmental effects
of each type of power production facility were to be included,
nuclear energy's advantage would increase.
CANDUs produce one-fifth of Canada's electricity, with an
outstanding record for safety, reliability and economy. This nu
clear supply is concentrated in three provinces, accounting for

more than half of the electricity produced in Ontario, one third
of New Brunswick's and a small fraction of Quebec's. On a
worldwide basis CANDUs account for nearly 5 percent of the
total installed nuclear capacity of more than 300 GW (see Table
10.1 in the appendix).
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APPENDIX

The CAND U Reactor
H.K.

RAE

In a nuclear power plant heat from the fission process within
the reactor is used to boil water and the resulting steam turns
a turbine that drives a generator to produce electricity. A
CANDU power plant is shown schematically in figure 10.5.
The uranium fuel, in the form of bundles of elements, is placed

in a number of fuel channels that pass through a low-pressure
tank (called a calandria) containing the heavy-water modera
tor. This assembly of fuel, fuel channels, moderator and
calandria is the reactor core. Heavy water coolant (separate
from the moderator) flows through the fuel channels, around
the fuel to remove the fission heat and is circulated through a
steam generator (boiler) in a heat transport system. In the
steam generator heat is transferred from the pressurized hot
heavy water to ordinary water at a lower pressure which boils
to produce steam to turn the turbine. After this steam has ex
panded through the turbine it is condensed, by a large flow

FIGURE 10-5
CANDU Power Plant Schematic
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of cooling water, and the condensate is re
turned to the steam generator.
The CANDU concept can have other cool
ants than pressurized heavy water, and these
alternative designs are discussed in chapter
sixteen. The pressurized heavy water design
is sometimes designated CANDU-PHW to
distinguish it from these other CANDUs with
different coolants, but in this book it is re
ferred to simply as CANDU.
The following outline of a CANDU nuclear
power station is based on the CANDU 6 de
sign as exemplified by the 635 MW Point
Lepreau station in New Brunswick (figure
10.3) which has led the world in operating
reliability for a number of years.
Figure 10.6 is a cut-away drawing of a
CANDU 6 reactor assembly. The calandria is
a large horizontal cylindrical tank through
which pass 380 fuel channels. At each end of
the calandria is a cylindrical end shield inte
gral with the calandria shell and set in the
thick concrete wall of the reactor vault. The
fuel channels are aligned and supported by
lattice tubes within these end shields. A fuel
channel (see figure 10.7) consists of a zirco
nium alloy pressure tube 103 mm in diameter
and 6 m long attached to two end fittings
which project beyond the end shields to at
tach to coolant feeder pipes and are sealed by
end closures which provide access for fueling.
Within the calandria the hot pressure tube is
surrounded by a cool calandria tube, and
separated from it by cylindrical spacers. The
annulus thus created contains an insulating
gas. The zirconium alloy calandria tubes are
rolled into holes which penetrate the wall
(tube sheet) at each end of the stainless steel
calandria. The calandria is penetrated by a

FIGURE xo.6
CANDU Reactor Assembly
1.
2.
3.
4.
5.
6.

Calandria
Calandda shell
Calandria side tube sheet
Fueling machine side tube sheet
Lattice tubes
End fittings

7.
8.
9.
10.

Feeders
Calandria tubes
Steel ball shielding
Annular shielding slab

11. Pressure relief pipes
12. Rupture disc
13. Moderator inlets (4 each
side)
14. Reactivity control nozzles
15. Reactivity control devices
16. Horizontal flux detectors

(9)
17. Poison injector nozzles

(6)
18. Ion chamber cooling
piping
19. End shield cooling piping
20. Calandrla vault (light
water shield)
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FIGURE 10.7

Schematic Arrangement of a Fuel Channel

Fixed end of channel

1. Channel closure
2. Closure seal insert
3. Feeder coupling
4. Uner tube
5. End fitting body
6. End fitting bearing
7. Tube spacer
8. Fuel bundle
9. Pressure tube

number of both horizontal and vertical tubes, at right angles
to the pressure tubes, which contain reactor control mecha
nisms, reactor shut-off devices and neutron flux detectors.
Radiation shielding of the reactor is provided by ordinary
water which fills the reactor vault, by the thick concrete walls,

10.
11.
12.
13.
14.
15.

Calandria tube
Calandria side tube sheet
End shield lattice tube
Shield plug
End shield shielding balls
Fueling machine side tube
sheet
16. Channel annulus
17. Channel positioning assembly

by a mixture of steel balls and water filling the end shields and
by shielding plugs within the end fittings of each fuel channel.
Uranium ores are mined and milled and the concentrate is
then refined to produce uranium oxide powder. This is
pressed and fired to form hard, insoluble ceramic pellets (see
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figure 10.8). The pellets are sealed within zirconium alloy
tubes to form fuel elements. A fuel bundle, consisting of 37
elements, is 500 mm long and 100 mm in diameter and weighs
21 kg (uranium content of 18.5 kg); this is a very concentrated
energy source, equivalent in total heat production to 400 Mg
of coal. Twelve bundles are placed end-to-end in each fuel
channel where the heavy water coolant is pumped at a high
velocity through and past each bundle to remove the fission
heat. The average bundle power is 450 kW (thermal).
To replace fuel that has reached the end of its life, typically
about a year in the reactor, a fueling machine is attached to each
end of a fuel channel. Fresh bundles are inserted by one machine
FIGURE

pushing an equal number of used bundles out into the other
machine.(see figure 10.9a). Subsequently, the used bundles are
transferred to underwater storage. Generally, eight new bundles
are inserted in pairs when a channel is fueled, so that half the
fuel will occupy two positions along the fuel channel during
its irradiation and half only a single position. Adjacent chan
nels are fueled in opposite directions to provide a more uniform
average fissile content throughout the reactor. This scheme in
creases the energy yield attainable from the fuel. The average
fueling rate is fifteen channels per week (17 bundles per full
power day). Fueling is done with the reactor in operation, and it
is this feature of CANDU that permits such frequent fueling.

io.8

Fuel Bundle and Fuel Channel Relationship

Fuel Channel

1,5
2
3
4
6
7
8

Zircaloy Bearing Pads
Zircaloy Fuel Sheath
Zircaloy End Support Plate
Uranium Dioxide Pellets
Zircaloy End Caps
Inter Element Spacers
Pressure Tube

End View
Inside Pressure Tube
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FIGURE 10.9

Design Features of the CANDU Reactor

(a) Fueling Machines

(b) Control rxodI

(c)
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The selection of the coolant temperature is a compromise
between higher steam cycle efficiency if the temperature is
increased and thinner pressure tube walls if the temperature,
and thus the required pressure, are lowered. Thinner tubes
absorb fewer neutrons, allowing more energy to be produced
from each kilogram of uranium entering the reactor. The out
let coolant conditions chosen are 310'C and 10 MPa (100 at
mospheres), allowing the use of relatively thin tubes (4 mm
wall thickness), and giving an overall net thermal efficiency
of 29 percent.
The heat transport system consists of 760 feeder pipes, one
from each end of each channel, which are attached to large
headers (see figure 10.10). These connect to the four steam
generators and the four main circulating pumps, and to a pres
sure control system.
The total quantity of heavy water in the moderator and cool
ant is 450 Mg (0.7 megagrams per net electrical megaWatt), and
represents about a tenth of the power station's capital cost.
Somewhat more than half of the heavy water is in the modera
tor system, mainly within the calandria. A cooling system main
tains the moderator at an average temperature of 700C.
On-power fueling provides the primary long-term control
over the neutron flux distribution and power output. Short
term control of flux distribution and reactor power is provided
by 14 zonal control units distributed through the reactor, each
contains a quantity of ordinary water (a neutron absorber) that
can be varied. Further long-term control of neutron flux and
power is provided by neutron absorber rods (containing neutron
absorbing cobalt or stainless steel) which can be moved into
and out of the reactor (see figure 10.9b).
A unique feature of CANDUs is the complete separation of
the automatic safety systems from the normal process systems.
Two independent shutdown systems, that are physically and
functionally separate, can each rapidly and safely shut down
the reactor for any failure or operating error that the control
system cannot deal with (see figure 10.9c). One consists of a
group of shut-off rods containing cadmium, an efficient neu
tron absorber, that can be fully inserted in two seconds. The
other is a system for injecting a soluble neutron absorber,
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FIGURE 10.10
CANDU 6 Reactor Building
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gadolinium nitrate, into the moderator through an array of
nozzles. It can be removed later by ion exchange. The actuat
ing circuits for each system are triplicated and actuation re
quires simultaneous signals in two channels; this permits
regular testing of each individual channel without affecting
operation of the reactor, as discussed in chapter four.
The emergency coolant injection system provides cooling to
the core in the extremely unlikely event of a large rupture in
the heat transport system. The injection system is designed to
prevent or limit fuel failure and to remove the heat from radio
active decay of fission products that continues to be produced
after the reactor is shut down.
Two types of containment are used for CANDUs. The
CANDU 6 reactor and all its major coolant system components
are contained within a concrete building (see figure 10.10)
designed to contain all the steam that might be released in an
accident; the pressure of this steam would be controlled by a
spray of water from a large tank in the roof of the building - a
dousing system. The dousing system is actuated by the rise of
containment building pressure and is driven by gravity. In the
Ontario Hydro multi-reactor stations, all reactorbuildings are
connected to a large building held at low pressure - a vacuum
building (see figure 10.2). A pressure rise in a reactor build
ing would open dead-weight relief valves leading to the
vacuum building where a preset pressure rise would actuate a
dousing system. Thus, pressure would be reduced to sub
atmospheric within containment very quickly after a coolant
system rupture.
All major station processes are both monitored and control
led by a central computer. Since computer operation is essen
tial for station operation, a second identical computer is on
standby to provide the desired high degree of availability.
Computers are also used in the safety systems.
By 1989, there were 417 power reactors operating and 121
being built in thirty-two countries around the world. These
are summarized in Table 10.1 by reactor type. Two-thirds of
the total capacity of 416 GW was supplied by pressurized
water reactors (PWR), located in twenty-six countries. Boiling
water reactors (BWR) are also widespread; they accounted for

twenty percent of the total capacity, located in thirteen coun
tries. CANDUs totalled 20 GW, or 86 percent of the pressurized
heavy water reactor capacity, making up 5 percent of the
world total, located in six countries. CANDUs, BWRs and
PWRs are the only established candidates for the next genera
tion of reactors.
No more gas-cooled reactors are being built.
The USSR light-water-cooled graphite-moderated reactors
have been modified to improve safety standards since the.
Chernobyl accident. However, over the next decade they are
likely to be shut down as new generating capacity is put in
place. The USSR also has 30 PWRs in operation and being built.
The liquid metal fast breeder reactor (LMFBR) is at the dem
onstration phase. It is a possible contender for the next genera
tion of reactors, but likely only when uranium becomes scarce.
The capacity of nuclear power plants worldwide in 1989
exceeded hydraulic capacity, and generated 17 percent of all
electricity. Of the twenty-five countries that operated nuclear
power plants in 1989, fourteen derived in excess of 20 percent
of their electricity from this source; France had the highest
nuclear contribution at 75 percent. In Canada the percentage
was 16.
TABLE 10.1

World Nuclear Power Capacity'
REACTOR
TYPE
Pressurized Water
Boiling Water
Heavy Water
"*Pressurized
"*Other
Gas Cooled

Light Water
*Graphite
Fast Breeder

OPERATING

BEING BUILT

"TOTAL

Number Capacity
GW

Number Capacity
GW

GW

235
87

196.9
69.5

81
15

73.9
14.5

270.8
84.0

27
2
43

14.6
0.2
15.7

17
-

8.9
-

23.5
0.2
15.7

20
3
417

14.2
1.2
312.3

4
4
121

3.7
2.5
103.5

17.9
3.7
415.8

'From NuclearNews 33 Vol. 2, 82 (1990)

214

CANDU

DEVELOPMENT

The two types of light water reactors, PWRs and BWRs,
require enriched uranium as fuel - typically a uranium-235
content of four or five times natural. Such a reactor has a
smaller core than CANDU because there is considerably less
space between fuel channels. The fuel and water are contained
in a large pressure vessel, the water serving as both coolant
and moderator. Fueling is done at infrequent intervals with
the reactor shut down so that the vessel can be opened. The
PWR has a coolant circuit similar to CANDU, operating at a
high enough pressure that the coolant remains liquid. In the
BWR the fuel is cooled by boiling water, and the steam pro
duced within the reactor goes directly to the turbine.
Although quite different in reactor design, CANDUs and
PWRs share many similarities in the overall nuclear steam sup
ply system. Both use UO2 and Zircaloy in the reactor core;

material behaviour in natural water and heavy water are es
sentially identical; many coolant system components such as
pumps and steam generators are similar; and most aspects of
the steam cycle circuits are alike. There has been and contin
ues to be good exchange of technical data and operating
experience throughout the international water-cooled reactor
community. Collaborative research programs with other coun
tries, notably the United Kingdom and the United States, have
enhanced Canada's access to new results at an early stage and
have contributed to the evolution of PWRs in Europe and
Japan. Thus, while CANDU is uniquely Canadian and based
on the technology developed by AECL, Ontario Hydro and
Canadian industry, it has been able to draw on ideas and
experiences from nuclear programs in other countries, and has
contributed to those programs.
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INTRODUCTION
While the subject of nuclear reactor design is highly technical, only a few funda
mental concepts are required to understand how a fission chain reaction can be
established and maintained. In general, the materials in a nuclear reactor fall into
three different categories: fissile material, fertile material and parasitic material.
Fissions are often produced when neutrons are absorbed in fissile material
(e.g., uranium-235), but can also occur when fast neutrons are absorbed in fertile
material (e.g., urarium-238). However, in most cases when a neutron is absorbed
in fertile material, it produces new fissile material (e.g., plutonium-239). These fer
tile and fissile materials are the major constituents of the fuel in the reactor. Para
sitic materials absorb neutrons without producing either fissions or new fissile
materials. Structural materials in the reactor fall into this category.
Consider the three categories at work in a nuclear reactor. Fissioning, during
which the nucleus breaks up into smaller fragments called fission products (nor
maly two but occasionally three), produces about 200 MeV of energy, highly
penetrating gamma rays and two or three fast neutrons. These first-generation fast
neutrons are slowed down to lower, or "thermal", energies by the reactor's mod
erator (see chapter one). If they escape capture in other materials in the reactor,
and do not escape from the reactor they can produce further fissions in the fuel.
If just enough second-generation neutrons are produced in these fissions to
maintain the neutron population, the reactor is described as being "critical" and
the power level remains constant. The ratio of neutron populations in successive
generations is called the reactivity, k. If k for the system is less than 1, then the
reactor is sub-critical and any existing neutron population will die away. If k is
greater than 1, the neutron population (and consequently the reactor power) will
increase. Excess reactivity can be removed from the system by adding neutron
absorbers (control rods that absorb but do not produce neutrons, and so make a
negative reactivity contribution to the system), or by increasing the escape (leak
age) of neutrons from the core (by lowering the depth of the heavy-water mod
erator). The energy produced in fission is divided amongst the kinetic energy of
the fragments, the kinetic energy of the neutrons, the energy of the prompt
gamma rays, and the energy contained in all the decay products of the radioac
tive fragments. Most of this energy appears in the fuel, ultimately as heat.
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The fission products fall into the category of parasitic neu
tron absorbers. As they accumulate in the fuel they cause a
significant decrease in reactivity, which must be countered by
raising the moderator level, withdrawing movable neutron
absorbers (control rods) or adding fresh fuel.
The fundamental reactor-physics task is to determine (by
calculation and/or experiment) the fates of all neutrons pro
duced in the reactor, so that neutron absorption and neutron
production, and hence reactivity, can be predicted for different
reactor designs and operating situations.
At any position in the reactor core there are neutrons of many
different energies. This neutron energy spectrum includes neu
trons that are slowing down from their original high energies at
fission and neutrons which have slowed down but have not yet
been absorbed. The former are-distributed in energy roughly as
I/E (E being the neutron energy) and the latter approximately
as a Maxwellian distribution characterized by a neutron tem
perature close to that of the moderator. The rate of neutron ab
sorption by a unit volume of any material is the product of
neutron density, neutron velocity and the cross-tection of the
material. This cross-section (an area which is a measure of the
probability that the neutron will be absorbed) varies with
neutron energy, and varies widely from one nuclide to an
other. To simplify what can be a very complex calculation, and
recognizing the lack of detailed nuclear properties in the early
days, a simple model was developed at Chalk River which has
been widely used. A representative cross-section was assigned
for each type of neutron, those slowing down and those al
ready slowed down to thermal energy. A compilation was pre
pared of these representative cross-sections for many nuclides
as a function of temperature. To calculate neutron absorption
in each lattice cell' of the reactor core, the composition of all
materials present is required as well as the variation of tempera
ture and the ratio of the two neutron spectral components with
position within the cell. Measurements made in ZEEP with a hot
pressure tube and coolant showed how these spectral compo
nents did vary with position in a lattice cell and with tem
perature, providing data to correlate with simple mathematical
models. Methods such as this led to a description of the nuclear

reactions taking place in the lattice cell, which used recipes and
correlations with experimental measurements. The first compu
ter program using this technique was called POOOF. A version of
this code used by the designers was known as POWDERPUFFS.
As more measurements became available and the semi-empiri
cal models became more precise, the codes were improved. In
the early years this development went on independently at
Chalk River and Power Projects, resulting in different estimates
for the same reactor at the two sites,-much to the frustration of
J.L. Gray at Head Office in Ottawa. Later, POWDERPUFFS be
came the accepted basic design code, continuing to evolve as
more detailed analyses became possible. At Chalk River an im
proved semi-empirical lattice code known as LATREP (lattice
recipes) was developed. As more powerful computers became
available, more detailed calculations of the neutron spectrum
became possible, and codes developed in other laboratories
were in many cases used to study special situations. Much ef
fort was devoted to adapting large multigroup transport codes,
such as WIMS, to heavy-water reactor applications. Although
POWDERPUFFS and LATREP have proven adequate for most
CANDU basic design purposes, the more detailed codes have
allowed more accurate analysis of safety margins in large multi
zone reactors or complex fuel-management schemes, thus
achieving higher power ratings and lower-cost power.
With the powerful desktop computers and workstations
available today, the computing environment has changed be
yond recognition. Old recipe programs are now rarely used. In
stead more fundamentally based codes have been developed.
The cell code WIMS, originally obtained from the United King
dom, has been modified in Canada to such an extent that it is
now known as WIMS-AECL. Computing power is no longer a
restriction on the complexity of models used to predict neutron
spectra and the reactions occurring in the reactor core.
Although a great deal of data was known for many important
nuclides in the early days of CANDU design, many other im
portant cross-sections had not been measured. In addition, the
as-manufactured nuclear characteristics of some possible
1

A lattice cell consists of a fuel channel and its surrounding moderator.
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structural materials were not very well known, because the
amounts of impurities allowed were only loosely controlled in
the manufacturing process. The problem of dealing with these
complications was solved to some extent by using materials in
tended for the actual reactor construction in the experimental
measurements, when possible.
Although the NRX reactor had already been designed, a
small experimental reactor called ZEEP was built to investigate
the reactor physics properties of a wide range of uranium lattices
in heavy water moderator. ZEEP was a small, lightly shielded
tank of heavy water in which an array of uranium rods could
be suspended. Foils could be placed in the tank to measure the
spatial distribution of the neutron flux and give some informa
tion on its energy spectrum. Criticality could be maintained by
adjusting the height of the heavy-water moderator. Because of
the meagre shielding, it operated at very low power. Experience
with higher powers was obtained from the research reactor
NRX, which was initially fuelled with uranium metal. A great
deal of reactor physics data was provided by ZEEP and NRX.
Later, another low-power reactor, ZED-2, and the research
reactor NRU, provided still more power and experimental facili
ties. As more powerful and versatile reactors were developed,
methods of calculation became more advanced, progressing from
laborious mathematical calculations done by hand to sophisti
cated electronic computer codes that performed very complicated
reactor calculations, simulating an entire reactor core.
A focused approach
In the early fifties, a focused approach to reactor design was
undertaken. The nuclear power group, described in chapter ten,
began their studies of a nuclear power reactor, fueled with natu
ral uranium and moderated with heavy water, that could compete
economically with coal-fired stations. A large multidisciplinary
effort was launched to study the overall plant design, the reac
tor design, the fuel design, the strategy for plant operation and
fuel-cycle physics. Because these aspects are highly interrelated,
an optimization procedure was developed to determine opti
mum and consistent specifications in each area. The procedure
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was based on minimizing the estimated total-unit-energy cost
(TUEC) of electrical energy delivered by the plant, consistent
with safe and reliable operation. This was an iterative proce
dure, since new ideas, knowledge and developments arose in
each of the areas during the course of the investigation.
Initially, there were uncertainties in all areas of the project,
perhaps the most serious of which arose in the physics area,
because they tended to complicate possible solutions to major
problems and uncertainties in other areas. Perhaps it was for
this reason that it fell largely to those in the fuel-cycle physics
area to initiate and coordinate the optimization function.
It was immediately apparent that a particularly important
item in this optimization would be the total thermal energy ex
tracted from the natural-uranium fuel before it had to be re
moved from the reactor (conventionally called the discharge
fuel burnup); the larger the discharge burnup, the lower the
fueling cost. Two reasons for removal of the fuel were foreseen:
(1) physical deterioration and (2) nuclear deterioration (i.e., an
inability to sustain a chain reaction). The challenge facing the
fuel developers, which was successfully met, was to ensure that
physical deterioration of the fuel would not be the limiting fac
tor. This left the nuclear deterioration of the natural uranium

fuel as a fuel-cycle physics problem.
The basic fuel-cycle problem
Experience with uranium-metal fuel in the NRX reactor had
demonstrated that natural-uranium-fuelled, heavy-water
moderated reactors could be operated successfully at modest
powers. However, burnups were quite low (72 MWh/kg or
3,000 MWd/te), because of distortions of the metallic fuel. Fuel
processing and refabrication were initially envisaged as part of
the natural-uranium fuel cycle. Later experience showed ura
nium oxide to be a much superior fuel, and burnups in the range
of 240 MWh/kg (10,000 MWd/te) appeared to be possible with
out processing. However, the operating temperatures, pressures
and power densities were all much lower in NRX than those
contemplated for a power reactor. It became evident early in the
engineering studies that the large core sizes required with
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heavy-water-moderated cores and the high coolant pressures
required to provide high-temperature steam made the idea of a
large containment vessel impracticable. It was therefore decided
that the coolant should be contained in pressure tubes. These
tubes were much larger than the tubes in NRX, to permit more
complex fuel designs, having a greater heat-transfer area be
tween the fuel and coolant. It was also recognized that, to mini
mize fueling costs, on-power fueling with short fuel bundles
pushed through the reactor in opposite directions in alternate
channels would be desirable. This fueling strategy (or variations
of it) provided a relatively uniform discharge burnup of the fuel.
In addition, it placed new and old fuel in close proximity in the
reactor core, which reduced the effect of fuel irradiation on core
reactivity and thereby reduced the need for reactivity control
rods, which are required to compensate for the reactivity
changes due to irradiation in most other types of reactors. The
overall effect of this fueling scheme was to increase the achiev
able burnup by a factor of about two.
The basis for accurately predicting the nuclear characteris
tics of natural uranium/heavy-water lattices, particularly as a
function of neutron irradiation, had not been established dur
ing the fifties. Thus the challenge in the fuel-cycle physics area
was a two-pronged one:
* to obtain a detailed understanding of reactor lattices con
sisting of relatively large fuel channels with complex fuel
geometries, and at relatively large channel spacings, to es
tablish a basis for optimizing plant, reactor, fuel-channel
design and operating strategy, and
• to show that such an optimized design and operating strat
egy would permit sufficient fuel burnup to make the sys
tem economically competitive.
This boiled down to a basic problem - that of being able to pre
dict the "neutron balance" for power reactor designs under all
proposed conditions and histories of operation. Here "neutron
balance" means a detailed account of the sources of neutrons
produced in the reactor and their fates in the operating reactor
core, which of course must be critical. The difficulty with this
problem is the particularly stringent need for accuracy. In a re
actor using natural uranium fuel, neutrons are a precious

commodity. As will be seen later, only a small fraction of the
neutrons produced in a typical operating CANDU are available
to provide for the deleterious effects of burnup as fission prod
ucts accumulate in the fuel and progressively absorb more
neutrons. Thus, errors much less than I percent are required
in estimating neutron balances, if there is to be any confidence
in calculated burnup predictions. For a typical CANDU reactor
with a discharge burnup of 180 MWh/kg (7,500 MWd/te), a
change of 0.001 in reactivity k, (commonly called a "mili-k")
corresponds approximately to a change of 2.4 MWh/kg (100
MWd/te) in this discharge burnup. This sensitivity of fuel
burnup to the availability of excess neutrons was recognized
early in the project. As a result, neutron economy became a
dominant guiding principle in all aspects of the design. It was a
principle W.B. Lewis insisted on, and he spent much effort en
suring that neutron economy would be achieved.
In fact, as new pieces of data became available or were
modified, Lewis would factor them into his estimate of burnup
attainable in the current reactor design. Because of its many
variations, both up and down, this estimate became popularly
known as Lewis's "fever chart". He also used it to assess con
ceptual design changes. This estimate varied considerably in the
early days (200-240 MWh/kg), but ended up around 180 MWh/
kg (7,500 MWd/teU), which was quite satisfactory.
Accurate nuclear data were essential if reliable burnup pre
dictions were to be achieved. These data would come from
reactor-physics experiments, from work in nuclear chemistry
(see chapter seven) and from atomic energy programs in other
countries. In the early fifties, Lewis initiated the formation of a
United Kingdom-United States-Canada tripartite nuclear data
committee as a forum for evaluating all these data. This was
superseded by much wider international collaboration as soon
as that could be arranged.
Solving the fuel-cycle problem
At the beginning of the CANDU development program, compu
tational capability was rudimentary and the nuclear data incom
plete. Thus, as mentioned, experimental measurements were
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made on lattice assemblies resembling as closely as possible the
actual power reactor lattice design.
The experimental program had two fundamentally different
aspects:

"* low-power experiments in lattice-test reactors using realistic
fuel designs with pressure tubes and calandria tubes, and

"* measurements of reactivity change with irradiation, which
required reactors of higher power to obtain fuel irradiations
of practical interest.
To measure lattices more characteristic of power reactors, ZED-2,
a larger and more versatile version of ZEFP, was built. ZED-2 was
probably the most useful reactor physics facility at Chalk River.
Costing about $4 million to build (including the heavy water),
it was a much more elaborate design than ZEEP, allowing a much
wider range of measurements to be made, more accurately and
more quickly. The research program in ZED-2 has required
about ten professionals, technicians and support staff since it
first went critical in September 1960.
ZED-2 was used to determine the nuclear characteristics of a
variety of possible power-reactor lattices. In addition to the
characteristics of the lattice itself, other experiments provided
the basis for extrapolation to high-power conditions. These in
cluded measurements of the effect of changes in temperature,
coolant density, and non-uniformities in the lattice. Initially,
measurements were done on lattices that filled the calandria.
Measurement techniques and computational capability im
proved with time to such an extent that later experiments could
be done by substitution techniques, using as few as seven test
assemblies. The substitution method consists of replacing some
of the channels in a known lattice with those of the lattice
whose parameters are to be measured. This capability consider
ably reduced the cost of the experiment, particularly for experi
ments using high-temperature, pressurized coolants.
The following list of fuel assemblies tested illustrates the in
creasing complexity of the fuel designs considered as the pro
gram proceeded:
"* 7-element UO2 and UC
"* 19-element UO2 , U metal, ThOJ( 235 U)02

"* 28-element UO2
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* 31-element PuO2/UO 2 (simulating burnt-up fuel)
* 37-element UO2,U3 Si, UC, U metal.
Measurements in these lattices gave information on the critical
size of the lattice, the ratio of fissions in fertile nuclides (caused
by high-energy neutrons) to fissions produced in fissile
nuclides (caused by thermal neutrons), the ratio of fissile mate
rial produced (by neutron capture in fertile nuclides) to fissile
material destroyed (by fission or neutron capture), and the
shape of the neutron-energy spectrum. Measurements were also
made of the spatial distribution of neutron flux within fuel as
semblies and lattice cells, as well as in the lattice as a whole.
This information permitted derivation of a detailed neutron
balance for the lattice. Table 11.1 lists the neutron balance for a
typical cold, clean (without fission products), critical CANDU
TABLE 11. 1

Neutron Balance Sheet
Typical Cold Clean Critical CANDU Lattice
Fates of 1000 fast neutrons
118

Neutron Leakage
Non-fuel Absorptions
Heavy Water
Calandria Tubes
Pressure Tubes
Fuel Sheaths
Sub-total
Fuel Absorptions
U235
U238
Thermal
Resonance
-Sub-total
Sub-total
Total

16

9
22
6
53

53

468
271
.90
361

361
829

829

1000

Sources of fast neutrons
U235
U238
Total

974
26
1000

1000
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lattice, derived from the ZED-2 experiments with 28-element
uranium-dioxide fuel assemblies similar to the Pickering A fuel.
Criticality is achieved in ZED-2 by adjusting the level of the
heavy-water moderator until operation is stable at a reactor
power of a few tens of watts. The moderator level determines
the effective core size and hence the neutron leakage, which is
the variable used to obtain a neutron balance.
The core for the experiment listed in table 11.1 had an effec
tive volume of twenty-two cubic metres. Power-reactor volumes
are at least ten times larger than this, so most of the neutron
leakage that occurred in ZED-2 would be available in a power
reactor to compensate for other effects that waste neutrons. The
availability of such excess neutrons is referred to as excess reac
tivity, and is measured in units of milli-k (ink). For all practical
purposes, 1i mk corresponds.to the availability of 1 excess neu
tron in 1,000.
Most of the factors involved in the extrapolation to high
power could be investigated in the ZED-2 reactor. Heaters were
used in the moderator to raise the lattice temperature uniformly
by as much as 600 C. This simulated the temperature rise in a
high-flux reactor due to the energy given up by neutrons de
celerating in the moderator, as well as energy produced by
gamma-ray absorption in the moderator. In addition, seven spe
cially designed "hot channels" permitted fuel-channel tempera
tures to be raised to 300"C for some of the lattices. In a power
reactor with boiling light-water coolant, boiling will occur at
some point in the channel. To simulate this effect an array of
hypodermic needles was used to bubble air through some of the
channels.
As opposed to idealized lattices, power-reactor cores are not
uniform. In addition to the inevitable changes arising from fuel
irradiation and refuelling operations, control absorbers are in
troduced into the core to control the magnitude and shape of the
flux. The size of these flux and reactivity perturbations was
studied extensively in the ZED-2 reactor.
A factor in reactor fuel behaviour at high power that could
not be studied in ZED-2 was the buildup of fission products.
During reactor operation at high power, some fission products
build up quite rapidly to a saturation level at which they are

being destroyed by neutron absorption as rapidly as they are
being produced in fission, and since both processes are propor
tional to the reactor flux they represent a more or less constant
reactivity load. In a low-power reactor such as ZED-2, these re
activity loads are much too small to be measurable. Fortunately,
these effects had become well understood from the operation of
NRX.
Such specialized measurements allowed an estimate of the
reactivity losses due to most of the factors involved in the ex
trapolation from measurements in ZED-2 to a typical power re
actor operating at high power. A typical estimate is listed in ta
ble 11.2. The basis for the allowance for burnup is explained in
more detail below.
A major uncertainty in the fuel-cycle physics was the reac
tivity change that occurs as the fuel is irradiated.
Initially, the only fuel nuclides of interest are uranium-235
and uranium-238. As the fuel is irradiated neutrons are ab
sorbed in both nuclides. The principal nuclide transformations
occurring in the fuel are illustrated in figure 11.1 below.
Two distinct series of transformations occur here. The
uranium-235 captures a neutron and either fissions or becomes
uranium-236. Since there is no production of uranium-235,
its concentration in the fuel will gradually diminish. On the
other hand, absorptions in uranium-238 produce a new fissile
nuclide, plutonium-239, which will build up approaching an
TABLE 11.2

Allocation of Excess Reactivity in a Typical CANDU

REACTIVITY LOAD

Full insertion of adjuster rods
Extra structural materials
Temperature effects
Saturating fission products
Control margin

Burnup

EXCESS REACTIVITY ABOVE
COLD, CLEAN CRITICAL
(MK)

20
3
13
33
2

30
101
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FIGURE II.1

Nuclear Transformations in the Fuel
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equilibrium, where it is destroyed by fission or by transforma
tion to plutonium-240 as rapidly as it is being produced. In a
similar way, plutonium-241, another fissile nuclide, will build
up by neutron absorption in plutonium-240. However, for irra
diations of interest, concentrations of plutonium-241 never
reach an equilibrium level. For practical irradiations we do not
need to consider the very low concentration of nuclides beyond
plutonium-242 or uranium-236.
Thus, as the fuel is irradiated, competing reactivity effects
occur. The loss of fissile uranium-235 is partially compensated
by the growth of two fissile plutonium nuclides. Moreover, neu
tron absorption by the accumulating fission products leads to a
reduction in the reactivity of the fuel. Although these changes
in the composition of the fuel affect the reactivity significantly
and produce large amounts of energy, the chemical changes are
in fact very small. A mere 1 percent burnup of the uranium cor
responds roughly to the production of 240 megawatt-hours of
thermal energy per kilogram of uranium (MWh/kgU). To put
this in familiar terms the electrical energy extracted from one
kilogram of uranium with 1 percent burnup is enough to electri
cally heat an average home (70 kWh/day) for about 1,000 days.
The mathematical description of these nuclear transforma
tions is simple to formulate in terms of the nuclear cross-sections
of the materials involved. However, for many fission products
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the yields and cross-sections were unknown. In addition, all the
cross-sections depend on the neutron energy spectrum, which
depends on position in the reactor core and changes with time
as the concentrations of various nuclides change. Thus the re
sult may depend to some extent on the history of the fuel irra
diation. It was therefore desirable to verify the mathematical
predictions in a.variety of different practical situations.
Three major experimental programs were undertaken with
this problem in mind.
In the early fifties, the only fuel available with significant
irradiation came from the operation of NRX. This led to coop
erative measurement programs with both the United States and
the United Kingdom.
Initially, measurements were made on samples from rod
#683, one of the uranium metal rods originally installed in the
reactor, which by September 1951 had attained a specific out
put of about 3,100 MWd/teU in its central region. Some of the
samples cut from this highly radioactive uranium metal rod
were sent to the Argonne National Laboratory, where measure
ments on reactivity and fuel composition as a function of irra
diation were made. 2 Measurements on fuel composition were
also made at Chalk River. In addition to providing valuable in
formation about the cross-sections of the uranium and pluto
nium nuclides in the fuel, and the overall reactivity changes,
these initial studies revealed the importance of such effects as
the radial variation in the neutron spectrum within the rod and
changes in the fuel density during irradiation.
In the mid-fifties, rods containing aluminum-clad uranium
cylinders specifically designed to simplify measurements of this
sort were irradiated in NRX. In a collaborative program with
Harwell, samples of this fuel were sent to the United Kingdom,
where their reactivity was measured in the GLEEP reactor,
which had been specially built to make such measurements.
They were then returned to Chalk River for chemical and mass
spectrometric analyses, to determine the amount of plutonium
2 Because the neutron flux decreases toward the periphery of the reac
tor, samples from various positions along the rod correspond to differ
ing total amounts of fuel burnup or irradiation.
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in the fuel and the isotopic composition of both the uranium
and plutonium.
To provide, at Chalk River, a facility similar to GLEEP, the
PTR reactor was built, and started operation in 1957. This low
power reactor consisted of a highly-enriched uranium fuel core
immersed in a large "swimming pool" of ordinary water, which
provided cooling for the fuel and shielding for the reactor. A
swing mechanism, operated hydraulically by high-pressure
water, oscillated a carrier containing two samples, such that
each sample was located alternately at the centre and beyond
the boundary of the core. Thus, a sample of unknown reactiv
ity could be compared with one of known reactivity (e.g., a
standard absorber such as boron). Unfortunately, because of the
highly absorbing core and light-water moderator, the spectrum
was not typical of a heavy-water reactor. Thus, measurements
made in this facility usually required more interpretation than
measurements in ZED-2.
In the sixties, an experimental program to measure the effec
tive cross-section of fission products was undertaken. Samples
of alloys of fissile material were irradiated in NRU. Reactivity
measurements were made in PTR on the samples before and af
ter irradiation. The samples were then dissolved and the ura
nium and plutonium contents determined from chemical and
mass-spectrometric measurements. The change in reactivity due
to the measured change in fissile content was subtracted from
the measured reactivity differences of the samples, to obtain the
reactivity of the fission products, from which their effective
cross-section was inferred. Because the spectrum in PTR is not
typical of a CANDU reactor, there was initially some uncertainty
in the interpretation of these measurements. The samples were
later sent to Studsvik, Sweden, for measurements in a very ther
mal spectrum, where good agreement with calculations using the
program FISSPROD was obtained. The calculated effective ther
mal cross-sections were within 10 percent of those measured.
In 1968, a series of eight 19-element NPD uranium oxide fuel
bundles, with irradiations ranging from 24 to 240 MWh/kgU
(1,000 to 10,000 MWd/teU) were analyzed by the CEA (Centre
d'Etudes Atomique) in France, using mass spectrometry. The
bundles were selected to have an irradiation history typical of

an unperturbed CANDU-type reactor with bi-directional on
power fueling. Agreement with predictions was good.
The results of all these programs provided a basis for accu
rately estimating the neutron balance for a typical CANDU
reactor. Table 11.3 lists that neutron balance.
Table 11.3 also indicates the importance of fertile materials,
even in a once-through cycle. There are almost as many neu
trons produced from the plutonium nuclides as from uranium
235. The energy production is also distributed, with about 55
percent coming from uranium-235, 40 percent from the pluto
nium nuclides and about 5 percent from fast fissions in ura
nium-238. And there are significant amounts of fissile material
remaining in the fuel. The composition of the discharged fuel
relative to one initial uranium-235 atom (and 139 uranium-238
atoms) is approximately:
Uranium-238
137.0
Uranium-235
0.274
Uranium-236
0.100
Plutonium-239
0.350
Plutonium-240
0.155
Plutonium-241
0.035
Plutonium-242
0.010
Thus, operating on a once-through natural uranium cycle,
CANDU extracts an energy that is approximately equivalent to
that which would be generated by fissioning all the uranium
235 contained in the fuel. This is quite adequate to provide
economical nuclear power at uranium prices of the last few
decades. The objective initially defined in the development pro
gram had been clearly met in the CANDU reactor design with
push-through, bi-directional, on-power bundle fueling.
The once-through uranium cycle provides less than I percent
of the energy potentially available in uranium by fully utilizing
the fertile component, uranium-238. Chapter eighteen discusses
fuel cycles in which much more energy can be extracted from
the natural uranium entering the cycle, by recovering and recy
cling the fissile and fertile components of the irradiated fuel.
Since the early eighties the measurement program in ZED-2 has
studied lattices containing typical recycle fuels, e.g., 37-element
PuO]EJO 2, 37-element PuO2/ThO 2 and 37-element ( 3U)O/ThO2.
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TABLE 11.3

Neutron Balance Sheet: Typical CANDU Reactor Operating
Under Normal Conditions With an 3quilibrium Core and an
Exist Burnup of 180 MWh/kgU

Neutron Leakage
Non-fuel Absorptions
Adjuster rods
Control & misc.
Moderator
Calandria tubes
Pressure tubes
Coolant
Sheaths
Sub-total
Fuel Absorptions
U235
U238
Resonance
Non-resonance
Sub-total
Pu239
Pu240
Pu241
Pu242
Saturating fission products
Other fission products

H.K.

RAE

INTRODUCTION

Fates of 1000 fast neutrons produced

A reactor is controlled at a particular neutron flux or power
9.8
0.4
15.7
8.8
23.1
0.3
5.8

63.9
245.2
93.3
242.0
335.3

335.3
232.1
20.8
11.9
0.1
32.1
27.5

905.0

Sub-total
TOTAL
Sources of fast neutrons
U235
Pu239
Pu241
U238
TOTAL
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510
440
24
26
1000

(rate of fissioning) by maintaining the neutron consumption
rate equal to the neutron generation rate; that is, maintaining
the reactivity (k) at unity. This is usually discussed in terms of
excess reactivity expressed in milli-k (ink) equal to 1,000(k-l).

This control can be exercised by varying neutron leakage
through changes in moderator level, or by varying neutron
absorption through moving a control rod (a neutron absorber)
in response to measured changes in neutron flux. The excess
reactivity varies in response to many factors, such as coolant
temperature, fuel temperature, coolant density, fission product
concentration in the fuel, and so on.
It is necessary to control the reactivity for all power levels
from the shutdown state to full power. It is also necessary to be
able to reduce reactivity quickly to shut the reactor down in the
event of any loss of control. Otherwise, a rise in reactor power
could increase exponentially to the point of reactor destruction.
The complexities of describing the variation of neutron flux in
both space and time in a large reactor core and its response to the
host of parameters that may change, and to the control actions
taken, require analysis by computer. Underlying CANDU control
technology has been the evolution of ever more sophisticated
codes for design and operational analysis. These are based on a
large body of measurements in the zero-energy reactors, ZEEP and
ZED-2, and have been verified at various stages in'their devel
opment by experiments in NRX, NRU and several of the power
reactors.
The principal thrusts of reactor-control-system development
for CANDU have been to achieve highly reliable systems, to
automate those systems and to control flux shape to maximize
the total energy obtained from the fuel. Many inherent char
acteristics of heavy-water-moderated reactors have led to a
number of unique features in CANDU reactor control systems.
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Delayed Neutrons and Photoneutrons
Neutrons produced directly in the fission process are emitted
promptly. However, most fission products are radioactive and
decay, some of them emitting further neutrons. Because of the
radioactive decay process, these neutrons are released some time
after the fission process itself, with-mean delay times ranging
from 0.3 to 80 seconds. The fraction of emitted neutrons that are
delayed depends on the nuclide that is fissioning. For the pre
dominant types of fission in natural-uranium heavy-water reac
tors, the fraction is highest for fissions of uranium-238 caused by
fast neutrons, intermediate for uranium-235 fission and lowest
for plutonium-239 fission. In typical heavy-water research reac
tors, such as NRX and NRU, about 0.65 percent of all the neutrons
produced in the reactor fall in the category of delayed neutrons,
while for typical CANDU power reactors the fraction is closer to
0.5 percent, because of the plutonium grown into the fuel.
In heavy-water reactors, neutrons (called "photoneutrons")
are also produced by interactions between gamma rays and the
heavy-water moderator. As fission products build up in the
core, the gamma-ray activity also builds up and provides a
source of photoneutrons that have the same type of effect as the
delayed neutrons discussed above. In a heavy-water reactor the
fraction of neutrons produced that are photoneutrons is typi
cally about 0.03 percent, but the mean delay times from the rel
evant fission event range from about 4 to 274,000 seconds.
The lifetime of a generation of neutrons in a heavy-water re
actor is about one millisecond, and it might therefore be ex
pected that controlling power would demand a very fast-acting
control system. Fortunately, the existence of delayed neutrons
and photoneutrons lengthens the effective neutron lifetime sig
nificantly, making the design of reactivity mechanisms to con
trol the power completely practicable.
Figure 11.2 shows the effect of the delayed and photoneu
trons on the time taken for reactor power, in a typical heavy
water research reactor that has been operating at steady power,
to increase by 10 percent following a step change in reactivity.
Shown are estimates of the times taken after the step change in
reactivity to reach 110 percent of the previous steady power, in

the actual case with delayed neutrons and photoneutrons, and in
a hypothetical case with no delayed neutrons or photoneutrons,
as a function of the size of the excess reactivity step.
From figure 11.2 it is apparent that a reactor power-control
system having a response time of a few seconds will be adequate
for maintaining steady operation and following changes in
power demand. However, it is also clear that the shutdown sys
tems, needed to counter any sudden large increase in reactivity,
must respond in the order of a tenth of a second to a high-power
trip signal. The thermal capacity of the fuel provides a delay of
the order of a second before severe fuel damage can occur, and
during this time the shutdown system must insert sufficient
negative reactivity to reverse the power pulse. Because a sudden
large reactivity insertion at low power could lead to an extremely
rapid rate of rise of power before any high-power trip signal is
activated, the shutdown system must also be actuated if the frac
tional rate of rise of power (or neutron flux) exceeds a safe value.
Although photoneutrons make a relatively small contribu
tion to the effect shown in figure 11.2, they are important in
permitting safe startups after prolonged shutdowns (of days or
weeks), since they provide a source of neutrons that can be de
tected by the reactor instrumentation while the reactor is still
significantly sub-critical.
Reactivity Coefficients
The reactivity of the reactor core will change with changes in
its physical properties; this is usually expressed in terms of an
increase or decrease in reactivity per unit change in a particu
lar property, and is referred to as a reactivity coefficient. The
most important reactivity coefficients are those associated with
3

A reactor cannot start up without some source of neutrons to initiate
the chain reaction. There is always a small source present due to spon
taneous fission and cosmic-ray effects. However, reliance on this source
alone for initial startup is unsafe, since the normal instrumentation is
not sensitive enough to detect its effects until the reactivity is very
close to critical, and hence dependence on this natural source would
lead to a "blind" startup.
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FIGURE 11.2

Effect of Small Step Changes in Reactivity on Time Required
to Reach 110% of Previous Steady Power
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changes in temperature of the coolant and fuel, and changes in
coolant density.
With fresh fuel, an increase in fuel temperature provides a
significant negative contribution to reactivity; however, as irra
diation proceeds, and plutonium isotopes accumulate in the
fuel, this coefficient becomes less negative. An increase in cool
ant temperature, on the other hand, provides a positive contri
bution to reactivity through the reduction in coolant density.
An increase in coolant temperature also causes a rise in average
neutron energy which has an effect on reactivity that depends
on the burnup of the fuel.
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There have been many measurements of temperature coeffi
cients. One example is a series of experiments in Pickering A to
determine the overall temperature coefficient. The change in
reactivity was measured as the temperature of the fuel and cool
ant were raised together from 50 to 270'C with the reactor at low
power. Data for units 3 and 4 at initial startup showed an over
all drop in reactivity of 9 mk and a temperature coefficient of
reactivity at 2700C of -2.6x10-2 mki0C. Data for unit 2 with fuel
at near-equilibrium burnup showed an overall small rise in re
activity of 0.6 mk and a coefficient at 270 0C of +1.6xl0"2 mkrC.
As reactor power is raised from a low value to full power,
with the system already hot, the increase in fuel temperature
provides further negative reactivity. This is principally due to
increased absorption of neutrons by uranium-238. The power
coefficient with the core at equilibrium burnup is small, about
a -0.02 ink/percent change in power for a CANDU 6. This power
coefficient is the principal in-reactor source of rapid negative
reactivity change.
The important effect of coolant density on reactivity occurs
when the coolant boils - effectively introducing voids within
the channel. The resultant void coefficient is positive and of
considerable significance in safety analyses, as well as in the
control of CANDU units, where limited boiling is permitted
during normal operation (Bruce, CANDU 6, Darlington). This
positive void coefficient means that any accidental loss of cool
ant in the fuel channels with accompanying void formation will
cause a reactivity increase and hence a power increase that will
further increase the voiding. The shutdown systems must act
quickly enough to check this developing power surge and bring
the reactor to a sub-critical state (see chapter fifteen).
Multichannel Control Systems
Multichannel control systems were first used with NRU, added
to NRX in the late fifties, and used at NPD and Douglas Point.
The arguments in support of this decision are not too well
documented, but the objective was clearly to develop a very
safe system - that is, to avoid a failure that might cause a posi
tive reactivity transient.
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Aspiring to a more reliable system by increasing the number
of parallel controlling channels requires a method of detecting
a faulty channel and preventing it from taking part in the con
trol. Several ways of doing this were developed. In NRU it was
achieved by averaging four independent signals and also
intercomparing them and arranging that any disagreement
among the signals triggered the disconnection of the errant one
from the average. With the moderator-level control system used
at NPD, the parallel independent channels included the valves
directly controlling the level, and the design ensured that any
two channels could continue to provide adequate control when
ever the third failed.

FIGURE 11.3

Schematic of Gas Balance System for Moderator Level Control

Moderator Level Control
The moderator level in NPD was controlled using a gas balance
system (figure 11.3). Moderator was retained in the calandria by
maintaining a differential helium-gas pressure between a dump
tank below the calandria and the gas space above the modera
tor. The heavy-water moderator spilled through ports, which
had a U-tube-like shape, at the bottom of the calandria into the
dump tank, and was continuously returned to the calandria
through pumps. The differential pressure was provided by sev
eral blowers, with the gas returning through three parallel lines.
Valves (A, B, C in figure 11.3) in these lines controlled the dif
ferential pressure and thereby the heavy water level. Each pair
of valves, AA, BB and CC, was controlled by one of the three
parallel reactivity control channels. This arrangement ensured
that adequate control continued even if one channel failed (ei
ther opening or closing its valves) or if a valve failed. The
much larger valves D, E and F comprised the moderator dump
system. They were normally closed; on opening they rapidly
equalized the pressure in the dump tank with that above the
moderator to drain the calandria in fifteen seconds. Each pair of
valves, DD, EE and FF, was activated by one of the three trip
channels, so that coincident signals from at least two channels
were necessary for shutdown. This arrangement allowed the co
incidence principle (see chapter four), and the ability to test a
single channel without shutting down the reactor, to be extended

to the actual shutdown device itself. The gas balance system
allowed the use of considerably smaller valves than would be re
quired if moderator level was varied by means of liquid control
valves in the moderator flow being returned to the calandria; it
also provides a more practical fast-acting dump system.
Level control for NPD was chosen for its simplicity and re
liability. It also allowed the fullest exploitation of the multi
channel philosophy. The concept was first suggested during the
studies by the nuclear power group in 1954 (see chapter ten),
and was incorporated into the original NPD design - the lower
hemispherical head of the reactor pressure vessel was to be the
dump tank. An important advantage claimed for level control,
at that time, over the use of control rods was that the latter dis
placed fuel channels in a vertical core and so reduced maximum
power. By the time the change was made to a horizontal pres
sure tube reactor, which could have accommodated vertical
control rods between the fuel channels without displacing fuel,
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level control was firmly entrenched as the control method of
choice, and was retained.
In 1957, NRX was modified to permit the entire control
of reactivity by varying moderator level. In this case, the
multichannel system controlled parallel liquid control valves in
drain lines from the calandria to the dump tank. The design and
operation of this system provided valuable experience for some
aspects of the NPD and Douglas Point systems.
While level control proved to be adequate for NPD, such a
simple system alone could not meet the reactivity control de
mands of larger reactors. There were two principal shortcom
ings. Firstly, at various times, such as restarting after a shut
down of a couple of days or more, the fuel will have excess
reactivity and the moderator level would have to be below some
of the upper fuel channels. Not only do these calandria tubes
then need to be cooled by a spray of heavy water (as was pro
vided at NPD), but the reactor must operate at below full power
for a time, while the short-lived saturating fission products re
gain their normal concentration. Douglas Point and later
CANDUs are brought to full power under such circumstances
by adding a soluble neutron absorber or poison (boron or gado
linium) to the moderator to counteract the excess reactivity, and
then removing it at a controlled rate by ion exchange. Secondly,
in order to get the maximum energy from the fuel throughout
the core it is necessary in large reactors to have spatial control
of reactivity, a task that moderator level cannot perform. Al
though Douglas Point, RAPP and Pickering.A were provided
with moderator level control systems, they were only used to
perform secondary control functions.
Booster Rods and Adjuster Rods
The most troublesome saturating fission product is xenon-135
(half-life 9.2 hours), which has an extremely large neutron cap
ture cross-section. It is formed by the radioactive decay of io
dine-135 (half-life 6.7 hours) which is produced by fission. The
xenon-135 concentration in the fuel during operation is set by
its rate of formation and its rate of destruction by neutron cap.
ture. After a shutdown, the iodine-135 inventory continues to

227

produce xenon-135, which nearly quadruples in concentration
before decaying away to a low value about forty hours later. It
is not economical in CANDU reactors to provide excess reactiv
ity to counter the whole xenon-135 transient; the approach
taken was to provide enough excess reactivity to allow the
reactor to be restarted within thirty minutes of shutdown
requiring 10 to 20 mk. This allowed operation to resume if the
cause of the shutdown could be eliminated quickly; otherwise,
startup was delayed for a day and a half.
In NPD and Douglas Point this excess reactivity was pro
vided by booster rods - enriched uranium fuel with its own
low-temperature cooling system that can be inserted vertically
into the moderator. A similar system was installed in the Bruce
A reactors, but only used early in their operation on a few occa
sions: there were some safety concerns. With the greater reli
ability of the post-Douglas Point reactor-control systems, it was
found that the causes of unanticipated shutdowns could either
be eliminated in a few minutes, or required longer than the
thirty-minute xenon-override period for corrective action.
In other CANDUs, neutron absorbers called adjuster rods are
used. These reside within the core during normal operation and
can be withdrawn to provide excess reactivity. In some reactors
the absorber is cobalt, and the cobalt-60 produced is sold to be
used in gamma-irradiation facilities at a price that offsets the
value of the neutrons absorbed (see chapter five). While occasion
ally used for xenon override, the excess reactivity provided by
adjuster rod withdrawal is more often required during periods of
fueling machine unavailability. However, their main function is
to produce a more uniform neutron flux throughout the reactor.
These adjuster rods are placed so as to depress the neutron flux
in the central region of the core, and thus flatten the flux shapes
both radially and axially. Normally, in the absence of flattening,
the flux would peak in the centre of the core and fall off toward
the edges. Fuel could operate at its design power rating at this
peak position, but the average rating and thus the total reactor
power would be considerably lower. Axial flattening therefore
raises the average channel power and radial flattening increases
the total power from a given number of channels, as well as
allowing a higher-average channel burnup to be achieved.
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Varying the burnup of the discharged fuel across the core is
also used to achieve radial flux flattening. Fuel in the central
channels is taken to a higher burnup relative to the outer chan
nels, and the extra fission-product inventory of the fuel in these
central channels depresses the flux in that region.
Fuel Management
The main long-term control of reactivity in CANDU is provided
by on-power refueling. This normally proceeds at a rate suffi
cient to keep the zonal control elements in their mid-range.
The original concept was to refuel one bundle at a time, us
ing a pair of fueling machines attached to the ends of a channel
to insert a fresh bundle at one end and remove an irradiated
bundle at the other end. This concept leads to uniform average
burnup of all the fuel in a channel. A second aspect of the
refueling concept was to fuel in opposite directions in adjacent
channels, which results in the same average reactivity axially
through the core.
This simple scheme worked well for NPD. To reduce the us
age of the fueling machine at Douglas Point, four-bundle shifts
were adopted when it was found that the penalty in burnup
would be small. Since a channel contained twelve bundles,
then each bundle would normally reside in three locations
during its irradiation. Then, around 1970, it was found that
fuel failures were associated with refueling (see chapter thir
teen), and this led to a change to eight-bundle shifts. Similar
difficulties at Pickering resulted in ten-bundle shifts being
adopted as the optimum. For Bruce and later CANDUs, which
have greater axial flux flattening, four- or eight-bundle shifts
are used.
The refueling rate for a CANDU 6 station is seventeen bun
dles per day, on average, or about two channels per day with
eight-bundle shifts. The selection of channels to be refueled is
generally based on those calculated to have the highest
burnups, but also must consider the effects of fresh fuel on
channel outlet temperature and on local power distribution; it
is also necessary to maintain a refueling pattern that has axial
symmetry and equal rates in opposite directions.

On-power refueling avoids the need to shut down for
refueling, and thus increases the annual capacity factor.
The equilibrium fueling rate observed at Pickering corre
sponds to a burnup of 170 MWh/kg, about 7 percent higher
than predicted during design. This burnup value had been es
tablished by 1975, and in a sense represents the final point on
Lewis's fever chart. Lewis's goal nearly twenty years earlier had
been 10,000 MWd/tonne (240 MWh/kg). He had inspired de
velopers and designers to practice strict neutron economy, and
they had succeeded admirably.
Zonal Control and Flux Measurement
Refueling and the movement of reactivity control devices
cause local changes in neutron flux that are unsymmetrical
about the centre of the reactor. In a large reactor, such local
perturbations can propagate because of the loose neutron
coupling between widely separated regions of the core. In a
CANDU reactor, the neutron migration length is 19 cm; this is
the average distance travelled by a neutron from its appear
ance as a fission neutron to its absorption as a thermal neu
tron. The core radius in large CANDUs is seventeen to twenty
times this migration length.
The propagation of local flux perturbations can lead to slow
oscillations of the local flux, because of the positive feedback
arising from the response of xenon-135 to a neutron flux
change. If the flux in a region increases, the xenon-135
burnup will be increased initially, leading to a lower xenon
concentration, hence a higher reactivity and a further increase
in flux. The higher flux also leads to a higher iodine-135 pro
duction, and eventually an increase in xenon-135 concentra
tion, thereby reducing the flux. If the reactor total power is
constant, the flux can oscillate between different regions of
the core, with a period of oscillation between fifteen and thirty
hours, depending on which higher harmonic oscillations occur.
This instability phenomenon was first observed in American
reactors, and was first explained in the mid-fifties by Arthur
Ward at Chalk River who formulated the criterion for the
threshold for these oscillations to propagate with time.
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Such flux oscillations could result in fuel-bundle or fuel
channel power limits being exceeded, and therefore an on-line
spatial flux control system is required. The problem did not
arise in the small NPD core, and was of a limited magnitude for
Douglas Point; in that case four absorber rods provided local
control, one in each reactor quadrant. In Pickering and all later
CANDUs, fourteen zones are established, each with its own re
activity controller.
A new control device was developed: the liquid control ab
sorber. It is a small elongated tank within the moderator con
nected by small bore piping to a reservoir outside the reactor.
The liquid is ordinary water, which in the CANDU core acts as
a neutron absorber. A prototype tested in ZED-2 gave confi
dence in the device, which was installed in Pickering and all
subsequent CANDUs. It has fulfilled the original expectations
for high reliability.
The water level in each absorber is controlled by a valve, and
controls the reactivity of its zone. All fourteen levels are also
controlled in unison, to provide fine control of total power gen
eration. The fourteen absorbers are arranged in six vertical as
semblies as shown in figure 11.4.
To verify reactor kinetic and spatial control computer codes
used to design the reactor control system, a series of transient
experiments were performed in ZED-2. The core was divided
into two halves, either separated by a row of neutron absorbers
or an unfueled region. A step change was made in reactivity in
one half of the core and the detailed neutron flux shape
throughout the core was measured over time. This was com
pared to the code prediction.
In NRX, NRU, NPD and Douglas Point, the neutron flux was
measured at several locations around the periphery of the core
with ion chambers. Units of the required sensitivity and stabil
ity were developed in the early days at Chalk River by Hugh
Carmichael and co-workers. The relationship of this peripheral
flux to reactor power had to be included in the control system.
However, for zonal control, the local flux or power must be
measured, and ion chambers are not suitable for in-core use.
In NPD and Douglas Point, flow and temperature were meas
ured at the outlet of each fuel channel, and these data gave the
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FIGURE 11.4

Reactivity Control Devices in CANDU
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radial power distribution. At Douglas Point this was used to
control the four zonal absorbers.
However, for Pickering, in-core flux measurements would
be needed for zonal control. Fortunately, a new device, the
self-powered neutron flux detector, had been invented by
John Hilborn at Chalk River in the early sixties, based on ear
lier Russian work. It consists of a length of coaxial cable in
which the inner conductor is a beta-particle emitter insulated
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from the Inconel sheath by a metal oxide. The beta particles
must have sufficient energy to reach the sheath and produce
an electric current. Emitters investigated were rhodium, co
balt, vanadium, platinum and zirconium. A suitable signal is
obtained from a detector about 2 mm in diameter and 3 m
long, wound as a coil around a central support over a dis
tance of 30 to 85 cm. Several detectors on the same support
give the variation of flux through a core sector.
A self-powered flux detector is, in principle, simple and
rugged. However, considerable effort was required initially
to achieve adequate quality control of the materials and the
manufacturing process, to get the in-service failure rate be
low the acceptable level. A small Canadian company (Reuter
Stokes Limited) was licensed to manufacture and market the
detectors, and they participated in their development.
Reuter-Stokes has provided the bulk of the detectors for
CANDU reactors and has established a significant export
business. This is an early example of the successful commer
cialization of an instrument developed by AECL.
Ultimately, vanadium was chosen for accurate flux map
ping in CANDUs and these detectors are used in large numbers
(fifty to one hundred per reactor) in Bruce and subsequent
CANDUs. However, the response time of the vanadium detec
tor is too slow for on-line control.
A platinum emitter gives a much faster response, but this
response is complex; the current responds rapidly to chang
ing gamma-ray flux (which is closely linked to neutron flux),
more slowly to neutrons, and changes with irradiation. Once
the response was thoroughly understood, corrections could
be made to extract the fast component. Then, the platinum
detector (twenty-eight per reactor) became the basis for
CANDU on-line control signals, the necessary corrections
being made by on-line computer processing based on data
from the vanadium flux mapping array available on a two
minute cycle.
In the case of Pickering, twenty platinum detectors are
used, calibrated against power measurements from twenty
two instrumented fuel channels, for on-line control. The de
tectors originally installed had cobalt emitters, which gave a

rapid response to changes in neutron flux, but had a rather
limited useful life and needed to be replaced regularly.
Because of the possible variations in neutron flux about the
desired flattened shape, each of the two independent shutdown
systems has its own array of fast-response self-powered flux
detectors to locate any unacceptably high local neutron flux.
Detector locations are optimized, to ensure coverage of any flux
shape that could arise. Each such array and its associated signal
processing electronics and two-out-of-three coincidence arrange
ments is called a regional overpower protection system. It can
initiate a reactor shutdown, just as other parameters, such as
high-rate-of-rise of neutron flux and high coolant pressure, can.
Figure 11.4 illustrates the diverse and rather complex array
of control devices in a CANDU reactor of the eighties. Control
requirements evolved in response to increases in size, power
and fuel rating in CANDUs. This evolution has gone hand-in
hand with an ever-increasing degree of automation of reactor
control, a trend found in power-reactor programs around the
world.
Fast Automatic Startup
When fast automatic startup was incorporated into the design
of NRU, it was a unique, pioneering step. It arose out of the need
to overcome the rapid buildup of xenon-135 after a reactor shut
down. Since only limited excess reactivity could be provided,
the time available to clear a fault and restart the reactor was lim
ited, and it was argued that the startup time itself should be re
duced to a minimum. It was then decided that the procedure
should be automatic; otherwise, it would require the operator's
full attention to the exclusion of monitoring other instruments
(if, in fact, it could be done manually at all).
To enable the system to function safely, the neutron flux had
to be measured over its entire range. In a heavy-water reactor,
this range is only about six decades, since photoneutrons pro
vide a lower limit. It was therefore possible to develop an ion
chamber and amplifiers that could provide a signal throughout
this range suitable for both automatic control and to warn of
any excess rate of increase in reactivity.
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Computer Control
Early in the design of Douglas Point, digital computers were
being considered, not only for their data storage and display
capabilities, but also for their ability to make rapid decisions.
A first step, in parallel with the Douglas Point design, was
a computer-control experiment with NRU. Its tasks included
scanning and digitizing reactor variables, alarm checking and
recording, sensor recalibration, data storage and display, and
closed loop control. It controlled the reactor power, a unique
computer application at the time. More importantly, this
experiment demonstrated the need for comprehensive self
checking methods to detect faults in either software or hard
ware.
At Douglas Point, a computer was installed to perform a
wide range of functions; these included fuel-channel tempera
ture monitoring, spatial control of neutron flux, moderator poi
son control, various process-control functions, and extensive
data logging and processing. Operation of the zonal control sys
tem by the computer marked the first time a reactivity control
element in a reactor had been positioned by a stored-program
digital computer. Since the cost of a dual computer system for
Douglas Point would have been excessive (the situation in
1962), the reactor could not be fully controlled by the compu
ter, because of the latter's inadequate reliability. Therefore, the
main control loop used an analogue system, and operator
intervention was possible in those tasks the computer did con
trol in the event that it broke down.
At Pickering, the decision to be made was to what extent
the computer would become an integral part of the control
and instrumentation system. To justify the cost of the compu
ter, its integration should be as comprehensive as possible.
Complete reliance on a computer system would impose strin
gent targets for its reliability. Alternative backup systems
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would add extensive extra equipment and design costs. These
considerations led to the selection of a dual-computer configu
ration controlling all major reactor and power station processes.
Only the simultaneous failure of both computers would require
a shutdown. A major feature is that each computer contains all
the control routines and a self-checking program that continu
ally surveys its own performance. Only one computer is in con
trol at any instant, but if it detects an internal malfunction that
cannot be readily corrected, it transfers control to the other
computer immediately; i.e., in ten milliseconds. This arrange
ment has proved to be extremely reliable.
The decision by Ontario Hydro to accept computer control
coincident with introducing nuclear reactors into their power
generation network was a remarkably bold one - not only on
their part but also for the AECL designers and developers,
who proposed it well before computer control was adopted
elsewhere. Canada has been a pioneer in this field.
For CANDUs after Pickering, a similar dual-computer con
trol system has been used, expanded to meet new require
ments and modified to take advantage of evolving computer
technology. These power-plant control centres embody in a
very sophisticated form two of the concepts established early
in the development of CANDU: a high degree of automation,
freeing the operators for tasks of supervision and coordination
to which they are much better suited, and designs permitting
continual verification of reliability and safety.
At Darlington, all the logic functions in the shutdown sys
tems are performed by digital computers. This replaces the
conventional electronic relay logic used in all previous
CANDUs. While this computer system is operating success
fully, there were problems in guaranteeing the integrity of the
software and in developing the appropriate software quality
assurance.
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Chapter Twelve

Fuel Channels
C.E.

ELLS

DESIGN

The safe operation of the fuel channel is of vital importance to reactor opera
tion, and great effort has been expended in developing the CANDU fuel channel
(figure 12.1) and studying its characteristics. In a fuel channel, the pressure
tube contains the fuel and hot primary coolant, the spacer (garter spring) sepa
rates the pressure tube from the calandria tube, the calandria tube keeps the
cool moderator from contacting the hot pressure tube, and the end fitting joins
the pressure tube to the out-reactor circuit.
The evolution of fuel-channel design started in the mid-forties with the
vertical channel in NRX, but NPD had the first of the CANDU channels. The
NPD channel was designed in a cooperative effort between AECL and Canadian
General Electric. Thereafter, channel design and procurement of channel com
ponents has been directed from the engineering section of AECL, now AECL
CANDU. From NPD onwards, the channels maintained the schematic form of
figure 12.1, but with differences at the ends of the channels based on fueling
machine operational needs.
There are four key requirements in fuel-channel design:
"* the whole channel must be neutron-economic; to achieve this end, the com
ponents undergoing the high-neutron flux are made of zirconium-rich alloys
and the amount of zirconium alloy is kept as low as possible;
"* to meet the intent of accepted codes of practice for designing high pressure
components, the channel is designed for adequate tensile strength;

2

A metallurgist's recollection: Metallurgical problems did, of course, arise in'the design, con
struction and operation of ZEEP, NRX and NRU, but space has not permitted a detailed de
scription of that work here. Early metallurgical support for Chalk River was supplied by
staff of Mines Branch in Ottawa. One of those metallurgists recalls being called to his su
pervisor's office in 1944, and being introduced to Sir John Cockcroft. The young man
gulped and stammered "The John Cockcroft?" To which Sir John replied, "I am afraid so,"
then pulled a rod of an apparently black substance from his briefcase. He asked iffthe met
allurgist would measure its thermal conductivity. To the obvious question, Sir John said
that he was not allowed to say what the substance was. The young metallurgist, however,
was quickly able to determine the density of the rod, and deduce that It was uranium. This
was the start of nuclear metallurgy in Canada.
An early metallurgical problem encountered with NRX involved the tendency of uranium
metal to change shape during irradiation. Control of this shape change was perhaps the first
purely metallurgical problem in which Dr. Lewis played an active role. One employee viv
idly remembers standing by Dr. Lewis in a fabrication facility in Ohio in June 1952, as the
uranium rods passed through rolls.
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FIGURE 12.1

Schematic Diagram of a Single CANDU Fuel Channel
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"* a thirty-year operational life is targeted, and to this end the
design must cover the diametral creep of the channel, its
elongation from neutron-induced growth, and its sag from
the weight of fuel and coolant;
"* the effect of corrosion on metal loss and hydrogen ingress
must be considered, as well as any effects of neutron irra
diation on channel mechanical properties. Because of some
inevitable degradation of channel components during reac
tor lifetime, the whole of the channel must be inspectable
by available non-destructive testing techniques, and re
placeable if necessary.
Since completion of the design of the NPD fuel channel, the
design has been influenced both by knowledge gained in the
laboratories and by operational feedback from the power sta
tions. Some of the important changes explained and discussed
later in this chapter are:
"* whereas the pressure tubes in NPD, Douglas Point, Picker
ing A, Units I and 2 were made of cold-worked Zircaloy-2, all
subsequent reactors used cold-worked Zr-2.5Nb (KANUPP
and Gentilly-I are exceptions);
"* the garter springs have gone through several changes;
"* details of the attachment of the pressure tube to the end fit
tings have changed significantly;

* in Bruce A, Unit 4, and later reactors, provision has been
made to accommodate considerable elongation of the tubes,
a requirement not recognized when the previous reactors
were designed.
Again starting with NPD, AECL CANDU was heavily involved
with procuring all components for the channels, inspecting
those components and dealing with the many problems in
volved with their manufacture. It has also been involved with
meeting the changing standards of the regulatory bodies, no
tably the Control Board. Latterly, staff of Ontario Hydro have
been heavily involved with or taken over this work in Ontario.
The story of this huge effort is outside the scope of this book,
and in the remainder of this chapter we concentrate on the
metallurgical development work that has led to the channel
components in their current form.
PRESSURE TUBES
The resistance of pressure tubes to deformation is central to
pressure-tube design and behaviour. The tensile strength of a
pressure tube is derived from a test in which a specimen of the
tube is forced to extend at a constant rate. The maximum load
that the specimen can support before fracture occurs deter
mines the "ultimate tensile strength" (UTS) of the material, via
the expression:
UTS

-maximum

load

initialspecimen area
The percentage elongation of the specimen at time of fracture
is known as "total elongation," and is used as a measure of
the ductility of the material. The creep strength of a material
is derived from a test in which a specimen is extended under
a constant load. Here the relevant property is the rate of ex
tension of the test piece, known as creep rate. The test on
any one specimen may continue for many days or indeed
many years before specimen failure by creep rupture occurs.
If the load is much higher, and rupture occurs in a much
shorter period of time, the test is termed stress rupture and
the derived property is the time to failure. Stress rupture,
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however, is not of concern to CANDU fuel-channel compo
nents.
The CANDU pressure tube is stressed both from the water
pressure and weight of water and fuel. The water pressure
stresses the tube in both circumferential and longitudinal direc
tions, a principal effect being circumferential creep, resulting in
diametral expansion. The weight of water and fuel causes the
tube to creep downwards, termed sag. The strengths and defor
mations described here are all affected by the neutron environ
ment in the reactor core, as discussed later in this section.
Early Work
Canadian work on pressure tubes was started in 1957 when
the decision was made to change the pressure boundary of the
NPD primary coolant from a single pressure vessel to the many
smaller pressure tubes. The CANDU concept, based on natu
ral uranium fuel with a heavy-water moderator, is practicable
only because zirconium alloys can have the three essential
properties required for the pressure tube:
"* low wastage of precious neutrons;
"• corrosion resistance against attack from the primary coolant;
"• sufficient strength.
Various metals (e.g., ferrous or titanium alloys), would have the
latter two properties, but the neutron capture cross-section
would be unacceptably high. Zirconium satisfied the neutron
economy criterion, but required alloying additions to achieve
adequate strength and corrosion resistance. In 1957, it was pos
sible to envision the zirconium-alloy pressure tubes only be
cause of the pioneering work undertaken for the United States'
naval reactors. There, Admiral Rickover had chosen to use for
fuel sheathing the alloy known as Zircaloy-2, a zirconium-rich
alloy containing some tin and oxygen and small amounts of
iron, chromium and nickel. These alloy additions satisfied the
requirements for corrosion resistance and strength.
Canada was not alone in developing zirconium-alloy pressure
tubes. By 1957, both the Americans and Russians had started
work on the concept and plans for the fabrication of tubes for
the United States' Hanford N reactor were in progress. The first

problem to be faced by the pressure-tube designers was the ten
sile strength of the tubes, a recurring theme in our pressure
tube design.
It was a long-established principle in pressure-vessel design
that the maximum permissible stress should be UTS/4. We
would have liked to use Zircaloy-2 in its fully annealed (most
ductile) condition, where to a design engineer it is a material
combining a number of desirable characteristics. For neutron
economy in CANDU it is essential to keep the amount of zirco
nium alloy in the reactor core, or indeed any neutron absorbing
material, as low as possible. Using enriched uranium, the
Americans and Russians did not have this concern to the same
extent. The obvious method of adding strength to the pressure
tube was having the tube cold-worked before installation. The
cold work increases the strength of the material, but decreases
its ductility; we accepted 20 percent cold work as a compromise
between these two factors. We did not know how much ductil
ity was actually required, only that as much as possible was
desirable. Because of the simple shape of the pressure tube, and
the rigorous inspection we could use on it, we obtained permis
sion from relevant authorities to design to a factor of 1/3 of the
UTS rather than the conventional 1/4 UTS. This advantage, and
the strength increment obtained from the cold work, enabled us
to use pressure tubes sufficiently thin for acceptable neutron
economy. With the decisions on material, its metallurgical con
dition and wall thickness fixed, we proceeded to procure the
tubes for NPD, with Chase Brass of Waterbury, Connecticut the
primary fabricator.
Even as the properties of the Zircaloy-2 tubes for NPD were
being established, Dr. Lewis had already initiated work to
3

Dr. Lewis was enthusiastic about information exchange on nuclear en
ergy between countries, and vigorously encouraged it as a necessary
part of supplying the world's energy needs. A tribute to the Canadian
contribution appears in a 1989 publication from an American division
of Sandvik, a Swedish corporation: "The work at AECL provided much
of the technical data on which the commercial use of zirconium alloys
was based." In the nineties, AECL has become much more jealously
protective of its intellectual information and more interested in its com
mercial value.

236

CANDU DEVELOPMENT

develop a better tube. 4 We will however leave this search in
abeyance and consider the factors that we now know affect the
service life of the tubes.

FIGURE 12.2
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Zirconium Hydride
It is not possible to appreciate the problems faced by the
designers/operators of CANDU reactors without having some
understanding of the properties and effects of zirconium
hydride. Here we will use hydrogen to include all three of its
isotopes - protium, deuterium and tritium - because, for our
purposes, equal numbers of atoms of each have the same effect
on the core components. Also, in quoting concentrations of
hydrogen, we can consider the zirconium alloys to be pure zir
conium; e.g., we can ignore the iron, chromium, nickel, tin in
Zircaloy-2. Zirconium and hydrogen can interact to form several
different compounds. However, it is sufficient to know that
when the hydrogen concentration in the zirconium exceeds a
critical amount, a compound termed zirconium hydride is
formed. At the operating temperature of CANDU pressure
tubes, the critical concentration is about 0.35 atom percent (at.
percent); i.e., the percentage of hydrogen atoms in the alloy
compound against the total of hydrogen + metal atoms. At room
temperature, practically all hydrogen exists in the hydride
form. A cross-section through a piece of zirconium containing
hydrides is shown in figure 12.2. The black stringers represent
edges of platelets of hydride. The hydride is normally a very
brittle substance, particularly at room temperature (and below).
It requires little imagination to appreciate that these hydrides
can be points of weakness in the zirconium component, particu
larly if one of the platelets meets the surface of the component.
Clearly, we should try to keep the components free of hydride.
In practice it is not yet possible to produce a pressure tube that
contains less than about 0.05 at. percent, and considerable at
tention is required to maintain this low value. More important,
hydrogen (deuterium) enters the pressure tube from its corro
sion by the primary coolant and interaction with the deuterium
impurity annulus gas. We try, of course, to keep the corrosion
low, but cannot eliminate it.

~A-N

Photomicrograph showing zirconium hydride in Zircaloy-2. The metal
surface is polished to be flat and smooth, and them lightly chemically
treated. The longer black particles are the edges of hydride platelets.
The black spots are from sections rich in Cr, Fe or Ni; in pure zirco
nium only the hydride would appear after this surface preparation.
The hydrogen concentration in the specimen shown is 1.0 at.%. A
scale marker is shown on the figure.

Developing an understanding of the metallurgical behaviour of the com
ponents in the CANDU core is an exceedingly complex task. The Cana
dian metallurgical community could not have done this efficiently in iso
lation from the world community. Extensive international contacts were
required. Direct personal contacts took place in laboratories and meetings,
and through the transfer of written documents. AECL documents had var
ied forms, e.g., internal memos, reports proprietary to AECL that might
contain sensitive commercial information, reports that might be termed
"official use only,' containing information not completely verified or con
sidered of little use to others, and journal publications submitted to the
world for their use and comment. These last documents would receive
intensive internal and external peer review before appearing in a journal.
In turn, AECL metallurgists used journal publications, and documents of
other types, depending on the particular exchange agreement we had with
those organizations in which the document originated. The class of secu
rity varied from laboratory to laboratory: in 1958 at Savannah River, AECL
visitors received a personal escort to the washroom.
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By 1957 the Americans, principally at the Bettis Laboratory,.
had made preliminary studies of the effects of zirconium hydride
on the behaviour of zirconium. The work continued there for
many years, and also in the United Kingdom and other countries:
the extent of the work in the USSR still is difficult to establish.
Canada however had the larger stake in cold-worked material,
and we have generated much of the world's information on hy
dride behaviour in this material. In the early-to-mid-sixties, we
started studying the rate of migration of hydrogen in zirconium,
and measured quantitatively the rate at which it migrated from a
warm to a cold region of the component. We also examined the
effects of hydrides on the tensile ductility of components, and on
the effects when the components were shock loaded. From this
work, we were able to show that, provided the hydride platelets
were in planes parallel to the direction of stress, they caused little
problem; if they were in perpendicular planes, the problems were
serious indeed (figure 12.3). Even in this latter situation, the
deleterious effect decreased with increasing temperature. We
were fortunate that the initial fabrication route chosen for the
pressure tubes resulted in hydride platelets forming in the least
deleterious direction. From extensive laboratory studies, we
were able to ensure that any small changes in fabrication proce
dure did not change the hydride orientation.
FIGURE 12.3

Schematic diagram of hydride platelets in a stressed zirconium
alloy component

DIRECTION
OF STRESS

DIRECTION
OF STRESS

For the direction of stress shown the platelets at A could be of
concern, those at B and C are comparatively harmless.

Creep and Growth
All stressed metals creep to some extent. In everyday use we can
design components so that the creep is negligible for the desired
lifetime (e.g., the frame of an automobile). In the reactor core the
components must be kept as thin as possible, which results in
stresses that are in the range that creep can be expected. Imme
diately following -the decision to use cold-worked Zircaloy-2
pressure tubes, AECL initiated work to measure the creep prop
erties of the material in tests in the laboratory (i.e., on material
not being irradiated). We hoped to find that the diametral ex
pansion of the tube might be no more than 3 percent (as re
quired from expected coolant behaviour) in thirty years; care
ful measurement is required if tests of a year or few years are to
give an accurate prediction over this period. Our early work,
comprising tests in the laboratory, indicated that we might
reach this goal. We knew from basic science that neutron irra
diation could increase the creep rate, even though the UTS
would be increased. Measurements of the creep rate in-reactor
are extraordinarily difficult, but by the mid-sixties, we had
found that a neutron flux as large as that in CANDU might in
crease the creep rate by a factor as high as ten in some situations.
It was the in-service creep rate that was needed for design. The
creep has two effects on tube behaviour; the tube diameter will
increase and, under the weight of fuel, and coolant, sag.
In 1957, no scientist or engineer associated with the Canadian
nuclear industry realized that neutron irradiation in the absence
of any external stress could cause a significant shape change in
zirconium. However, work on this topic was underway or about
to start at Harwell, United Kingdom, and in the early sixties
we began to realize the importance of this factor. This shape
change results in the elongation of the cold-worked pressure
tubes, and for this reason it was decided to call it growth, a
named used previously in the United Kingdom to describe a
similar phenomenon in uranium. Design of the early CANDU
reactors up to and including Pickering Bproceeded without the
knowledge of growth, and the subsequent tube elongation has
involved costly modification to some reactors and has been the
life-limiting factor requiring tube replacement in others.

238

CANDU DEVELOPMENT

Fracture
We noted previously that after 1957 it became possible to de
sign pressure tubes so that the maximum stress was never more
than UTS/3. If we had only to worry about failure in tension,
this UTS/3 would indeed provide an excellent factor of safety.
Since 1957 a new topic in the science of engineering, termed
fracture mechanics, has evolved. Whereas the tensile UTS is
based on tests of a crack-free near-homogeneous material sub
jected to an increasing stress (and normally loaded to failure in
several minutes rather than days or years), fracture mechanics
considers the size of an inhomogeneity or flaw that will grow
without any increase in applied stress. Compared to the simple
tensile failure, the crack may grow slowly over a longer period
of time. In principle, a crack in a tube wall not yet through the
wall can under stress suddenly extend through and along the
wall, causing rapid failure. When the crack has reached a length
at which this rapid growth occurs, the crack is said to have
reached its critical crack length (CCL). Alternatively, the crack
can grow through-wall, with subsequent leaking of the fluid
contained ini the tube, before the CCL is reached. This gives a
comparatively easy means of detecting the crack in advance of
CCL. Fear that tubes were approaching the set of conditions for
which a CCL could be attained has thus far been the major life
limiting factor for pressure tubes.
Pressure-Tube Materials
The few years after 1957 were a period of intense activity on
cold-worked Zircaloy-2. It was not certain that satisfactory
tubes of cold-worked Zircaloy-2 could be fabricated. We were
fortunate that organizations in the United States were also pro
curing tubes of Zircaloy-2, but we had to launch several devel
opment programs to determine whether the procedures would
work for our particular requirements. It was necessary to
show that experimental work being done in the laboratories,
using rod and sheet, was relevant in predicting properties and
behaviour of the actual pressure tubes. Much of the initial
procurement of the tubes was undertaken in collaboration

with Canadian General Electric, Peterborough, the main con
tractor for NPD.
The second project was to determine the effects of neutron
irradiation on the properties of Zircaloy-2. From early work, we
found that the strength from cold work did not anneal out dur
ing irradiation at reactor operating temperature; rather, the
material strengthened further, but without a serious loss of duc
tility. We initiated the in-reactor creep tests; results from these
experiments soon indicated the effect of irradiation to decrease
the resistance to creep. A scientist at the CEGB in Berkeley,
England, working with small specimens, warned us of the pos
sibility of growth, but we had already started to examine this
topic. We did not yet appreciate the concept of CCL, and were
measuring the strength of sound (crack-free) tubes at failure
with internal pressurizations. These tests showed that the tubes
were even stronger than predicted from tests with the stress in
only one direction (uniaxial) and coincident work at the Massa
chusetts Institute of Technology enabled us to understand the
reason. It was in the mid-sixties, well after the commitment of
tubes for Pickering 1 and 2, that we started to simulate the
behaviour of cracked tubes in-reactor by testing tubes with
artificial flaws.
A third project was to determine the corrosion behaviour of
the cold-worked Zircaloy-2 in the environments of particular
interest to us. Here we were able to draw on a lot of American
and European experience, the Zircaloy-2 composition having
originally been chosen for its corrosion resistance to steam at
400'C. By 1957, Zircaloy-2 was being used extensively as a fuel
cladding material, giving rise to international corrosion studies.
Although we were content for our early reactors to have pres
sure tubes of cold-worked Zircaloy-2, in the sixties it was felt
that it would be worthwhile for future reactors to have a mate
rial that could have both a higher tensile strength and a higher
creep strength. By allowing use of a tube with a thinner wall
(i.e., less zirconium alloy in the reactor core), these improved
properties would allow improved neutron economy. Now we
realize that these improvements in economy were small com
pared to those we could obtain from increased reliability of con
tinuous reactor operation.
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At an international conference on the peaceful uses of atomic
energy in 1958, the USSR presented a great deal of information
on their research into the properties and nuclear uses of zirco
nium alloys containing niobium and oxygen. The important fea
tures of their work were: a) the capture cross-section of niobium
to thermal neutrons was sufficiently low that a zirconium alloy
containing a few wt. percent niobium would be acceptable for
use in CANDU; b) zirconium-niobium alloys appeared to have
promise of acceptably low corrosion rates in water at the
CANDU operating temperature; and c) additions of the niobium
opened the possibility of strengthening via a quench-and-age
heat treatment, a route not possible with the Zircaloys.
The addition of niobium to zirconium has a profound effect
on the hardness and tensile strength available. Zircaloy-2
quenched from a high temperature, say 8000C, is somewhat
harder than material slowly cooled from the same temperature.
Zirconium-niobium alloys, on the other hand, are extraordi
narily hardened by this quench; thus they are known as heat
treatable materials. From consideration of the USSR data, and an
assessment of the effect on neutron economy in a CANDU reac
tor, Dr. Lewis and WR. Thomas decided that Zr-2.5Nb had a
good potential, and this alloy (containing 2.5 wt. percent nio
bium) has been used in Pickering 3 and all subsequent CANDU
reactors.' Originally we had intended to have pressure tubes
use Zr-2.5Nb in a heat-treated condition. There was a lot of ex
perience on heat-treatable titanium alloys on which we could
draw (titanium and zirconium have many characteristics in com
mon), and early in the work we found that a water quench from
about 880DC followed by holding from six to twenty-four hours
at 500°C resulted in good strength. Tubes receiving this treat
ment are known as heat-treated tubes, and were installed in the
Gentilly-I and KANUPP reactors.
During development of the heat-treated Zr-2.5Nb tubes, the
need was recognized for a test that would show that the desired
properties were indeed obtained. The test would have to be
done without damage to the tube, for which the term non
destructive testing (NDT) is used. Strength could be below that
specified if tubes did not reach the correct solution tempera
ture, or if the cooling rate during the quench was too slow. The

correct cooling rate is the more difficult to achieve. Although
there is no reason to assume that any of the tubes finally used
in-reactor do have weak regions, the non-destructive testing
problem was not really solved for heat-treated tubes. This led
to the proposition that if the tubes were to be strengthened by
cold-work rather than the quench-and-age heat treatment, con
fidence in the uniformity of strength in the finished tube would
be significantly greater. With this realization, an exploratory
program on cold-worked Zr-2.5Nb pressure tubes was initiated.
With the experience both in production of cold-drawn
Zircaloy-2 pressure tubes and in extrusions of the Zr-2.5Nb
tubes (for finishing by heat treatment), the development of
cold-worked Zr-2.5Nb pressure tubes progressed rapidly to a
successful conclusion. By cold-working the extrusions about 25
percent, and making use of controlled extrusion conditions, the
tensile strengths of the cold-worked tubes were some 40 percent
higher than the tubes of cold-worked Zircaloy-2, and still had
acceptable ductility. With the essential properties of improved
tensile strength and acceptable neutron-capture cross-section
met, an extensive program was launched to determine the be
haviour of the tubes in-reactor.
Although heat-treated Zr-2.5Nb tubes were chosen for
FUGEN in Japan as well as for KANUPP and Gentilly-1, where
the high tensile strength was nearly essential for neutron
economy, there was considerable debate in Canada on which
of the three candidate materials should be chosen for
Pickering 3:
Employee's recollection: Dr. Lewis maintained a great interest in all de
tails of the metallurgy of the core components, right from the start of
the development of CANDU. He pursued this interest with less concern
for line management than might have been shown by heads of other
sites. Staff members who worked at Chalk River have vivid recollec
tions of answering their phone and hearing a secretary's voice say, "Dr.
Lewis would like to speak to you." One sprang to mental attention,
knowing that some incisive query would be forthcoming. It was in
credibly difficult to be in advance of Dr. Lewis on any technical topic,
once he had decided to master it. In later years WR. Thomas would
note that new employees did not have the inspiration of this personal
contact.
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"* cold-worked Zircaloy-2;
"• heat-treated Zr-2.SNb; or
"* cold-worked Zr-2.5Nb.
The choice had to be made with less than a desirable amount of
evidence in hand, but in 1967 the cold-worked Zr-2.5Nb was
chosen, and it has remained the choice for all subsequent
CANDU reactors. The choice was based on tensile strength and
creep resistance. Twenty-five years later we still feel that the
choice was correct, even if made for the wrong reasons. We now
know that the difference in in-reactor creep between cold
worked Zircaloy-2 and cold-worked Zr-2.5Nb is quite small,
whereas the great advantage of Zr-2.5Nb is now recognized to
be its very low deuterium pickup.
By the late sixties, with cold-worked Zr-2.5Nb fully estab
lished for reactor use, we turned our attention to finding an
even better pressure tube. Again we were able to draw on the
experience of the titanium industry, but for the pressure tubes
we have the restrictive limitation that the neutron-capture
cross-section of the alloy additions must be acceptably low. In
the early seventies, we settled on a composition zirconium
3.5 wt. percent tin, 0.8 wt. percent niobium, 0.8 wt. percent
molybdenum - an alloy known in Canadian technical literature
as "Excel". All of the commercial zirconium alloys, including
Excel, contain about 0.1 wt. percent oxygen; this oxygen pro
vides a significant increase in strength over otherwise oxygen
free alloy. Excel in an annealed condition has tensile strength as
high as that of cold-worked Zr-2.5Nb, and equivalent or better
in-reactor creep resistance. There are, however, doubts regard
ing its resistance to delayed hydride cracking, and the alloy has
never been used commercially. Indeed, since the early seventies,
there has been little activity on new zirconium alloy develop
ment directed towards pressure tubes.

In-Reactor Deformation of the Channel
We started measurement of the in-reactor creep of the alloys
with tests on uniaxial specimens of Zircaloy-2. The word uniaxial
is important here, because in-reactor the tubes are stressed
biaxially. At AECL the design of a machine to test specimens

uniaxially in reactor was initiated in 1960; the first reliable re
suit we obtained was in 1963; it showed a marked increase in
creep from neutron irradiation. These experiments, in order to
be relevant to the stresses and temperatures of the pressure
tubes in CANDU, are extraordinarily difficult. The specimen
length changes are very small (e.g., 0.1 percent in one year), and
the changes are very sensitive to test temperature, requiring
temperature control to a few degrees Celsius (e.g., 30 C). To ob
tain this control on specimens in the middle of a reactor, with
its attendant environment of changing temperatures and neu
tron flux, has required great skill and innovative ability. In the
next twenty years the uniaxial tests were continued, and de
spite many failed tests provided us with a useful pool of infor
mation. These specimens were particularly useful for examining
variation in temperature, stress, material and flux. The uniaxial
tests have been supplemented with many experiments in which
bent beams are irradiated, and the reduction in spring-back
gives a measure of creep. These measurements are, in practice,
much easier to perform than the direct measurement of creep
rate. Small specimen tests on growth were not started at AECL
till 1968, and these have continued to the present. Growth tests
are inherently easier to perform than creep tests, and the infor
mation obtained from them has been more reliable and hence
more useful than that obtained from the uniaxial creep tests.
In the final analysis, we were to require measurement on the
tubes from the power reactors at Pickering and Bruce to be cer
tain of the their behiviour. However, seventeen years prior to that
time, in 1960, we had to attempt to study tubes by any available
means. The work on tubes was initiated in 1961, starting with
measurements of changes in diameter on an experimental tube
installed in NRU. Just as for the uniaxial tests, gauging a tube to
the accuracy required was an exceptionally difficult measure
ment, and Orenda Engines were involved in design of the ex
perimental equipment from an early stage. The first diametral
measurements were available during the summer of 1964, and by
1966 it was clear that the in-reactor creep of the tubes was signifi
cantly higher than out-reactor, the result predicted from the
uniaxial tests. The diametral expansion of the pressure tubes has
not been the life-limiting factor in any CANDU tube thus far, but
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may become more important when other problems are solved.
Coincident with work on diametral expansion, we were con
The program was rapidly expanded, with both tubes of the di
cerned with the possibility of sag. The work was started in 1965;
ameter and wall thickness used in CANDU and tubes of much
in the absence of any measurements this study was initially theo
smaller size. The fnrst gaugings of tubes in power reactors were
retical. The measurement of sag in-reactor required further equip
done by AECL, starting of course with NPD tubes, in 1964-65.
ment development, and by 1971 good sag measurements were in
Later measurements were made on the other CANDU reactors, a
progress in NPD. The combined experimental and theoretical
program gradually taken over by Ontario Hydro for their reac
effort showed that about 90 percent of the channel sag resistance
tors. The measurement of tube elongation was started later than
is provided by the relatively cool calandria tube. The type of sag
the diametral gauging, and for the Ontario Hydro reactors has
data obtained is shown in figure 12.4. The agreement between the
been done by the utility.
The objectives of the work on creep and
FIGURE 12.44
Actual sag offa pressure tube in Pickering 1
growth are:
"* to predict the tube diametral expansion and
CALANDRIA TUBE
PRESSURE TUBE
tube elongation as a function of time under
ED FI•lNG
service conditions, to allow operators to
ELONGATION
schedule tube changes, and to allow design
ers of future reactors to optimize the char
acteristics of new tubes, and
"* to ensure that failure by creep rupture
would not occur.
Sag and elon
lgation of fuel channel
It was comparatively easy to achieve the secan
ond of these objectives, and show that creep
rupture is not a credible occurrence. For the
10
first objective we have produced a series of
design equations starting in 1967 with a very
E20r
simple form for diametral expansion:_9
P

Creep rate = constant X stress X (T-160)

C3

where T is the temperature in -C.
(valid in the temperature range 250- 2900 C)
0

As additional experimental information was ac
cumulated, and guided by a large effort de
voted to understanding the basic mechanisms
of in-reactor deformation, the initial design
equation went through successive modifica
tion. As the equations became more physically
realistic, they became more complex in form.

1

2
3
4
DISTANCE ALONG CHANNEL (W)
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6

At the top, a not-to-scale drawing illustrates the sag and elongation of a fuel channel
after some period of operation in the reactor. The bottom drawing shows the actual sag
of a pressure tube in Pickering-1 for two periods of operation. An excellent agreement
between the measured sag and the sag calculated from creep data, shown as solid lines,
is apparent. Note that the spacers are not symmetrical along the length, having moved
out of design position as described in the test.
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theory and experimental results is excellent. The measured sag
shown there is more than is desirable, and later reactors have used
four rather than two garter springs to decrease the possibility of
the pressure tube contacting the calandria tube.

FIGURE 12.5

Relationship between stress and crack length

Fracture of the Tubes
In predicting the behaviour of a large structure it is desirable to
have the test specimen conform as much as possible to the ge
ometry and size of the structure. Our development of pressure
tubes started with the use of small tensile test pieces, but we
realized that tests on lengths of tubes having the diameter and
wall thickness of the CANDU tubes would be desirable. Orenda
Engines Ltd. in Toronto assisted in this program for a number
of years. We soon realized that sound tubes would never fail
under CANDU operating conditions. Rather, tube failure could
occur only if the tube contained a sufficiently severe flaw. The
length of the flaw is the determining parameter (i.e., the CCL).
Initial experiments on the failure of lengths of full diameter
pressure tubes when internally pressurized were done with
cold-worked Zircaloy-2 in 1959. From then till about 1965,
many tests were done on this material, heat-treated Zr-2.5Nb
and cold-worked Zr-2.5Nb. The work then was directed towards
evaluating the CCL, with stress, temperature, hydrogen concen
tration, hydride orientation and irradiation being the principal
variables. To measure the effect of irradiation, tubes were irra
diated in NRU but we were not to be satisfied with the data until
we could test tubes that had been in the power reactors and had
reached much higher neutron fluences than available from NRU.
It was necessary to define the type of realistic flaw, and a severe
experimental problem was to stop leakage through the crack
during test. The type of experimental result obtained is illus
trated in figure 12.5. With all of the variables involved, many
years were required to obtain a statistically satisfactory lower
bound line. In an operating tube, a through wall crack, still
shorter than CCL, will leak water into the annulus between pres
sure tube and calandria tube. With detection of the water before
CCL is reached, leak-before-break (LBB) is achieved. We spent
many years attempting to demonstrate that the leak-detection

REGION OF FAST
FRACTURE

OPERATING
t'
IAJ

STRESS

I-

I
I
CCL
CRACK LENGTH
The solid line represents an idealized set of experimental data show
ing the relationship between stress and crack length which results in
fast fracture. The dashed lines show how the critical crack length can
be determined from the data when the operating stress is known.

systems in the reactor were sufficiently sensitive relative to
speed of crack growth to assure that LBB would apply. In 1974,
we claimed that we had succeeded and that we could use LBB
as a principle of reactor safety. As seen later in this chapter, we
were not correct in this claim. Work on this topic continues to
day. Having said that tests on specimens of full-diameter tubes
are desirable, it remains that these tests are difficult and expen
sive, especially for irradiated material. Thus in 1962 we started
work using small specimens designed to predict the fracture
toughness and hence CCL of the tubes. It has been difficult to
achieve the desired accuracy of correlation of results between
the small specimens and full diameter tubes, but the prize is so
important that we have continued trying and the work will cer
tainly go on for several more years.
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We have emphasized that any fracture of the tubes will, in
the final analysis, occur because of some defect present in the
tube. Mechanical defects in the tubes could occur during
service, with a scratch from a wear pad on a fuel bundle be
ing the most obvious source. In practice, these scratches have
never caused problems; rather defects remaining after tube
manufacture or installation have been the problem source.
These defects are sought using various NDT techniques:
"* visual examination,
"* brushing with a dye penetrant, which seeps into cracks and
remains apparent where the surface dye is removed; this is
obviously useful only for surface defects,
"* radiography, equivalent to a dental radiograph for cavities in
teeth,
"* ultrasonic inspection (UT), in which sound waves are sent
through the metal and reflected differently from defects than
from a sound material,
"* eddy current (ET), in which the magnetic field resulting from
an electrical current induced in the component is modified
by a defect of some type.
The NDT procedures used for the pressure tubes have been dra
matically improved since the procurement of tubes for NPD.
These tubes were examined visually, then by ultrasonics of the
quality available to the fabricators at that time. The NDT tech
nique remained essentially unchanged for the whole of the six
ties. NDT practice in Canada was to be improved remarkably by
a policy of in-service inspection of American reactors, intro
duced in 1970. This policy caused the Control Board to request
much more stringent inspection of CANDU components, but
designers and operators would have, in any event, effected
many improvements without the spur from the Control Board.
To improve NDT practice, a quality control branch was estab
lished at CRL in 1971, and it immediately recognized that
eddy-current technology must be added to the inspection pro
cedure. At that time, there was very little knowledge of this
technique in Canada, and the work was to result in a dramatic
improvement of procedures both in Canada and the United
States. Eddy-current inspection was not used on the pressure
tubes of any of the first four Pickering reactors, but by the

mid-eighties, became a standard addition for inspection by the
tube fabricator.
Corrosion and Hydriding
Corrosion of the alloys raises two problems:
"* wastage of material from formation of zirconium oxide on
the exposed surfaces, and
"* ingress of deuterium, from the water molecules supplying
the oxygen.
A typical oxidation curve for the Zircaloys in water or gas is
shown in figure 12.6. The post-transition corrosion is important
for our purposes. Early in the sixties, we were accumulating rel
evant information on the way this post-transition corrosion was
affected by temperature, metallurgical condition, water chemis
try and irradiation. Generally, we found that for Zircaloy-2, oxi
dation per se would not be a problem, even though it could be
markedly higher in a neutron flux than in the laboratory.
FIGURE 12.6

Oxidation of zircaloy -
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Typical form of the oxidation of Zircaloys in high temperature
water as a function of time. At reactor coolant temperature, near
3000 C, the transition typically occurs after 1000-2000 days.
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The pickup of deuterium during the corrosion was recognized
in 1957-58, and remains a major concern. The actual amount of
deuterium entering the tube is less than 10 percent of that gener
ated by metal oxidation, but is independent of the rate of oxida
tion for temperatures at which the CANDU reactors operate. It is
this factor that gives the main impetus to keeping the corrosion
low. By the mid-sixties, there was considerable conjecture that a
twenty-year life and some hopes that a thirty-year life might be
achieved. Doubts were all based on the still-open question of the
magnitude of the increase in corrosion due to irradiation.
Very early in the sixties, we recognized that the corrosion
behaviour of the Zr-2.5Nb alloy could be very different from
that of Zircaloy-2. The oxidation rates were markedly depend
ent on metallurgical condition, and conditions were found for
which the oxidation, irrespective of hydrogen pickup, was un
acceptably high. Also, the rates in the laboratory were higher
than for Zircaloy-2. Nevertheless, it was found that if the pres
sure tubes received some cold work (i.e., between quench and
age or after extrusion), and if the aging was sufficient, the cor
rosion would be in the acceptable range. The nuclear industry
had, by 1967, lived about ten years with the knowledge that
irradiation often increased the corrosion rates for Zircaloy-2,
although the size of the effect is not clear and is certainly
dependent on the chemical condition of the

source of concern and have avoided use of welded Zr-2.5Nb in
any CANDU fuel channel. The later work on the corrosion of
cold-worked Zr-2.5Nb, sorting out the synergistic effects of
metallurgical condition, irradiation and water chemistry has
occupied the full time of several people. The suppression of cor
rosion in-reactor has been shown to arise from the microstruc
tural consequences of irradiation.
Delayed Hydride Cracking
The tenth of August 1974, was to be a traumatic day in CANDU
technology; primary coolant appeared in the annulus gas in
Pickering 3. It was a leaking pressure tube, the first of a number
to occur in subsequent years. This event was completely unex
pected, although at least LBB occurred. It was necessary first to
find the leaking channel, then the leak itself, and then the cause
of the leak. Once the tube was removed from the reactor the leak
was found near the rolled joint. For a few days, the joint itself was
thought to be the source. However, removal of the tube from the
joint revealed a crack in the tube, and examination of the frac
tured surface of the tube revealed a pattern of varying oxide
thickness in clearly defined steps (figure 12.7). Sixteen other
tubes in Pickering 3 developed leaks, and eventually fifty-two

water. It was startling therefore to find that,

at least for some water-chemistry conditions,
irradiation decreased the corrosion rate of
cold-worked zr-2.5Nb below that found in
the laboratory. A second advantage found
later for cold-worked Zr-2.5Nb was that the
hydrogen pickup, as a percentage of the hy
drogen released during oxidation, was much
lower than for Zircaloy-2. By 1970, sufficient
understanding of the in-reactor corrosion of
cold-worked Zr-2.5Nb had been established to
enable specification of its use for pressure
tubes with increasing confidence. Because of
their sensitivity to metallurgical conditions, we
recognized that welds might be a particular

A through wall crack in a Zr-2.5Nb pressure tube from Pickering-3. The white section
at the inner wal ll is the initial crack, and the other bands show how the crack grew by
delayed hydridee cracking, as in Figure 12.8. A scale marker is shown on the figure.
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tubes were replaced in Pickering 4 as well. Both reactors had
tubes of cold-worked Zr-2.5Nb, and it was significant that no
failures had occurred in the longer running, but lower-tensile
strength Zircaloy-2 tubes in Pickering 1 and 2. On economic
grounds alone, irrespective of safety of the reactor, a large de
velopment program was warranted to ensure that this form of
failure could be eliminated.
We were soon able to demonstrate that the crack through the
tube had occurred by a mechanism we now term delayed hy
dride cracking (DHC). The key to this mechanism is that indi
vidual hydrogen atoms will migrate to the region of enhanced
tensile stress at the tip of a stressed crack (figure 12.8). As hy
dride forms there, it cracks, and a new hydride forms at the tip
of the now-extended crack. Thus the defect can work its way
through the tube wall, from applied stresses well below the
UTS. Actually, in 1970, we had started work on the mechanism
of delayed hydrogen cracking, but its occurrence in Pickering
3 still startled us. The key factor in these two reactors was a re
gion of unexpectedly high tensile stress, due to the misappli
cation of an installation procedure at the rolled joints. All of the
DHC cracks in these two reactors had been initiated before
reactor startup, with the initial hydrogen concentration in the
tube, although by the time of failure the hydrogen concentra
tion near the rolled joints was higher than in the remainder of
the tube. There were sufficient very small defects on the tube
surfaces to serve as initiation points. The crack growth had
occurred step-wise primarily at ambient temperatures during
reactor shutdowns. It was easy to specify how the stress could
be reduced. Study continues on how to reduce the deuterium
concentration, because increased concentrations could make
cracking possible at reactor operating temperatures. Never
theless, all new CANDU reactors probably will have a suffi
ciently low stress from the rolling procedure to be immune to
the failure at the rolled joint.
These cracks at the rolled joints resulted in renewed activ
ity in various areas of pressure tube technology, apart from the
work on DHC. The work on non-destructive testing required
acceleration, both to inspect the radioactive tubes removed
from the reactor and to inspect the tubes in-situ in reactors

FIGURE 12.8

Delayed hydride cracking
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A schematic illustration of the process of delayed hydride crack
ing. Starting at the top figure, a sample of zirconium is stressed so
that the material at the base of the crack is in tension. Hydrogen
goes to the crack tip, forms a hydride, which fractures to extend
the crack depth.
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already constructed. Initially, the lead in this work came from
the quality control branch at Chalk River, but at the Ontario
Hydro sites, was gradually taken over by the operator, with
much development by Ontario Hydro research division. Rapid
advances in eddy-current technology were required and
achieved. A second program was to determine the source of the
high deuterium concentration at the rolled joint; study on the
problem has continued to the present. A third area was an ad
vance in characterization of the parameters involved in LBB,
and an understanding of the fracture of the tubes after ini
tiation of cracking by DHC. The selection of pressure-tube
material was also re-examined. The crack growth rate in DHC
increases with increasing strength of the zirconium alloy (at
least for the alloys examined thus far) and it appeared that
weaker pressure tubes (e.g., cold-worked Zircaloy-2) could be
used in any future reactors. This issue was strongly debated,
with Zircaloy-2 having champions within Ontario Hydro. The
decision to stay with Zr-2.5Nb was made by a narrow margin,
but has held firm.
The cracks in the Pickering 3 and 4 tubes, which had stimu
lated so greatly the improvement in NDT techniques, led natu
rally to more examination of tubes already installed. In this
process, other previously undetected manufacturing defects
were found; e.g., ferromagnetic inclusions observable by eddy
current, and lap-type cracks.
Just when the Canadian nuclear industry felt that cracking
at the rolled joints of Zr-2.5Nb pressure tubes was under com
plete control, and that the principle of LBB was fully estab
lished, on 1 August 1983, a Zircaloy-2 tube in Pickering 2 failed
without warning. Here the crack had started near the centre of
the tube. Study of this failure in the following few months re
vealed that an out-of-place garter spring had allowed the pres
sure tube to sag into contact with the cooler calandria tube. This
contact, by cooling the pressure tube locally, resulted in a
concentration of hydride at points of contact and the crack
unzipped along these hydride blisters. The deuterium pickup
in the Zircaloy-2 tubes was found to be far greater than in
the Zr-2.5Nb tubes, and currently has eliminated Zircaloy-2 as
a candidate material for pressure tubes. This event was the

unexpected final justification for the choice of Zr-2.5Nb for
Pickering 3, and 4.
The high deuterium pickup in these Zircaloy-2 tubes, associ
ated with an unanticipated accelerating corrosion rate during
the later years of tube life, raised the spectre that a similar ac
celeration might occur at some point in the life of the Zr-2.5Nb
tubes. Also, for the first time, there was clear evidence of deu
terium entry from the gas annulus between pressure and
calandria tubes. Thus, work on understanding the corrosion
mechanisms was increased. This high deuterium concentration
in Zircaloy-2 tubes resulted in a decision to decommission NPD
and Douglas Point (rather than retube), and to retube Pickering
1 and 2 with Zr-2.5Nb. (Pickering 3 and 4 have also been
retubed, for a combination of reasons, including tube elonga
tion and concern on blister growth.) To follow deuterium
pickup during tube life, a method of taking thin scrapes of
metal from the tube inner surface was developed; all other at
tempts to measure hydrogen concentration by true NDT meth
ods to the accuracy required were unsuccessful. At present, the
deuterium pickup in the Zr-2.5Nb tubes remains low, and study
to determine the reasons for this behaviour continues. The
Pickering 2 incident resulted in four other far-reaching actions:
"* Development of non-destructive testing techniques to de
tect hydride blisters in-situ in the reactor;
"* Development of non-destructive in-situ measurement of
garter-spring locations;
"* A huge development program to develop a method of repo
sitioning garter springs in reactors already constructed; and
"* A reduction in our perception of the amount of hydrogen in
a pressure tube that was acceptable for continued service.
The Canadian nuclear industry is still learning more of the ef
fects of hydrogen on pressure tube behaviour.
Pressure Tube Fabrication
The important task of procurement of the pressure tubes has
been controlled jointly by AECL CANDU and the utilities, after
the fabrication procedures had been qualified by Chalk River
staff. Practically all tubes have used zirconium alloy made by
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Wah Chang, in Albany, Oregon. Tubes for the early reactors
were fabricated by an American Company, Chase Brass and Cop
per. Much of the fabrication (i.e., drawing, inspection, grinding,
honing and autoclaving) has been moved to Canada under the
direction of Nu-Tech Precision Metals of Arnprior, Ontario.
The extrusion, however, is still done in the United States in
the facilities originally owned by Chase Brass and Copper. The
Canadian nuclear industry has always attempted to procure
components in Canada, fulfilling a spin-off role in upgrading
technology in Canadian industry. Thus, we attempted to have
the alloys made by Eldorado in Port Hope, Ontario, but this
company was unable to compete successfully with the Ameri
can supplier. We persisted in attempting to have the latter stages
of fabrication done in Canada. Initially, in 1967, the develop
ment was attempted at Wolverine (Canada) in London, Ontario.
When this attempt failed, we attempted to continue the exercise
at Noranda, in Montreal, Quebec. Extrusion billets were ob
tained from Wah Chang, extruded at Noranda who then tried
finishing by both cold drawing and pilgering. When it became
evident that the market for tubes would be smaller than initially
hoped, Noranda withdrew before high-quality tubes were ob
tained. No further attempt to advance beyond the import of the
extruded tubes is foreseen.
Pressure Tube Life
At the start of the fourth decade of the CANDU reactor many,
perhaps all, of the problems in.use of the Zr-2.5Nb pressure
tubes have been identified and satisfactory solutions imple
mented. The initial concern on effect of irradiation on tensile
strength was a non-issue, and the magnitude of the creep in
reactor is now well established and can be allowed for in design.
For the first fifteen years, tube operation corrosion and deute
rium pickup have been satisfactorily low. It is not possible to be
certain that this situation will continue beyond twenty-five
years. The low deuterium pickup has minimized the danger of
hydride blister formation even in channels where the pressure
tube contacts the calandria tube. Of the unanticipated prob
lems, tube elongation can be covered by design and DHC will

not be a problem unless there is a dramatic increase in deute
rium pickup. Major shortcomings in the channel behaviour
have not been metallurgical in nature, but from fabrication of
the rolled joints and design of the spacers. Lifetimes of twenty
five to thirty years in new reactors now seem to be a realistic
possibility. Development to improve the lifetime of the Zr-2.5Nb
pressure tubes will continue, but very little work on radically
different pressure tube materials will be done in Canada in the
6
near future.
SPACERS (GARTER SPRINGS)
With the decision to use a horizontal fuel channel it became es
sential to use a spacer between the pressure tube and calandria
tube. Originally, the reason was to avoid unnecessary heat loss
to the moderator when the sagging pressure tube came in con
tact with the calandria tube. Any heat loss to the moderator acts
to lower reactor efficiency. Much later, in the eighties, we came
to realize that avoiding hydride blister formation on the pres
sure tube was perhaps an even more important function of the
spacer. Because of the temperature differences between the
pressure tube and calandria tubes on reactor startup and shut
down, a primary requirement of the design was that the spacer
had to be free to move on at least one of the surfaces. In addi
tion, it was highly desirable that the spacer could move with
out scraping the protective oxide from the surface of either
tube. Many concepts have been considered for spacers, includ
ing pads, rings, indented calandria tubes, continuous strips,
and circumferential bellows. Eventually, an engineer at Chalk
River suggested the use of a coiled spring (figure 12.9), free to
6

As a material for use in nuclear-reactor cores, the metal beryllium has

some exceedingly attractive nuclear and physical properties. In 1957
we started to investigate its possible use in the CANDU core, later par
ticularly for WR-1. Laboratories in the United States, United Kingdom,
France and Australia had also mounted similar and generally much
larger programs. Although the metal was strong and corrosion-resist
ant, it has a fatal flaw of low ductility, and by 1965 the major attempts
to use it in power reactors had ceased throughout the countries listed
above.
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move on both tubes. The spring needed to be strong enough not
to be crushed by the weight of the pressure tube, to have suffi
cient corrosion resistance in the gaseous atmosphere of the
annulus between the two tubes, and not to lose too much duc
tility from the neutron irradiation. A nickel alloy, Inconel-X
750, appeared to meet the requirements, and was adopted for
FIGURE 12.9

A garter spring in position on a section of pressure tubing. The
outside diameter on the tube is about 110 mm. A scale marker is
shown on the figure.

NPD. Once the decision to use a coiled spring was made, then it
was necessary to fix the amount of tension in the spring on in
stallation. The larger the tension, the more tightly the spring
would be held against the pressure tube. With very little or no
tension, the spring could be very loose on the pressure tube,
or even tight against the calandria tube. The springs for NPD
were tightly wound around the pressure tube, and gave excel
lent service for the twenty-five years of reactor operation.
Similar springs are used in KANUPP.
In the early sixties, Dr. Lewis was maintaining his insistence
on neutron economy, and kept pushing the designers to remove
all possible neutron absorbers from the reactor core. A zirco
nium-alloy spacer would have less neutron absorption than
Inconel, and Dr. Lewis demanded that one be developed.
Zircaloy-2 was an obvious choice, but to have the required ten
sile strength it needed to be in a cold-worked condition, and the
coiled spring would develop an undesirable hydride platelet
orientation. It was known that small additions of copper added
to zirconium alloys increased their corrosion resistance to some
gases, and Dr. Lewis decided that an alloy of Zr-2.5Nb-0.5Cu
should be satisfactory if used in a heat-treated condition. By
coiling the springs before heat treatment much of the concern
on hydride orientation could be eliminated (figure 12.10), and
the heat-treated alloy would be as strong as or stronger than
cold-worked Zircaloy-2. The development program on the Zr
2.5Nb-0.5Cu alloy at Chalk River included specifications of the
heat treatment, which was to be significantly different from that
for Zr-2.5Nb. The copper addition resulted in an alloy heat
treatable to much higher strengths than possible in Zr-2.5Nb,
but accompanied by lower ductility. A full charge of Inconel-X
750 springs was fabricated for Douglas Point, but Dr. Lewis was
able to insist that Zr-2.5Nb-0.5Cu springs be used.
The choice of material for the springs has remained a contro
versial topic to the present. The engineers undertaking the de
tailed design of the spring recognized several distinct disadvan
tages in using Zr-2.5Nb-0.5Cu compared with Inconel-X 750,
and presented their viewpoint vigorously. One indication of the
thought devoted to the topic is that one history of garter-spring
development up to 1964 occupies ninety-two typed pages, and
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FIGURE 12.10

attitude on the topic. The spring eventually designed was to fit
loosely on the pressure tube, and tightly against the calandria

This photomicrograph shows the edges of hydride platelets in a
section of garter spring made from Zr-2.5Nb-0.5Cu. The hydride
orientation is seen to be random. Although an ideal orientation
would have all platelets in the circumferential plane, the orientation
shown here is the best compromise available. The specimen has
about 2.5 at.% hydrogen. A scale marker is shown on the figure.
a second history covering up to the present time occupies fifty
two additional typed pages. The engineers were concerned that
a spring of Zr-2.5Nb-0.5Cu would fail at some isolated section if
tightly wound against the pressure tube, and that the joint be
tween the ends of the spring would be a particular point of
weakness. It is not clear that Dr. Lewis was ever exposed to the
detailed arguments, and he insisted on the use of Zr-2.5Nb
0.5Cu for the spring material. Metallurgists working at Chalk
River at that time recall discussions on the spring materials as
being the most emotionally charged of any in their careers, and
Dr. Lewis seems to have taken an uncharacteristically dogmatic

tube. This spring design was used for Douglas Point, and all
CANDU reactors up to Bruce 8. For Bruce 8 and all subsequent
CANDU reactors, we reverted to Inconel-X 750 springs, fitted
tightly around the pressure tube.
By 1977 evidence from sag measurements indicated that
some springs were not in the design position, and the important
failure in 1983 of the Zircaloy-2 tube in position G-16 of
Pickering 2 was directly attributable to incorrectly positioned
garter springs. Subsequent work has shown that much iffnot all
of*the movement of garter springs from the location immedi
ately after channel installation occurred during construction
and commissioning of the reactor. Once the overall problem was
appreciated, equipment was designed to locate the position of
the garter springs in an already assembled reactor, and thence
move the springs back to approximately the design location.
This was done for Bruce B, Units 5, 6, and 7 and Pickering B,
Units 7 and 8, before these reactors went critical. Some channels
in reactors that have been in operation have received the same
treatment. Although the laboratories gave some assistance to
this work it was largely done by Ontario Hydro and AECL
CANDU. The problems arising from the garter-spring movement
have been very costly to Ontario Hydro and AECL, perhaps the
most costly of any single factor of design. It is not known
whether garter springs of Zr-2.5Nb-0.5Cu tightly fitted around
the pressure tube would be satisfactory, but there is no indica
tion that this concept will be empirically tested in the foresee
able future.
CALANDRIA TUBES
The initial requirement for the calandria tube arose from the
need to insulate moderator water from the pressure tube. It was
not until much more information on in-reactor creep was ob
tained that we realized the calandria tube was providing the
major part of the resistance to sag of the channel. Aluminum
was chosen for the NPD calandria tubes, probably because the
technology of fabricating thin-walled aluminum tubing was
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better established than for any other material of acceptable neu
tron capture cross-section. These tubes were quite satisfactory
throughout that reactor's life. The reactor designers realized,
however, that there would be advantages of both strength and
corrosion resistance if the tubes could be made of Zircaloy. The
calandria tubes have a diameter of about 127 mm (5 in.) and wall
thickness of about 1.37 mm (0.054 in.); there was little indus
trial experience in fabricating Zircaloy tubes of this diameter
and wall thinness, and none in Canada. The desirable tolerance
on dimensions is difficult to achieve by the extrusion and draw
ing process used for pressure tubes. The fabrication process se
lected for the calandria tubes (with the exception of tubes for
KANUPP) involves starting with sheet (which can be rolled to
the required thickness tolerance), then bending and welding
the sheet into a tube. The tube is annealed in the final stage of
fabrication and thus has a lower tensile strength than any of the
pressure tubes. Although skill is required to obtain the desired
straightness and (lack of) ovality, the key to obtaining a success
ful tube is to have a sufficiently small grain size at the weld.
From their experience with titanium, Carpenter Technology of
San Diego, California, were able to fabricate the calandria tubes
from Zircaloy, and they supplied the tubes for Douglas Point,
Gentilly-1 and Pickering I and 2. Grain-size control at the weld
was greatly improved from Pickering I onwards. For KANUPP,
Canadian General Electric obtained seamless calandria tubes
from a fabricator in France.
For obvious reasons, both the federal and provincial govern
ments have encouraged the production of CANDU components
in Canada, and in the late sixties it was decided to attempt to
make the calandria tubes in Canada. Canadian Westinghouse
was chosen to do this, with technical assistance from AECL. The
fabrication procedure was developed in time to produce the
tubes for Pickering 3. The tubes made in Canada, as well as
those obtained offshore, have operated successfully in-reactor.
In addition to the made-in-Canada policy, Ontario Hydro has a
policy of trying to obtain bids from more than one supplier.
Although Canadian Westinghouse, now Zircatec Precision
Industries, was firmly established as a supplier of acceptable
tubes, Ontario Hydro and AECL in the late seventies encouraged

Bristol Aerospace, Winnipeg, to become a supplier. This effort
was successful and Bristol supplied tubes for both the Wolsong
1 and Gentilly-2 reactors.
By 1977, we had developed sufficient information on growth
to indicate that the elongation of the calandria tubes could re
sult in undesirable loading of the end shields. To evaluate this
problem we undertook a major irradiation project in a high
flux reactor in Idaho Falls, United States. This enabled us to
obtain in a few years a neutron fluence equivalent to thirty
years or more in CANDU. The results demonstrated that, de
spite our early concerns, calandria-tube growth would not
cause problems.
Throughout the history of CANDU reactors, no problems
have arisen from any unexpected behaviour of the calandria
tubes.
END FITTING AND CHANNEL CLOSURE
The zirconium-alloy pressure tube must be joined by some
means to the ferrous alloy out-of-core circuit. It would be far too
expensive to have the complete circuit fabricated from zirco
nium alloy. Welding or brazing of the pressure tube to a ferrous
alloy might be considered, but this type of joint would lhave
severe limitations. Rather, we adopted a rolled joint, in which
the pressure tube is forced against the inner surface of a stain
less-steel hub and thereafter the circuit is completed with
standard methods of chemical/mechanical engineering. Before
"rolling-in", the hub has grooves, three or four, into which the
pressure tube is forced to form ridges on the tube (fig
ure 12.11). This ridge-groove system makes a watertight seal
and mechanically attaches the tube and end fitting; the latter
is required because the pressure of the coolant puts a longitu
dinal stress on the whole of the fuel channel. Rolled joints of
this type were a standard industrial item before NPD was de
signed, and we merely adopted and modified it for our par
ticular purpose. A rather different end fitting was used for
Gentilly-1; a description of it is outside of the scope here. Ex
cept for KANUPP (and two channels in NPD), all end fittings
have been made of the 403 grade of stainless steel.
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FIGURE 12.11

The photograph shows the ridge and groove scheme in a disassem
bled rolled joint. The section of rolled joint is at the left, the grooves
in it machined before assembly. The section of pressure tube at the
right would have been quite smooth before joint fabrication. The
outside diameter of the pressure tube is about 110 mm.

The 403-stainless was chosen for the end fitting because it
had adequate corrosion resistance to its environment, is strong
enough to make the leak-tight joint needed, and because its
thermal expansion coefficient is acceptably close to that of zir
conium alloys such that the joint would not degrade from the
thermal cycles experienced during years of service. The end fit
tings for NPD were cast. Thereafter, they have been forged or
extruded. It has been possible to have the major part of the fabri
cation done in Canada, principally by Donlee, of Weston, Ontario.
The principal problem faced in th6 use of the 403 stainless
end fittings arose from licensing their use. Over much of the
world, standards set by the American Society of Mechanical
Engineers (ASME) are accepted as the gospel to be followed in
the design of components for nuclear reactors. In 1972, the
relevant ASME committee made some radical changes in the

requirements for toughness of materials used in constructing
nuclear reactor vessels. The CANDU end fittings, because of the
strength required for a successful rolled joint, did not meet the
letter of the ASME code. Engineers at Chalk River were able to
demonstrate both theoretically and experimentally that the end
fittings were indeed very safe in our application. In a long series
of discussions with the Control Board, ending in 1978, Canadian
designers, reactor operators and the. Control Board were con
vinced of the safety of the end fittings.
Like the calandria tubes, the end fittings per se have never
been a source of trouble in CANDU reactors, and have fulfilled
successfully all design functions. Problems at the rolled joint
did cause the pressure-tube failures in Pickering A, Units 3
and 4. The combination of design of the joint and design and
operation of the tooling used in making the joint resulted in
unplanned deformation of the pressure tube immediately at
the inner end of the end fitting. This deformation in turn
caused a high residual tensile stress in the pressure tube at
that region. When this procedural flaw was recognized, the
joints for Bruce A, Units 1 and 2, were already fabricated. The
joints in the latter two reactors were repaired by heating them
to relieve the stress, and for subsequent reactors the design of
the joint and the installation tools were modified.
The necessity to refuel the channels while the reactor is at
full power means each end of the fuel channel must be sealed
by a removable channel closure. Sealing the pressurized hot
water in the channels such that there is a capability of re
sealing is a very demanding requirement and is accomplished
by means of a self-energizing seal disc (figure 12.12 shows a
typical closure and seal disc). The seal disc is made from high
strength 17-4PH material, onto which a soft nickel gasket is
plated to create a face seal with an insert shrunk into the 403
stainless-steel-channel end fitting. The seal disc is held in the
end-fitting by a closure mechanism that is operated by the
fueling machine. During installation the fueling machine ap
plies an initial pre-load deflection to the seal disc that is
locked-in by the closure mechanism. Hydraulic pressure force
from the channel coolant heat-transport system deflects and
loads the seal disc further during normal operation, to increase
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FIGURE 12.12

Photograph of two faces of a Douglas Point seal disc. The soft nickel gasket is evident on the face
on the right. The diameter of the flat surface is about 96 mm.

the sealing force and produce a leak-tight seal for the chan
nel closure. Some unacceptable leakage occurred with early
seal discs at Douglas Point. The leakage was associated with
closure installation forces and initial pre-load deflection tol
erances. In 1968-72, AECL CANDU, in collaboration with
Chalk River, performed redesign on the seal disc. The disc's
contour shape was modified and the fueling machine instal
lation and removal force tolerance bands were modified to
provide a more repeatable installation setup. The fabrication
process involving the soft nickel gasket was improved by
providing heat treatment of the disc after the nickel plating.

During the redesign period of the seal disc, consideration
was given to changing the disc material from 17-4PH to a ti
tanium alloy. One solution evaluated was to use very pure,
and hence soft, titanium for the seal, rather than plating
nickel onto titanium, which presented a metallurgical prob
lem. Several seal discs made from pure titanium were fabri
cated by Canadian Westinghouse. This program was not
completed, as the problem was solved by changing the seal
disc shape and installation procedure. There have been no
further problems with seal-disc leakage since the Douglas
Point episode.
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Chapter Thirteen

Fuel
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INTRODUCTION

Fuel for the CANDU nuclear power reactor has to meet a very demanding set of
criteria which evolved and were refined over the course of the fuel development
program:
• Operation must be safe, with a very low chance of release of radioactive prod
ucts to the reactor systems;
"• The fuel assembly must have a low parasitic absorption of neutrons;
"* It must operate to the required performance specifications of power output,
residence time, dimensional stability and mechanical integrity under all pos
tulated normal and abnormal operating conditions of the reactor;
" It must have predictable performance under all potential accident conditions;
"* It must be capable of being easily and safely handled before and after irra
diation, during temporary storage and, eventually, during more permanent
storage or disposal;
"* It must be economical to fabricate.
The challenges were to identify suitable materials, establish a design, develop
the fabrication techniques, and do the laboratory and in-reactor experiments
to prove the proposed product would meet the criteria. A complication to the
challenge was that initially there was very little, and at times zero, informa
tion in the worldwide literature on specific aspects of fuel for nuclear-power
reactors. There was considerable information on fuel for research reactors; this
provided useful background information as a starting point. However, it soon
became evident that a totally new approach had to be followed to develop the
fuel for the CANDU reactor.
INFLUENCE OF REACTOR DESIGN
The original design for the NPD reactor called for a vertical pressure vessel with
full-length fuel elements. Later the design was changed to a horizontal orienta
tion using pressure tubes instead of a pressure vessel. Also, it was decided to have
on-power refueling, where fresh fuel would be inserted and used fuel (that which
had reached its target burnup) would be discharged while the reactor was in op
eration. These reactor design changes had a profound effect on the design of the
fuel. Fuel assemblies had to fit inside the pressure tubes, be short and fully com
patible with the fueling machines, be free to move along the pressure tube, and
be designed to allow sufficient coolant to pass through the assembly to remove
the fission heat.

Fuel

As the CANDU reactor developed there was a demand for
more power per channel by any or all possible methods, such
as increased bundle' diameter, more elements per bundle, and
increased power per unit length of element. As a consequence,
the fuel design had to evolve to meet the new performance
specifications.
PROGRAM ORGANIZATION
The development of the CANDU bundle is a tremendous success
story that utilized all aspects of good engineering. At first, ef
forts concentrated on developing a thorough scientific under
standing of the potential components that could meet the rigid
operating and performance specifications of a CANDU reactor.
Then they focused on engineering aspects, with progressive
emphasis on individual fuel elements, clusters of elements, full
sized fuel bundles, and the behaviour of the fuel under all pos
tulated operating and accident conditions. The challenge was to
produce and remove up to 1 MW of heat from a 50-cm-long fuel
bundle that had to remain intact and undistorted in hot pressu
rized water for one to four years, with fission, transmutation
and massive radiation damage, using materials that have a low
parasitic absorption of neutrons.
The program was led by AECL, with the enthusiastic support
and participation of government departments (especially En
ergy, Mines and Resources), Eldorado Mining and Refining, the
provincial utilities that owned and operated the reactors (not
only Ontario Hydro, the main user, but also Hydro-Quebec and
New Brunswick Electric Power Corporation) and private in
dustry, particularly Canadian General Electric (CGE) and
Westinghouse Canada Limited, who invested millions of dollars
to set up fuel-fabrication departments in their organizations. As
part of the incentive for this investment, CGE and Westinghouse
(and later Combustion Engineering) were awarded the royalty
free right to produce the fuel for the CANDU reactors.
AECL awarded contracts to these fuel fabricators to do specific
research or development work on their own premises. Also CGE,
Westinghouse, Combustion Engineering, the utilities, clients or
potential clients, and a few other interested organizations sent
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people to Chalk River and Whiteshell to work with the AECL
research personnel on AECL-funded programs. These contracts
and the hands-on attachment program proved to be very effi
cient methods of developing information and transferring tech
nology - both AECL technology to the manufacturers and their
feedback on fabrication know-how that led to optimized design
and fabrication methods.
There were frequent progress meetings, and every few
months an overall program meeting. At first, people from com
peting private organizations were reluctant to participate in
meetings where all the AECL-funded fuel programs were dis
cussed in detail. They were concerned that their company se
crets could be inadvertently revealed. However, AECL insisted
on full participation, and the fuel information meetings became
an example of how people from different organizations can co
operate to achieve the objectives of a program. At times over one
hundred people attended these meetings. Lively discussions
were common. This direct interaction between scientists, fuel
engineers, fabricators and product users provided the synergism
necessary for success.
Although CGE and Westinghouse Canada Limited (and later
Combustion Engineering Canada) were branch plants of
American-based multinational organizations, the Canadian
organizations were universally loyal to the Canadian program.
There was no evidence or suspicion of any transfer of propri
etary information to the parent company - in fact it appeared
that the Canadian groups proved themselves to be equal to, or
often ahead of, the larger American organizations.
Dr. W.B. Lewis became involved very early in the overall
strategy and progress of the fuel program, and whenever pos
sible would drop in to the laboratories to see some new results,
or to discuss his thoughts on problems or directions for the
program directly with the staff. Dr. Lewis chaired special fuel
meetings and was prepared to comment on all aspects of the
program. As in all of his endeavours, Dr. Lewis was rarely
wrong, and his quiet guidance combined with his clearly
At first the fuel assemblies were called slugs; this was later changed to
bundles.
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stated objective to develop a simple, efficient, safe and neu
tron economical fuel for CANDU stimulated, and at times
pressured the staff to produce a magnificent engineering
achievement. Very early in the design one requirement above
all was emphasized: the fuel-cycle costs should contribute no
more than 1 mil/kWh 2 to the total unit energy cost of power
from the CANDU nuclear-power reactors. This economic tar
get had a significant impact on the design and fabrication of
the fuel. And, as explained later in this chapter, this target
was achieved.
The apparent simplicity and ultimate reliability of the final
product is a result of a twenty-five year R&D program, starting
in the fifties, by several hundred people, and costing several
hundred million dollars. The program was in two main areas:
development of the individual components, such as the fuel and
sheath, and development of the assembly of elements into a
bundle that could produce the required power in a safe and eco
nomical manner.
INDIVIDUAL COMPONENTS
Fuel
The fuel material must be able to produce the required power, and
perform safely under the required operating conditions. Origi
nally, the CANDU fuel was to be uranium metal, based on experi
ence of the fuel elements from the Chalk River research reactors.
Uranium metal is attractive as a fuel material because of its high
density, and its relatively good thermal conductivity. However, it
was found that uranium metal has two disadvantages: it reacts
with hot water very rapidly if a defect in the sheath should oc
cur; such oxidation results in an excessive increase in volume,
sheath distortion and high radioactivity releases. Secondly, it
swells and distorts under the irradiation exposure demanded for
power reactor fuel, giving unacceptable dimensional changes. To
make matters worse, the distortion is not uniform, due to the
anisotropic crystal structure of the uranium. The corrosion and
swelling could be controlled by alloying, and many uranium
alloys were studied. However, the absorption of neutrons by the

alloying ingredients was a serious concern and this option was
not pursued.
The development of an alternative fuel material was given
high priority. Fortunately, the Americans and the British had
been working on fuel materials for their nuclear programs, and
had concentrated on the development of uranium dioxide as a
prime candidate. Through the cooperative program with the
United States, AECL became aware of the work on uranium di
oxide. Was uranium dioxide suitable as a fuel for CANDU reac
tors? The answer was not obvious; concerns existed about the
low thermal conductivity that would lead to high fuel tempera
tures, particularly at the centre of the pellets. It was expected
that these high temperatures would cause extensive thermal
expansion and the release of volatile fission products from the
material, which in turn might cause a pressure buildup inside
the element, and consequently an expansion of the fuel ele
ment. However, after careful consideration of available results,
particularly American tests in NRX, uranium dioxide was, in
1955, chosen as the fuel material for the CANDU reactor, and
AECL launched a full-scale program to develop uranium diox
ide as the fuel for CANDU.
Multidisciplinary teams worked together on fundamental
properties, specifications, fabrication methods and irradia
tion performance. Experimental facilities had to be built, and
inspection technologies developed. As the research progressed
the work at Chalk River Laboratories became a worldwide focal
point, with many international scientists/engineers attached
to work with ABCL experts. Cooperative programs were en
couraged, particularly with the United States and the United
Kingdom. Other smaller, but still significant, cooperative
programs were carried out with France, Germany, Holland,
Norway, Sweden, Italy, Argentina, Mexico, Romania, Korea,
Japan, the USSR, India and Pakistan.
Parameters studied included:
Composition - Uranium dioxide can contain more or less than
the stoichiometric amount of oxygen, to form uranium dioxidex.
2 1

rail - 0.1 cent.
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Fabrication and performance over a wide range of stoichiometry
was studied, with the final decision that the optimum composi
tion was UO2 .00 to uranium UO2.0. Material above UO2 .05 was not
acceptable due to poorer irradiation performance, especially
with regard to the release of fission products.
Density - The goal was to produce a high-density uranium di
oxide in order to incorporate as much fissile component as pos
sible using natural uranium.
Fabrication - Many routes were possible to convert the ura
nium dioxide powder into the dense ceramic material needed
for the fuel elements. Candidates included sintered pellets;
vibratory-compacted powder; oversized sheathing swaged to
the final size, with the swaging serving to densify the contained
powder; extrusion of uranium dioxide cylinders; and micro
spheres produced by a sol-gel process. The sintered pellet option
proved to be the most promising to achieve high density, and
work on the others was dropped.
The development of a process to produce high-quality
sintered uranium dioxide pellets started at a laboratory scale,
where each part of the process was investigated. The uranium
dioxide powder was poured into a die, then pressed to form a
pellet. This stage results in a pellet of about 60 percent of the
required final density - called a green pellet. The green pellets
are then sintered at high temperature to achieve the required
density. The uranium dioxide powder originally supplied by
Eldorado was not suitable for sintering. It lumped together and
would not flow freely into the pellet die. The green pellets
would not remain intact, so an organic binder had to be added.
This organic binder had to be totally removed by the sintering
procedures. When this powder plus binder was used, a pellet
reject rate occasionally up to 50 percent occurred, mainly due
to chipping at the edges..
Experimental work at AECL and at the Mines Branch in
Ottawa showed that uranium dioxide powder produced from
ammonium diuranate (ADU) could be compacted, then granu
lated to form a powder that flowed easily to fill the pellet die,
and had the distinct advantage that the green pellets would hold
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together without the addition of an organic binder. Thus, the
process was simplified and the potential for adding an impurity
to the uranium dioxide pellets was removed. This technology
became the standard powder production route.
There were several options for sintering, with the three main
variables being the temperature, the covering gas and the dura
tion. The original process called for a two-stage sintering: the
first in an inert atmosphere to produce the required density and
the second in a hydrogen atmosphere to remove excess oxygen.
A single-stage process was needed to reduce costs to help meet
the 1 mil/kWh target, and to provide a process that could be
strictly controlled. The chosen route was sintering in a hydro
gen atmosphere at 1,700tC for about two hours to produce pel
lets of a minimum of 96 percent of theoretical density.
Other single-stage processes included using carbon dioxide
or steam as the covering gas during sintering. These had the
advantage of sintering at much lower temperatures. However,
the product had excess oxygen, and thus was eliminated from
consideration, due to unacceptable irradiation performance. A
reduction cycle could have been added to bring the product to
the stoichiometric composition, but this was too expensive to
put into practice.
Experimental evidence showed there was a need for distrib
uted voidage inside the element to accommodate the thermal
expansion at the centre of the pellet. As this requirement be
came better defined, the uranium dioxide pellet fabrication
process was refined. Dishes were incorporated into the ends of
the green pellets, which, on sintering, resulted in the proper
voidage (see figure 13.1).
A production route was established so that the pellets were
deliberately oversize, and ground to the correct diameter on a
centreless grinder to provide the pellet-to-sheath diametral
clearance (about 0.1 mm) required for good operation. After
grinding; it was found to be essential to dry the pellets thor
oughly, since any retained moisture could cause problems dur
ing irradiation.
The fuel fabricators at CGE and Westinghouse worked with
AECL to refine the fuel fabrication process. This team approach
was successful in that the pellet rejection rate dropped to about
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FIGURE 13.1
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5 percent. The scrap was recycled, with the added bonus that
because the amount was so small it could be added to the dry
powder and did not need total reprocessing.
Irradiation performance - The initial irradiation of test sam
ples was an exciting experience. AECL had the NRX reactor,
and later the NRU reactor, both of which had extraordinarily
good irradiation facilities. Separate systems within the reactor,
called loops, 3 provided the operating pressure, temperature and
coolant conditions pertinent to a CANDU power reactor. There
were small-diameter loops to take strings of single elements,
three-element clusters, or seven-element bundles. Eventually
the larger-diameter NRU loops took a string of up to seven full
size CANDU bundles, where coolant conditions could be varied
to give single- or two-phase flow, with the amount of boiling up
to 10 wt. percent steam.
In NRX a hydraulic facility called the hydraulic rabbit al
lowed rapid insertion and removal of a single test specimen with
the reactor at power, and consequently a precisely controlled
duration of irradiation ranging from a few seconds to several
hours, at a constant power. Longer irradiations were possible,
but the resultant fission-product activity became too high for
the facility shielding and the transport flasks. Four specimens
were usually run in sequence - while the operating conditions

of the reactor were constant - to show the difference in behav
iour by varying one parameter, such as power output, duration
of irradiation, fuel-to-sheath clearances, stoichiometry, density,
etc. Other essential facilities, such as shielded cells with remote
handling capabilities (hot cells), chemical analyses, X-ray
spectrometry and neutron radiography were also available to
assess the performance.
Initially, the determination of fuel burnup was done by
wet chemistry methods to analyze for fission products. This
was a long process. Results were not very accurate, and of
ten were quite different from burnups estimated from
calorimetry in the loops and measured values of the neutron
flux in the reactor. This meant that calculations on power
output, and particularly fission-product production and per
centage release, were suspect. The research chemistry branch
had built a mass spectrometer. Funds for this were partly
justified by the need for more accurate burnup analyses,
by using the spectrometer to measure the uranium-235/
uranium-238 ratio of samples removed from irradiated fuel,
from which data the burnup could be calculated to a high
degree of accuracy. The first few samples were done with
enthusiasm by the research chemists, to prove that their sys
tem worked. However, when samples began to be submitted
on a frequent basis there was a minor rebellion: "The mass
spectrometer was a research tool, not a service machine for
the fuel people". 4 Heated discussions followed, but manage
rial diplomacy prevailed; essential samples were processed,
with the promise that another setup would be assembled to
3 The first loop for NRX was built by Westinghouse Atomic Power De
partment (WAPD), of the United States. They also supplied the special
pumps required for the safe operation of the system. This loop was
used extensively by WAPD to develop the fuel for the American nu
clear-powered submarines and its first civilian nuclear-power station at
Shippingport.
4 A memorable statement from an agitated research scientist whose pro
gram was being constantly interrupted. His objections led to the estab
lishment of an analysis group that was essential for the success of
CANDU fuel development.
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provide the burnup analyses essential for a full understanding
of fuel performance, and this was done.
One important aspect in the early days of the experimental
irradiation program was the quickness with which an ex
periment could be conceived, authorized, designed, fabri
cated, irradiated, examined and results made available. Red
tape was at a minimum. Experiments were proposed in writ
ing, then reviewed by a reactor irradiation committee. Ques
tions were answered and the irradiations approved, or, rarely,
rejected. Many times the main discussions centered on reac
tor utilization: what had priority, the fuel experiments or
production of radioisotopes? (This question was never fully
answered; situations were handled on a case-by-case basis.)
In simple tests in the hydraulic rabbit, a test could go from
conception to examination in a couple of months. In loop tests
it took a bit longer, because of scheduling in the loop. This
rapid procedure helped greatly to investigate many param
eters and to identify suitable and unsuitable paths to follow.
The joy and excitement of working in this program was that
everyone felt part of the team. People came in at all hours of
the day or night to be there when experiments were being
done. Participants in the discussions before, during and after
an irradiation included fuel researchers, the reactor and loop
operators, and the fuel fabricators. The first-hand knowledge
and feedback led to a better appreciation of the total program,
and helped to develop the cooperative environment essential
for success.
Power levels varied from very low to those that produced
central melting of the uranium dioxide (uranium dioxide
melts at 2,800'C; central temperatures sometimes exceeded
3,0000 C). In many instances it was the first time such an irra
diation had been done, and often the hot-cell areas were
crowded with people eager to see first-hand what had hap
pened during the irradiation.
In an early test, the irradiated specimen was cut open and
examined with the hot cell microscope. The uranium dioxide
had a mysterious hole in the centre (see figure 13.2), indicating
it must have melted. But It couldn't have melted because the
power level was too low. So what happened?
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FIGURE 13.2
Fuel with Central Void

Solving that mystery evolved into a large program, involv
ing AECL and personnel from laboratories around the world.
Arguments arose particularly between AECL and American
laboratories and fuel companies. AECL was convinced that
melting had not occurred, whereas the American organiza
tions were certain that the centre of the pellet had melted. The
difficulty was the lack of a verified expression for the thermal
conductivity of the uranium dioxide under irradiation over
the temperature range of interest. At AECL the important as
pect was to correlate power output with fuel behaviour.
(Whether fuel melting had occurred was not of prime impor
tance.) To do this, AECL correlated the observed fuel behav
iour with the integrated thermal conductivity of the uranium
dioxide (between the surface and central temperature of the
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uranium dioxide pellets).' This approach eliminated the need
to know the central temperature. However, outside AECL, par
ticularly in the United States and particularly for safety analy
ses, the use of the integrated thermal conductivity was not
widely accepted. A precise value of the thermal conductivity
was considered to be essential, as was an unambiguous state
ment on whether the central part of the pellet had melted.
In many laboratories, including AECL, studies were intensi
fied on thermal conductivity, the effect of pellet density, shape
and distribution of porosity, effects of cracks in the uranium
dioxide pellets, diametral clearance, pellet-to-sheath gap con
ductance, including the effect of filling gases and surface
roughness of the pellets and sheath on heat transfer, and the
effect of impurities, including moisture and excess oxygen.
The results showed that at temperatures above about 1,4000C,
uranium dioxide is not a static object during irradiation; rather,
it becomes a dynamic system. Above 1,4000C, uranium dioxide
grains will increase in size (grain growth). AECL laboratory tests
showed that the appearance of a structure resembling one in
which central melting has occurred can result from migration of
lens-shaped (enticular) voids in the uranium dioxide (see fig
ure 13.3) to the central zone via a vaporization/condensation
process at temperatures well below the melting point. Normal
pores become part of the lenticular voids, and with sufficient
time porosity can move to the centre, giving a central hole
similar to that characteristic of melting. This process was dem
onstrated clearly in laboratory tests at temperatures well below
the melting point of uranium dioxide, as well as in irradiation
experiments. Tests also showed that cracks in the uranium di
oxide will heal and that the grain structure in the hot central
regions will vary significantly with very minor changes in
pellet density.
These tests proved that the structure seen in post-irradiation
examinations of the uranium dioxide and the formation of a
central void could occur well below the melting point of the
uranium dioxide. This interpretation was supported by other
evidence, such as irradiation with inert (tungsten) markers, and
a demonstration of a discontinuity in radial sheath strain at cen
tral melting.

FIGURE 13.3

Fuel with Lenticular Voids
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The extent of grain growth and pore movement was shown
to influence greatly the release of volatile fission products from
the uranium dioxide, and is now an important part in compu
ter models developed to predict the performance of uranium
dioxide fuel under normal and abnormal (accident) operating
conditions.

SThe integrated thermal conductivity can be readily calculated from
measured values of the diameter of the element, power per unit length,
and enrichment of the uranium dioxide.
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Early in the uranium dioxide experimental program poten
tially devastating news came from General Electric's Vallecitos,
California Labs. Several of their Zircaloy-sheathed elements had
disintegrated during irradiation, and General Electric was
considering abandoning Zircaloy in favour of stainless-steel
sheaths for the boiling-water reactors. If no market existed for
zirconium-based sheathing in the United States, it would be
doubtful if there could be a viable industry to supply only
Canadian demands; and stainless steel absorbed too many neu
trons to be used with natural-uranium fuel in CANDU reactors.
AECL had not experienced such disintegration of Zircaloy
sheathed fuel and questions were raised on material impurities.
American analyses showed a high concentration of fluoride in
the uranium dioxide, probably from residual fluorine due to
incomplete conversion of the uranium hexafluoride used in
the uranium-enrichment process, which is required for fuel
in American reactors. AECL postulated that such fluorine
concentrations could lead to sheath disintegration. AECL did
a definitive test with two levels of fluoride. Within Canadian
specifications there was no problem; but with high fluoride
concentrations sheath disintegration occurred. This informa
tion was quickly dispatched to the United States; Zircaloy was
kept as the preferred sheathing. Without this prompt action
and successful elimination of the problem, the entire CANDU
system could have been in jeopardy.
A major initial concern with the use of uranium dioxide was
what would happen if a highly powered fuel element defected
in-reactor, and there was contact between the very hot (possi
bly molten) uranium dioxide and the coolant. Several times
during the early tests, fuel elements with very high power out
puts per unit length (linear output) failed while under irradia
tion in the reactor. A gaping hole formed in the sheath, and the
outer parts of the pellet were lost; this resulted in direct contact
between the coolant and central uranium dioxide. Polished
cross-sections of the specimens at the defect area gave the general
impression that the coolant had cooled the uranium dioxide and
there was no large flow of molten material into the coolant. Fur
ther, there was never any pressure surge indicated in the instru
ment read-out of any loop test, and there was no evidence of

damage to the pressure tubes of the loops or the flow tube of the
hydraulic-rabbit facility. At the time, the importance of these
observations was not fully realized. Later, however, the data
showing that even a large defect in highly powered fuel did not
cause a pressure surge and did not damage adjacent components
were very valuable in assessing the consequences of an acci
dent. This information became an important part of the presen
tations for licensing of not only CANDU reactors, but also of
light-water reactors throughout the world.
AECL scientists were the first in the world to report irradia
tion-induced densification of the U0 2, which was later to plague
the original low-density light-water-reactor fuel. AECL also
mounted in-reactor tests to show how initial grain size of the
sintered pellets affected fission-gas release. In the mid-to-late
seventies there was a concerted program to better understand
uranium dioxide properties. This came largely from a detailed
examination of fuel from the Pickering reactors. In particular,
factors affecting dimensional changes in the uranium dioxide
and the elements (swelling, densification, fission-gas release and
grain growth) were studied, and results were incorporated into
fuel design.
After the early tests had defined the short-term behaviour
of uranium dioxide fuel elements, the program concentrated
on long-term irradiations in the loops to determine the behav
iour of fuel elements and bundles at burnups appropriate to
a nuclear power reactor. Topics of importance were dimen
sional stability, mechanical integrity, temperature distribution,
fission-product release and sheath corrosion. Of these, the re
lease of the fission-product gases was of particular importance,
because of the very small free volume at power, and therefore
the potential for fuel-element expansion.
Performance models - In the early days (B.C. - before comput

ers), the data from the laboratory work and irradiation experi
ments were accumulated and calculations were done with slide
rules, simple calculators or even by hand. AECL generated a
great deal of data from the extensive experimental program,
particularly on deformation and gas release, and how these re
late to linear power outputs and hence temperature of the fuel.
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Correlations between individual parameters were assessed and
put into empirical models. With the introduction of computers
in the mid-sixties, the models were transferred into computer
codes. Figure 13.4 shows a schematic of the relationships be
tween important parameters; this served as a basis for early
computer codes to model the irradiation performance of ura
nium dioxide fuel elements.
Initially success was spotty; but as the amount of experimen
tal evidence and programming expertise increased, and com
puters became more advanced and more available (e.g., personal
computers operating alone or linked to a mainframe unit), the
fuel performance models became more sophisticated. Codes
such as ELESIM and ELESTRES were developed and used
within AECL, and also used by the Control Board and the utili
ties, as standard programs to assess the performance of existing
fuel, and for analyses of new concepts. These codes were used
by other organizations (national and international) under a
licensing arrangement.
The AECL codes were compared to, and correlated with,
codes of other organizations to produce current versions that
accurately reflect the world knowledge on nuclear fuel.
In-reactor instrumentation - In addition to the measurements
of heat output (calorimetry) and thermal neutron fluxes, the
development of the CANDU nuclear fuel called for the establish
ment of a totally new technology: in-reactor instrumentation of
experimental fuel elements. The first attempts at instrumenta
tion were to measure uranium dioxide temperatures up to about
2,800'C using thermocouples. Thermocouple manufacturers
across North America and Europe were contacted. Some were
unable to help. More adventurous companies worked with
AECL and other nuclear research organizations around the
world to develop suitable instruments; gradually, the expertise
was accumulated to get reliable temperatures of operating fuel
elements.
An example of the innovative approach was the fabrication
of a tungsten sheath for the first thermocouple. Personnel at
Chalk River vapour-deposited tungsten on a thin copper tube.
When the deposit was thick enough to stand alone, the copper

FIGURE 13.4
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was dissolved away, leaving the required tungsten tube. Beryl
lium oxide beads were used to insulate the thermocouple wires
from each other and from the sheath. Many thermocouple wires
were tested, with the final choice being tungsten - 5 wt. per
cent rhenium vs. tungsten - 26 wt. percent rhenium, because
they would work at high temperatures and because there was
no change in response due to effects of the high exposure to
neutrons.
Other demands arose and instrumentation was developed to
measure long-term gas pressure, instantaneous pressure
changes during power changes, sheath diametral strain, element
elongation and bundle distortion. A unique piece of apparatus
was a null balance pressure switch to measure the internal pres
sure in a fuel element. This simple system allowed accurate
measurements of the fission-gas pressures, thus providing ex
tremely important data for the understanding of gas release.
Another important device was an in-reactor diameter-measuring
rig, which used cantilever beams and motion transducers to
accurately record very small diameter changes.
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To give rapid changes in power the loop pressure tube
and the assembled elements, plus specialized measuring de
vices, were placed inside a coiled tube containing helium-3.
(Helium-3 has a high thermal neutron capture cross-section.
With helium-3 in the coil the neutron flux was reduced; when
the helium-3 was rapidly removed, the neutron flux, and hence
the power, increased, producing a power ramp.) Thus the
changes in diameter, internal pressure or other parameters
could be measured during power ramps and power cycling.
A fuel-moving device provided single-fuel-element and fuel
bundle movements from low- to high-power positions in the
loop, to simulate load-following operations and power ramps,
"typical of CANDU fueling operations, and to measure the force
needed to move bundles at power.
A totally different field of instrumentation was also essential
- the detection of radioactivity in the loop coolant that would
signify the presence of a defect. A rapid indication of a sheath
defect was required, to determine when a defect occurred, so
later analyses could correlate all the results in establishing a full
understanding of the irradiation behaviour. When success was
achieved in rapid measurement of radioactivity, the require
ments were made more demanding. The fuel specialists wanted
to know which isotopes were released. This information was
important for several reasons:
"* To determine which fission products existed at the fuel/
sheath interface (e.g., whether iodine was present for Pos
sible reaction with the sheath to form stress-corrosion
cracks);
"* To gain more information on fission-product mobility in the
uranium dioxide; and
"• To obtain data for studies on fission-product release to the
heat-transport system and containment building in the
event of a major accident.
This added complication caused some consternation, but the
challenge was met and the needed data were obtained. The data
showed that the major isotopes detected at the counting station
were xenon and krypton (noble gases), cesium and iodine. Later
examination of the tubing leading to the. counting station
showed deposits of tellurium and molybdenum.

This part of the program is another example of two separate
disciplines of AECL working together to develop what proved
to be one of the best research-oriented, in-reactor fission-product
detection systems in the world.
An outcome of this R&D work was a cooperative program
with the CANDU designers and with Ontario Hydro, which
culminated in the development of systems for CANDU power
reactors to quickly detect and locate a fuel bundle with a defec
tive element. The R&D results also indicated that some fission
products would probably plate out very quickly in the plant
systems, and not be released to the reactor containment hall or
to the environment.
Sheath
The requirements for a suitable sheathing material were many:
formability to the proper diameter and wall thickness; adequate
corrosion resistance at the 3000 C operating temperature of the
coolant; sufficient strength and durability to withstand the
stresses due to coolant pressure and fuel expansion; capability
to securely attach end caps and spacers; low cost; and most im
portantly, low neutron capture. Stainless steel would meet all
but the last requirement. Aluminum/nickel was considered but
it was eliminated by 1960 because the thickness required to
achieve adequate strength cost too many neutrons. Efforts con
centrated on zirconium alloys, although initially they were ex
pensive. Much of AECV°s initial information came through its
cooperation with the Americans. The Bettis Laboratories in the
United States had developed a zirconium alloy containing tin
and smaller amounts of iron, chromium and nickel. This alloy
Zircaloy - became the standard. Later, other zirconium alloys
were considered, but none offered any significant improvement
over Zircaloy. Zircaloy-4, containing no nickel, was selected be
cause of slightly better corrosion resistance and significantly
lower uptake of hydrogen during normal reactor operation.
Because of the emphasis on neutron economy, the sheath had
to be as thin as possible, consistent with safe and reliable opera
tion. Originally, as in the seven-element NPD bundles, the
sheaths were 0.6 mm thick, but this caused too much absorption
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of neutrons. Eventually the concept that evolved was to have a
thin sheath that would collapse uniformly due to the coolant
pressure, and be supported by the uranium dioxide pellets. For
the nineteen-element bundles to be used in the central channels
of NPD a thickness of 0.4 mm was chosen. Laboratory and irra
diation tests were done to determine its acceptability. With rig
orous control of the diametral clearance, no problems occurred.
But if the clearance were too large, longitudinal ridges could
form. On repeated starts and shutdowns, the ridges could crack
at the crests, due to fatigue failure. Other tests were done to
determine whether the sheath thickness could be reduced while
maintaining the specified pellet/sheath clearance. Too thin a
sheath again resulted in the formation of crack-prone longitu
dinal ridges. The originally chosen thickness-to-diameter ratio
was confirmed; this has resulted in trouble-free operation in the
power reactors. Fine-tuning of this ratio might lead to some
economies, but at an undetermined risk of fuel failures that
would be difficult to justify.
The strength of the Zircaloy also received considerable at
tention. For NPD, AECL chose stress-relieved cold-worked
material, unlike the American specifications, which called for
annealed material. The initial fuel for the Douglas Point reactor
had sheaths with higher strength, but lower ductility, than the
NPD sheathing. A few defects occurred (less than 0.1 percent
of the fuel). The defects seemed to occur mainly in the sheaths
with the highest strength/ductility ratio. The sheathing
specification was changed to a lower strength/higher ductility
ratio, which was obtained by a stress-relief treatment for the
Zircaloy that was well short of the full anneal used for the
light-water-reactor fuel sheaths. However, subsequent, more
detailed analysis failed to substantiate any relationship between
the initial mechanical properties and the propensity to defect.
Initial flaws in the tubes could have a significant effect on
fuel-element integrity; therefore a low-cost method of com
pletely inspecting incoming tubing had to be developed. Any
flaw greater than 10 percent of the wall thickness (i.e., 0.04 mm)
was cause for rejection, and this required a considerable im
provement of ultrasonic testing sensitivity over that available in
1960. Using water immersion for sound transmission, tubes were

rotated past a transducer head assembly to obtain a complete
helical scan. The inspection system was a major achievement,
developed mainly by the fuel fabricators - no fuel elements are
known to have defected due to initial flaws in the fuel sheaths.
End Closures
The uranium dioxide must be contained within the fuel sheath
and end closures. The end closures posed three problems: de
sign, supply of components and method of sealing. The design
had to consider neutron economy, displacement of uranium di
oxide, neutron flux peaking, 6 effect on temperature distribu
tion, sheath integrity and ability to withstand the stresses that
could be applied during irradiation. The components had to be
free of leaks, dimensionally consistent to the specification, and
low cost. The designs were established, but the cost target was
more difficult. Mass-production techniques had to be intro
duced to take economic advantage of high-volume throughput.
Of the various methods available for fixing the end caps, the
fuel fabricators concentrated on welding.- initially tungsten
inert gas (TIG) welding, then by resistance welding. Welding
parameters had to be defined to ensure a consistent, 100 percent
leak-free closure that would cope with any stresses that could
be applied during irradiation. Areas of metallurgical interest
included sheath thinning, projection of weld material, impurity
migration to concentrate in the weld line, formation of fine
cracks that could act as stress raisers, surface contamination that
could result in unacceptable localized corrosion, and changes
in mechanical strength of the adjacent sheathing to give a non
uniform behaviour along the length of the element. Fabrication
procedures were developed, including gas evacuation, back
filling with helium or a helium/argon mixture, and specifica
tions of the electric current required for the resistance welds.
Extensive development effort led to a process suitable for
6 Flux peaking occurs at the ends of the elements due to lower absorp
tion of neutrons by the Zircaloy end caps and end plates, rather than by
the uranium dioxide pellets in the body of the element. Such neutron
flux peaking could result in a higher localized temperature.
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high-rate, low-cost production. Initially, the welds were done
in an inert atmosphere, but procedures were developed to allow
the weld to be done in air, thus saving time and money. The
helium filling allowed inspection by helium-leak detectors to
ensure 100 percent weld integrity.
Fuel Elements
From an external aspect, the finished fuel element must be
within dimensional specifications to allow assembly into fuel
bundles. Internally, there are also severe specifications that
must be met. The fuel/sheath clearance is critical: if it is too
small, the sheath will be stretched by the expansion of the hot
uranium dioxide; if it is too large, the sheath may deform
locally (ridges), and there will not be a good sheath-to
uranium-dioxide contact to promote efficient heat transfer.
The extensive test programs defined the acceptable clearance
range and, equally important, the consequences of being off
specification (defects, higher uranium dioxide temperatures,
more fission-gas release and dimensional instability).
Early in the fuel development program a potential problem
internal hydrogenous contaminants such as water or oil leading
to sheath hydriding and failure - was recognized and dealt
with: tests with swaged fuel elements showed high concentra
tions of hydrogen in the sheath. The hydrogen must have come
from hydrogenous contaminants (probably water) inside the
element, since the amount of excess hydrogen far exceeded the
amount produced from the external oxidation of the sheath.
Also, through its cooperative programs with American labora
tories, AECL became aware of the failures of some American fuel
elements. The failures were attributed to hydriding of the
sheath, with the hydrogen coming from internal contaminants;
in this case, oil. AECL assessed the potential for defects in
CANDU fuel. Although the CANDU fuel pellets had a higher
density than light-water-reactor pellets, and hence a lower
probability of water being absorbed into the pellets, AECL con
sidered it prudent to call for drying of the pellets before they
were inserted into the fuel sheaths. A test program in the NRX
and NRU loops showed that a hydrogen limit of I mg per element

should be specified for CANDU fuel. This control achieved its
purpose, in that no CANDU power-reactor fuel element has
failed due to excess hydrogen introduced during fabrication.
The heat produced during the fissioning process must be
removed by the primary coolant. With the thin collapsible
sheathing there is good contact between the fuel pellet and
sheath. Such contact may be widespread, or may be only at dis
crete points where points of roughness contact. The greater the
physical contact, the more efficient the heat transfer. In the
early days, to assist in the heat transfer, the fuel element was
evacuated, then filled with a high-conductivity gas, helium.
Later, a sizable test program elucidated the factors controlling
fuel-to-sheath heat transfer, which emphasized the importance
of uranium dioxide/Zircaloy contact, and the relatively minor
role of the filling gas. This helped to define the demanding
specifications for pellet and sheath smoothness. AECL's work
alleviated concerns that fuel-to-sheath heat transfer would
deteriorate during irradiation, due to degradation of the heat
transfer characteristics of the filling gas by released fission
product gases. CANDU fuel still contains helium filling gas, to
allow leak detection by mass spectrometry.
FUEL BUNDLES

Requirements
In the early days, it was decided that CANDU fuel would be
purchased on a performance specification. The detailed method
of fabrication would be up to the suppliers of the fuel bundles.
Therefore, for any specific reactor, the external appearance of
the fuel bundle would be constant, but interior details of the
elements and method of fabrication could be different from each
of the manufacturers.
The performance specifications required the fuel bundles to:
• Be capable of producing the maximum specified power and
burnup, with adequate margins to accommodate unusual
conditions;
* Remain dimensionally stable, so that they can be moved
along the pressure tube during on-power fueling and remain
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mechanically intact during post-irradiation handling, at
reactor storage in water bays, and transportation to, and
handling at, storage and disposal vaults;
"* Fit the fueling machine, so that they can be loaded and
unloaded without damage to the bundles or to the fueling
machines;
"* Maintain inter-element and element-to-pressure-tube
spacings, to allow the specified flow of the heavy-water coolant;
"* Have bearing pads designed to ensure that loading and
movement of fuel will not wear grooves in the pressure
tubes; and
"* Eliminate stagnant areas of coolant that could cause local
temperature variations and accelerated corrosion.
The target was to have a fuel bundle that would meet the
specifications, yet not contribute more than 1 mil/kWh to the
total unit energy cost. From an operational viewpoint, Ontario
Hydro wanted as high a uranium content as possible, and was
willing to pay a bonus for such.
Each of these demands was a separate area of study, yet they
had to be considered as a whole. The development of the cur
rent bundle design took years of testing to set the specifications,
with many potential designs being dropped as tests and analy
ses showed they were inappropriate. Some of the early irradia
tions were done in a test reactor at Savannah River, Georgia,
before the AECL facilities at Chalk River were available.
As the design of the CANDU reactor evolved, the fuel bun
dle had to be modified to provide increased power. In NPD the
original fuel bundle for the outer channels had seven elements.
For the inner channels, where the power output was higher, a
19-element bundle was designed and developed with the same
overall bundle diameter, but with smaller-diameter elements, to
ensure that the central temperature and surface heat fluxes of
the uranium dioxide did not reach unacceptably high values.
This bundle was also used for Douglas Point. For Pickering,
with its larger-diameter pressure tubes (10 cm compared with
the previous 8 cm),"'a 28-element bundle was designed, using
the same size elements as for the 19-element Douglas Point bun
dle. For the Bruce, Darlington, and CANDU 600 reactors, with
their increased power densities, the fuel bundle consisted of 37

elements, each element being slightly smaller in diameter than
the Pickering fuel, but with the overall bundle diameter un
changed (see figure 13.5).
End Plates
In the bundle the end plates, and their attachment to the ele
ments, have to give the structural integrity demanded by the
loading and discharge systems, plus the stresses applied from
the flowing coolant. The end plate can not be excessively thick,
because of neutron economy and displacement of fuel from the
channel, and it must not seriously hinder the coolant flow. The
fuel bundle also has to remain intact during spent-fuel storage
and handling in the storage bays. The process finally chosen 8
to join the elements to the end plates is a resistance-projection
weld made under the protection of a localized argon purge. The
process was designed to control the amount of molten material
during the welding, with no sharp cracks or other stress raisers
being tolerated. No bundles have failed in-reactor due to break
age of an end cap/end plate weld.
Spacers
The initial NPD bundles had wire wrap spot-welded to the
sheath, in a helix, to give the spacing and, it was thought, to
promote mixing of the coolant (see figure 13.6). However,
thermalhydraulic tests using dye injections and a transparent
flow tube showed that the wire wrap did not enhance the good
mixing already existing in the bundle.
Also, there were indications that fretting could occur where
the wire wrap touched the sheath of an adjacent element, and
that accelerated corrosion could occur in the crevice between

7 The first in-reactor loop in NRU (the B-20 loop) had an 8 cm inner di
ameter pressure tube. This size, as well as the fuel developed for irra
diation in E-20, was carried through to NPD and Douglas Point.
* The original NPD 7-element bundles were riveted together, because the
process for welding was not developed.
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FIGURE 13.5

Fuel Bundle for Pickering Reactor
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the wire wrap and the sheath; laboratory tests also showed that
a side load such as that applied by the fueling machine latch
could tear off the wrap, leaving a cavity in the sheath and loose
wire in the machine. This was potentially more dangerous in the
thinner sheathing of the 19-element bundles, since the hole
might penetrate the sheath. Therefore, there was an incentive to
change the design for four reasons: to reduce the amount of
Zircaloy, and to eliminate the potential for fretting, crevice cor
rosion and tear-off of wire wrap. (In fact, tear-off of wire wrap
was never observed on the wire-wrapped bundles of the NPD
power reactor.)
The decision was made to change from wire wrap to small
pads as spacers. After extensive testing it was decided to use
Zircaloy appendages brazed to the sheath at precise locations,
and at carefully designed angles to the axis of the sheathing (see
figure 13.7).
The brazing introduced problems that had to be fully as
sessed. The braze alloy (Zr+5 weight percent beryllium) was
chosen because of its melting temperature and corrosion resist
ance. Beryllium is a toxic material, so special handling systems
had to be installed. A second possible problem was the local
change in metallurgical structure of the fuel sheath caused by
the high temperature of the brazing process,
which could lead to different mechanical
properties and corrosion behaviour. To get
away from brazing, many alternative designs
and attachment methods were studied. None
gave as good a performance as the brazed-on
spacers. Therefore a process-control standard
for the brazing procedure had to be estab
lished, since an out-of-control sequence could
result in excessive erosion and alloy penetra
tion into the sheath. A criterion was set that
90 percent of the minimum design-wall thick
"ness must be maintained for the life of the
fuel, taking into account the corrosion rate of
the braze alloy. To date, no fuel is known to
"have defected because of problems with the
-

appendages.
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FIGURE 13.7
Bearing Pads and Spacers
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Bundle Testing
The specified bundle, power and burnup depended on the
reactor. In the early reactors - NPD and Douglas Point - the
power output per unit length per element was low, but in later
reactors it was raised. The individual elements could sustain
such power demands, but the bundle configuration imposed
additional requirements, particularly in the heat input to the
flow channels within the bundle. When more power was de
manded from the fuel (for the Pickering and Bruce reactors),
extensive thermalhydraulic studies were done to ensure that the
critical sub-channels in the bundles had sufficient flow to
remove the heat under all expected conditions, without the.
sheath drying out.
AECL did not have thermaihydraulic rigs to do the required
tests, so while the experimental facilities were being built the
first tests were contracted out to Columbia University in
New York. When built, the AECL out-reactor facilities had up

to 12 MW of electric power input to simulate full-scale in-reac
tor conditions for a single channel in the Bruce and the CANDU
600 reactors, with sufficient electric power to go well beyond
the normal maximum single-channel power. Experiments in
these facilities were expensive, with costs per test series being
up to $5 million, which included the fully instrumented simu
lated fuel string.
A major factor in the fuel-bundle design was maximizing the
fuel-to-coolant ratio in the fuel channel; this necessitated close
spacing between the elements and between the elements and
pressure tube. The target spacing was set at 0.050 inches, (i.e.,
1.27 mm), but sceptics expected many problems, especially an
insufficient margin to the critical heat flux (CHF). Above the
CHF, dry patches can occur that could cause severe overheating
of the sheath and excessive corrosion, leading to failure of the
fuel. One of the milestones from the thermalhydraulic testing
was the proof via in-reactor 9 and laboratory tests (early sixties)
that under normal coolant flow there was good sheath-to-coolant
heat transfer and an adequate margin to C-F with the 0.050
inch spacing.
Two other areas of concern in the thermalhydraulics assess
ments were investigated. The first concern was whether the re
sults from the in-reactor vertical loops were valid for horizontal
pressure tubes. Out-reactor tests showed that in the horizontal
channels, stratification of the coolant into hot and cold layers
was not important at the flow rates of the power reactors; hence
the vertical test results could be applied to CANDU. This was
fully verified when the 12 MW horizontal tests mentioned
above were completed. The second concern was that when the
pressure tube increased in diameter due to creep, there could be
preferential flow in the excess clearance, and reduced flow
within the bundle, leading to a significant decrease in CHF in
the critical sub-channels of the bundle. Analyses indicated that
a decrease in CHF would occur, but it was small in relation to
the size of the margin to CHF, and therefore there was no cause
for worry.
9 The AECL instrumented in-reactor tests were the first such tests in the
world, and were widely praised by experts in the field.
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The reactor designers predicted that boiling would occur in
many channels of the Bruce reactors. Laboratory tests, followed
by in-reactor loop experiments, were done under simulated re
actor conditions to produce coolant boiling. Also, the NPD re
actor was converted to boiling for a few months. Results showed
that CANDU fuel could withstand some boiling of the coolant
without deleterious effects, and that boiling in the Bruce reac
tors could be tolerated.
The fuel bundles would be subjected to a high-velocity,
high-mass flow of coolant. Experience in such systems showed
that vibration and fretting damage (due to constant impact or
rubbing) could occur. AECL, jointly with Ontario Hydro, set up
experiments in horizontal rigs at the Sheridan Park Laboratories
of AECL to study the effect of coolant flow on the CANDU bun
dles, and on the bundle/pressure tube contact points. Flow rates
and duration of exposure were varied, with some tests lasting
several thousand hours.
Wear of spacers and bearing pads was measured by mechani
cal gauges and by optical methods that projected the internal
spacing of the bundle onto a viewing screen for measurement.
The susceptibility of the bundles to wear was determined un
der the various test conditions. In normal conditions the tests
showed that there should not be any problems associated with
vibration and fretting of the fuel bundles. However, abnormal
situations can occur. For example, the coolant enters a fuel
channel radially through the perforated wall of a liner tube.
Usually there is no fuel at this position, except during fueling
operations, when bundles pass the coolant inlet and are sub
jected to a cross flow. The testing program showed that a fuel
bundle can withstand the short periods of exposure to cross
flow during fueling; but iffa fueling procedure is delayed by any
of several reasons a bundle could be stuck in a cross flow for
considerable time. Severe damage would occur. This was con
firmed at the Pickering station where, during fueling opera
tions, a bundle was stuck for up to twenty-eight days under
cross-flow condition. Damage was indicated by an increase in
radioactive iodine in the coolant. The bundle had vibrated apart
and a fuel element had ruptured; special procedures had to be
set up to remove the individual elements.

The flow tests and in-reactor experience emphasized the
need for close interactions between fuel and system designers,
to ensure that flow conditions, equipment design and bundle
design were compatible, and, equally important, that the
potential consequences of unusual situations were well known
to reactor operators. The physical integrity of the CANDU fuel
bundle has been very good in the Pickering and Bruce reactors,
and for those reactors has not posed a significant problem for
routine operation.
SYSTEM CHEMISTRY AND CORROSION
The chemistry of the primary heat-transport coolant was shown
to have a significant impact on the behaviour of the fuel in the
reactor. Parameters studied included the concentrations of oxy
gen and dissolved deuterium, and the pH (strictly pD) of the
heavy water. Other areas of investigation included the corrosion
of the out-reactor part of the primary heat-transport system, the
tendency to deposit corrosion products-"crud"-on the fuel, and
if deposits should occur, their effect on the behaviour of the fuel.
It was fairly obvious that excess oxygen should be sup
pressed to keep down the corrosion of the sheath. This was done
by additions of deuterium gas to the coolant. However, the
amount added had to be strictly controlled. With high concen
trations of deuterium in the coolant, the extent of deuterium
absorbed by the Zircaloy sheathing was found to be more than
expected, and certainly much more than wanted.10 A balance
had to be struck; the compromise was to have between 0.5 to
2 ppm of dissolved deuterium gas per kilogram of coolant. At
this level the oxygen concentration was maintained at less than
5 ppb; corrosion was minimal and at the end of irradiation
(average of two years) the hydride concentration was in the ac
ceptable range of zero to 20 ppm deuterium by weight in the
sheath (equivalent to 10 ppm hydrogen). With much more deu
terium gas in the coolant the deuterium concentrations reached
an unacceptable level of up to 120 ppm.
deleterious effects of hydrogen (deuterium) in zirconium alloys is
discussed in chapter twelve.
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The coolant pH also had to be kept under strict control. The
out-reactor piping of the primary heat-transport system was
mild steel. At a neutral pH this material would corrode, but at
pH-10 the corrosion rate was acceptably low. Tests were done to
determine what additions could be added to maintain a pH of
10, yet have no unacceptable effect on the fuel. The demand was
for a strongly basic system; candidates were lithium, sodium
and potassium hydroxides. Activation products from sodium
and potassium were not acceptable; hence lithium hydroxide
(LiOH) was chosen at a concentration of 0.5 to 2 ppm Li by
weight in the coolant.
Other tests showed that care had to be taken in the fuel and
channel design to eliminate the possibility of LiOH concen
trating in an area to produce a pH of greater than 12. At this
pH Zircaloy corrosion will increase rapidly. This circumstance
occasionally occurred in the power reactors, where there were
sufficiently high concentrations of LiOH between the bearing
pads and the pressure tubes to cause crevice corrosion. Pits
were observed on the inside of NPD pressure tubes and on the
surfaces of bearing pads. Alternative designs of the bearing
pads were tested, and modifications were made to minimize
such corrosion.
In the early stages of the fuel development, the fuel bundles
were autoclaved to give a shiny black protective oxide coating,
and as a proof test to show that the material had the expected
corrosion resistance. Many bundles showed a layer of white zir
conium oxide, which is a thicker, less protective oxide layei.
These bundles were rejected for power-reactor use because of
the worry that accelerated corrosion could jeopardize the integ
rity of the sheath. This became a significant economic penalty,
so a program was launched to determine the consequences of
such a layer on fuel-bundle performance. Some of the bundles
were irradiated in loops; when no problems arose others were
inserted into the power reactors. The bundles operated properly,
with no adverse effects. Hence the quarantined bundles were
declared suitable for irradiation. As a consequence of these re
sults it was decided that the autoclaving proof test was no longer
needed and autoclaving was dropped from the fuel-bundle fabri
cation. This cost-saving action proved to be a good decision; there

have been no defects from corrosion of fuel bundles in any
CANDU power reactor.
A minor corrosion concern was noted in bundles from NRU
loop experiments, where rings of white corrosion products were
observed on the transition zone between the regular sheathing
and the material in the appendage area affected by the heat from
brazing. These rings were caused by the temperature-instigated
migration of impurities that concentrated on the surface of
the sheathing, and the grain structure of the Zircaloy within
the transition zone. Considerable effort was put into braze
sequences and other remedies. However, experience from
power-reactor fuel showed that the corrosion remained as a
surface effect, and did not affect the performance of the fuel;
therefore, no remedial action was necessary.
FUEL PERFORMANCE
The experimental program established allowable parameters for
successful operation of the CANDU fuel bundle under normal
operating conditions. The low power-level-per-unit length of
NPD fuel elements was raised in later reactors as confidence and
understanding was gained, and ambitious power-level specifi
cations were set, particularly in comparison with light-water
reactor fuels.
A few defects occurred in Douglas Point, and in the early
seventies in the Pickering reactors the bundle defect rate dur
ing operation rose from about 0. 1 percent to almost 1 percent
(for elements, the defect rate was a factor of 10 lower). The re
actors did not have to be shut down due to radioactivity lev
els, but it was close. Examinations showed that the defects
were small cracks through the sheath. Discussions with nu
clear organizations in other countries revealed that similar
defects had been found. International discussions occurred,
with a relatively free flow of information on the defects, but
some results on promising remedies were withheld because of
proprietary interests.
AECL launched an extensive program to determine the cause
of the failures, and to put in place a remedy. Metallurgists, chem
ists, physicists, engineers, reactor operators, fuel fabricators and
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anyone else who could contribute were assembled into a team.
Analyses proceeded in four areas:
i Immediate cause: the cause of failure was shown to be a sig
nificant increase in power after a prolonged period at lower
power; e.g., power increases resulting from bundle shifts
into the central regions of the core, or insertion of fresh fuel
into adjacent channels. In the United States, the defects
were attributed to a rapid power increase, but AECL tests
showed that for CANDU the defects could occur with power
increases taking several days to complete (see figure 13.8).
Also, AECL analyses showed that a short duration at the
higher power level and a return to a lower level did not re
sult in defects; for example, during on-power fueling some
irradiated bundles were moved temporarily into high flux
positions and then moved to lower power positions, with
out defecting.
2 Remedial action: Ontario Hydro was able to restrict the
magnitude of power changes as a result of refueling for,
those bundles that were to remain in high-power positions.
This caused some loss of flexibility in reactor operations,
but was accommodated without undue concern.
3 Defect mechanisms: Considerations focused on four mecha
nisms: failure of the sheath due to inappropriate starting
mechanical properties, localized stress concentrations over
cracks to produce tensile failures, embrittlement due to ir
radiation damage, and stress-corrosion cracking (SCC) from
the inside of the sheath (see figure 13.9). Certainly, all the
requirements existed for SCC: a material susceptible to SCC,
firm contact between the fuel and sheath, stress concentra
tions over cracks in the uranium dioxide pellets, and the
presence of iodine which is known to cause SCC in zirco
nium alloys.
4 Potential solutions: AECL brainstormed the defect problem
for potential solutions. Suggestions included modifications
to the pellet length and shape, changing the pellet/
sheath clearance, hollow pellets, different sheath materials
(Zr-2.5Nb or a zirconium-chromium-iron-tin alloy called
Ozhennite), elements internally pressurized with helium,
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13.8
Graph of Power Ramp Defects
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annealed or beta heat-treated Zircaloy sheathing, low
density pellets, installation of graphite discs between the
pellets, and the deposition of a graphite - or later a siloxane
- interlayer on the inside of the sheath.
The deposition of a graphite layer was suggested because exten
sive laboratory tests had shown that a graphite lubricant be
tween the pellets and sheath greatly reduced the localized strain
and hence the stress concentrations over pellet cracks, thereby
reducing the potential for SCC. Also, graphite was known to
trap iodine, as evidenced by the use of charcoal filters in gas
masks and for ventilation systems.
Seventeen different design modifications were tested. The
results showed that the mechanical properties of the sheath and
embrittlement were not a factor, since even fuel annealed in a
hot cell between the low-power soak and the high-power test
defected. And, elements with alternative sheathing defected.
Four types of modified elements, namely those with a graphite
interlayer on the inside of the sheath, a siloxane interlayer,
graphite discs between the pellets, and low-density pellets,
survived the power ramps. Fuel incorporating the graphite
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FIGURE 13.9

Stress Corrosion Cracking in Fuel Element Sheath

radiation in which fresh uranium dioxide pellets had been
inserted into irradiated sheaths. No defect occurred under irra
diation conditions that caused failures in regular fuel elements.
The graphite interlayer - CANLUB - is now a standard com
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interlayer (referred to as CANLUB fuel) was selected for pro
duction, because:
i it had been given the most severe power ramp,
2 it had a very low adverse effect on the neutron economy
of the fuel, and
3 it would increase fabrication costs very little.
The success of the graphite interlayer to reduce the stress con
centrations and/or to absorb iodine indicated strongly that the
defects were due to SCC from the inside of the sheath. Support
for SCC being the defect mechanisms was obtained from an ir-

ponent of CANDU fuel.
Restrictions on magnitude of power changes and the
CANLUB layer have essentially eliminated power ramp defects
from current CANDU nuclear reactors. The success of this inves
tigation is a fine example of inter-organization cooperation within
the Canadian nuclear industry. From the appearance of the prob
lem in 1971, it took the incredibly short time of two years to in
troduce modified fuel into the Pickering power reactors.
In the late sixties, a Zircaloy-sheathed uranium-dioxide fuel
element that had defected in one of the loops of the NRU reac
tor was being routinely handled in the hot cells. The operator
picked it up by one end, and the element broke in two. This
caused great concern, and detailed examinations were started to
determine what had happened to cause the sheath to be so dras
tically weakened.
The cause was found to be localized hydriding of the sheath.
Water had entered the element via the defect and reacted with
the uranium dioxide to produce a higher oxide of uranium, and
hydrogen. Some of the hydrogen reacted with the sheath to
form concentrated areas of zirconium hydride, which is brittle
at room temperature. The cross-sectional appearance was like
rays emanating from the sun - hence they were called "sun
burst" defects. The location of the sunburst defects could be
recognized from the exterior of the sheath because of a blister
like appearance - hence the descriptive phrase "blister" defects
(see figure 13.10).
. Hydrogen diffusion experts within AECL were immediately
consulted. Explanations were developed that described the ab
sorption of hydrogen, the solubility and diffusion of hydrogen in
the Zircaloy, the precipitation of zirconium-hydride platelets in
stress fields, and the formation of a solid zirconium-hydride zone.
Zirconium hydride has a much lower density than Zircaloy; hence
the increase in volume and the blister-like appearance.
As a result of such defects, an extensive program was directed
at determining the behaviour of defected fuel in the reactor, and
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FIGURE 13.10
Sunburst and Blister Defects on the Inside Surface of a
CANDU Fuel Sheath

operators to detect and identify the defective bundle and dis
charge it before there is any deterioration that could cause a
large release of fission products or threaten bundle integrity.
A small but significant point about the power-reactor fuel is
that the first-core fuel bundles were always developed and deliv
ered on time to the original reactor schedule; availability of fuel
never caused a delay, even with strikes at the fuel manufacturers.
URANIUM SILICIDE FUEL

during storage in the water-filled bays. The objective of the pro
gram was to provide the reactor operators with information on
how long they could leave defected fuel in the reactor without
causing unacceptable problems of fission-product release to the
coolant, sheath or bundle disintegration in the reactor, and po
tential problems during discharge and storage. The test program
showed a direct correlation between sheath deterioration, power
output per unit length of element, and the duration of exposure
after the defect occurred. At low-power outputs, there was very
little release of radioactivity to the coolant, and no noticeable
deterioration. At higher powers, the activity release increased
significantly, and sheath deterioration could occur. The results of
the program showed that even for a CANDU bundle operating at
its maximum power there is sufficient time (several days) for the

In the late sixties and early seventies, to obtain higher uranium
content and lower fueling costs, much effort was expended ex
amining uranium silicide as a potential fuel for CANDU reactors.
As the result of a large development program, it was determined
that the resistance to corrosion and swelling under normal op
erating conditions was acceptable, but post-irradiation tests
showed that the expected swelling under some accident condi
tions would be unacceptable. Much of this early work was used
as the basis for study in the early eighties to perfect a uranium
silicide-based fuel to satisfy low-enrichment uranium-fuel re
quirements in research reactors, because of non-proliferation
demands: namely, research reactors must be fueled with mate
rial with less than 20 wt. percent uranium-235 in the uranium
content. The current concept is uranium silicide or uranium
silicide dispersed in an aluminum matrix, with co-extruded
aluminum sheath. There has been a successful demonstration in
NRU (see chapter two).
SUMMARY, AND FUTURE TARGETS
CANDU fuel is the result of a cooperative program of many
groups within the Canadian nuclear industry, combined with
knowledge gained from international sources. The product was
new, and had to be developed essentially from scratch, starting
in the mid-fifties. Scientific knowledge, combined with engi
neering skill and good experimental facilities, led to a set of
specifications for the fuel bundle. Fabrication expertise was
accumulated by private industry, along with extensive power
.reactor operating experience by the utilities.
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Interactions were two-way and quick. Many problems were
anticipated and eliminated during the development program;
when problems did occur in a CANDU reactor, members of the
fuel team worked together to determine why the problem oc
curred and how to solve it for the short and long term.
By the mid-sixties the reference CANDU fuel bundle design
was firmly established and a high uranium/zirconium ratio of
>0.9 was achieved. Fabrication specifications had been written,
efficient methods of manufacture were established at the fuel sup
pliers, and the cost target was met. The irradiation performance

has been good. The introduction of the CANLUB coating com
bined with modified fueling procedures has ensured that the
number of defects in the CANDU power reactors remains at a
low, acceptable level. As of mid-1991, about 750,000 bundles
had been inserted into the Pickering, Bruce, Gentilly-2, and
Point Lepreau reactors; of these, about 600 have defected, for a
defect rate of less than 0.1 percent.
Development work continues, particularly for higher burnup
and for the use of alternative fuels, such as those enriched with
plutonium, or based on thorium.
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Chapter Fourteen

Heat Transport
System
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KEY CONSIDERATIONS

From a chemical and metallurgical viewpoint, the materials comprising the heat
transport system (HTS) and their interaction with the heavy water circulating
through it are important. From a safety viewpoint, the integrity of the pressure
boundary and the maintenance of an adequate flow of heavy water through the
fuel channels are paramount. From an economic viewpoint, the heavy-water in
ventory, heavy-water leakage and component reliability are the important factors.
From a thermodynamic viewpoint, the heat removal from the fuel and the effi
cient operation of the steam generators are the essential purposes of the HTS. The
designer must integrate all these and many other considerations into the overall
specification of the HTS.
The main materials that contact the heavy water in the HTS are carbon steel
(piping and vessels, such as the pressurizer), stainless steel (end fittings, pumps,
and many of the valves), zirconium alloys (fuel sheaths and pressure tubes) and
nickel alloys (steam generator tubing). The last is the dominant contact area. A
variety of nickel alloys have been used for steam generator tubing in successive
CANDU designs, the selection of each representing an evolution in improving
overall system performance. The corrosion behaviour of these materials depends
on the chemistry of the water - its purit, acidity or alkalinity (that is, its deute
rium ion (D)301) concentration or pD') and oxygen content. The latter is influenced
by the extent of radiolytic decomposition of the water when it passes through the
reactor core. An important part of the HTS is a purification circuit for chemistry
control and to remove unwanted materials from the water. Two aspects of corro
sion are important: adequate allowance in design must be made for the amount of
metal (wall thickness) consumed by corrosion during the expected reactor life
(e.g., 30 years), and the release of corrosion products to the water should be small,
since corrosion products (metal oxides or ions) in the water may deposit on the
fuel to impede heat transfer or coolant flow and to produce radioactive species
(19Fe, "8Co,6Co, "Cr, etc.), which can then move to other parts of the HTS. During
reactor shutdowns the radiation fields from these radioactive corrosion products
may hamper maintenance work and be the dominant source of radiation exposure
for station staff.
The HTS operates at high pressure, typically 10 MPa. The pressure boundary
of the HTS is one of the principal barriers to any release of fission products from
I

pD is analogous to pH and equal to -log C where C is the concentration of deuterium ion in
moles per litre. pD will be used when discussing heavy-water chemistry, while pH will be
used in discussing the chemistry of loop experiments where light water is used.
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the reactor core to the public, and its integrity must be as high
as practicable. This integrity is achieved through design, com
ponent selection, care in fabrication and construction, and
painstaking analysis and quality assurance at all stages.
The reactor control system, fuel design and heavy-water flow
rate determine the heat removal rate from the fuel. The efficient
transfer of this heat to raise steam in the steam generators is
dependent on their design and fabrication, and on the mainte
nance of adequate chemistry control of both the heavy-water
coolant and the steam generator water. The potential for re
duced heat transfer in the steam generator due to deposits of
corrosion products, and for tube failure by corrosion or vibra
tion, are concerns.
Reactor operation is dependent on a reliable HTS pumping
system. The main area of concern in pump performance is the
frequency of shutdowns due to pump shaft seal failure.
Economic power from CANDU demands that heavy-water
losses be extremely low. The target for a large reactor is an un
recovered loss rate of less than 0.5 kg/h. At the 1985 value of
$300/kg this target would contribute no more than 0.03 cents/
kWh to the cost of power. Heavy-water leakage depends on
system design, component selection, fabrication, construc
tion, quality assurance and maintenance. The loss rate is de
pendent on the leakage rate and on the provision of a variety
of heavy-water recovery systems and their operating
efficiencies. In the recovery operation, mixing of ordinary
water and heavy water will occur, and the recovered water must
be reconcentrated to reactor concentration, 99,8 percent heavy
water; this is called upgrading. Thus, the total cost of manag
ing heavy-water containment, referred to as the heavy-water
upkeep cost, is the sum of the costs of the recovery and up
grading operations plus the cost of the heavy-water make-up
to replace losses. The target in 1985 dollars is an upkeep cost
of less than 0.06 cents/kWh.
Although the HTS contains only about a third of the reactor
heavy-water inventory, it is by far the major source of heavy
water leakage. The moderator system, containing the rest of the
heavy water, is at low pressure and is only an important source
of heavy-water loss when an occasional major acute leak occurs.
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A final key consideration is the presence of tritium in the
heavy water. Although the rate of neutron capture by deute
rium is very low, it nonetheless results in a steady production
of tritium, which accumulates in the heavy water as TDO mol
ecules. Tritium disintegrates with a twelve-year half-life to he
lium-3 and emits a very low energy electron (beta particle). It is
not a source of external radiation dose. However, since it occurs
as part of a water molecule, it is easily absorbed into the human
body either through contact with the skin or the lung tissue (see
chapter three), and then it is a source of internal radiation dose.
Thus, reactor operators and maintainers must avoid contact
with heavy water containing significant amounts of tritium,
and exposure to air containing such heavy-water vapour; the
design of reactor building ventilation systems should prevent
air-borne tritium being dispersed beyond those areas where
heavy-water equipment is located.
Many aspects of the HTS have had important R&D input.
Those discussed in this chapter are heavy-water upkeep, tri
tium control, corrosion and corrosion-product movement,
pump seal reliability, and steam generator performance. The
thermalhydraulic limits to fuel bundle power are discussed in
chapter thirteen. Those safety aspects of the HTS that have re
quired a major R&D program are discussed in chapter fifteen.
EARLY EXPERIENCE WITH WATER
CHEMISTRY AND CRUD

In the early fifties, the operation of the loops in NRX for fuel
testing gave the first opportunity to study HTS chemistry. In
deed, problems with high concentrations of iron oxides in the
water and the formation of thick iron oxide deposits on the fuel
element surfaces in these early tests made it obvious that water
chemistry and control of corrosion needed attention. A loop
chemistry program began.
Tests with neutral water in these stainless-steel loops resulted
in oxide deposits on the fuel that were typically 0.1 mm thick
at the end of a month. This raised concerns about possible over
heating of the fuel sheath in a long irradiation because of the low
thermal conductivity of the oxide deposit, and about possible
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blockage of the narrow passages between fuel elements in a
bundle (1.3 mm) resulting in local overheating. These deposits
were chiefly composed of magnetite, FeO,, with some hematite
(Fe203), nickel oxide (NiO) and chromia (Cr203). Magnetite is the
stable oxide of iron in water in the absence of oxygen, so that
the presence of hematite indicated the presence of oxygen and
this was confirmed by the water analysis.
The radiolytic decomposition of water had already been de
fined reasonably well (see chapter seven). It produces four main
species: molecular hydrogen, hydrogen peroxide, and two free
radicals: atomic hydrogen and hydroxyl. At high temperature
the peroxide immediately decomposes to oxygen and water,
especially at high pH. The free radicals rapidly react with
molecular hydrogen and oxygen (which are in solution in the
water) in such a way that water is reformed and the free radi
cals are regenerated. Once a low concentration of free radicals
accumulates, the rate of recombination of molecular oxygen and
hydrogen equals the rate of water decomposition. The result is
a small steady-state concentration of molecular hydrogen and
oxygen, as well as a much lower steady-state concentration of
free radicals, and no net decomposition of water.
Thus, the oxygen concentration can be controlled by adding
excess hydrogen. Recombination reactions will produce an ex
cess of hydrogen radicals, which will react with the oxygen as
soon as it forms to keep its concentration at a very low steady
state level. This procedure was instituted in the loops, with the
excess hydrogen concentration being controlled in the range
from 0.5 to 2 mg/kg of water. The oxygen concentration was
then found to be below the limit of detection and no hematite
was formed. Hydrogen was added periodically as a compressed
gas. If the loop leakage rate was low enough, much of the excess
hydrogen would be supplied by the normal corrosion rates of
the surfaces, where metal reacting with water produces oxide
plus hydrogen gas that dissolves in the water.
However, oxygen control alone did not solve the "crud"
problem. The term crud has been used in the nuclear industry
to denote the oxide deposits on the fuel sheaths and the oxide
particles in the water. It is said, apocryphally perhaps, that the
origin of the use of the word crud to describe these deposits was

in the initial informal reports of the examination of the first fuel
test at Chalk River for the United States navy that referred to a
"Chalk River unidentified deposit". Despite the navy's un
doubted predilection for acronyms, it is equally plausible that
the originator of the use of crud in this context was simply
aware that one of the accepted definitions of the word is "a de
posit or coating of an impure or alien substance".
It was clear that although the corrosion rate of stainless steel
in the loops was quite*acceptable from the viewpoint of metal
wastage, the release of corrosion products to the water was too
large. It was known that alkaline conditions would give less
corrosion, and that it should reduce the solubility of magnetite
and reduce the stability of colloidal particles that were an im
portant component of crud under neutral conditions. Tests at a
potassium hydroxide concentration of 4 mg K/kg, or 10" moles
per litre (equivalent to a pH of 10), resulted in fuel elements
virtually free of any deposit. Later, the potassium hydroxide
was replaced by lithium hydroxide to avoid producing radioac
tive potassium-40 in the water.
In another early test, potassium sulfate at a concentration of
2x10 4 moles per litre was used. While it was not as effective as
the hydroxide, the sulfate did reduce deposition substantially.
Although it was tested as an alternative reagent that would re
duce colloid stability, it now seems likely that its effectiveness
was due to increasing the pH, since hydrolysis of sulfate ions to
bisulfate ions would produce alkaline conditions.'
The loops were provided with sidestream purification sys
tems where the water could be degassed and filtered, and
soluble impurities (ammonia, carbonate, silicate, etc.) could be
removed by ion exchange. Using a mixed-bed ion exchanger
with the cation resin saturated with lithium ions and the anion
resin in the hydroxyl form helped to control the pH, so that
additions of lithium hydroxide were needed less frequently. The
experience gained in developing the loop purification systems
formed the basis for specifying the systems needed for CANDU
reactor HTS chemistry control.
An important experiment in 1955 to investigate the mecha
nism of crud deposition involved switching water chemistry
from alkaline to neutral to alkaline for different periods of the
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same fuel irradiation. After a period at pH 10, the fuel was ex
amined and found to be clean. After a month at neutral (pH 7)
conditions, a thick crud deposit had formed. A further month
of irradiation at pH 10 resulted in the fuel returning to its clean
condition. Thus, crud deposition was shown to be reversible. At
the time, the main mechanism for deposition was believed to be
the radiation-induced flocculation of colloidal particles, and the
benefit of increased pH was thought to be mainly a much lower
colloidal particle concentration. Reversibility was attributed to
hydraulic forces removing particles from the deposit.
A decade later, when detailed studies of oxide solubility as a
function of temperature and pH began to be done at various labo
ratories, it seemed more likely that the main mechanisms for crud
release and deposition were dissolution, and precipitation. Not
only was magnetite much less soluble at pH 10 than at pH 7, but
at pH 10 the solubility increased with increasing temperature,
while at pH 7 solubility exhibited the opposite change with tem
perature and a much larger change. So at pH 7 the fuel surfaces,
the hottest area in the loop, corresponded to the lowest iron solu
bility, and magnetite precipitated here while tending to dissolve
at all other surfaces. At pH 10 the lowest solubility occurs at the
coldest point, the out-reactor cooler, and very little iron deposits
in-core. When fuel covered with iron oxide was placed in a loop
at pH 10, this crud dissolved and moved to the cooler surfaces.
For CANDU, the choice had been made during the design of
NPD to use carbon steel piping. For the original NPD this was
justified on the basis of the relatively low area of piping in
volved, the good corrosion performance of carbon steel if water
chemistry was adequately controlled, and the cost savings rela
tive to stainless steel. When NPD was re-designed as a pressure
tube reactor, the area of pipe walls became more important - 20
percent of the total heat transport system area. However, the
choice of carbon steel was retained. At pH 10in the absence of
oxygen, its long-term corrosion rate was not much higher than
that of stainless steel, and it was free of any possibility of inter
granular corrosion; with more extensive piping the potential
cost saving was even more attractive.
For the startup of NPD there was concern that crud concen
trations might be very high initially in a new system, especially
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if rust had formed during construction. What was needed was
a means to condition the HTS to produce a stable magnetite fidm
before the fuel was loaded. Tests were made in an out-reactor
loop at Chalk River, to which large areas of fresh carbon steel
and rusty carbon steel were added. It was found that with oxy
gen-free pH 10 water, the conditioning process could be com
pleted in a few days at 150'C, and crud concentrations in the
water fell to less than 0.01 mg/kg.
Before installation, the carbon steel components at NPD were
either chemically or mechanically cleaned. The conditioning
process outlined above was successfully completed using the
main circulating pumps to raise the water temperature to 1500C.
Then the fuel was loaded into the reactor. Crud concentrations
were always low in the NPD HTS, and deposits on the fuel ex
tremely small. Variants of this conditioning procedure have
been used for all CANDUs, with similar excellent results.
Around 1960, experience with the initial operation of the NRU
heavy-water system (see chapter two) gave the first indication of
the importance of oxide solubility in controlling the move
ment of corrosion products in a non-isothermal recirculating
water system. In this case, the oxide of interest was alumina
formed on the surface of the aluminum fuel sheaths in NRU. A
large concentration (60 mg/kg) of colloidal alumina accumu
lated in the heavy water and ultimately was controlled when a
small evaporator was installed to remove the colloidal material
on a continuous basis. Laboratory studies and analysis of the
NRU data suggested that the oxide on the fuel sheath was dis
solving and the aluminate ions so formed were precipitating
from the heavy water when it was cooled before returning to the
reactor. The aluminate ions precipitated as gibbsite, a form of
alumina of lower solubility than the corrosion product on the
sheaths. To confirm this mechanism, NRU was operated for two
months at a pD of 5.7 by adding nitric acid. This deuterium ion
concentration (2x 10' moles per litre) corresponded to the mini
mum solubility of alumina, and the gibbsite formation rate was
observed to decrease substantially.
We normally think of metal oxides like alumina or magnetite
as being insoluble. Indeed. their solubilities are low - of the or
der of 0.01 mg/kg. But the flows in a large reactor are very high,
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so that even a small difference in solubility between the reactor.
inlet and outlet temperatures offers the potential to transport
hundreds of kilograms of iron per year. Once this was recog
nized, the case for stringent chemistry control was compelling.
ACTIVITY TRANSPORT
The selection of a lithium deuteroxide (LiOD) concentration of
2.5 mg per litre (0.7 mng Li/Ly and a negligible oxygen concen
tration (1 to 5 mg/kg added deuterium) as the appropriate wa
ter chemistry conditions for the CANDU HTS was based largely
on NRX loop experience. However, there were also extensive
corrosion tests of the HTS materials, which confirmed both low
corrosion rates and low rates of release of corrosion products
from the surfaces under these conditions. Carbon steel, stainless
steel and Zircaloy are common to all CANDUs; for Pickering
Unit 3 and all later reactors the pressure tubes are a zirconium
niobium alloy. The steam generator tube material has varied
from InconeP at NPD, Monel at Douglas Point and Pickering,
Inconel-600 at Bruce to Incoloy-800 at the CANDU 6 stations
and Darlington. Up to the mid-eighties, all these materials have
shown satisfactory corrosion performance in CANDUs, with
one exception. After about ten years of service, Zircaloy pres
sure tubes experienced a period of greatly accelerated corro
sion 4 accompanied by absorption of much of the deuterium thus
generated. As described in chapter twelve, this led to a tube
failure by hydride cracking and the removal of all Zircaloy pres
sure tubes from service by the mid-eighties. In recent years,
steam generator tube failures due to corrosion (pitting and
stress-corrosion cracking) have occurred.
Although corrosion product concentrations in the heavy
water coolant have nearly always been very low in CANDUs,
typically 0.01 mg/kg or less, and deposition on the fuel has
been low, there has been nonetheless a constant movement of
corrosion product particles and ions from surface to surface
throughout the HTS. Although small in mass, this transport of
corrosion products can cause a significant problem, due to ra
dioactive nuclides being produced by neutron capture while
the corrosion products are resident on the fuel sheath surface.

Typical nuclides are iron-59 from iron-58, cobalt-58 from
nickel-58, chromium-51 from chromium-50 and cobalt-60 from
cobalt-59. They are transported to and accumulated on the inner
surfaces of the HTS piping, steam generator tubing and other
components. This process is referred to as "activity transport".
Because these nuclides are gamma-ray emitters with half-lives
varying from a month to five years, they are the major contribu
tors to radiation fields around HTS equipment during reactor
shutdowns. Thus, they may impede maintenance and are a
major source of potential radiation exposures of station staff.
The predominant contributor to these radiation fields after
the first year or so of operation is cobalt-60. It has a 5.3-year
half-life and emits penetrating gamma rays (1.2 and 1.3 MeV).
Cobalt in the HTS arises from two sources: high-cobalt alloys
used for hard facings on valve seats, seals. and bearings, and
cobalt impurities in steels and nickel alloys. In the later
CANDUs, new hard-facing materials have replaced most of the
high-cobalt alloys.
. Radiation fields due to activity transport were moderate at
NPD. However, at Douglas Point a very severe problem arose
when activity transport created extremely high radiation fields in
This is 10.Wmoles of lithium deuteroxide per litre of heavy water, or a
pD of 10.9 when measured at 250 C, equivalent to a pH of 10 for this
0
concentration of lithium hydroxide in ordinary water at 25 C. Prior to

1988, using the old value for the ionization constant of heavy water,
this pD would be reported as 10.7.
3

4

Monel, Inconel, and Incoloy are trademarks of International Nickel.
The use of these trade names does not imply that all the steam genera
tor tubes were supplied by International Nickel; they are used to des
ignate alloys of the following compositions by weight percent:
Cu
Fe
Cr
Ni
Inconel-600

72+

Monel

63-70

Incoloy-800

30-35

14-17

16-10

2.5
19-23

balance

balance

While not fully understood, it appears that as the oxide thickens on
Zircaloy in a reactor, it eventually cracks and becomes porous, allow
ing oxygen and/or lithia to concentrate within the oxide and increase
the rate of oxidation of the underlying metal; this has not been ob
served with zirconium-niobium.
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the boiler room by the third year of operation. This was the re
sult of periods of poor chemistry control and inadequate water
purification during the first two years, exacerbated by some
equipment failures. These periods had been characterized by
high concentrations of corrosion products in the water; although
this was recognized as a danger signal, there were so many other
problems demanding attention in the early operation of Douglas
Point that establishing adequate chemical control in the HTS was
delayed. A major cause of these high radiation fields was low deu
terium concentrations in the coolant, resulting in oxygen levels
sufficiently high (greater than 10 mg/kg) that the corrosion-prod
uct release rate from the Monel steam generator tubing, which
contained 1,500 mg Co/kg, became excessive.
These high radiation fields led to the establishment of a ma
jor development program, which had two objectives: rediuction
of the fields at Douglas Point, and a detailed understanding of
the activity transport process, leading to ways to control it at
Pickering and later reactors.
The first approach to field reduction, which was the easiest
to implement, was to add substantially more HTS purification
capacity to remove particulate material. Then, a series of thermal
shocks and chemical shocks in combination with reactor shut
downs were administered over a period of several months by
varying the coolant temperature, and by stopping hydrogen ad
dition or adding oxygen, and then restoring reducing conditions
by adding hydrogen again. This released large amounts of corro
sion products, which were removed by the filters, and reduced
the steam generator radiation fields by a factor of about four.
The longer-term approach to radiation field reduction was to
develop a decontamination process - that is, a method to dis
solve the corrosion products and remove them from the system.
Existing decontamination processes required concentrated so
lutions of chemicals and were deemed to be impracticable for a
heavy-water system. If the chemicals were added to heavy wa
ter, it would be difficult and expensive to recover all the heavy
water after the decontamination. If ordinary water solutions
were to be used, then the heavy water would have to be displaced
by ordinary water, since the fuel had to remain immersed to
remove the heat of radioactive decay, and this displacement
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operation would result in excessive heavy-water upgrading
costs.
Over a period of five years, a suitable process was developed,
tested in an NRX loop and then in NPD, and finally applied to
Douglas Point in 1975. Known as the CANDECONO process, it
uses a dilute solution of organic acids to dissolve the metal oxides,
and chelating agents to complex the metal ions and promote the
dissolution. The reagents are added to the heavy water and the
solution is recirculated through a temporary purification system
containing cation exchange resin, which removes the metallic
ions and regenerates the acid. Finally, the reagents are removed
by mixed-bed ion exchange resins. Thus, the corrosion products
and their associated radioactivity are transferred from the HTS
system surfaces to beds of ion exchange resin. Equipment for
handling and storing this resin is already part of each CANDU
station. The decontamination of Douglas Point reduced fields as
sociated with the carbon steel piping by a factor of six.
The CANDECON process was also successfully applied to the
CANDU-BLW at Gentilly. The process has been licensed to
industry and used to decontaminate parts of various light
water reactor circuits. Decontamination of the whole HTS of
any other CANDU reactor after Douglas Point has not been
necessary, because of the much better control of activity trans
port, as described below. The feeder pipes of the Pickering units
were decontaminated using a modified CANDECON process,
to reduce radiation exposure during retubing.
Activity transport occurs in all water-cooled reactors. By the
mid-seventies there was a substantial international R&D effort
devoted to elucidating the controlling mechanisms. The work in
Canada, led by AECL, was well in the forefront of this effort.
An obvious requirement in material selection for the HITS
became its cobalt content. A limit was set for cobalt in carbon
steel of 60 mg/kg. The evolution in steam generator tubing from
Monel to Inconel to Incoloy was largely to reduce the release of
cobalt to the coolant; the allowable cobalt concentration in these
alloys was set at 150 mg/kg.
Fundamental studies of equilibria at metal surfaces in high
temperature water (see chapter seven) and loop studies of mass
transfer rates led to the development of an overall model of the
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activity transport process that encompassed the roles of both
corrosion-product particles and species in solution. This model
allowed prediction of the growth of radiation fields, and gave a
means to assess the effects of changes on the rate of increase of
these fields. For example, an optimum pD was defined that
minimized transport, and the need for close control limits on
that pD (10.9 to 11.4) was demonstrated.
Corrosion-product particles were found to play an important
role in activity transport even when their concentration in the
coolant was very small. Therefore, filtration was studied exten
sively as a means of reducing the rate of radiation field growth.
To be effective, such a filter must handle a high flow rate, much
higher than the flow in the HTS purification system, where the
heavy water is cooled down so that ion exchange resins can be
used. Therefore, these new filters must operate hot. Two types
were developed to the stage of successful pilot tests at NPD: a
deep bed of graphite particles, and a bed of steel balls placed in
an electromagnetic field to trap magnetite, which is weakly
magnetic. However, both were considered to be too expensive
to include in a large CANDU reactor system, and with the low
rates of activity transport achieved in Bruce A and later
CANDUs they were deemed to be unnecessary.
All this effort on activity transport involved AECL Power
Projects and Ontario Hydro as well as the research groups at
Chalk River and Whiteshell. The good communication that this
fostered meant results were quickly applied in design and op
eration, and occupational radiation doses at CANDU stations
after Douglas Point have been low. A convenient measure is-the
total dose integrated over the station staff for a year, divided by
the total electricity produced, expressed as millisieverts per
electrical megawatt-year (mSv/MW.a). Up to 1985, the occupa
tional dose has been typically 5 to 6 mSv/MW.a at Pickering A,
and about 2 mSv/MW.a at Bruce A and the later CANDU sta
tions'. Compared with light-water reactors over the period
1980-85, the average total occupational dose due to corrosion
products at CANDUs was a third of that at pressurized heavy
water reactors (PWR) in Japan or Germany, and a sixth of that
at PWRs in the United States. However, using similar philoso
phies for material selection and chemistry control as those just

described for CANDUs, many of the latest PWRs are also expe
riencing very low radiation fields and therefore low total doses.
The average individual dose to workers at Canadian nuclear
power plants has tended to decrease over time, from around 15
mSv/a in 1970 to about 5 mSv/a in the early eighties.
HEAVY-WATER UPKEEP
Essential objectives of the CANDU I-TS design are low heavy
water leakage and efficient recovery of this leakage, so that
heavy-water losses are very low. Heavy-water upkeep com
prises this recovery, restoring the recovered heavy water to re
actor grade, and the replacement of losses. Early in the CANDU
program a target was set for a heavy-water upkeep cost of no
more than 5 percent of the cost of electricity. This translated to
a loss rate of less than 0.5 kg/h, and a recovery and upgrading
cost roughly equivalent to the cost of that make-up rate.
Joints, seals, valves, pumps, heat exchangers, steam genera
tors and fueling equipment are all potential sources of leakage.
Much of the leakage is heavy-water vapour which can be recov
ered by drying the air in the rooms containing the heavy-water
equipment. However, the secondary side of steam generators
and heat exchangers contains ordinary water, and its leakage
into the same air can downgrade the recovered heavy water.
Such downgrading is inevitable, although its extent can be
controlled by good design and adequate maintenance. The recov
ered heavy water is restored to reactor grade (99.8 percent heavy
water) by distillation, and packed distillation columns for this
purpose, supplied by Sulzer Bros. (Switzerland), have been in
stalled at each CANDU station (except NPD). In addition, Ontario
Hydro had a large, multicolumn unit (using sieve trays rather
than packing) installed by Lummus at Pickering, to provide ad
ditional upgrading capacity for their nuclear system. Heavy
water distillation is discussed further in chapter seventeen. At
Chalk River, a large electrolytic unit (see chapter two) has been
used to upgrade water recovered at the research reactors and
These doses include the contribution from tritium, which is about one
quarter of the total.
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NPD, and to supplement upgrading capacity at Douglas Point and
Gentilly-1; it also has provided a contract upgrading service for
non-AECL reactors when required.
Heavy-water upkeep cost was high initially at NPD. Modifica
tion or replacement of leaking components, improvements to
sealing of the reactor vault and heavy-water equipment rooms,
and improvements to the dryers brought the cost down sub
stantially. By 1970, losses were only 0.3 kg/h and the efficiency
of recovering heavy-water leakage was 96 percent.
In the design of Douglas Point the assumption was made that
the HTS could be made leak-tight and kept in that condition.
This proved to be much too optimistic, at least with the compo
nents selected for its construction. There was little segregation
of heavy- and ordinary-water systems, so that heavy water recov
ered from the boiler room was severely downgraded. During the
early years of operation, the systems were modified to provide
some segregation. Rooms were sealed and dryers were added.
Severe leakage was experienced from packed-stem valves and
flanged pipe joints. Even when this was reduced; the total upkeep
cost was about six times higher than the target.
This experience at NPD and Douglas Point led to various meas
ures to reduce heavy-water upkeep costs that were applied in the
design of Pickering and later reactors. Heavy-water and ordinary
water systems were segregated as far as possible, and light-water
valves, joints, pumps and other leak-prone equipment were ex
cluded from heavy-water areas. Those parts of buildings contain
ing heavy-water equipment were sealed and ventilation flow was
minimized; the air within these areas was continually circulated
through dryers and all air exhausted from here was also dried
before discharge. The number of mechanical joints and valves
was drastically reduced - e.g., there were 2,000 packed valves in
heavy-water service at Douglas Point and only 170 per reactor at
Pickering -and those selected were of high quality. Welded joints
were used extensively, even ifit meant cutting pipes in future to
replace or repair components. Pump shaft seals, heat exchanger
flanges and large valve stems were fitted with two seals, so that
heavy-water leakage into the interspace between the seals could
be recovered in a closed heavy-water collection system for direct
return to the HTS.
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The early NPD and Douglas Point experience also led to an
extensive R&D program on many aspects of heavy-water up
keep. The most significant efforts were in dryer performance,
improved packed valves, steam generator tube integrity, leak
detection and leak location.
To provide design data for the air-drying systems, several
desiccants were tested, and it was quickly shown that molecu
lar sieve (a porous alumino-silicate) appeared best for this
heavy-water recovery operation. It absorbed water efficiently
and reduced the dew point of the treated air to about -300 C. The
drying system adopted contained two parallel beds of granular
desiccant; when one approached saturation, the flow of air be
ing dried would be switched to the second bed, while the first
would be regenerated. In regeneration, the water would be
desorbed by a reverse flow of heated air recirculated through
the bed and a condenser to recover the water. Optimum condi
tions for regeneration and recovery were determined experi
mentally. Probably the most important insight to come from the
analysis of dryer system design was the advantage of using deep
beds of desiccant, rather than the shallow beds normal in con
ventional air-drying practice. The cost of the extra desiccant
required in a deep bed was more than offset by the greater flex
ibility in drying cycle length and the insurance excess capacity
provided for handling periods of high heavy-water leakage.
Although the use of double packing for valve stems (referred
to above) substantially reduced the leakage of heavy water into
the air of rooms containing the HTS, this in itself was not a so
lution to the problem of leakage past valve packings. In the ini
tial years of Pickering's operation, leakage past the primary
packing on a valve stem increased each time the valve was ac
tuated. Eventually, the heavy-water collection system would be
overloaded and some leakage past the secondary packing might
occur. To counter deteriorating valve performance, compression
of the packing had to be increased by tightening the packing
gland nuts, or the valve stem had to be repacked. The result was
excessive valve maintenance requirements.
An R&D program at Chalk River examined the factors' that
control leakage past packings. Major contributors to leakage
were shown to be packing porosity and insufficient packing
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compression. Low-porosity packing materials were identified,
such as graphite-impregnated woven asbestos. The compressive
force on the packing was found to decrease with valve actua
tion, due to packing wear and consolidation. If the compressive
force was not restored, leakage led to erosion of the packing and
further deterioration.
The solution developed in the laboratory was to apply the
compressive force to the packing through a spring-loading
arrangement that provided sufficient stored energy to maintain
a constant force, despite the wear and consolidation of the
packing. In effect, these "live-loaded" valves behaved like
conventional valves that were having their gland nuts con
tinually adjusted (see figure 14.1).
FIGURE 14.1

Live-loaded Valve Packing Arrangement

TYPICAL 25.4 mm GLOBE VALVE
WITH CONVENTIONAL
PACKING

When live-loading was added to the HTS valves in Pickering
in 1973, leakage past packing was greatly reduced, but more im
portantly, valve maintenance time was cut. by a factor of more
than one hundred. An annual savings in maintenance costs at
Pickering of $1 million was achieved. This technology was trans
ferred to industry and used at all subsequent CANDU stations.
The steam generators contain a very large area of thin-walled
tubing, which separates the heavy water of the HTS from the
ordinary water of the steam cycle. In a Pickering reactor the
total surface area of this tubing is 24,000 square metres. The
heavy water is at a greater pressure than the steam cycle water, so
there is no danger of dilution of the HTS should there develop
any defects in the tube walls or leaks at the welds that seal the
tubes to the tube sheet. However, out-leakage
of heavy water through such defects could be
a major source of heavy-water loss. We will dis
cuss tube integrity later; here we are concerned
with the detection of such leaks before a major
"1 ZX I))
loss can occur.
To detect the leakage of heavy water into the
steam cycle water, or into the cooling water of
heat exchangers in the HTS or the moderator
system, on-line monitors were developed.
Techniques for measuring heavy-water
concentration by infrared absorption spec
trometry were developed at Chalk River
around 1960 (see chapter seventeen). A labo
U
ratory version of an on-line infrared monitor
was developed to determine concentrations in
the 100 to 200 parts per million range, suitable
for detection of heavy-water leaks into ordi
nary water (which contains about 150 ppmn
heavy water). The sensitivity was one part per
million which, in most situations, would be
equivalent to a leak rate of the order of 0.3 kg/
h. The infrared technique does not give an
absolute concentration, so the instrument had
TYPICAL 25.4 nmmGLO)BEVALVE
WITHUVE-LOADED
PA
ACKING
to be calibrated frequently against a reference
water sample. This technology was developed
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into an engineered process instrument by Barringer Research
Limited.
Two of these instruments were installed at each of the
Pickering A reactors - one for sampling the twelve boilers and
one to handle the various cooling water samples. They were
soon abandoned, because the sample systems proved to be
prone to flow blockage, and inadequate sample purification
made any measurements unreliable. Instead, Pickering opera
tors relied on manual sampling of the various boiler water and
cooling water streams on a weekly basis. This was a costly les
son that an instrument of this complexity cannot simply be in
stalled and hooked up to a standard sampling system; instead,
an overall integrated engineered system is required.
An intensive development program to improve the reliability
of these leak-detection systems was undertaken at Chalk River.
Much-improved sample purification methods were defined,
and the design of the purification units was tailored to each
application. The operating and environmental parameters for
good instrument performance were defined and a sound main
tenance strategy was developed. Prolonged testing showed that
the detection sensitivity was limited to a few ppm by instru
ment stability and noise.
This improved leak detection system was demonstrated at
NPD and eight units were installed in the four Bruce A reactors.
These have operated satisfactorily. In the first two years of op
eration, four major leaks were detected, ranging from 3 to
14 kg/h. Similar systems have been installed in the other
CANDU reactors, and those at Pickering A have been refur
bished and recommissioned. AECL and Barringer developed an
improved infra-red monitor that is simpler and more reliable,
requiring much less maintenance.
An alternative to the infrared monitor was also developed at
Chalk River. It determined heavy-water leakage by measuring
the tritium concentration in steam generator water or cooling
water using a plastic scintillator to detect the low-energy beta
particles emitted. Under laboratory conditions a sensitivity
equivalent to an increase in heavy-water concentration of
0.1 ppm seemed possible (except during the first few months of
reactor operation, when the tritium content of the heavy water
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would be low). However, in field use, this sensitivity was found
to deteriorate rapidly, because of fouling of the scintillator. A unit
installed at NPD was compared with the improved Barringer in
frared monitor during a steam generator tube leak. The tritium
in-water monitor had a considerably lower sensitivity and its
calibration was less stable.
Two types of area monitors have been used to alert operators
to significant increases in heavy-water leakage into the various
parts of the reactor building: tritium-in-air detectors using ioni
zation chambers developed at Chalk River and conventional
hygrometers.
A variety of leak-location instruments were developed that
have had varying degrees of success at CANDU stations.
Amongst those that proved to be practical were ultrasonic de
tectors attached to the fueling machine, to locate leaking end
closures on fuel-channel end fittings, and portable monitors to
measure tritium or moisture.
The measures taken in the design of Pickering to achieve low
heavy-water upkeep costs were generally successful. In the pe
riod 1971-75, the overall average upkeep cost was only 40 percent
above the target figure, that is about 7 percent of the cost of
power. However, as further improvements were made, the up
keep cost was brought down to.the target of 5 percent of the cost
of electricity. By 1983, the average heavy-water upkeep cost for
the three Ontario Hydro stations then operating was less than 4
percent of the cost of electricity, well within the target set in 1964.
The severe requirement of containing heavy water imposed
a discipline on attaining excellence in design, fabrication, in
stallation and operation that not only achieved a satisfactory
degree of leak-tightness, but has contributed to the overall high
capacity factor that has characterized CANDU performance.
TRITIUM CONTROL
Tritium accumulates in the heavy water until it reaches a steady
state, where the production rate equals the loss rate by decay,
leakage and removal. In the coolant its concentration is gener
ally limited to less than I mg/kg (<1.4 Ci/kg) by the low pro
duction rate, because of the low residence time in the neutron
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flux, and the replacement of losses with fresh heavy water. On
the other hand, in the moderator the concentration could ap
proach 50 mg/kg (70 Ci/kg) after many years of operation. This
water would be extremely hazardous to handle. This possibil
ity led Ontario Hydro to decide in the late seventies to build a
tritium removal plant at Darlington, to control tritium concen
trations in all their heavy water. The plant began operating in
1987. Meanwhile, a program of moving moderator water from
the oldest reactors to a number of newer reactors kept tritium
concentrations below 25 mg/kg.
Low heavy-water leakage and the dry conditions in the reac
tor building achieved by efficient dryer performance limit ex
posure of staff to tritium ingestion. In situations where tritium
concentrations in air are high, or risk of contact with liquid
water exists, protective clothing and hoods with external air
supply are used. The radiological hazards, the effectiveness of
protective clothing, and tritium monitoring are discussed in
chapter three.
By the mid-seventies, at Pickering, the occupational dose
from tritium had risen to a third of the total dose. Concern that
the tritium dose would continue to rise also contributed to the
decision to build the tritium removal plant; it spurred improve
ments to the control of heavy-water leakage, and changes to the
air-flow patterns within the reactor building, to move tritium
away from work areas. Improved work procedures were also
implemented, to reduce the potential for exposure. The result
was a reduction in occupational dose due to tritium from about
2.5 mSv/MWa in 1976 to 1 mSv/MWa in 1981 at Pickering. At
the newer CANDUs this dose has generally been about 0.5 mSv/
MW.a.
The Ontario Hydro tritium removal plant is based on Swiss
and French technology. The tritium is transferred from the
heavy water to a stream of deuterium gas using a vapour-phase
catalytic exchange process,6 and then pure tritium is separated
from the deuterium by cryogenic distillation. At the time this
plant was committed, AECL was developing a much simpler and
cheaper liquid-phase catalytic exchange process for the first step,
but it was still at the laboratory stage - see water-hydrogen ex
change in chapter seventeen. A tritium-extraction pilot plant

was built at Chalk River using this new process and cryogenic
distillation, to demonstrate the process and to remove tritium
from AECL heavy water. However, with the shutdown of NPD
and Douglas Point, the need for AECL detritiation capacity has
decreased substantially, and this, combined with additional ex
penditures required to prepare detailed licensing documents,
resulted in the pilot plant being mothballed.
Once it was decided to extract tritium from reactor heavy
water, it became necessary to develop techniques for its safe
storage. Chalk River developed the expertise to handle pure
tritium and the technology for its storage as titanium tritide;
this technology was put into practice at the Darlington tritium
extraction plant. The tritium handling expertise at Chalk River
has subsequently been applied to developing technology for
fusion reactors. This program, together with Ontario Hydro's
extensive experience with tritium, forms a major part of the
activities of the Canadian Fusion Fuel Technology Project - see
the national fusion program in chapter nine.
STEAM GENERATORS
In a CANDU 6 station there are four steam generators, each with
a capacity to transfer 525 MW of heat. Figure 14.2 illustrates the
main features of one of these units. Twenty metres in overall
height, the unit consists of three main sections: a steam-water
separator, the two-metre diameter shell containing the bundle
of 3,550 tubes, and the hemispherical bottom head for heavy
water entry and exit. Each U-bend Incoloy-800 tube is twenty
metres in length and 16 millimetres in diameter, giving a total
area of about four-thousand square metres (about one acre) to
transfer heat from the hot heavy water within the tubes to the
boiling water within the shell. Since even a pin-hole size leak
would lead to an unacceptable heavy-water loss, a major concern
6Tritium

occurs in heavy water as the DTO molecule. The exchange re

action, DTO + D2

->

D20 + DT, provides a low concentration of DT

in D2 for cryogenic distillation. A further exchange reaction, 2DT ->
D 2 +T 2 , allows pure T2 to be recovered. It can be marketed for fusion
research and for tritium-luminescent devices, such as exit signs.
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FIGURE 14.2
600 MW Steam Generator

1. Steam Outlet Nozzle
2. Secondary Steam
Cyclones
3. Primary Steam Cyclones
4. Chemical Feed Nozzle
5. Downcomer Annulus
6. Emergency Water
Supply Nozzle and
Header
7. U-Bend Supports
8. Tube Bundle
9. Tube Support Plate
10. Back-up Supports
11. Observation Port
12. Blowdown Nozzle
13. Divider Plate
14. D2 0 Inlet Nozzles

15.
16.
17.
18.
19.
20.
21.
22.

Base Support
D 2O Outlet Nozzle
Baffle Plate
Preheater
Lateral Supports
Water Level Control Taps
Manway
.Feedwater Nozzle
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is to achieve and maintain a very high degree
of tube integrity. The tubes are rolled into the
thick tube sheet at the bottom of the shell and
welded to give 7,100 seals separating ordinary
and heavy water. The spacing between the
tubes in the bundle is maintained by a number
of tube-support structures, which contain
openings for each tube to pass through.
The design of the CANDU steam generator
has evolved from the rather small units at
Pickering - twelve per reactor, each about 160
thermal MW - to the largest at Darlington

four per reactor, each 730 thermal MW.
Steam generators in fossil-fueled (coal, oil or
gas) power stations have a long history of de
velopment and increasing sophistication in
design. However, the steam generator for a
nuclear station is quite different, since the
heat source is hot water within the tubes,
rather than a high-temperature flame external
to the tubes. Boiling in the nuclear unit occurs
outside the tubes, resulting in precipitation
and deposition of solids within the tube bun
dle, especially in the region immediately above
the tube sheet. The chemical conditions
within such deposits and sludge determine the
environment within which the tubes and their
rolled joints must survive.
Corrosion was clearly a major concern in
the design and operation of steam generators.
Initially, studies focused on pitting and crack
ing due to chemicals that might concentrate in
the boiling water. The condensed steam is re
turned to the steam generator through a series
of feedwater heaters, where corrosion prod
ucts may be picked up and carried forward to
accumulate in the steam generator. On its way,
the feedwater is deaerated, to remove the bulk
of oxygen picked up in the condenser (from air
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in-leakage), and hydrazine is added to destroy the remaining
traces of oxygen. Any leakage of condenser cooling water into the
condensate will introduce impurities such as sulfate, chloride and
organics. Chloride in-leakage from sea water cooling can lead to
severe problems and must be monitored carefully. For CANDU,
this situation arises only at KANUPP, Point Lepreau and Wolsong.
Within the steam generator, impurities such as sulfate or
chloride can produce aggressive acidic conditions as they are
concentrated. However, from fossil-fueled steam generator
technology, it was expected that this could be controlled by
adding sodium hydroxide and sodium phosphate, and control
ling the degree of alkalinity.
Studies were performed at Chalk River in small model boil
ers that could duplicate the effects of concentrating impurities
on tube corrosion, especially in the crevice formed between the
tube and the tubesheet. Monel was found to be tolerant of a
wide range of chemistry conditions, and could be expected
to give satisfactory service at Pickering. However, with the
preferred alloys, Inconel-600 and Incoloy-800, used in the
later reactors, there was some cracking in concentrated alkaline
solutions. Therefore, an "all-volatile" treatment system for
steam generator water was recommended. In this system, an
organic amine is added, to provide the desired degree of alka
linity, but it is sufficiently volatile that it does not concentrate
in the steam generator. This system is used at Pickering, Bruce,
Darlington and the CANDU 6 stations, except Point Lepreau,
which uses alkaline phosphate. Since there is no buffering ac
tion, which the alkaline phosphate provides, the all-volatile
treatment requires stringent monitoring of cooling-water impu
rity ingress. When this is detected above the tolerable level, the
station must shut down to plug the leaking condenser tube. An
alternative is to provide for full-flow purification of steam gen
erator feedwater, and this was adopted for Point Lepreau.
AECL has made an extensive fundamental study of the
chemical species produced when steam generator water con
taining impurities from cooling water in-leakage is concentrated
in crevices or deposits of corrosion products. The results can aid
CANDU station staff to assessthe level of risk to the steam gen
erator posed by a given in-leakage occurrence.

These corrosion and chemistry studies, centred at Chalk
River, have also involved Ontario Hydro research division and
others in Canada, and have been paralleled by a large interna
tional effort focused on PWR steam generators. Collaboration
and open exchange of results helped to define problems and
their solutions quickly. For example, when unexpected crack
ing on the tbe interior (coolant side) was reported in regions
of high stress in Inconel tubes in some light-water reactor steam
generators, Incoloy (shown to be immune from such attack) was
selected for the CANDU 6 units and Darlington.
The steam generator is provided with a drain line, so that the
concentrated solution and accumulated sludge of corrosion
products can be removed. This process is known as blowdown.
It has controlled soluble impurities, but has been much less suc
cessful in controlling sludge, because the small size and limited
number of blowdown lines constrain their effectiveness to local
areas of the tube sheet; in addition, the sludge tends to consoli
date in a mass that adheres to the tube surfaces. Although satis
factory chemical control has generally been maintained, sludge
accumulation has become a problem, promoting corrosion and
distorting hydraulic flow patterns. Deposits of corrosion prod
ucts on the tube walls, both from the boiling water outside the
tubes and from the heavy water inside (iron transport), have
recently limited the overall heat transfer rate in some steam gen
erators. Mechanical cleaning with high-pressure water jets has
had some success in removing sludge, and recently chemical
cleaning methods have shown promise.
When a steam generator tube fails, it becomes necessary to
locate that tube and then plug the ends so that operation can
continue. The leaking tube is readily located using a dye such
as fluorescein. However, it is necessary to find the position of
the failure along the tube and characterize it. Then adjacent or
similar tubes can be inspected for defects (pits and incipient
cracks), to determine their fitness for continued operation.
AECL has devoted a large effort to improving eddy current tech
niques for this task, and to increasing the eddy current probe
sensitivity to a considerable degree. The eddy current probe
produces a varying magnetic field, which induces electric cur
rents in the tube; changes in the shape of the magnetic field are

Heat Transport System

detected, which can be correlated with defect size and shape.
These techniques have also proved useful for inspecting heat
exchanger tubes, and they have been applied on a commercial
basis both in the nuclear industry and elsewhere (e.g., the
chemical industry).
Although steam generator tube failures have for the most
part been due to corrosion, a number of mechanical failures due
to vibration and fretting have also occurred. The potential for
such mechanical damage was recognized from the beginning
and a program to study these phenomena was begun about
1970.
The objectives of this work were to avoid flow-induced vi
bration, to understand vibration failure mechanisms (mainly
fretting between a tube and the tube-support structure), and
to provide guidance for steam generator design, modification
and repair. This required the development of technology in
the areas of thermalhydraulic analysis, vibration excitation
mechanisms, multi-span tube dynamics and fretting-wear
damage behaviour. The ultimate goal was a fretting-wear pre
diction capability.
A computer code was developed to perform a comprehensive
three-dimensional thermalhydraulic analysis, to predict flow
velocities and steam fractions at all points in the steam genera
tor. This code has been used to suggest design changes to elimi
nate regions of high velocity that could lead to excessive tube
vibration, and to assess stagnant regions prone to concentrate
impurities. It has been important for modelling the deleterious
effects of deposition on flow distribution and velocities.
There are three mechanisms of flow-induced vibration exci
tation: periodic wake shedding, random turbulence, and fluid
elastic instability. The latter is the most important, setting a
maximum velocity for stable operation. Extensive laboratory
tests for many geometries and special situations typical of
CANDU tube bundles have been done using liquid and two
phase cross-flow and parallel flow. The resulting data allow
calculation of tube vibration amplitude and frequency, and re
action forces at points of support, for any steam generator de
sign. Damping of the vibration by liquid films between the tube
and the support structure are also important in this assessment.
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When deposits impede this damping, vibration may be in
creased; this appears to have been the case recently in some
Bruce A steam generators, leading to fatigue cracks in the U
bend region, which caused tube failures.
The reaction force times the sliding distance of a tube rub
bing on a support defines a work function that can be correlated
with fretting damage. A.long and laborious series of tests were
conducted to measure the very low fretting rates (10- im/h) that
are consistent with a thirty-year tube life. A range of forces,
clearances, vibration frequencies and tube arrangements were
studied at steam generator operating conditions in special high
pressure autoclaves. Reproducible results were elusive for many
years; however, with improved experimental techniques it has
now been possible to obtain satisfactory data.
Thus, reliable predictions of fretting wear can be made for
operating steam generators, or for new designs. This technology
has also had many useful applications to heat exchangers
through commercial contracts.
In 1986 the performance of CANDU steam generators was
reported to be excellent. Only 35 tubes had failed out of 506,000
then in service. This failure rate was a factor of one hundred
lower than the average failure rate for all PWRs to that date.
However, by 1992 several thousand tubes had failed and been
plugged in CANDU steam generators, mainly in Bruce A, unit 2
and Pickering B, unit 5; only half of the operating CANDU re
actors had fewer than ten steam generator tubes plugged, in
cluding five with none.-More recently, further CANDU steam
generator tube failures have occurred. This deteriorating per
formance is the result of accumulated sludge and tube deposits
where corrosion can occur, coupled with the generation of an
aggressive environment during sporadic periods of inadequate
water chemistry control.
As we have seen, a complex interaction of mechanical design,
materials selection and operating chemistry determines steam
generator performance. Early recognition of this interaction,
extensive chemical and corrosion studies, and good communi
cation amongst the R&D groups, designers, manufacturers and
operators were intended to achieve highly reliable CANDU
steam generators. Key factors were proper material selection,
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good design, good quality assurance, full control of fabrication
procedures, and rigorous control of water chemistry during
operation. Unfortunately, the latter three factors were not fully
achieved with every steam generator.

FIGURE

14.3

Heat transport system pump for CANDU reactor service

PUMP SEALS
The HTS pumps are vertical, electric-motor-driven centrifugal
units (see figure 14.3). The seal between the shaft and the pump
body is provided by two or three mechanical seals in series.
These are end face seals, in which'the upper flat surface of a
thick ring attached to the shaft and the lower surface of a simi
lar ring attached to the pump cover form a thin radial gap. A
small flow of cool heavy water radially through the gap across
the seal faces, which are almost in contact, provides lubrication;
this water goes to the collection system. Pump speed is thirty
revolutions per second. Pump rating has increased from
0.4 MW (500 hp) at NPD to 8 MW at Bruce, with a correspond
ing increase in physical size.
The mechanical seals form a package that can be replaced by
removing the space coupling (see figure 14.3) between the
motor and pump shafts. One of the seal rings has a flexible
mounting allowing axial movement, but controlling tilt and ec
centricity to very small tolerances. Hydrostatic forces then hold
the faces close together, but also maintain a thin lubricating film
of heavy water flowing to the collection system. The rotating
face is a hard material, tungsten or titanium carbide, and the sta
tionary face is a soft carbon-graphite composite. The essence of
good seal design is to achieve a balance of forces acting on the seal
that provides a very thin (a few micrometers), stable lubricating
film under all operating conditions. Work at AECL in the mid
sixties showed that a slightly tapered face on one seal component,
giving a gap that converges in the direction of flow, is essential
for stable lubrication. When the seal is unpressurized, springs act
on the flexible seal component to keep the gap closed.
Reliable pump performance is essential to achieving high re
actor capacity factor. This objective was achieved through redun
dancy in the number of pumps in early stations: two operating
and one standby at NPD, eight operating and two standby at

FLANGE
GASKET

TYPICAL PUMP SHAFTASSEMBLY
Douglas Point, and twelve operating and four standby at
Pickering. For Bruce and later CANDUs, four operating
pumps were provided with no standby, reflecting increased
confidence in pump and pump seal reliability. Using several
seals in series within the seal package not only increases seal
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FIGURE

14.4

Bruce Pump and Motor on Test Stand at Byron-Jackson
Canada, Scarborough, Ontario

lifetime by lowering the pressure drop across each one, but
allows satisfactory operation with one failed seal, so that its
replacement can usually be delayed until a scheduled reac
tor shutdown.
Early experience at NPD and Douglas Point made it clear that
pump seals would require significant engineering development.
Initially, seal life at NPD was only a few hundred hours before
heavy-water leakage to the collection system became too high.
Rubbing wear was followed by substantial erosion-corrosion
due to the high leakage velocities. The main cause of seal failure
was found to be adverse deflections and warpage of the seal
faces. Seal performance was further impaired by gas coming out
of solution at the seal faces, but this was readily corrected by
venting and improved degassing of the heavy-water coolant. At
Douglas Point, a close-clearance bushing was the primary seal,
with an end-face seal as backup. However, there were still many
problems during the first year of operation. In both reactors,
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seal wear resistance was achieved using a cobalt-alloy facing,
and this led to cobalt contamination of the HTS.
An aggressive program to develop improved designs and
materials was begun. AECL Power Projects identified sintered
titanium carbide as their preferred material for erosion and wear
resistance, using this as the rotating seal face in the develop
ment of a novel elliptical seal design. Effort at Chalk River fo
cused on controlling face deflections and enhancing lubrication
by various hydrodynamic and hydrostatic features. Through
contracts with Dilworth, Secord, Meagher and Associates, an
other new seal design was developed. This and the elliptical seal
in a two-stage arrangement were retrofitted to the NPD pumps;
by 1971, seal lifetime had been extended to about three years.
An elliptical seal was also substituted for the backup seal in the
Douglas Point pumps, similarly improving their reliability.
Testing of Pickering pump seals began at Chalk River in
1971. By this time, the pump manufacturer, Byron Jackson (B),
had adopted and standardized on titanium carbide and carbon
graphite as the two materials for their seals, with much
improved results in American boiling-water reactors. This de
sign was chosen for installation in Pickering A in equal numbers
to NPD-type seals developed by AECL. Testing of both helped
Chalk River to identify the critical dimensions, degree of flat
ness and other factors in seal installation and maintenance that
station staff must achieve for good seal performance. The BJ
seals eventually performed better, attaining an adequate aver
age life of about three years, and the NPD-type seals were
phased out. Although there have been several hundred seal fail
ures at Pickering A and B over the period 1970-90, they have
had little impact on reactor reliability, because four of the six
teen pumps in each unit are spares.
In preparation for developing the large Bruce A pumps, BJ,
their manufacturer, installed a facility (see figure 14.4) to con
duct the full-scale pump proof tests required by their contract.
Seal problems soon arose because of the size increase over
Pickering: 187 mm in diameter instead of 130. This was poten
tially disastrous for the reliability of Bruce, because of the bold
commitment to only four pumps per unit, with no installed
spares. Pump delivery was stalled in 1972 until proof tests could
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be completed successfully. By now, the Chalk River develop
ment work had reached the stage where detailed analysis of seal
component deformation due to pressure and thermal effects (us
ing finite-element techniques) could be done accurately. This
allowed the design of a seal that remained dimensionally stable
and was compatible with the Bruce seal cartridge. Once tested
at Chalk River to AECL's satisfaction, the seal and its design and
manufacturing information were supplied to BJ.7 Its success in
allowing the pump proof tests to be completed was outstanding,
and well appreciated by BJ. The decision was made for BWto
supply both the AECL design and an improved version of their
own for equal installation in Bruce A. The former proved to be
superior, and have been used (with further improvements) in all
subsequent CANDUs. This AECL seal design has successfully
met the target of a five-year life.
With Bruce B and Darlington planned, Ontario Hydro
decided they needed additional full-scale pump test capa
bility. A facility was built at their research centre for accept
ance testing and for further investigation of pump and seal
performance.
At Chalk River, dynamic studies of the effects of misalign
ment and eccentricity have defined the tolerable levels of these
inaccuracies, and led to improved design criteria. Detailed

computer models for predicting seal performance have enabled
further evolution in the AECL seal design, so that it is almost in
sensitive to temperature and pressure transients.
The development program has been essential in establishing
stringent quality control in seal manufacture, installation and
maintenance. It has demonstrated the importance of highly
trained pump seal maintainers, to ensure that each replacement
seal is correctly installed so that it performs reliably.
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Chapter Fifteen

Safety Research and
Development
R.E.

GREEN

INTRODUCTION

The safety of nuclear reactors has been a matter of major interest from the be
ginning of Canada's nuclear program. Reactor-safety philosophy, and its appli
cation to the research reactors, are discussed in chapter four. The safety-related
research and development (R&D) activities relevant to the CANDU power reac
tor system are described in this chapter.
CANDU power plant design and the related safety philosophy have evolved
in parallel over a period of about forty years, and continue to evolve today. For
the first power plants, NPD and Douglas Point, the designs were based on well
established physical principles and engineering judgement, and included large
factors of safety, consistent with the newness of the technology and the lack of
operating experience. However, in many areas, particularly those related to
safety, the engineering judgement was backed up by laboratory experiments
and larger-scale engineering tests. The successful operation of these first plants
encouraged the designers to propose the construction of much larger units (to
benefit from economy of scale), having greater fuel-channel powers, thereby
improving the overall competitiveness of the CANDU concept vis-A-vis other
nuclear-reactor concepts, and other electricity-generating sources.
The CANDU designers and the researchers both realized that for the larger,
more complex commercial plants more information would be needed on how
the various plant systems would behave, both at normal operating levels and
during various postulated accidents, to ensure that the plants were safe and
posed no significant threat to the public and the environment. They also real
ized that the regulatory agency, the Atomic Energy Control Board (AECB),
would require more accurate information on the safety margins and on the
possible consequences of various accident scenarios, since these new plants
represented a greater potential hazard because of their increased size with larger
fission-product inventory, and their higher fuel operating temperature associ
ated with higher channel power. Another important factor was that one of
the large commercial units (Pickering) was to be located near a large city
(Toronto).
In the early days (the late fifties and early sixties) of the nuclear power
program, safety analysis dealt mainly with the consequences of the failure
of individual critical process systems and/or pieces of equipment, as iden
tified during the design process. However, as the program developed and
the plants became larger, more attention was paid to dual failures, situations
that could occur much less frequently but could have much greater conse
quences. One impetus for increased interest in these low-frequency events
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was a study' carried out for the United States Nuclear Regu
latory Commission (USNRC) in the early seventies, which
showed, using very pessimistic assumptions, that the conse
quences of some very low-probability accidents were unac
ceptable. This led nuclear regulatory agencies around the
world to request more analysis of low-frequency accident sce
narios. These factors led to a large increase in the amount of
safety analysis required to support the application for a plant
operating licence. This trend to more detailed safety analysis
also coincided with the increased availability of powerful com
puting methods, which permitted extensive mathematical
modelling of the behaviour of plant components and systems,
both for normal operating conditions and for hypothetical ac
cident situations. This increase in systems analysis led to the
need for a larger, more comprehensive R&D program to pro
vide component performance data and system properties for
a wide range of conditions, required to define the parameters
used in the mathematical models.
Thus, reactor safety R&D programs all over the world ex
panded greatly in the seventies, and concentrated more and
more on investigating the consequences of low-frequency,
worst-case accident scenarios. This thrust for more detailed
safety analysis tends to be self-ratcheting; i.e., the more detailed
the model, the more questions that are raised, requiring more
R&D to answer them.
Before describing the evolution of the CANDU safety R&D
program, it is worthwhile to examine how safety is incorporated
into the design of CANDU power plants and how safety analy
sis has attempted to address the issues raised by the designers
and the AECB, since these factors have determined the scope
and depth of the safety R&D activities over the years.
ENGINEERING FOR SAFETY
From the outset, the CANDU designers had safety very much
in mind, and CANDU power plants have always been designed
to limit the release and transport of radionuclides from the
plant to the environment and, hence, to the public. The sources
of radionuclides in a CANDU plant are neutron-activated

impurities (e.g., corrosion products and other particulates) in
the primary coolant and the moderator, tritium (produced by
neutron capture in deuterium) in the coolant and moderator,
and fission products and actinides (heavy elements created by
successive neutron capture in the isotopes of uranium) in the
fuel. The designers made use of the inherent safety features of
the CANDU concept, and used multiple barriers to minimize the
release of such radioactive material to the environment.
The CANDU reactor has several inherent safety features, one
of which is the use of natural uranium as fuel. The inherently
low reactivity of natural uranium requires a reactor lattice
geometry near the reactivity maximum (to maximize fuel burn
up); consequently, lattice distortion or dispersion cannot cause
a significant increase in reactivity. The use of natural uranium
also means that there is only a small amount of excess reactivity
in the reactor core at any time, thereby reducing the likelihood
of a severe loss-of-regulation accident (LORA). Another safety
feature is the use of many small-diameter, high-pressure, high
temperature fuel channels surrounded by a large pool of
relatively cool (700C) heavy-water moderator at atmospheric
pressure. The cool moderator could serve as a heat sink during
an accident in which the emergency cooling system is impaired.
There are several barriers to the release of radioactive mate
rial from a CANDU plant to the environment. The first barrier
is the fuel itself. Since the fission products generated in the fuel
represent the bulk of the radioactive material in the plant, they
represent the greatest hazard. However, the uranium oxide fuel
0
is a ceramic material, with a high melting point (about 2,850 C),
and is relatively chemically inert in water or steam.
Radionuclides are created within the fuel during fission and
most remain trapped there. Virtually all of the solid and more
than 90 percent of the gaseous fission products are retained by
the uranium oxide at normal operating temperatures.
The second barrier is the Zircaloy sheathing in which the fuel
is contained. The sheathing is designed to withstand the
stresses resulting from uranium oxide expansion, fission-gas
pressure and external cooling-water pressure during normal
Described in the WASH-1400 report.
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operation, and the mechanical loads imposed by fuel handling.
Even if the sheathing were breached, there would be only a
minor release of fission products, unless the fuel were grossly
overheated. Thus, keeping the fuel from becoming overheated
prevents a potential danger from becoming a real one.
The third barrier is the heat transfer system, comprising the
pumps, boilers, fuel channels, and associated piping. This
sealed and monitored system is designed to a high standard of
quality, and can be counted on to perform reliably, to keep the
fuel cool, and to retain most of the fission products, for all of the
expected modes of operation and all of the accident scenarios,
except a loss-of-coolant accident (LOCA).
The fourth barrier is the containment system. In all Canadian
single-unit stations, the reactor and piping systems are enclosed
in a concrete structure designed to contain any radionuclides
released into it, while the multi-unit stations have a vacuum
building that serves essentially the same function for all of the
station's reactors. Dousing systems are also provided to rapidly
condense any escaping steam and to ensure that the contain
ment building pressure is kept within safe limits.
There is also an exclusion area (with a radius of about 1,000
in) surrounding each power plant. Public access to this area is
controlled, and the atmospheric dilution between the reactor
building and the boundary of this zone would reduce the con
centration of any fission-product release by a factor of at least
100. There is also emergency response planning and preparation
to protect the public, the operations staff and the facilities, in
the unlikely event of a release of radionuclides from the plant.
However, the CANDU reactor has a positive "void coeffi
cient", whereby a reduction in coolant density, or a loss of
coolant that results in voids in the fuel channel, results in an
increase in core reactivity, hence greater reactor power, which
tends to drive off more coolant. If unchecked, this positive feed
back process would result in a large increase in reactor power.
Safety shutdown systems are provided to ensure that the nu
clear reaction,. hence power generation, can be stopped when
required, even during accident situations. In all the CANDU
plants built in Canada after Pickering A, there are two com
pletely independent shutdown systems having short reaction

times, rapid insertion rates, and sufficient reactivity worths to
overcome the reactivity effect of any failure in any of the proc
ess systems. The Pickering A reactors also have two shutdown
systems, but one of these (moderator dump) is not as fast as the
systems in the more recent plants.
An emergency core-cooling system is also provided to refill
the primary coolant system and to provide cooling of the fuel
for an indefinite period after any loss-of-coolant accident. The
emergency cooling water is supplied from three sources: high
pressure water from storage tanks, medium-pressure water from
the dousing tank and at a later stage, if necessary, water recy
cled from the reactor building floor where it would have col
lected after leaving the reactor and dousing system.
SAFETY ANALYSIS
Before a CANDU power plant receives a licence to operate in
Canada, the designers, operators and the AECB must all be con
vinced that releases of radioactive material from the plant dur
ing various postulated accidents will not exceed levels pre
scribed by the AECB. To convince the AECB requires a detailed
assessment of the behaviour of the plant and its many safety
systems for various hypothetical accident scenarios.
It is likely that more safety analysis is done for a nuclear
power plant prior to it receiving its operating licence than for
any other industrial activity. As in any industrial plant, a large
number of hypothetical accidents can be postulated to occur.
However, some judgement must be exercised with respect to
accident severity. For the early plants, the safety analysis was
based on assessing the consequences of the failure of critical
components in the various process systems. More recently,
safety design matrices have been used to identify the critical
accident sequences (see chapter four). Accidents that require
the intervention of one or more of the safety systems to prevent
fuel failure and/or the release of radioactive material to the en
vironment are considered most important. These are defined as
serious process failures and the Canadian regulatory. approach
requires that the consequences of such events, both when con
sidered alone and in combination with the unavailability of one
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of the safety systems, must be assessed. These two situations are
the so-called single-failure and dual-failure accident scenarios,
respectively. Together they cover a wide spectrum of accidents,
whose analysis enables an overall risk assessment of the plant to
be made.
Postulated single-failure accidents are analyzed using pessi
mistic assumptions regarding equipment performance and
process behaviour. This approach ensures a conservative safety
system design that would be fully capable of handling real acci
dents. The single-failure accidents are categorized according to
the process system where such failures are postulated to occur,
mainly the primary coolant system, the steam and feedwater
system, the fueling machine, and the control system. The last
could result in an uncontrolled increase in reactor power (a
LORA) until the increase activated the shutdown systems.
Analyses are also performed for serious process failures com
bined with unavailability of either the emergency cooling
system or the containment system. Analysis of loss of reactor
shutdown capability is not required where two completely in
dependent, each fully capable, shutdown systems of high
reliability are provided.
Since it is not feasible to determine experimentally the con
sequences of the various accident scenarios using the power
plants themselves, this must be accomplished using mathemati
cal simulations based on extensive experimental data describing
both system and component behaviour. These simulations in
clude computer models of the various plant components and
subsystems, and follow the behaviour of these after the onset of
the postulated accidents. These models are based on extensive,
well-established performance data for the various system com
ponents, such as pumps, valves, etc. Some of the important
questions that must be addressed by the safety analyses are:
"* Will any fuel fail during a LORA?
"* How much fuel will fail during a LOCA, both with and
without action by the emergency core cooling system?
"* If fuel fails, what fraction of the fission products will escape,
and where will they go?
"* Will any pressure tubes fail during a LOCA, with and with
out emergency cooling?

"* How does the horizontal orientation of the fuel channels
affect their integrity during a LOCA?
"* Will a large quantity of hydrogen be produced during a dual
LOC/LOEC 2 accident, and how could the resulting potential
for a hydrogen/oxygen explosion affect the performance of
the containment system?
"*Will the reactor containment building withstand the pres
sure rise associated with a LOCA, and possible combustion
of hydrogen?
The ultimate question is, of course, how much radioactive ma
terial could be released to the environment and what radiation
doses could members of the public receive? For the plant to re
ceive its operating licence, these calculated releases and conse
quent radiation doses must be below the limits set by the AECB.
The role of safety analysis is to provide credible answers to
questions such as the above. The credibility of these answers
depends on the validity of the mathematical models that com
prise the plant simulations, and this is where reactor safety R&D
plays an important role.
SAFETY R&D
The first CANDU-specific safety R&D activities began in the late
fifties and early sixties in response to concerns raised during the
design of the NPD and Douglas Point reactors. Experiments to
address these concerns were done in the laboratories and re
search reactors at Chalk River and at various engineering labo
ratories, principally at Canadian General Electric (the designer
of NPD), AECL's Nuclear Power Plant Division (NPPD) in
Toronto, and Ontario Hydro. The rapid response of these groups
and the results obtained enabled those first plants to obtain
their operating licences. For the larger commercial plants, as
noted earlier, much more comprehensive safety analysis was
required and a more comprehensive safety R&D program was
established to support the analysis.
From the outset, the objectives of the CANDU reactor safety
R&D program have been to develop a thorough understanding
2

LOEC stands for Loss of Emergency Coolant
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of the phenomena that might occur during reactor accidents,
and to develop and verify the mathematical simulations used in
the plant safety analyses. This would ensure that the latter
would describe the events that might occur during postulated
accidents with a credibility satisfactory to the designers, the
operators and the AECB. Since the models could not be verified
by comparison with real accidents, the approach taken was to
check the individual submodels that comprise the complete
plant model against laboratory experiments that examined a
particular property or subsystem of the power plant (called
"separate-effects" tests), and by using special test facilities that
included many of the features of the actual plant, but sometimes
at less than full size (called "integrated" tests). The overall ob
jective was to establish a sound theoretical basis for the plant
model by verification with experiments of increasing scale and
complexity. In this way, the model should be able to describe
the events that might occur during a postulated accident in a
full-size plant.
The safety R&D program divides naturally into several
areas:
"* reactor physics, mainly concerned with the reactivity ef
fects associated with loss-of-coolant accidents;
"* thermalhydraulics, dealing primarily with the behaviour of
the primary coolant system and the emergency core-cooling
system during loss-of-coolant accidents;
"* fuel behaviour, dealing with how the fuel responds during
various accidents;
"* fission-product release and transport, which deals with the
fraction of the fission products released from the fuel during
an accident and how these migrate after they are released,
the latter strongly dependent on fission-product chemistry;
"* fuel-channel behaviour, which examines how the pressure
and calandria tubes behave, particularly during a combined
LOC/LOEC accident;
"* containment behaviour, dealing with how this system re
sponds to the pressure rise during a severe LOCA, how well
it retains fission products and how it copes with any hydro
gen that might be produced.
Each of these areas will now be discussed in more detail.

Reactor Physics
Reactor physics is involved in all reactor core behaviour, both
during normal operation and during accident situations. It is
particularly important for analyzing LOCAs in CANDU due to
the reactor's positive void coefficient. From the beginning, the
designers of NPD and Douglas Point wished to know as accu
rately as possible how the core reactivity would vary with time
if coolant were to be lost from the reactor. One important rea
son this information was needed was to help decide whether
dumping the heavy-water moderator was going to be sufficient
to overcome the reactivity increase on coolant loss. Since there
was concern about the ability of the reactor physics codes to
calculate the coolant-loss reactivity effect with sufficient accu
racy, appropriate experiments were done in the ZEEP and ZED
2 lattice-testing reactors at Chalk River in the late fifties and
early sixties. These experiments confirmed that coolant voiding
would lead to an increase in core reactivity and showed that for
the smaller CANDU reactors, such as NPD and Douglas Point,
moderator dump was sufficiently fast to shut the reactor down
safely during a LOCA. However, this was not the case for the
larger reactors and this led to the introduction of fast-acting
shutdown systems for all CANDU reactors after Douglas Point.
Another experiment done in ZED-2 showed that removing
moderator from around a single fuel channel reduces the core
reactivity, as predicted. This is because the lack of moderator
increases the likelihood that neutrons will escape from the re
actor before they can be slowed down to the point where the
fission reaction is more likely to occur. This result confirmed the
hypothesis that for a worst-case accident, where fuel channels
might fail, the steam entering the moderator would displace the
latter, resulting in reactor shutdown.
Thermalhydraulics
One of the most important safety-related issues in the
thermalhydraulics area concerns the rate of coolant loss from
the primary circuit in the event of a major pipe break. This is
sue was first raised in the late fifties in connection with NPD,
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To investigate these phenomena, experiments were done at a
and later for Douglas Point. The rate of coolant loss was a criti
facility located at Westinghouse Canada Limited (now
special
cal parameter, since it would affect the rate of pressure rise in
Laboratories) in Hamilton, Ontario. This facility, called
Stern
the
the reactor building and the amount of positive reactivity in
the Cold Water Injection Test (CWIT) facility, was built in 1972
serted into the reactor core before the shutdown system could
73 and consisted of two horizontal Zircaloy flow tubes the same
take effect. Experiments were done at both Chalk River and
size as CANDU pressure tubes, each containing a 37-element
NPPD in Toronto to measure coolant loss rates from pressurized
bundle of electrically heated elements to simulate CANDU fuel
vessels through pipes of different diameters and different lengths.
(see figure 15.1). The two channels were separated in elevation
The results were used in the safety analysis for the early reactors.
by 5 m and were connected to inlet and outlet headers (located
Safety analysis involves many assumptions and approxima
16 m above the bottom channel) via CANDU-type feeder pipes.
tions, since many of the situations analyzed are too complex to be
In this way some of the important geometrical features of the
solved exactly. For example, one of the LOCA scenarios that must
CANDU plant could be modelled. Superheated steam was used
be analyzed assumes that a large break occurs in the primary cool
to heat the pressure tubes up to about 3000C (the CANDU oper
ant circuit. Such an event would cause a sudden drop in pressure
ating temperature) and the electric heaters were used to raise
in the circuit and the conversion of much of the pressurized cool
ant to steam, so that the escaping coolant is a
FIGURE 15.
two-phase mixture of steam and water. The
Cold Water IInjection Facility
designiers
the
by
used
models
first computer
assumed that the steam and water moved at the
INLET
"HEADER
same velocity, were of equal temperature, and
were uniformly distributed in the fuel chan
SLOWDOWN
nels and piping, and that all of the individual
VALVE
"average"
same
the
in
fuel channels behaved
way. It was also assumed that the emergency
cooling water entered all of the fuel channels
simultaneously and that the water was distrib
uted uniformly across the fuel channel, so that
all of the fuel elements were cooled at the same
rate. However, because of the complex piping
arrangement, and the horizontal orientation of
the CANDU fuel channels, there was some con
cern that not all of the fuel channels would re
ceive emergency cooling at the same time and
also that when the emergency coolant reached
the fuel channels there would be stratification
of water and steam, with the water flowing
along the bottom of the channel, and the steam
along the top. It was felt that this could result
in a large temperature difference between the
top and bottom fuel elements.
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the fuel-element temperatures to the desired level (3500 C to
5000C). The loop was then depressurized using a quick-acting
valve (to simulate a LOCA), and cold water was automatically
injected once the loop pressure fell below the injection pressure.
One of the first experiments performed in the CWIT facility
in 1973 on cold-water injection into preheated horizontal rod
bundles indicated that the injected water ran along the bottom
of the fuel channel. The heat rejected by the elements in con
tact with the water produced steam, which cooled the upper
elements. However, because the water and steam cooling rates
were different, the temperature difference between the upper
and lower elements could be quite large (up to several hundred
degrees). As cold-water injection proceeded, the water rose in
the channel and more fuel elements were progressively wetted,
until eventually the whole rod bundle was wetted and the chan
nel was filled with water.
Because the existing codes could not treat this type of situa
tion accurately, it was necessary to develop a more detailed
thermalhydraulics model that would more accurately predict
the behaviour of both the primary and secondary coolant sys
tems for the various LOCA scenarios that had to be assessed.
Such a model would need to contain submodels to represent the
various components of the coolant systems; i.e., the coolant
circulating pumps, the flow-distribution headers, the fuel
channels, the boilers, the secondary circuit and the piping
connecting these components. It should also permit different
temperatures and velocities for the steam and water phases of
the coolant, allow for stratification of the emergency coolant in
the fuel channels, and also allow for different behaviour be
tween fuel channels. This new LOCA model (first named
RAMA, but eventually called CATHENA) was developed over a
period of more than ten years by a team at the Whiteshell Labo
ratories and is now used by the AECL designers for CANDU
safety analyses.
In parallel with the new code development, a comprehensive
experimental program was established, both to verify the pa
rameters used in the code as well as to confirm its predictions.
Fundamental experiments were done to determine more accurate
values for heat-transfer coefficients for flow-boiling 3 situations.

These included two series of coolant blowdown 4 experiments:
one using hot, pressurized water, and another employing Freon.
(Freon was used because it behaves like water, but at much
lower temperature and pressure, thus making the experiments
much easier and less costly.) In the latter experiments, high
speed films were used to visualize the flow development at vari
ous locations along the transparent pipe used.
Early LOCA analyses indicated that fuel-sheath temperatures
depend significantly on coolant pump behaviour in two-phase
flow, since the pumps affect the pressure and flow distributions
in the primary circuit, hence heat removal from the fuel. The
existing pump models were based on empirical data and as
sumptions that led to quite conservative predictions (i.e., high
values) of fuel temperature. Experiments were undertaken to
develop more accurate pump models for use in the two-phase
flow regimes common to all LOCA analyses.
Over a fifteen-year period, many different types of experi
ments were conducted in the CWIT facility at Westinghouse,
to provide a better understanding of fuel-channel thermal
hydraulics for various reactor upset conditions. These included
symmetric and asymmetric header-break/coolant-injection
simulations, tests with stagnant liquid-filled initial conditions,
natural-circulation flow-stability tests, and tests to determine
the time between the injection of emergency cooling water into
the headers and its arrival at the fuel channel, in the absence of
a pressure difference between the inlet and outlet headers, a
condition that could occur for some large-break LOCAs. The
latter'experiments showed that water entered preferentially one
of the feeders of each fuel channel, and that channel rewetting
was delayed until the filling of that feeder established a suffi
cient pressure differential to drive the water through the fuel
channel. A model for this time delay was subsequently incorpo
rated into the LOCA simulation.

Flow-boiling is the term used to describe how water flowing in a pipe
is converted to steam via heating and/or depressurization.
Blowdown is the term used for the escape of fluid from a hot, pressu
rized system after a break occurs.

Safety Research and Development

301

FIGURE 15.2
A unique feature of the CANDU design is
Schematic of Full-Scale Header Test Facility
headers
the flow-distribution headers. These
(or manifolds) are long (about 6 in), large
diameter (about 0.3 m) pipes that connect the
inlet feeder pipes to the coolant pumps (called
the inlet headers), or the outlet feeder pipes to
the steam generators (the outlet headers). In
a postulated LOCA, emergency coolant is
assumed to be injected into these horizontal
headers, which then distribute the flow, via
the feeder pipes, to the fuel channels. Because
aTurral
of the geometrical arrangement, flow stratifi
cation in the headers could affect the distribu
tion of flow to the feeders during emergency
coolant injection. To investigate this effect,
a full-scale header facility representative
of the Pickering plant was constructed at
Whiteshell in 1974. In this facility, which
had 110 feeder pipes, the header temperature
could be brought to the desired value using
electrical heaters, and water injection was ini
tiated using a quick-acting valve. During cool
ant injection the liquid level and pressure were
measured at several positions along the header,
and feeder flow rates were monitored, for a
range of conditions. This facility was disman
tled in 1975 to make room for the RD-12 facil
ity, described below.
In the late seventies, a small-scale model
header facility was constructed at Whiteshell.
This facility had 6" diameter headers and fifty
CANDU headers with feeder takeoffs geometrically similar to
feeders of 3/4" diameter. A key feature of this facility was the
those in the current CANDU plants. Blowdown from, and emer
use of two transparent windows that permitted direct observa
gency coolant injection into, one or both of the headers was
tion of phenomena that could occur in the two-phase (steam/
possible in this facility, which was used to study the behaviour
water) mixture during emergency coolant injection. However,
of two-phase flow in headers under LOCA conditions. The tests
because this small-scale facility did not permit investigation of
showed that stratification of the steam and water phases oc
facility
header
full-scale
all the phenomena of interest, another
curred and that steam flowed preferentially to the feeders con
was constructed in the early eighties at Westinghouse (see fig
nected to the header above the water level. In some feeders,
ure 15.2). This facility comprised two full-diameter, half-length
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steam was detected even though the connection to the header
was below the steam-water interface (called vapour pull
through) and water was observed in the steam flow in some
feeders connected above the water level (liquid entrainment). To
further explore these complicated phenomena, two other
header facilities were constructed, one at AECL's engineering
laboratories at Sheridan Park and the other at Whiteshell, using
lucite for the headers. In these facilities the various phenomena
could be observed visually and recorded on film.
To test the boiler model used in the overall plant simulation,
a series of experiments was performed on the boiler of the
RD-i2 facility (described below). These tests explored:
"* steady-state operating parameters with both single-phase
(i.e., water) and two-phase (steam plus water) flow conditions
at the primary side inlet;
"* boiler water level, secondary-side steam/water ratio, and
recirculation flow rate, in response to changes in the pri
mary and secondary circuit conditions;
"* the characteristics of the flow oscillations within individual
boiler tubes operating with two-phase inlet conditions.
All of these separate-effects tests greatly improved understand
ing of what might occur during a LOCA. However, to check
the complete LOCA analysis code, integrated tests were re
quired. The first such test was performed in the RD-4 facility
at Whiteshell, built in 1972-74. This was a small-scale
recirculating water loop containing two pumps, two tubular
heated sections (to simulate fuel channels), and two heat ex
changers. The heated sections were only 13.4 mm in diameter
and 1.5 m long, but many of the features of the facility were
relevant for the verification of the analysis methods for pres
sure-tube reactors. Coolant blowdown experiments were done
to study the effect of pipe-break size on depressurization rate,
flow distribution and heated-section temperature. Experiments
were also done with cold water injected simultaneously into
each header at the end of depressurization.
The RD-4 facility was succeeded in 1976-77 by the much
larger RD-12 facility, which had heated sections four metres
long with bundles of seven 15 mm diameter electrically heated
elements to simulate the fuel (see figure 15.3). This facility also

FIGURE 15.3

RD-12 Recirculating Pressurized Water Loop

had recirculating U-tube type boilers, with an interacting sec
ondary circuit and a much wider range of operation than RD-4.
A pressurized cold-water injection system was also provided, to
supply water simultaneously to the four headers when the loop
pressure fell below a preset value, thereby simulating a LOCA
with emergency coolant injection. The experimental program
included tests with various pipe-break sizes, located at different
points in the loop circuit, various cold-water injection pres
sures, and several modes of boiler cooling. In all of these experi
ments detailed measurements were made to determine coolant
flow rate, pressure, temperature and density distribution
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This facility was also used to perform several secondary-side
throughout the loop, as well as fuel-element surface tem
depressurization tests.
peratures, and differential pressures across various loop
The large size and height of RD-14 required the construction
components.
special building to house it at the Whiteshell Laboratories.
of
a
The RD-12 facility was followed in 1982-83 by an even
was quite spectacular, since each blowdown test
Its
operation
larger facility, called RD-14, which was a model of a primary
resulted in the release of a large quantity of steam (through a
coolant loop with the various components arranged geometri
pipe on the roof of the building), which could be seen for miles
cally to reproduce the gravitational effects in a CANDU plant
around on the flat Manitoba landscape.
(see figure 15.4). It consisted of two full-scale, full-power
In the mid-eighties, the RD-14 facility was converted from a
(6 MW each) fuel channels, each containing a full-length, 37
two-channel to a ten-channel facility, called RD-14M, with the
element, electrically-heated bundle to simulate the fuel, plus
channels at different elevations (see figure 15.5). The total loop
full-size feeders and two full-height steam generators, all
power is the same as for RD-14, so each of the RD-14M channels
arranged in the CANDU figure-of-eight configuration. The
operates at one-fifth the power of the original RD-14 channels.
steam generators had full-size U-tubes, but the number of
This new arrangement has allowed the study of the interaction
tubes was reduced in proportion to the number of heated
between parallel fuel channels for both natural-circulation cool
channels, to give the correct heat transfer area per fuel chan
and LOCA situations.
ing
nel. The loop was designed so that fluid mass-flow rate, transit
Many useful results were obtained from the tests done
times 'and pressure/enthalpy terms in the primary system of the
with the RD-14 and RD-14M facilities and these were used to
loop were the same as those in a typical CANDU under both
forced- and natural-circulation conditions. The
FIGURE 15.4
a
Schematic Diliagram
was
system
(ECI)
injection
coolant
of RD-14
emergency
vari
the
also designed to permit simulation of
ous ECI systems found in CANDU reactors.
The RD-14 facility, which cost more than
$10 million, was one of the largest of its kind
in the world, with an overall height of about
34 m. It was used to investigate many LOCA
Dg!
related phenomena, such as:
Og
pipea blowdown tests for many different
break sizes, including the critical break
HX I
size, where the pressure difference across
tank
the reactor core becomes close to zero, resulting in a stagnant flow condition in the
fuel channels for an extended period (tens
of seconds);,
e two-phase thermosyphoning tests, to study

the situation that would arise from a loss of
the coolant pumps, or during small-break
LOCAs, where the fuel channels are cooled
mainly by natural circulation.
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FIGURE 15.5
Schematic of RD-14 Multiple-Channel Facility

refine and verify the CATHENA code. The re
sults of these tests show that for all LOCAs, of
any break size, with or without power to the
coolant pumps, fuel sheath temperature will
not exceed about 600 0C, hence fuel should not
fail, as long as the emergency coolant system
is available.
The thermalhydraulics experiments re
quired the measurement of many parameters,
such as absolute and differential pressures,
temperature, cross-section-averaged flow rates,
cross-section-averaged coolant densities, and
the distribution of the vapour and liquid
phases within the fuel channel. Some of these
measurements required that existing commer
cial instruments be modified to operate under
high-temperature, high-pressure conditions,
and in some cases new instruments had to be
developed. One important development was
a gamma-ray densitometer which employed
three collimated beams from a single gamma
ray source to determine the spatial distri
bution of steam and water within the fuel
channel. The three beams traversed different
paths across the channel and from the differ
ence in attenuation of the radiation by the
steam and the water the distribution of the
two phases could be determined. The method
is similar to X-ray tomography, used in CAT
scans to examine the internal features of vari
ous objects, as well as of humans.
Fuel Behaviour
As explained earlier, the greatest hazard asso
ciated with the operation of a nuclear power
plant is the harm that might result from a re
lease of the radioactive fission products and
actinides contained in the fuel elements - and
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the hazard is greater the longer the fuel has been irradiated. In
the early years of nuclear power development (the mid-to-late
fifties), little was known about the behaviour of power reactor
fuel of the CANDU design at any level of irradiation. At that
time, the research programs were directed at obtaining a basic
understanding of fuel behaviour under normal operating con
ditions and establishing limits for safe operation of the fuel.
However, many exploratory experiments were done with oper
ating parameters well beyond what were later specified as safe
operating limits. For example, fuel was operated at power rat
ings high enough to produce central melting of the uranium
oxide. Some defects occurred, and in some cases the hot central
part of the fuel came in direct contact with the coolant. Operat
ing conditions were varied to permit extensive boiling of the
coolant, with the vapour content approaching 100 percent. In
one test, conditions were arranged to produce dryout' of some
parts of the fuel sheathing. The heat transfer coefficient be
tween the fuel and the coolant is reduced when dryout occurs,
which can result in high fuel and sheath temperatures, in
creased corrosion, and eventually sheath defects.
During the design phase for NPD and Douglas Point there
was some concern as to how the fuel for these reactors might
behave during a major LOCA; in particular, how the fuel would
withstand the thermal shock associated with the injection of the
emergency coolant, and whether serious fuel sheath rupture
would occur due to a large increase in internal fission-gas
pressure. In 1961-62, several experiments were done with
unirradiated fuel elements at Canadian General Electric to ad
dress these issues.
To investigate the thermal shock phenomenon, a 19-element
fuel assembly mounted in a Zircaloy pressure tube was heated
to about 1,100°C in a salt bath, after which room-temperature
water was injected into the fuel channel. Some of the fuel ele
ments bowed, causing the fuel bundle to jam in the tube, but
there was no significant fuel-element damage. To investigate the
effect of internal gas pressure, several fuel assemblies were pre
pressurized internally and heated to about 1,100'C. Several fuel
sheaths failed but there was no major damage. In other experi
ments, where one fuel element was heated to about 1300°C, all

305

elements withstood the initial internal pressures. The fuel
sheaths expanded by about 30 percent, and the sheath damage
consisted only of cracks 6 to 12 mm long.
These early experiments gave the designers confidence that
serious fuel failure was not likely to occur even for the worst
accidents envisaged at that time. However, they did indicate
that there were many areas that required further study, particu
larly as it was planned to operate fuel in the commercial plants
at significantly higher power ratings.6 Thus, over a period of
several years, starting in the sixties, a comprehensive R&D pro
gram was established to determine CANDU fuel behaviour for
the various postulated accident scenarios. This work was
mainly done at Chalk River and included both analysis and ex
periments to investigate:
"* the rate of heat transfer between the fuel and the sheath,
and between the sheath and the coolant;
"* the extent of fuel melting and the reaction between molten
fuel and the sheath;
e the amount of fuel swelling due to both thermal expansion
and the expansion of the contained fission-product gases;
"* the temperature history of the Zircaloy sheath and its sub
sequent mechanical behaviour;
"* reactions between the sheath and the coolant that could
lead to oxidation and embrittlement;
"* the potential for coolant flow blockage due to mechinical
deformation of the fuel bundle.
The performance of these experiments required the develop
ment of special techniques and equipment. For example, an
electric heater positioned inside a string of annular fuel pellets
was used to simulate a CANDU fuel element. With this simu
lated fuel element, power ratings up to three times the normal
operating levels for the outer elements of a CANDU fuel bundle
were possible in the laboratory.

Dryout occurs when the surface heat flux becomes so great that a liq
uid film cannot be maintained on the outer surface of the fuel sheath.
6

Power rating here is defined as power output per unit length of a fuel

element.
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Since laboratory tests could not supply all
the data needed, some in-reactor tests were
necessary. Originally, the NRX and NRU loops
were not designed to accommodate continued
operation with defective fuel. If a serious fuel
defect did occur, the reactor would have to be
shut down to minimize the release of radioac
tive material to the loop, the reactor hall, and
eventually the environment. From the late
sixties to the late seventies one loop in NRX
(the X-4 loop) was used for testing fuel ele
ments with coolant conditions ranging from
hot water to superheated steam, at sheath
temperatures up to 5000 C. These experiments
helped to define the time that fuel could
operate with elevated sheath temperatures
without defecting. However, the loop was not
designed to cope with large amounts of radio
active material. So additional facilities had to
be built to investigate fuel/fuel-channel be
haviour during postulated accidents.
In the early seventies, the X-2 loop in
NRX was modified to allow operation with
defected fuel, either as single elements or
clusters of three elements (called trefoils)
(see figure 15.6). The fuel assemblies were
instrumented to measure fuel-centre and
surface temperatures, sheath temperatures,
fuel-element internal gas pressure, coolant
temperature and coolant pressure. Six experi
ments were done in the X-2 loop and many
useful results were obtained. However, the
modified loop could not provide all the in
formation needed. Thus, a new loop (the X-9
loop) was designed for NRX, but uncertainty
over the long-term future of NRX resulted in
cancellation of the project.
The experiments in the X-2 loop facility
gave many valuable results. For example, they

15.6
Schematic Diagram of X-2 Loop
FIGURE
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showed that central melting of the fuel did not cause sheath
failure. The molten fuel did not flow out between the pellets;
it remained at the centre of the fuel-pellet stack even when
sheath failure occurred by accelerated corrosion at power, at
temperatures greater than 1,000°C. No fuel/sheath interactions
were observed. The deterioration of defective fuel operating
in dryout conditions was slow for sheath temperatures below
about 800°C, and the extent of deterioration was not dependent
on whether the fuel was initially defected. It was also con
firmed that a small diametral expansion of the sheath was
effective in reducing the internal gas pressure in the fuel ele
ment. This is due to the relatively small initial internal void
volume in CANDU fuel elements. A small sheath expansion
causes a significant percentage increase in internal void vol
ume, hence a decrease in internal pressure, the driving force
for sheath expansion. This is very different from the behav
iour in LWR fuel, which is much longer than CANDU fuel, has
a large plenum void volume, has free-standing sheaths, and is
pressurized to prevent sheath collapse by creep. During a
LOCA in a light-water reactor, the sheath heatup is localized
to the high-power region of the reactor core. The entire filling
gas volume inside the element is available to strain the sheath
at the hottest region, and strains to failure are possible.
Experiments were also done in the U-1 loop at NRU, where
fuel elements were operated in and out of dryout on many oc
casions during a five-week period. These tests showed that
CANDU fuel could operate safely for short periods of time
(tens of minutes) in dryout at relatively low temperatures,
such as might occur during a loss of spatial power control,
when the fuel in a region of the reactor might operate above
the normal operating level.
The irradiations in NRX and NRU also showed that when a
fuel element failed at a power level high enough to cause cen
tral fuel melting, there was no violent reaction between the
fuel and the coolant. No-large pressure peaks were recorded
and there was no damage to the pressure tube. The initial re
lease of fission products was significant, however, and would
serve as a signal to the reactor operators that a fuel defect had
occurred, as discussed further in chapter thirteen.

In'another series of tests at Whiteshell, CANDU fuel bun
dles were heated in vacuum to 1,400'C and 1,600'C and held
there for thirty minutes to study their mechanical behaviour
at elevated temperatures. In these tests the bundles slumped
into contact with the pressure tube and bundle elements
slumped into contact with their neighbours. However, there
were no sheath failures and the bundle end-plate/end-cap
welds remained intact.
After the cancellation of the X-9 loop facility, plans were
made for a new facility to be installed in the U-1 loop position
in the NRU reactor. This new facility, called the Blowdown
Test Facility (BTF), was to be capable of creating the condi
tions that CANDU fuel might experience during LOCAs (see
figure 15.7). The overall objective of the project was to per
form integrated tests to provide a database of information on
fuel behaviour and the release of fission products from se
verely damaged fuel to the primary heat transport system, for
a range of sheath temperatures. It was clear that the BTF facil
ity would take quite some time to build and commission and,
furthermore, it would not be possible to reduce the coolant
flow and simultaneously provide a power pulse to simulate the
power surge that would occur during a large-break LOCA in a
CANDU reactor. However, a facility to perform such tests,
called the Power Burst Facility (PBF), existed in the United
States, and arrangements were made to test CANDU fuel there
while BTF was being built.
Four CANDU fuel elements were tested in the PBF in the
early eighties. Three of these had been previously irradiated
in the NRX reactor to produce the fission-gas inventory and
fuel conditions typical of high-power fuel elements in a
CANDU reactor, while the fourth was unirradiated. During
the test the fuel-element power was adjusted to match the tem
perature vs. time profile expected in a LOCA, and reflooding
of the test section after coolant blowdown was used to simu
late the emergency coolant. Only one of the four elements
failed during the test, that being the irradiated element that
had been back-filled to a pressure 2.5 times the maximum pre
dicted for a CANDU fuel element. This element expanded
about 26 percent before failing, and the failure was a small
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FIGURE 15.7

Blowdown Test Facility (BTF)

crack. The other three elements showed
strains (diametral expansions) of 3 to 4 per
cent, but did not fail. The important conclu
sion from the PBF test was that for CANDU
fuel elements, even with the maximum design
burnup, there was no indication of failure due
to the power pulse expected during a large
break LOCA.
In the early seventies, in parallel with the
experimental program, theoreticians were de
veloping codes to describe the behaviour of
CANDU fuel under accident conditions. This
was a challenging task, since the behaviours
of the various materials comprising the fuel
bundle were not simple. For example, the be
haviour of the Zircaloy sheathing was quite
complex for the range of temperatures that
could occur during a LOCA. Deformation of
the material depended on the initial strength,
the grain size and the crystal structure. The
grain orientation was also important since the
alloy deforms differently in different direc
tions (i.e., it is anisotropic). Also, at 8200C
it begins to undergo a phase transformation
which is complete by 9501C. The deforma
tion is the result of "creep" processes (see
chapter thirteen), which behave differently at
different temperatures. The fuel sheathing
also oxidizes, and at increasing rates at higher
temperatures. The oxidation reaction is also
exothermic (i.e., it produces heat). At the
rapid oxidation rates expected during a LOCA
with impaired emergency cooling, the heat
produced would cause a further significant
increase in sheath temperature. Zircaloy also
absorbs oxygen and if the concentration were
to exceed a critical value the sheath could be
come embrittled, so that it might fail during
the injection of emergency cooling water. This
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initially caused considerable concern since work in the United
States for light-water reactors suggested that sheath tem
peratures should not exceed 1,200°C. However, further
work showed that failure of the fuel sheath due to oxygen
embrittlement is very unlikely during a LOCA transient to
1,350 0 C, because the time at temperature is too short. All of
this information was incorporated into a microstructural
model for creep deformation that would be used to predict
with high credibility the behaviour of a CANDU fuel sheath
during a LOCA.
Two different approaches were taken initially to develop
models of fuel bundle behaviour during accidents. One led to
the development of the ELOCA code which treated the problem
in only one dimension (radial) but was firmly based on the data
obtained from the many fuel experiments. The other approach
used a code called FAXMOD and was an attempt to treat the fuel
behaviour problem in three dimensions, starting from the basic
physical properties. The latter approach was found to be ex
tremely difficult and was eventually dropped, partly because of
the inordinate amount of effort that would have been required,
but also because ELOCA, which was later upgraded to two
dimensions, was providing results with the required credibility.
With ELOCA it is possible to predict how CANDU fuel bundles
would behave during the various accidents postulated for the
CANDU reactor. Later, ELOCA was incorporated into the
CANSIM code suite which is able to treat the interactions be
tween the fuel bundles, the fuel channels, and the fuel-channel
thermalhydraulics, thereby giving a complete picture of what
happens in the reactor core during an accident.
Fission-Product Release'and Transport
Perhaps the most important concerns related to safety in any
reactor are the fraction of the fission products that will escape
from the fuel during an ,accident, and where they will go.
Thus, from the beginning, an important part of the safety
R&D program has been to investigate how fission products
escape from the uranium oxide fuel matrix and how they mi
grate throughout the plant. As early as 1956, experiments
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were done to measure fission-product release from irradiated
UO2. These early tests showed considerable fission-gas release
from UO2 pellets heated to 1,4000C, and that gas release was less
for higher U0 2 densities. These early tests were followed by
more extensive experiments in the early sixties using the X-2
loop in the NRX reactor, where a sweep-gas system was em
ployed to carry the volatile fission products to a location where
they could be measured using gamma-ray spectrometry.
Other experiments were performed in heavily shielded cells
(called hot cells), where the test parameters could be more care
fully controlled than in the reactor. Such experiments were used
to measure the release of fission products from uranium oxide
fuel previously irradiated to burnups typical of those for
CANDU reactors. The behaviour of the uranium dioxide fuel at
elevated temperatures is important here. Oxidation of the ura
nium increases as the temperature increases and oxides with
higher oxygen content are formed. The result is a decrease in
fuel density, a collapse of the grain structure and release of the
fission products held in the grain boundaries. However, some
fission products (20 percent of the iodine and cesium) remain in
the fuel grains until they are released via a slower mechanism
such as diffusion.
These studies provided excellent data on the diffusional re
lease of iodine and cesium, as well as the oxidation-enhanced
release of several other fission products. The deposition of fis
sion products on surfaces, as functions of material and surface
temperature, and the movement of iodine, cesium and xenon
along piping were also measured.
In the early days of safety analysis it was assumed that a
large fraction of the volatile7 fission products would escape
from the reactor, and the protective systems were designed
accordingly. This assumption was strongly influenced by the
fact that during the Windscale research reactor accident in
the United Kingdom in 1958, most of the volatile fission
products escaped from the plant. Clearly, if no more than a
7

Volatile here means those fission products that occur in the gaseous
form at the temperatures expected during an accident, normally the
fission gases and a few other elements, notably iodine and cesium.
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small fraction of this inventory were to escape the risk to the
public would be considerably reduced. (The Windscale reactor
had no effective containment and the accident involved the
burning of the graphite moderator and the uranium metal fuel.)
Two of the most hazardous fission products are iodine and
cesium, and since iodine is volatile, the worst-case scenario as
sumed that a significant fraction of the iodine would be released
to the environment. Of all the fission products, iodine poses the
greatest risk to the public because of its ability to enter the food
chain (e.g., via milk products). Thus, during the design of NPD
and Douglas Point, there was considerable concern as to how
much iodine might escape from the reactors and how much
would escape to the environment via the stack during a major
accident. W.B. Lewis and G.C. Laurence believed that most of
the iodine would probably be trapped inside the plant by the
large quantities of water and steam that would be present in the
reactor containment building due to operation of the emergency
cooling and dousing systems. Some experiments were done at
Chalk River in 1960 to investigate this. The experiments showed
that most of the iodine was indeed trapped by the water and
steam, with the ratio of iodine in the air to that in the water
being certainly less than 0.1 percent and probably less than 0.01
percent. It was assumed that any airborne iodine would be re
moved by filters in the plant stack and work was done at the
same time (1960) to find the best material for the stack filter.
Several materials were tested, e.g., charcoal, and gauzes of cop
per and silver-coated copper. Charcoal was found to be the best,
with a removal efficiency of better than 99 percent.
Despite this early work at Chalk River, some safety analysts
still assumed that a significant fraction of the iodine would be
released to the environment. Indeed, USNRC Nuclear Regula
tory Guides issued in 1974 (and still in effect at the time of writ
ing) stated that, for design purposes, it must be assumed that 50
percent of the iodine inventory in the reactor core would be
released to the primary containment and that 25 percent would
be available for leakage from containment. Those values were
presumably influenced by the Windscale accident.
However, many believed that the Windscale results did not
necessarily apply to water-cooled reactors, such as CANDUs and

light-water reactors, and research programs were continued in
various laboratories to investigate the forms in which iodine,
and cesium, could exist during a LOCA in a water-cooled reac
tor. One such program was started at Whiteshell in the mid
seventies, before the accident at Three Mile Island in 1979
where, despite earlier dire predictions of the consequences of
such an accident, only 15 curies out of a total reactor inventory
of 67 million curies of iodine-131 (the critical iodine isotope)
were released; the remainder was retained within the reactor
and the plant buildings. This incident resulted in an intensifi
cation of the work at Whiteshell and elsewhere. These studies
concentrated on the tendency for iodine and cesium to form
compounds and the stability of these compounds under LOCA
conditions. The kinetics of the relevant thermodynamic rela
tionships were derived and incorporated into a computer code.
The subsequent analysis, supported by laboratory experiments,
showed that under LOCA conditions in water-cooled reactors
iodine and cesium would combine to form cesium iodide, and
that cesium would also form cesium hydroxide. Since cesium
iodide and cesium hydroxide are salts that readily dissolve in
water, and since in water-cooled reactors (such as CANDUs and
light-water reactors) there would be plenty of water present
during a LOCA, only a small fraction of these fission products
should be released. The results of this work explained the
fission-product behaviour observed during the Three Mile
Island accident.
What happened at Three Mile Island was in sharp contrast
to the situation that occurred in 1986 at Chernobyl, where the
reactor's graphite moderator caught fire and there was little
opportunity for fission-product compounds to dissolve in the
cooling water. Consequently, there was a large release of fission
products which were carried for thousands of kilometres by the
wind. The large release to the environment resulted from the
poor containment system at Chernobyl. This was similar to the
situation at Windscale in 1958. In that case, the reactor'was air
cooled and a large release of fission products also occurred, due
to lack of a proper containment system.
The CANDU power plant has several large liquid systems: the
primary cooling system, the moderator, the emergency coolant
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system and the dousing system. It is now believed that even in
a worst-case accident the majority of the fission products that
would escape from the fuel would be dissolved in water, and
that any release to the environment would be extremely small.
In addition, all CANDU plants have well-engineered, highly
reliable containment systems.
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Pressure Tube Burst-Test Facility
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Fuel Channel Behaviour
One of the key features of the CANDU reactor is its use of sev
eral hundred horizontal pressure tubes to contain the fuel and
coolant, rather than a single pressure vessel surrounding the
complete reactor core, as in a light-water reactor. While the use
of small pressure tubes immersed in a cool moderator, rather
than a large vessel operating at high pressure, is believed to
have certain safety advantages, questions were raised from
the beginning about the integrity of the CANDU pressure
tubes and about the possible consequences of a pressure-tube
rupture with the reactor at full power. A particular concern was
whether a bursting pressure tube might cause the rupture of
surrounding tubes, leading to a chain reaction that could result
in a catastrophic failure of the reactor core.
To address these concerns, a series of pressure-tube burst
tests was conducted between 1958 and 1962. In the first of
these, a full-size mockup of a segment of the NPD core was
constructed, consisting of a 3X3 array of unirradiated fuel
channels located in a large tank of water (see figure 15.8). The
central pressure tube was artificially flawed and then ruptured
by overpressure. Depending on the test conditions, the
calandria tube did or did not fail. It was found that for NPD
conditions the calandria tube only failed iffthe initiating crack
was longer than 13 cm. If the calandria tube failed, neighbour
ing calandria tubes were damaged, but no pressure tubes
failed. In a later test series, a Douglas Point fuel channel was
used as the central channel in the test array. Because the Doug
las Point fuel channel had an open annulus between the
calandria and pressure tubes, no calandria tubes failed during
these tests. The NPD annulus was more restrictive, with four
vent holes at each end, so that the annulus pressure could

build up after pressure-tube rupture, increasing the probabil
ity of calandria-tube failure.
Parallel experiments were conducted at NPPD in Toronto in
1962 on the explosive rupture of a pressure tube, as might re
sult from a runaway accident, in which the fuel would rapidly
overheat. These experiments also involved an array of nine
channels located in a large, water-filled tank. Starting with
water in the pressure tube at supercritical conditions (24 MPa,
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380 0C), a thermite bomb was used to simulate the rapidly heat
ing fuel. Despite the extreme test conditions and the almost ex
plosive failure of the test channel, none of the remaining pres
sure tubes was ruptured, except in one case where a pressure
tube failed near a weld remote from the rupture site; this failure
was attributed to poor welding. These tests indicated that the
propagation of pressure-tube failures in a -CANDU core was
highly unlikely.
After Douglas Point, the CANDU designs have a restricted
outlet from the annulus, more like NPD, and concerns were
again raised that failure of a pressure tube might lead to conse
quential failure of the calandria tube. One fear was that the re
sulting pressure pulse might damage the shutoff-rod guide
tubes that penetrate the reactor lattice between the fuel chan
nels, thereby preventing these rods from dropping into the core
to shut the reactor down. Detailed analysis showed that this was
extremely unlikely so no further full-scale pressure-tube burst
tests were conducted. This decision was confirmed when a ma
jor failure occurred in a pressure tube in the Pickering Unit 2
reactor in 1983 with the reactor operating at full power. The
bellows at the ends of the fuel-channel annulus ruptured, as
expected, but the calandria tube did not fail and the reactor
shut itself down safely.
While the early experiments were concerned with the con
sequences of a pressure-tube rupture, there was still the ques
tion of the likelihood of such a rupture. This was of particular
concern for a postulated combined LOC/LOEC accident where
there would be no emergency coolant available to take away
the heat generated in the fuel. In this situation it was calcu
lated that the energy from the fuel would be transferred to the
cool moderator by a combination of thermal radiation and
conduction. The heat would flow from the fuel, through the
pressure tube to the calandria tube, and finally to the modera
tor, where it would be removed by convection and boiling. In
this case the moderator, not the primary cooling system, pro
vides the heat sink.
There was concern, however, that as the fuel temperature
rises, the fission-product decay heat would be supplemented by
heat generated by the exothermic reaction between steam and

the zirconium of the fuel sheath. The high temperatures ex
pected might also lead to fuel-bundle and pressure-tube defor
mation and, depending on the pressure in the channel, pressure
tubes could sag or balloon into contact with their calandria
tubes. Depending on the pressure-tube temperature, the con
tact area and the contact thermal resistance, the heat flux at the
outside surface of the calandria tube might be large enough to
produce dryout of the calandria tube surface, thereby reducing
the heat transfer coefficient between the calandria tube and
moderator, possibly leading to failure of the fuel channel.
To address these questions, a comprehensive program on
fuel-channel behaviour was established. To obtain a sound un
derstanding of the phenomena involved, separate-effects stud
ies were undertaken in many areas, including:
"* pressure-tube sag and ballooning at high temperature
(greater than 700 0 C);
"* the production of hydrogen via the steam-zirconium re
action;
"* effect of contact conductance on the heat transfer between
the pressure tube and calandria tube if the former were to
deform into contact with the latter;
"* emissivity of Zircaloy at high temperature;
"* embrittlement of pressure tubes by- hot hydrogen/steam
mixtures, and by oxygen.
The results of these studies were used in the development of the
fuel-channel code CHAN which describes fuel channel behav
iour during accidents.
A series of integrated tests was also performed to simulate
some of the fuel-channel situations that might arise during a
severe accident (see figure 15.9). In some of these tests the pres
sure tube was allowed to balloon out into contact with the
calandria tube. It was found that as long as the outside surface
of the calandria tube did not experience dryout, it remained
cool and did not deform. Such ballooning would be expected if
the pressure in the fuel channel remained high for a time after
the start of a LOC/LOEC accident.
If the pressure in the channel were low, however, the pres
sure tube would initially deform by sagging into contact
with the calandria tube, and the latter would only remain
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result in failure of the calandria tube since the fuel-channel
pressure is too low. If the pressure were high, the pressure
tube would rapidly balloon into contact with the calandria
tube and would be cooled, via heat transfer to the moderator.)
CANDU fuel bundles are supported in the pressure tube by
bearing pads. During a LOCA, some heat from the fuel bundle
would be transferred to the pressure tube via conduction
through these pads. Concern was expressed as to the integrity
of the pressure tube due to local deformation at the fuel
bundle bearing-pad/pressure-tube contact point. Experi
ments were done to explore this effect and the results showed
that there was very little strain in the region of the hot bear
ing pads. Thus, the probability of pressure-tube failure during
ballooning should not be affected by the bearing pads of over
heated fuel bundles.
There was also some concern that during a rapid rise in tem
perature in a fuel channel molten material may drop onto the
pressure tube, causing a hot spot and possibly tube failure. An
experiment was set up to study this scenario, in which a pres
sure tube was heated internally and pressurized to make it bal
loon into contact with its calandria tube. Further heating
melted a piece of Zircaloy which then fell onto the ballooned
pressure tube. The heat was transferred through the pressure/
calandria tubes to a surrounding tank of water. These tests
showed that while localized dryout of the
outer surface of the calandria tube can occur,
FIGURE 15.9
as well as a small amount of deformation, the
Fuel Channel Integrity Test Rig
integrity of the pressure tube is not threat
ened as long as the calandria tube is not in
WATER
film boiling prior to the molten material con
tacting the pressure tube.
CALANDRIA TUBE--_4,
The approach taken in this program was to
perform several series of experiments, pro
HEATER
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gressing from a single fuel-element simulator
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to a cluster of seven elements, and then to a
BAR
BAR
CO2 GAS ANNULUWi S
PRESSURE TUBE'full-size fuel channel. The results of the tests
were used to refine and validate both the
WATER
CHAN fuel-channel code and the CATHENA
system code.

cool as long as dryout did not occur on its outer surface. The
temperature of the moderator is an important factor in this
scenario and many experiments were done to investigate'the
relationships between pressure-tube temperature, thermal
contact conductance and moderator temperature. The results
of this work help to define the maximum value of moderator
temperature if the latter is to serve as an effective heat sink for
such events and calandria tube failures are to be avoided.
Another experiment involved measurement of the tempera
'ture distribution around the circumference of the pressure
tube under coolant stagnation. In such a case, coolant stratifi
cation could occur, with liquid coolant lying at the bottom of
the pressure tube, and steam at the top. Thus, the top of the
pressure tube would be much hotter than the bottom, thereby
raising a concern as to pressure-tube failure before contact
with the calandria tube had been established. The internal
pressure could cause the pressure tube to deform at the hot
spot, causing it to balloon or rupture into local contact with
the moderator-cooled calandria tube. Experiments were con
ducted to determine the circumferential temperature variation
as a function of channel power, coolant pressure and tempera
ture. In fifteen such tests, only one resulted in failure of the
pressure tube, due to localized heating at the top of the tube.
(This type of accident scenario in a CANDU reactor should not
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Containment System
In current CANDU power plants, the containment system pro
vides the final engineered barrier between the reactor, with its
fission products, and the environment. In single-unit stations it
is a concrete building surrounding the reactor and the steam
generating equipment, while in multi-unit stations it comprises
the reactor buildings, the vacuum building, and the ductwork
connecting these. In both cases the containment systems are
engineered to withstand the pressure rise that would occur due
to a break in the primary cooling system followed by the ejec
tion of a mixture of hot water and steam into the reactor build
ing. They are also designed to retain any fission products that
might be released from the fuel. A major potential threat to
containment integrity is posed by the possible combustion of
hydrogen that may be generated during the course of an acci
dent. Research programs have been developed over the years
to address all of these issues.
During the design of NPD, several containment system con
cepts were evaluated. One novel one was the use of a large bal
loon, which would be inflated by the pressure rise that would
occur immediately after a large pipe break, and before the dous
ing system could take effect. This idea was rejected because of
uncertainty as to the uniformity of the balloon material; i.e., the
possibility of rupture at thin spots. The solution adopted at
NPD was a pressure-relief duct with rupture discs that would
fail during the initial pressure transient, thus relieving the pres
sure to the outside. Once the dousing system operated, the re
lief duct would be sealed by a gravity-driven trap door. This
approach was based on the fact that the pressure pulse occurred
immediately after the pipe break and would be over well before
any fuel would fail and release fission products. None of the
reactors after NPD has such a vented containment.
To reduce the size of the pressure rise in containment associ
ated with the release of steam following a large-break LOCA,
dousing systems are used in CANDU plants. Some of the early
safety experiments involved measuring the effectiveness of these
dousing systems. Tests were performed at NPPD in the late fifties
and early sixties to determine optimum parameters for these

systems, such as droplet size, flow rate, and temperature. These
tests proved the viability of the concept and provided basic data
for the design of all of the subsequent CANDU dousing systems.
A computer code (called PRESCON) was also developed to
analyze the behaviour of the containment system during a
LOCA. This code calculates the rise in pressure in the contain
ment buildings resulting from the expulsion of steam from the
reactor core, with allowance for the condensation of steam on
cold surfaces and heat transfer to the dousing sprays. The code
also includes models to describe the dynamics of the dousing
system and the pressure-relief valves between the reactor build
ings and the vacuum building in multi-unit stations.
The behaviour of the fission products in the containment
system is of great importance from a safety perspective, and of
special interest is the behaviour of iodine. Its behaviour in con
tainment will depend on the chemical forms released into the
coolant during an accident. The studies on fission-product re
lease mentioned earlier showed that for the reducing steam con
ditions expected in the primary cooling system during a LOCA,
the iodine would be released in the form of cesium iodide,
which on contact with water dissolves to form a nonvolatile
aqueous ion. The subsequent behaviour in the containment
building would depend on a number of factors; e.g., the pH
of the water, the temperature, the radiation field and impurities
in the sump water in the building. An analysis of containment
chemistry showed that for the conditions expected during a
"LOCA, the dominant chemical forms of iodine would be aque
ous ions. There was a concern, however, that volatile organic
iodides might be formed as a result of radiation-induced re
actions between the iodine and organic material in the con
tainment building. Studies were undertaken to explore this
possibility, and they showed that no organic iodide would be
formed under the conditions expected during a LOCA.
The knowledge generated by this program led to the devel
opment of a computer code (called LIRIC) that can predict the
iodine chemical forms in containment, and their distribution
s

Someone remarked at the time that if the balloon concept were pursued
it would probably be the world's largest-condom!
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Since the rapid combustion of hydrogen can produce very
between the aqueous and gas phases, as a function of time
temperatures and very high pressures in confined volumes
high
following a severe reactor accident. The LIRIC code is a chemi
(which could threaten the survival of equipment and the sur
cal kinetics model containing about 100 differential equations
rounding building), hydrogen generation and behaviour is an
that represent the rates of formation and decay of all the species
important safety issue in nuclear power plants. Consequently,
involved in the thermal and radiation chemistry of aqueous
research on this topic has been performed for many years. There
solutions containing iodine, including the effects of additives
are two main sources of hydrogen to consider in a CANDU
(e.g., thiosulphate and hydrazine) that might be used to sup
power plant: the exothermic reaction between the Zircaloy fuel
press the formation of volatile iodine.
sheathing and steam (which might occur during a combined
To investigate the behaviour of iodine in containment in an
LOC/LOEC accident), and radiolysis of the heavy-water coolant
integrated fashion, a special facility, called the Radioiodine Test
and moderator, the latter leading to a buildup of hydrogen and
Facility (RTF), was built at Whiteshell in the mid-eighties to
oxygen in the helium cover gas in the calandria vessel.
containment
simulate the conditions that would exist in a
During the design of NPD and Douglas Point, the forma
building after an accident (see figure 15.10). The facility in
tion of explosive mixtures of deuterium and oxygen in the
cluded a 400-litre cylindrical reaction vessel with shielding
helium cover gas above the moderator was a major concern.
to
reproduce
designed
source
radiation
a
cobalt-60
for
adequate
the radiation fields that would be encountered
FIGURE 15.1[0
during postulated accidents. The inner surSchematic off Radioiodine Test Facility (RTF)
face of the vessel could be changed by using
of
stainless
made
liners (painted or unpainted)
steel, carbon steel, or concrete, to simulate
different containment building surfaces. The
temperature of the vessel could also be varied
from room temperature to about 800C. Exten
sive instrumentation was provided to monitor
the various iodine species.
Tests were done using surfaces such as zincc
~D
primer, vinyl, polyurethane and epoxy, with
G
and without radiation present. They showed
that zinc primer can provide an important ab
sorbent surface for iodine. This was a surprise,
since iodine was not expected to react with this
surface. The presence of radiation also pro
E
duced a large increase in the amount of iodine
V
phase.
gas
the
to
exposed
surfaces
deposited on
bw
is;
The information gleaned from this program
used to improve the performance of CANDU
containment buildings, and to provide more
accurate assessments of the release of iodine
from these buildings.
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At one point, consideration was given to using a different cover
limits, laminar burning velocities and the effects of gas diluents,
gas than helium, one that would combine with the hydrogen (or
including steam, on these. Also studied were flame acceleration
oxygen) to prevent the buildup of explosive mixtures. However,
due to venting, the effectiveness of ignitors that might be used
the alternatives had other undesirable features (e.g., they would
to produce controlled burning of hydrogen, and the effect of
eventually become corrosive in the radiation environment), so
turbulence on flame propagation. These experiments were con
helium was retained. Experiments were done at Chalk River to
ducted in the CTF and the Hydrogen Laboratory at Whiteshell.
determine the cover-gas concentrations of deuterium and oxy
The CTF comprises two large-scale vessels (a 2.3-metre
gen that might be expected during reactor operation. This work
diameter sphere and a 5.3-metre-long X 1.5-metre-diameter
led to the use of deuterium-oxygen recombination units on all
cylinder) that simulate containment structures and have pres
CANDU plants, to maintain safe levels of these gases in the
sure ratings of 10 MPa (100 times atmospheric pressure). These
calandria.
vessels were used for large-scale experiments to determine
The suspected formation of a so-called "hydrogen bubble" in
pressure transients and integrated combustion effects. Tests
the Three Mile Island reactor during the accident there in 1979
with peak pressures of 1.5 MPa (fifteen times atmospheric
caused a great deal of concern at the time. However, well before
pressure) have been performed in the CTF.
that accident, AECL scientists and engineers
FIGURE 15.I1
were cognizant of the potential hazard posed
Containment T
rest Facility
by hydrogen combustion, and a special facility
to study hydrogen behaviour in containment,
called the Containment Test Facility, was near
ing completion at the Whiteshell Laboratory
at the time of the Three Mile Island accident.
(Later investigation showed that while hydro
gen was formed at Three Mile Island, it burned
off safely and there was never a large bubble
ready to explode.)
The Containment Test Facility (CTF),
shown schematically in figure 15.11, was the
focus for an R&D program to determine the
conditions under which hydrogen combus
tion can occur within containment, and to ac
quire a database to validate the computer code
'OEm
VENT, used to predict the peak pressures that
SPHERE
might be produced as a result of hydrogen
combustion during an accident, and to assess
the integrity of the containment building and
the calandria vessel.
An experimental program was established
to investigate all aspects of hydrogen combus
tion, including such factors as flammability
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More fundamental studies of the detailed physics and chem
istry of hydrogen combustion were also performed using
bench-scale apparatus supported by special analytical tools for
measurement and data collection, including microsecond
Schlieren photography, laser Doppler anemometry, fast-acting
pressure transducers and high-speed data acquisition systems.
More recent studies (in the mid-eighties) have investigated
turbulent burning velocities, detonation limits and the transi
tion from deflagration to detonation. A hydrogen detonation
would exert a much greater pressure on containment equipment
than deflagration. While a full-scale detonation is not possible
in a CANDU containment building during a LOCA, because
there would be insufficient hydrogen available, the possibility
of local detonations was a concern. In localized areas of high
hydrogen concentration, detonation may be externally induced
(e.g., by a local high-energy discharge) or self-induced by the
transition of a deflagration to a detonation. The latter normally
results from acceleration of a deflagration to a high velocity fol
lowed by the development of a detonation kernel around some
obstacle in the flame path. These experiments have led to the
derivation of mechanisms and criteria for the transition to deto
nation in the presence of typical obstacles.
In addition to the research on combustion phenomena, work
was also done on the development of mitigation technologies.
One example is ignitors which, when properly deployed, can be
used to burn off excess hydrogen in an innocuous manner. An
other example is the demonstration of the effectiveness of an
alternative hydrogen combustor for use in vault cooler ducts
where deuterium can accumulate.
These studies have shown that it is extremely unlikely that
conditions could arise where hydrogen combustion could
threaten the integrity of a CANDU containment system, if
proper precautions are taken.
CONCLUSION
The CANDU safety R&D program within AECL has evolved
over the years to address the many questions that have been
raised both by CANDU designers and the AECB as the various

CANDU plant designs have evolved and proceeded through the
licensing process. From the beginning, the CANDU developers
appreciated the critical safety issues and initiated appropriate
R&D programs to address them. Because it was realized that the
phenomena associated with postulated reactor accidents are.
complex and difficult to calculate, the approach taken was to
rely heavily on experiments to elucidate the phenomena in
volved, and to develop the plant simulations based on this firm
experimental foundation.
The safety program and other related R&D programs have
resulted in changes in the design of the safety systems for
CANDU plants over the years:
"* measurements of the coolant void reactivity effect led to the
use of fast-acting shutdown systems, rather than modera
tor dump, for the larger CANDU reactors;
"* work on the radiolysis of heavy water led to the use of
hydrogen-oxygen recombiners in the moderator cover-gas
circuit on all CANDU reactors;
"* thermalhydraulics studies showed that high-pressure
emergency cooling systems were required for some of the
accident scenarios, rather than gravity-driven systems;
"* the work on iodine and cesium behaviour in containment
showed that a dousing system is not required for washout
of the iodine and cesium during LOCAs;
"* the results of the tests on pressure-tube integrity during
combined LOC/LOEC accidents led to the determination of
the optimum temperature for the CANDU moderator;
"* blackening the inside of the calandria tubes, to enhance the
heat transfer from the fuel to the moderator during com
bined LOC/LOEC accidents;
"* the use of computers in the Darlington safety systems to en
hance their reliability, based on the successful application
of computers in the control of CANDU plants, as discussed
in chapter eleven.
The safety R&D programs have also confirmed the soundness of
the original CANDU concept and of the multiple-barrier, de
fence-in-depth approach used by the CANDU designers. The
results obtained from these programs have increased our confi
dence in the safety of the CANDU reactor and have shown that
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even for low-probability accidents the regulatory standards can
be met. They have provided a sound basis for the safety analy
sis of CANDU plants, without which these plants would not be
able to obtain their operating licences. Indeed, some licences
have been granted contingent upon the successful completion
of safety R&D studies.
As the safety R&D program developed, close ties were also
established with groups performing safety research in other
countries, and Canada has had over the years co-operative ar
rangements with major agencies sponsoring reactor safety

research, such as the USNRC, the OECD and the IAEA. In this
way, the Canadian program has benefited from the work done
by others, both where it is applicable to CANDU reactors, and
where it is not reactor specific (e.g., the atmospheric dispersion
of radioactive materials).
While many of the CANDU safety issues have been ad
dressed by the R&D program, there will probably be a need for
an ongoing program to deal with issues related to new reactor
design features and any new questions that the regulatory
agency may have.
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