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by George C. Laurence

Forty years ago the future role of Canada in nuclear
mhlﬂd_&?ﬂlﬂpmmt would have seemed impossible,
There was little public confidence in our scientists and
development engineers. Technology was something to
import.

Research in the National Research Laboratories has
always been predominantly “mission oriented”, assisting
}ﬂ'ﬂ”-ﬂn' and other government departments. Work of
immediate and obvious application left little time for
“purely curiosity-inspired” research. By 1940, the atten-
tion of the laboratories had been shifted almost entirely to
war problems.

This isolation from basic research made it more difficult
for the scientists to keep in touch with progress that was
relevant to their work, but the scientific periodicals told us
of the discovery of nuclear fission, that it sometimes
happens when uranium atoms are hit by neutrons, and that
more neatrons are released by fission than are captured to
produce it. Therefore, a reaction might be possible in
which the supply of free neutrons was constantly replen-
ished, or even greatly increased. A very large number of
fizggions produced in such a reaction would release a very
large amount of energy. There was evidence to show thata
large increase in rate of producing fissions would be easier
to accomplish if the neutrons were moving slowly. They
would move more slowly if they encountered large
numbers of very light atoms such as hydrogen atoms;
therefore, it might be advantageous to associate with the
uranium a suitable quantity of material containing hydro-
pen, such as ordinary water.

One report told of the attempt by Joliot, Halban and
Kowarski in Paris to prove that a large release of energy by
fission might be possible in a solution of & wranium
compound {such as uranyl nitrate) in water. Their attempt
failed because the ordinary hydrogen atoms, though they
slowed the neutrons, captured so many of them that an
insufficient number remained to produce more fissions.

They then decided to try heavy water with the uranium
instead of ordinary water, because heavy hydrogen would
capture fewer neutrons than ordinary hydrogen. Before
they could do so however, the German Panzer Divisions
by-passed the Maginot Line and advanced across France,
Halban and Kowarski escaped to England bringing their
heavy water with them, and did the experiment in
Cambridge.

By this time, the muclear scientists in England and the
United States had stopped publishing the results of their
research, but they continued their work in secrecy. We
mssumed that the German scientists were also hard at
wark, and we were convinced that if Germany produced a
nuclear weapon first they would win the war.

Experiments in Ottawa 1940-42

Heavy water was scarce and costly to produce, The 185
kilograms that the French scientists had obtained from a
hydroelectric plant in Norway and brought to England was
most of the world's supply. Rough caleulations with the
inaccurate data then available suggested that it might be
poasible to obtain a large release of energy using some form
of carbon instead of heavy water with the uranium. Carbon
would be less suitable for the purpose but was cheaper and
ensier to obtain. I decided to experiment with carbon and
uranium oxide. The experiment would have to be done
mostly in overtime because my small section was very busy
asgisting Canadian industry to become proficient in the
radiographic inspection of parts for military aircraft and
other equipment. Months later, I leamed without surprise
that similar experiments with carbon and uranium had
been started both in England and the United States at
about the same time,

The purpose of the experiment was to determine whether
avery large release of nuclear energy would be possibleina
large bulk of the kinds of uranium and earbon which | had.
It would be possible if at least as many neutrons were
released by fission as were captured. That implied that if
an independent source of neutrons is surrounded by a
small quantity (i.e. a few tonnes) of the combination of
uranium and carbon, more neutrons would reach the
surrounding walls than if the combination of materials was
not present.

In our experiments in Ottawa to test this, the source of
neutrons was beryllium mixed with a radium compound in
a metal tube about 2.5 centimetres long. Alpha particles,
emitted spontaneously from the radiom, bombarded
atoms of the beryllium and released neutrons from them,
The carbon was i the form of ten tonnes of caleined
petroleum coke, a very fine black dust that easily spread
over floors, furniture and ourselves, The uranium was 450
kilograms of black oxide, which was borrowed from El
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dorado Gold Mines Limited. It was in small paper sacks
distributed amongst larger paper sacks of the petroleum

coke,

The sacks of uranium and coke were held in a wooden bin,
=0 thet they occupied a space that was roughly spherical,
2.7 min dismeter. The wooden bin was lined with paraffin
wax about five centimetres thick to reduce the escape of
neutrons. The arrangement is shown above, a8 & sectional
view through the bin and its contents.

A thin wall metal tube supported the neutron souree at
the centre of the bin, and provided a passage for insertion
of & neutron detector which could be placed at different
distances from the source. In the first tests the detector
was A silver coin, but in most of the experiments it was a
layer of dysprosium oxide on an aluminum disc.

The experimental routine was to exposs the detectar to
the neutrons for & suitable length of time, then remove it
quickly from the assembly and place it in front of & Geiger
counter to measure the radicactivity produced in it by the
neutrons. The Geiger counter tubes and the associated
electrical instruments were homemade because there was
very little money to spend on equipment,

The relative rates of neutron capture and neutron release
by fission were calculated from the data obtained. If the
release had been greater than the capture it would have
been possible to estimate the "eritical quantity” of urs-
nium and coke, that is the minimom quantity needed to
produce a self-sustained reaction that would release a large
amount of nuclear energy.

Prof. B.W. Bargent of Queen's University joined me in
these experiments during the summer university vacations
of 1941 and 1942, Progress was slow because the work was
interrupted by other duties and we lacked the better
equipment that would be available today.

By late summer in 1942, our measurements had shown
that the release of neutrons by fission in our combination of
materials was a few percent less than the capture, There-
fore, it would not be possible to obtain a large release of
nuclear energy in that combination of materials even if
large quantities were used. There was too much loss of
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ntl.létmnudh:.r nsf:ﬁ.l“ﬁ impurities in the coke and
oxide and in quantities of paper

were present. We did not then realize how :E:IE'TB" thgp
could lead to failure. : "B purity

Meanwhile in the United States, E :
Anderson. B. Field, G. Weil and W, Zinm, g HL.
attempt that was also unsuccessful, did succeed in 5 8 firyy
that a large release of energy would be possible using
uranium and very pmmhminth-ﬂn-mﬂmp:jm
Using the necessarily larger quantities, the m;j“te.
then built the first nuclear reactor and operateg js
December 2, 1942. They called it an “atomic pijg=

In the summer of 1940, R.H. Fowler visiteg ﬂ'.‘lt.“
followed soon by J.D. Cockeroft. They had been 1o gy
United States to stimulate greater American intereat i
research of military importance. They told me abaut the
nuclear energy research in England and that in the United
States which they had just seen.

With Prof. Fowler's introduction, I visited L.J. g,
who was chairman of the nﬂmmiﬂgeumxmmdm;
American nuclear energy research at that time, and alia
J.B. Conant, E. Fermi, H.C. Urey and P.H. Abelsag and
learned of their work. After my visit, we received in Ottayy
copies of reports on the American nuclear energy researc,
for the next two years. One of them that was partic
helpful was “A Study Concerning Uranium as a Source of
Power” by J.B. Fisk and W. Schockly, dated September
17, 1940, a remarkable theoretical discussion of the
feasibility of a nuclear reactor to have been written s
early,

In response to Cockeroft's suggestion when he returned
to England we received a gift of $5,000 from Imperial
Chemical Industries, which was involved in the nuclear
research in England, in support of our experiment. It was
an important addition to our meager budget, but [ valued it
most &8 A0 expréssion to Dr. Mackenzie of British confi-
dence in our work.

Joint British-Canadian Laboratory
Established in Montreal

At first there was greater progress in Britain than in
America. It was predicted that if the uranium-235 was
separated from the natural uranfum in which it ocours it
could be used as a very powerful explosive for military
purposes. The British estimated the quantity that would
be needed tomake a bomb, and they proposed methods for
the separation of uranium-235. It was shown by thecry and
experiment that the release of nuclear energy from natural
uranium would be accompanied by the production of
plutonium, and that plutonium like uranium-235 wes
fissionable. They also estimated the quantity of plutoniem
that would be needed for a bamb. _

Halban and Kowarski, then in England, carried out their
experiments that they had been prevented from doing in
France with a uranium compound dissolved in heavy
water and concluded that a great relegse of nuclear energy
might be possible with a much larger quantity of such &
solution, At first, the interestina ““boiler”, as they called if,
using uranium with heavy water or carbon was based om the



hope of using it as a source of energy for industrial
purposes. With the discovery that plutonium was fission-
able the boiler had added importance: it could be used to
produce plutonium for the construction of a bomb,

It was suggested that the nuclear research in Britain
should be moved to the United States. At first the idea was
more acceptable to the American scientists than to some of
those in Britain, By the spring of 1942 the advantages to
Britain of moving the scientists from there to this continent
were more obvious because the industrial resources and
effort that would be needed to produce nuclear weapons
were already committed heavily to other war purposes. In
the United States, however, the work had become well
advanced, and the help that might come from England no
longer seemed 5o valuable. The Americans felt that it was
too great a security fisk because the senior membors of the
group that would be sent from England included refugees
from countries that were occupied by the Germans and it
was thought that they might be influenced by pressure on
their relatives in Europe.

The British then suggested that a joint British-Canadian
laboratory be established in Canada for nuclear research
leading to the construction of & pilot plant for the pro-
duction of plutonium. It would be staffed by some of the
scientists from England directed by H.H. Halban, with
Canadian scientists recruited into the project. Vannevar
Bush, Chairman of the U.5. National Defence Research
Committes, informed Sir John Anderson, Home Secretary
of the UK., that the Americans would accept this
arrangement and agree to the exchange of information on
research that was relevant to the design of the pilot plant.

On February 19, 1842 Malcolm Macdonald, the British
High Commissioner to Canada, with Sir George Thomson
and WA, Akers called on Dr. Mackenzie to discuss this
proposnl. Later that day, Dre. Mackenzie introduced them
to the Hon. C.D. Howe and scquainted him with the
proposal. Sir George Thomson, Malcolm Macdonald and
Professor R.E. Peierls discussed it again on June 15th,
with Mackenzie and Howe, and also with Mackenzie King.

Some of the naiel research siall of Montroal
Laboratory, 1943,

Standing: AM. Munn (C), B. Gobdschmidt, JW.
Orzarcli |Gl B.W. Sargent [C], G.A. Graham (C}, &,
Gudnan, H.F. Froundlich, H.H. Halban, R.E Nawall,
F.H. Jackson, J.0, Cockeraft (visiting the Laboe-
tory|, P, Auger, 5.0, Bauver, N.0O. Lowrancs, A, Munh
May.

Seated: W, Knowles (Gl F. Demers (CL J.A
Laicester, H. Seligman, E.D. Cowant, E.F. Hincks
(C). F.W. Fenning, G.C. Leuramca [C), B, Portacara,
.M. Walkofi (CL, A Wainbang [ULS. Lisisan Oficer),
&, Placzak.

Drr. Mackenzie visited Vannevar Bush in Washington and
they discussed the possibilities of American cooperation
with the proposed British-Canadian laboratory. The
British raised the question again on August 17 and on
September 2.

The ohjective was speculative; it was doubtful if it could
be completed befors the end of the war. It would divert
scientists, equipment and material from other war work,
and would commit Canada to the expenditure of many
millions of dellars, and there would be difficulties in the
procurement of materials, particularly the many tonnes of
heavy water.

Dr. Mackenzie said later that the deciding consideration
wis that when peace returned atomic energy would be
bound to have applications of social and economic signi-
ficance far bevond the possibilities of imagination and
prediction, and the proposed Canadian-United Kingdom
rescarch effort would provide an opportunity for the
training of Canadian scientists in thiz field. So, Mr. Howe
agreed on September 2, 1942 that Canada wouold receive
the scientists from England, provide the laboratory facil-
ities and supplies and administer the project in Montreal
&5 o division of the National Research Laboratories.

The first of the staff from England arrived about the end
of the year 1942, They were P. Auger and B. Goldschmidt
of France, G. Placzek of Czechoslovakia, S.G. Baver of
Switzerland, H. Paneth and H.H. Halban of Austria and
R.E. Newell and F.R. Jackson of Great Britain. We
temporarily cccupied an old residence at 3470 Simpson
Street belonging to MeGill University. Three months later,
we moved into a 200 square metre area in the largs, new
building of the University of Montreal, and more scientists
and technicinns arrived from England. It was part of my job
to recruit Canadian staff, and Professor David Kevs (C),®
representing the Wartime Bureay of Technical Personnel,
helped greatly in finding them, and in obtaining approval

* The names of the Canadians as they appear in the text
will be followed by (C).




for their tranafer from other employment. The stalf grew
quickly to over three hundred, of whom about one half were
Canadian.

The project was started in a mood of enthusiasm and
expectation of great scientific adventure. Never bafore had
such a talented group of scientists been brought together
in Canada with a single purpose.

Soon, however, we became impatient as we waited for the
expected close collaboration with the American scientists
to develop. American anxiety about the security of infor-
mation increased on account of the mixed national back-
ground of the Montreal team. They proposed that the
exchange of information with the Montreal Laboratory
become much more restricted, and they stopped sending
us copies of their sclentific reports, and deeply offended
the British. The administration of their security measures
became very tight after the 1.5, Army assumed control of
the whole American nuclear program in June 1942, but it
was the senior American scientists, Vannevar Buah and
J.B. Conant, who resisted most strongly close collabor-
ation with the scientists in Montreal.

The choice of Halban as Director of the La had
seemed logical, but turned out to be unfortunate. He was
involved in the unhappy circumstances that brought
bitterness and distrast into the relations regarding nuclear
energy between France and the United States. With Joliot,
Kowarski and Perin, he held patents which clairmed control
of the use of nuclear reactors for some of their most
important applications. The interest of Imperial Chemical
Industries in these patents provoked the American dis-
trust of international cartels. An ill-timed visit by Holban
to Joliot in France to discuss the patents aggravated
American worries about security because Joliot was a
member of the French Communist Party.

His nssociations with the National Research Council also
did not always run smoothly. He was impetuous and
vacillating in decisions and unreasonable in his demands of
the administrative staff in Ottawa and unfair in eriticising
them. He failed to inform Dr. Mackenzie or any other
Canadian about important decisions regarding the re-
search program of the laboratory. Eventually, E.W.R.
Steacie (C), then the Director of Chemistry division of the
Mational Research Laboratories, scted as a part-time
Assistant Director under him, but Dr. Steacie’s influence
came too late and was too remote from the administrative
problems in Montreal.

At the Quebec Conference on August 17, 1943, Prime
Minister Churchill discussed with President Roosevelt the
very unsatisfactory state of British-American collabor-
ation in nuclear energy research, including the work of the
Montreal Laboratory. They agreed that armrangements
should be made *“to ensure full and effective collaboration
between the two countries in bringing the profect to
fruition™. A “Combined Policy Committee”, under the
chairmanship of H.L. Stimson, the U.8. Secretary of War,
was named to work out the basis for implementing this
agreement, but it rarely met. There was little progress
towards effective collaboration, excepting a few scientifie
discusgions on strictly limited topics. Morale in the Mon-

)
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treal Laboratory became very low, The sciontista felt they
would be better employed in other work,

Good Research in Canada, 1943-194¢
Notwithstanding Difficulties

In spite of the discouragement and the uncertainties of
purpose which lasted until the end of 1944, a remarkable
amount of good research was done in the Montreal
Laboratory during that period as well as in the happier
months that fellowed. It provided scientific data that wers
needed for the design of a fission reactor and of chemical
plants for the extraction of plutonivm and uranivm-233
prnducg& in the reactor, and it contributed to ]'EEIH'H'"EdEE
and understanding of the structure and behaviour of
atomiec nuclei.

Part of the research was investigation of the penetration
of neutrons through the kinds of materials that might
comprise the core of the reactor, such as heavy water,
ordinary water and graphite, and combinations of these
with uranium and other materials, This information was
essential for the design of a reactor because a large release
of nuclear énergy by fizsion is poesible only if sufficient
numbers of the neutrons that are liberated by fission retain
their freedom, avolding capture in the wrong kinds of
atoms, until they are captured again in fissionable atoms to
produce more fissions.

There was interest particularly in the possibility of
reactor that would use natural uranium and heavy water.
The Americans doubted the conclusion from the experi-
ment by Halban and Kowarski in Cambridge University
that a reactor would be feasible using a solution of uranyl
nitrate in heavy water because it seemed improbable
thearetically and the experiment was difficult to do accu-
rately. The heavy water had been brought to Montreal, and
F. Fenning repeated the experiment there and approxi-
mately corroborated its conclusions. For further confir-
mation, he inveatigated in particular the proportion of the
slow (“‘thermal™) neutrons captured in the solution that
produced fission, and B, Pontecorvo measured the propor-
tion of fast neutrons that were captured before their speed
was reduced sufficiently to produce most of the fissions.
Halban suggested that the theoretical objections to the
experimental results might be too pessimistic because
they overlocked the possibility of an *'n - 2n effect” that
would inerease supply of neutrons, i.e. a reaction by which
the capture of & neutron in a dewterium atom of the heavy
water would result in the release of two neutrons, A, Nunn
May, L.G. Elliot (C) and E.P. Hincks (C), however, showed
that any n - 2n effect would be too infrequent to explain the
discrepancy. It remained a mystery. ;

In any case, it was clear that the feasibility of a sustained
nuclear reaction in a “homogenecus” mixture of uranium
in heavy water would be greater if the concentration of the
uranium was considerably increased. Unfortunately no
suitable compound of uranium was known that could be
dissolved in heavy water in sufficient concentration for the
purpose. Hence, intereat turned to a more concentrated
mixture: a “slurry" consisting of a suspension of a finely




— —__ -
1 3
-.-:--'.--n"—
C—— -
|| msmos et |
i LLE-1-T 4] el
el t=] I
‘ ‘ I LIEETETH '
v = Pakt
. FEDBECS e LV MY
P
TS e— =
gl
—
|5
= r— e - —
‘__: _.._.:Elj : |ﬁ
. _ Htl.l'-! WATEE SEanna N —— =
E I

E

AT
SHIVTTON
At

{ll
-
-
@®:
2

e ey
]

| [ ] = I : sic— I : LRl -1
. E:-::-T i PR RAUiROE MOWED |

| L LR LRCE LTI | 1
& e | 3

Tha Fission Process

& 5low neutron (Fig. 1| strikes the nueleus of a urenism stam, causing it
1o split or fission (Fig. 2). Heat is produced. The fast newirens releasad
bry the fission slow down as they bounca against the nucle in heavy
water modecules, Slowed sufficiantly, the neutrons will chuga ochar
U-235 atoms to fission, maintaiming a chain reaction,

divided compound of uranium in the hewy water which
was called “mayonnaise™ on account of its appearance. It
was intended that the mayonnaise would eirculate through
the reactor vessel and through a heat exchanper where the
heat produced by the nuclear fission would be extracted. It
could be pumped directly from the reactor to a chemical
plant where the used uranium could be replaced, fission
products could be removed and plutonium recovered. H.
Paneth, B.L. Goldschmide, H.G. Heal and F. Morgan
investigated the preparation of such s suspension, its
stability at high temperatures and physical behavior and
the effects on it of the intense radiation to which it would be
exposed in a reactor. D.W. Ginns considered the engi-
neering design of the reactor. 5.G. Bauer and W.J.
Knowles (C), inveatigated problems of removing heat from
the slurry. G.8. Anderson and J.H.L. Matheson (C),
worked on the design of suitable heat exchangers. The
possibility of adding extracted uranium-235 to increass
reactivity was considered.

Interest gradually shifted from *“homogeneous reactors’”
using a slurry to “heterogeneous aystems” in which the
uranium was in the form of metal bars about 2.5 em in
diameter and several centimetres apart in the heavy water.
There were several reasons for the change. It was realized
that much less heavy water would be needed. Experiments
by A.G. Maddock, N. Miller, Miss G. Gorey (C} and J.
Hebert (C) gave warning that radiation from uranium and
fission products suspended in the heavy water would
decompose the heavy water into oxygen and deuterium so
rapidly that the reactor could be operated only at avery low
power. Other practical difficulties were expected,

Meanwhile, the possibility that the reactor to be built in
Canada might use graphite instead of heavy water was not
rejected as long as American collaboration remained in

doubt. Early success with heavy water would depend on ita
supply and the Americans controlled the only important
production on the continent, that at Trail, B.C., by a supply
contract. Sargent and I, with Hans Paneth and H.G.
Hereward, and later A M. Munn (C), measured the migra-
tion of neutrons in s ten-tonne pile of graphite rods as they
slowed from their ariginal high velocities and continued to
move at slow ("thermal'") velocities through the graphite,
The neutrons for the experiments were released from a
block of beryllium by exposing it to the radiation from a
two-million volt therapy X-ray machine. We used the same
techniques to measure the diffusion of slow neutrons (the
“thermal diffusion length™) in heavy water containing

As | became involved then in other research, Sargent
directed the further experiments on neutron migration in
heavy water containing uranium bars in arrangements that
might be used in a practical reactor. Associnted with him in
these other experiments on the motion of neutrons in
heavy water were D.B. Booker, P.E. Cavanagh, H.G.
Hereward and N.J. Niemi (C). These experimental studies
of the motion of fast and slow neutrons in graphite and in
heavy water confirmed theories of their motion in these
materials developed by the theoretical physicists, thereby
making it possible to use their theories with greater
confidence in designing a nuclear reactar.

Other kinds of reactors were also considered. For
example, 8.G. Baver was interested in “breeder reactors”
which would replenish their fuel supply by producing
plutonium from ursnium-238 or uranium-233 from
thorium, M.H.L. Prvce, E. Courant and B. Pontecorve
shudied the possibility theoretically. Pontecorve, B.H.
Flowers, G.A. Graham (C) and H. Seligman also investi-
gated the motion of neutrons in ordinary water containing
bars of uranium, lead or iren to obtain information that
would be relevant to the design of reactors that use
enriched uranium and ordinary water, such as those now
operating in the United States,

The theoretical physicists studied such questions as the
minimum quantities of uranium and heavy water or gra-
phite that would be required in a reactor, the saving in
these quantities that could be made by surrounding the
reactor with a thick layer of graphite to impede the escape
of neutrons from it, the effectiveness of moveahle bars
containing substances that capture neutrons, such as
boron or cadmium, as & means of stopping or controlling
the fission reaction, and other problems of design.

For the purpose of caleulating such aspects of reactor
design, G. Placzek, R.E. Marshak, B. Davison, E. Courant,
4.0, Mark (C), F.T. Adler and others produced formulae
which describwd the migration and distribution of neutrons
by “diffusion” equaticns similar to those which are used to
describe the flow of heat, sound, matter in solution or
radiation in stars. They used “transport theory” (des-
cribing the motion of neutrons in vector notation) to show
how the quantities in these formulee were related to
information that could be obtained by messurements of
the average distance between collisions with atoms, the
changes in direction and speed caused by the collisions,
and the risk of their capture by the atoms which they

5




encountered. They also used transport theory to calculate
the net flow of neutrons from one material (e.g. heavy
water) into another (e.g. uranium or other maetal) where the
surface between the two materials was not flat, & frequent
pmblilum in designing reactors. G. Volkoff (C), Jeanne
Le{!a.me_:l;']. P.R. Wallace (C), H.H. Clayton (C), S.A.
Hushmnuk (C), M. Pryce, E.A. Guggenheim and others
:I;rwartignted how the release and distribution of neutrons
in a reactor would be affected by the size, shape and
relm'-:'u posttion of the parts of the reactar. B. Carlson
organized a computing section,

The role of the small group of engineers in the Montreal
Laboratory was to conceive in outline the design of the
reactor, how its uranium fuel would be cooled and how the
heat would be dissipated, how it would be shielded to
protect the operators from radiation, how the used fuel
containing radicactive fission products would be removed
and stored safely, how the operating power of the reactor
would be regulated, what automatic protective devices
would help to insure safe operation, and many other
featurea of design. The group comprised R.E. Newell,

D.W. Ginns, J.H.L. Matheson (C), G.8. Anderson, 5.G.
Bauer and others,

ll._".-'aa also their responsibility to advise those who would
design the reactor and chemical plants. Restrictions that
were very unusual in engineering experience had to be
imposed on the choice of materials and other features of
design in order to satisfy somewhat conflicting require-
ments of working temperatures, rates of heat transfer,
permissible leakages of fluids, tendency to capture neu-
trons, speed of response of instruments and other details.

Since the original purpose of the project was to demon-
strate the feasibility of producing plutonium in a heavy
water-moderated reactor, the chemists and chemical engi-
neers developed the process by which the plutonium would
be separated from the uranium and radicactive fission
products after the fuel was removed from the reactor. They
also developed the process by which uranium-233 (another
fissionable material) could be separated from thorium and
fission products.

The development of thess processes was made possible
by contributions from the Americans of small amounts of
plutonium and of wranium and thorium that had been
exposed to neutrons and therefore contained the nuclear
fuel and fission products produced in a reactor, A group in
Montreal including B. Goldschmidt, L.G. Cook (C), T.J.
Hardwick and others tested a very large mumber of
golvents to find the most suitable for separating the
plutonium and uranium from the very radioactive fission
products by preferential dissolving. Another group in the
National Research Laboratories in Ottawa, including S.E.
Cambron (C), R.H. Betts (C), R. Mungen (C), E.E. Winter
{C), L. Siminovitch (C), M.B. Wilk (C) and R.P. Cahn (C},
further developed the process so that it was possible to
obtain plutonium quite free from both the uranium and the
fission products. LR. Mills (C} and C.H. Simpkinson (C)
designed the plant which was operated laterin Chalk River
until dismantled when it was clear that its plutonium
production was not economically profitable at that time.

&
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The comparable process for separating uranium.233
from the thorium in which it is produced and the accq.
panying fission products was developed by B, Gold-
schmidt, L.G. Cook (C), J. Guéron, F. Mﬂ?ﬂﬂ, JET
Spinks (C) and L. Yaffe (C). It was also built and used later
st Chalk River. P.E. Gishler (C), R. Wilkinson, T, Boyer
(C), P.J. Sereda (C) and C.R.G. Holmes (C) investigated
the corrosion of alloys that might be used for protective
covering of uraniurm fuel rods in the reactor by the watgy
from the Ottawa River and the possible need of water
treatment.

The chemical properties of uranium, neptunium ang
some of the fission products were investigated by J.
Guéron, W.E. Grummitt (C), A.C. English, G. Wilkinson,
C.E. Mackintosh and others. H.G. Heal experimented with
plectrochemistry of uranium compounds and H. Green-
wood tested the corrosion resistance of uranium-silicon
alloys,

It is impossible in a short history to mention all the
important  contributions to nuclear science by the
Montreal Laboratory. A list of its scientists and engineers
compiled in August, 1945 is appended. Many of them are
better remembered today for their work in later vears at
Chalk River, or in universities and in the United Kingdom
and France after leaving Montreal, particularly those who

were in Montreal for only a few months.

A notable achisvement in basic science was the deline-
ation of the “4n+ 1" series of nuclear isotopes, identifying
them and obaerving their properties by T.E. Cranshaw, P.
Demers,(C) A.C. English, J A. Harvey,(C) E.P. Hincks,(C)
J.B. Jelley and A. Nunn May. The “4n+1" series isa group
of heavy isobopes not found in natural minerals that is
produced by successive disintegration from uranium-213,
It is analogous to the three series of naturally radicactive
isotopes that have long been knowm to result from the
disintegration of uranium, thorium and actinium, Know-
ledge of properties of the “4n + 1" substances is important
in developing methods of recovering pure uranium-233,
which is & promising nuclear fuel that can be produced
from thorium,

Nuclear fission provides two means by which the number
of known kinds of atoms has been greatly increased: the
production of fission products, and the release of neutrons
which by impact on existing kinds of atoms transform them
into new kinds. The increase in the variety of atoms
available for study permitted research that has greatly
exterided our knowledge of the structure and internal
behaviour of atomic nuclei, Some of the experiments
involved bombarding the new substances with nevtrons or
ntllular atomic particles or radistion, and observing the
radiation or particles that emerged to discover what
changes were caused in the atoms when they were hit.
Some of the research in the Montreal Laboratory was of
this kind using small quantities of fission product material
received from the United States. It provided preliminary
experience that led some of the young scientists involved
to very productive careers in nuclear research later at
Chalk River and elsewhere when much greater quantities
of these materials could be produced in the nuclear
reactors,
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A useful experimental technique developed by P.
pemers (C) involved the use of very fine-grained photo-
graphic emulsion in which the “tracks", roughly one
hundredth of a millimetre in length left by individual alpha
particles emitted from specks of radioactive matter resting
on the emulsion, could be clearly seen with a mictoscope.
The lengths of the “tracks” helped to distinguish the kinds
of isatopes from which the alpha rays came. It also revenled
the “tracks” produced by the fission fragments of single
yrannam atoms,

Other experimental techniques were developed and
special instruments were devised. They included beta-ray
& meteors for measurement of the velocity of electrons
by L.G. Elliott (C) and B. Kinsey, ion chambers of various
kinds to detect neutrons and other atomic particles by H.
Carmichael and J.F. Steljes, an electronic device called a
“kick sorter” for counting atomic particles and distin-
guishing between those of different speeds by HLF.
Freundlich, E.P. Hincks (C) and J.W, Ozercff (C), and
improved "“kick sorter” by C. Westeott (C) and R. Hanna
and others, electronic amplifiers for measuring the very
small direct currents of electricity through ion chambers by
R.J. Cox, FJ.M. Farley, J.D. Jackson and HE. Gove, ion
chambers for measuring the energy of motion of atomie
particles by T.E. Cranshaw, J.A. Harvey (C) and others,
and an accelerator to produce fast moving heavy hydrogen
ions by A.G. Ward (C) and J. Warren, and other special
pitces of equipment that could not then be obtained
commercially, HM. Cave (C), E.B. Paul (C), J.B. Jelley
and P. Lamb (C) converted a 600,000 volt X-ray generator
that I had built a few years before in Ottawa into an
accelerator of positively charged atomic particles for
nuclear research,

The biological effects and hazards of exposure to radis-
tion and atomic particles, and other safety questions
recelved much attention. J.5, Mitchell, W.V. Mayneord,
and G.A. Butler (C), intermationally recognized experts on
radiation dangers, spent some time in the laboratory and
greatly influenced its policy on protection of its employees
and the public.

There were mizcellanecus research and development
activities which, after August, 1944, were grouped fo-
gether in a division called Technical Physics under my
direction. They included research on the transfer of heat
from simmlated reactor fuel rods to cocling water by 5.G.
Bauer, J. W. Knowles (C) and E.W, Guptill (C) in Montreal,
and by P.E. Gishler (C) in the National Research Labora-
tories in Ottawa, in which particular attention was given to
the effects of surface boiling, steam film formation and thin
water films, the development of reactor control rods and
the covering of uranium fuel rods with aluminum cladding
to prevent corrosion by G.S. Farnham (C) and others in the
Department of Mines and Resources, the development of
control rod mechanisms and instruments by N.Q. Lawrence,
the construction of Geiger counters and of “boron
chambers"” for the measurement of the flow of neutrons hy
N. Veall. HF. Freundlich, J. W, Ozeroff (C), R. Callow and
J. Elsey designed and supervised the conatruction of much
of the electronic research instruments for the laboratory.
D.C. Douglas (C) investigated the possible contamination

by radioactive substances of air and water circulated
through a reactor for cooling it. M. W, Lister (C) advised on
the possible spread of any radioactive contamination in the
atmosphere and G.W.C. Tait (C) used smoke tests to
investigate the movements of air in the river valley where
the reactor was to be built. Dr. C.B. Peirce supervised
medical tests to reveal harmful effects of radiation on the
health of employees.

Seientists in other laboratories contributed to the pro-
gram. At McMaster University, Prof. H.G. Thode and
others used mass spectrometer methods in testing heavy
water and in separating isotopes. Help was received from
Prof. F.E. Beamish at the University of Toronto with
chemical analysis, from Prof, L.M. Pidgeon at the Uni-
versity of Toronto in uranium chemistry, and from G.5.
Farnham, R.L. Cunningham and others in the Department
of Mines and Resources in metallurgical subjects. MeGill
University provided library service,

Secrecy about the work of the laboratory was extreme,
Younger sclentists were forbidden by Halban to discuss
their work with others in a different scientific field, When
the distinguished Danish physicist, Niels Bohr, visited the
laboratory he was addressed as “Mr. Baker”. Code words
were also used in referring to uranium compounds, heavy
water, and other important materials.

Decision at Last

There was little benefit for Canada in continuing the
ressarch in the Montreal Laboratory without close co-
operation with the British and American scientists and this
view wis expressed to the suthorities in both countries,
The situstion was worsened in both by poor communica-
tion among heads of states, officials and scientists.®

Better understanding and gpood will were achieved,
eventually, through the efforts of James Chadwick, the
eist renowned of living British atomic scientists; General
Gzroves, head of the whole American nuclear effort: and Dir.
Mackenzie, Groves and Chadwick were of very different
backgrounds, disciplines and personalities but they trust-
ed and respected each other, and Mackenzie understood
very well the points of view of both sides. Their good sense
prevailed; the Montreal Laboratory was saved.

The long-awaited decision to proceed at once with the
design construction of a heavy water-moderated nuclear
reactor in Canada was made at a meeting of the Combined
Paolicy Committee in Washington on April 13, 1944 which
was attended by both the Hon. C.D. Howe and Dr.
Mackenzie. General Groves was present and we are told
that he assisted greatly in reaching agreement. It was

® In this article, which discusses the selentific and engi-
neering research, very little has been said about the
misunderstandings regarding the supply of uranium and
heavy water and political differences. A comparison of
American, British, French and Canadian sccounts of
wartime nuclear cooperation reveals them clearly. See
references cited at end of paper.



agreed that there would be full exchange of information
relevant to design of the reactor and the extraction of the
plutonium it produced. Halban and other scientists who
were not British subjects would leave, and the English
physicist, John Cockeroft, would be Director of the Labor-
atory.

The atmosphere in Montreal changed quickly. The
Americans fully supported the project. Scientific informa-
tion, supplies of materials and help in many ways came
from the United States, and scientists from Montreal
visited American nuclear research centres where relevant
work was being done,

Defence Industries Ltd. was engaged to do the engi-
neering design of the reactor, the laboratories, the services,
and the town where the employees would live, and to
operate them for the Netional Research Council which
would direct the research. Fraser Brace Lid. would do the
construction under contract to Defence Industries Ltd.
After a score of possible sites was considered, one near
Chalk River was chosen and called the "Petawawa
Works". The location now known as Deep River was
selected for the town. Design began almost at once, and
construction proceeded rapidly in spite of difficulties in
procuring materials and labour, The story of this construc-

Ov. J.O. CockcroM afrived &1 the
CARL site in Aprl, 1944 and im-
imediately monganized the Labara-
tary. Linder his directich morale
improssed and a sensas of parposs
Was rasiored.

& group photo teken in 1345 shows a numbar of
. thass Ivalved in the constnsetson of the Chilk River
Muclesr Latoratories, From e o rfight Majer JH.
Brace, preabdent, Frases Brace Limded, Anhar 4.
Busdcdan, Department of Mundlions and Suppiy,
unidentifind, Or. CJ. Mackenzbe, president, Mations|
Reasarch Council, F.l. Fabmed. gen. suot., Fraser
Braca Limited, H. Grevills Smith, vice-presidant,
Canadinn Industries Lid., (Delence Industrss Lid.)
0.5, Kikbride, gen. supt, Services, Patewows
Works, Defence Indusiries Lid.. unidentified, Majos
AB. McEwan, manager, Specisl Projects div.
D.LL, H.J, Desbassta, manogor, Patawawa Works,
0L, Dr. J.0. Cockeralt, director of the Canadian
Project, 1544-48, CH. Jesckeon, chisl enginaar,
Spaciad Projecta div., OLIL., Gordon R, Stephans,
panersl manager, Fraser Brace Limitad, H.5. Milna,
residami engineer, Patewsrwa Woska, DULL, M.
Groan, suparintandant, Freser Brace Limited,

tion is omitted here because it is more suitably a part of the
history of NRX.

Cockeroft arrived on April 26, 1944 and the direction of
the Laboratory was reorganized. E.W.R. Steacie (C) was
its Assistant Director and acted also as Head of the
Chemistry division after Paneth left. Halban became Head
of the Muclear Physics division. I was made Head of the
Technical Physics division as mentioned earlier. Sargent
{C) became Head of the Nuclear Physics division when
Halban left at the end of March, 1945, and Volkeff (C)
succeeded Placzek a litthe later as Head of the Theoretical
Physics division.

Under Cockeroft, the administration of the laboratories
became less difficult, morale improved and a sense of clear
purpose was restored. While the laboratories were being
built at Chalk River, the staff moved there gradually from
the Montreal Laboratory which was closed dowsm in July,
1546,

ZEEFP

Success in operating the proposed new reactor, which
wis named NRX, would depend eritically on the design of
its “lattice™. That is on the size, shape and composition of
the uranium fuel rods and their distance apart in the heavy
water. The dimensions had been calculated by the mathe-
matical physicists in the Montreal Laboratory from theory.
The general validity of the theory had been proved by the
success of the first American reactors, including cne in
Chicago which used heavy water and was designed by a
group under Canadian-born Walter Zinn. However, before
the theory could be used as a final guide for the design of
NRX, a confirmation was needed by experiment of the
behaviour of neutrons in the kind of reactor lattice that
would be used, and it was done in Montreal by Sargent (C),
H.G. Hereward, A, Munn (C), P. Cavansugh, D). Booker,
M. Burrow, N. Niemi (C) and L. Nirenberg (C) with small
quantities of the materials.



This background of theory and experiment made it
poasible to decide the outline design of the NRX reactor,
jts shielding, the location auxiliary equipment and the
design of the building that would house them, so that the
construction could be started. Before NRX was comple-
ted, howewver, it was desirable to have some experience in
operating a comparable reactor that could be easily al-
tered, After two months of study it was decided, on August
24, 1944, to build a very simple reactor that could be
completed quickly, and was so designed that its uranium
rods and other parts could be easily changed or rear-
rangéd.

Lew Kowarski, who had declined to come to Canada to
work under Halban, had joined the staff under Cockeoft.
He, with New Zealander Charles Watson-Munro and
Canadians George Klein and Don Nazzer, were given the
task of designing this small reactor and putting it into
operation. They were helped by A.H. Allan, F.W. Fenning,
3. Fergusson, C.W. Gilbert, and E.P. Hineks (C). Kowarski
named it ZEEP, which he said stood for “zero energy
experimental pile™.

Simplicity and flexibility were achieved in this reactor by
omitting any provision for removing heat produced by the
nuclear reaction, very heavy shielding to absorb radiation,
and the more elaborate control and safety equipment that
is peeded in high power reactors.

ZEEP's reactor vessel is an aluminum cylinder about two

d Dr. Lew Kowerski direcied the ZEEP
project whach would provide Bxpdrs
fence usedul In the design of mor
powarfull fessions.

{L-t} Dr, G.C. Larenice, Dr. £..). Mackanzie, Hon. C.D. Hows, and Dr.
J.0. Cockeroft in August, 1345, a few waeks bafore ZEEP started up.

and one half metres high and two metres in diameter,
surrounded by blocks of graphite, as shown above. The
uranium rods are hung vertically from a frame across the
top. The heavy water is stored in a tank beneath, from
which it ean be pumped into the vessel. Small cylinders of
cadmium were arranged so that if the power became
dangerously high, they would drop sutomatically into the
reactor vessel where they would stop the reaction by
ahsorbing neutrons.

On September 4, 1945, st Chalk River, the construction
of ZEEP was completed. The uranium metal rods, clad
with aluminum, were in place; it remained to add the heavy
water, The small team worked carefully, controlling the
fiow of heavy water into the reactor vessel, and watching
the instrument that gave the first indication that nuclear
fission had occurred in ZEEP.

They changed to less sensitive instruments designed by
H. Carmichael, that would be suitable when operating
ZEEP at the intended power. lon chambers, sensitive to
neutrons, were placed close to the reactor vessel, One of
them was connected to a galvanometer on the contrel desk
that projected a spot of light on & millimetre scale marked
on a strip of glass for the operator to see. The power at
which ZEEP operated would be shown by the displace-
ment of the spot of light across the scale.

The next day, September 5, the heavy water was pumped
into the reachor vessel again, a little at a time. When the
vessal was partly full, the spot of light was seen to move
very slightly, After that, each small addition of heavy water
moved the spot faster and farther, At length, the spot
ghowed that ZEEF was operating at the nuclear power for
which it was designed.

Thus, for the first time a nuclear reactor had been
operated outside the United States. They found that the
amount of heavy water required was almost exactly what
had been predictad from theory by J. Stewart (C) and G.AM.
Vaolkafl (C).

In later years, ZEEF has been used for important
regearch on the behaviour of neutrons in reactors and other
purposes by B.W. Sargent and others. It was used by
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Andrew Pressesky (C), David Walker (C), D.W. Hone (C)
and others to provide data for the design of other reactors.

In 1945 and 1948, most of the British scientists returned
to England and began the research that was to lead the
United Kingdom to become the third nuclear military
power, and the first to produce electricity in large nuclear
power stations economically. Some joined the Canadian
staff and remained here.

The first phase of nuclear research and development in
Canada, when scientists and engineers from Great Britain,
Commonwealth countries, France and other parts of
Europe had contributed so much, and when so much help
was received from the United States, was coming to anend.
The centre of activity in Canada had moved ta Chalk River
and there was recrganization, new direction and new
purpose. From that time, Canadian ideas regarding design

Duiring & visig 1o CRNL in 1371, Dv. Lew Kowartki reminigces sboul
ZEEP with De, C.H. Millar {C} ansd D.H, Wielker [C). In August, 1844, Dy,
Kowarski wii placed in chargs of tha tsam that was to design ZEEP
which wanl ino Rerdcs on Septambsr 5, 1945, iittla mors then one
yaar labar,
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and operation of nuclear reactors, nuclear power stations
and muclear safety began to diverge from those of other
eountries. Gradually the CANDU conception of nuclear
power stations was to emerge.

S

[ am indebted to Dr. Mackenzie and many of my former
colleagues, particularly G.A. Bartholomew, W.E. Grum-
mitt, G.C. Hanna, W.J. Knowles, S.A. Kushneriuk, R.R,
MacLanders, B.W. Sargent, WH. Walker and EE,
Winter, for their help in recalling events.

Alhough most of the British scientists retusned 1o England in 1345
and 13448 to contirun thair reseanch there, closs cocperation with
Unitad Kingdom repesfchemn contindad. From lef JUL. Gray, third
peragidant of AECL, revead DecamBar 18974: Sir John Cockeroft, wha
dimcted the scientific progrem in Cansda and lster lad the LLK
programy; Dr. W.E, Lewis, who succeeded Cockerodt and becams
senicr vico-prasident, sciance, AECL a post he hald wntil his
retiremant; and S Willlam Cook, United Kingdom Atomic Ensngy
Aurthority.

The Chalk River Nuclear Labomionies,
fodwey, ks Canada's largest establish-
mant davoled antiraly te repssrch into
the pescalul usss of atomic anergy.




APPENDIX

Professional Personnel of the Montreal Laboratory Before August 1945

Canadians

w.J. Allan, Jeanne L. Agnew, C.A. Barnes, Mrs, D, Bate,
A H. Booth, T.W. Bayer, G.C. Butler, A. Cambron, H.M.
Cave, HH. Clayton, M.Cohen, L.G. Cook, D.8. Craig, AJ.
Cruickshank, P. Demers, D.C. Douglas, D M, Eisen, L.G.
Elliott, 8. Epstein, JM.G. Fell, F.T. Fitch, C.M. Fraser,
8.C. Fultz, P.E. Gishler, G.A.R. Graham, L.M. Grassie,
W.E. Grummitt, E.W. Guptill, T.J. Hardwick, J.A. Harvey,
EP. Hincks, C.R.G. Holmes, D.G. Hurst, Miss M.E,
Kennedy, Miss P. Kerr, D. Kirkwood, W.J. Knowles, 8.4,
Kustmeriuk, Mrs. J. Laird, G.C. Laurence, J. LeCaine,
W.R. Legge, M.W. Lister, J.G;, Machutchin, S.N. Maldrett,
J4.C. Mark, JH.L. Matheson, K.J. MeCallum, LA, Mec-
Leod, J.W. McKay, N. Miller, J.R. Mills, W.A. Mohun, N.
Morrow, G.B. Moses, A M. Munn, N.J. Neimi, L. Niren-
berg, J.W. Ozercff, E.B. Paul, W.5, Peterson, E. Prevost,
D.S. Russell, B.W. Sargent, P.J. Sereda, C.H. Simpkin-
gon, JK.T. Spinks, E.W.R. Steacie, J.I), Stewart, B.M.
Thall, AL, Thompson, Mizs A. Underhill, D, Van Patter,
A. Vroom, G.M. Volkoff, Muriel Wales, P.R. Wallace,
W.H. Walker, A.G. Ward, C. Westcott, L. Yaffe.

The following Canadian scientists worked elsewhere on
tomic energy problems in association with the Montreal
Laboratory,

In the Chemistry department at the University of
Toronto, under the direction of Professor F.E. Beamish;
HE. Bewick, J.E. Currah, and D.E. Ryan.

In the Chemistry department of McMaster University,
under the direction of Professor H.G. Thode; G. Dean,
HE. Duckworth, R.L. Craham, A.L. Harkmess, R.C.
Hawkings, D.T. Roberts and S.R. Smith,

TI: the Metallurgy department at the University of
ronto, under the direction of Professor L.M. Pidgeon;
WA, Alexsnder and AC. Topp.

In the Department of Mines and Resources - Fuel and

(e , under the direction of Dr, G.S. Farnham;

ﬁlﬁl Cunningham, H.J. Nichols, G, Ensell and Miss A.

From Other Countries

F.T. Adler, AH. Allen, C.B. Amphlett, G.S. Anderson,
W.J. Arrel, H.8, Arms, P, Avger, A.F. Barmr, 5.G. Bauer,
D.B. Booker, W.E. Burcham, R. Callow, B. Carlson, H.
Carmichael, P.E. Cavanagh, K.E. Chackett, J.D. Cock-
eraft, 8.G. Cohen, G.B. Cook, E.D. Courant, R.J. Cox,
T.E. Cranshaw, B, Davison, J. Diamond, J.V. Dunworth, J.
Elsey, A.C. English, F.J.M. Farley, F.W. Fenning, G.J.
Fergusson, B.H. Flowers, H.F. Freundlich, K.D. George,
C.H. Gilbert, A.-H.C.P. Gillison, D.W. Ginns, B.L. Gold-
schmidt, M. Goldstein, H.E. Gove, H. Greenwood, J.W.G.
Gregory, J, Guéron, E.A. Guggenheim, H.H. Halban, R.G.
Hanna, B.G. Harvey, H.G. Heal, H.G. Hereward, R.P.
Hudszon, J.10. Jackson, F.R. Jackson, J.B, Jelley, K.IL.B.
Johnson, N. Kemmer, B. Kinsey, L, Kowarski, P. Lamb,
N.Q. Lawrence, C.E. Mackintosh, A.G. Maddock, R.E.
Marshak, G.R. Martin, A. Nunn May, P.M. Milner, J.5.
Mitchell, F. Morgan, W.K.R. Musgrave, B.E. Newell, H.R.
Paneth, C.0. Peabody, G. Placzek, B. Pontecorvo, H.
Preston-Thomas, M.H.L. Pryce, C. Reid, D.T. Roberts, H.
Selipman, K. Smith, B.S. Smith, R, Spence, J.F. Steljes, F.
Sterry, J. Sutton, J. Thewlis, H. Tongue, N.J. Veall, C.H.
Wasteott, JB. Warren, C.N. Watson-Munro, D.West,
W.J. Whitehouse, G. Wilkinson, R. Wilkinson, W.W.
Young.
m
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