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COMPLETE SPECIFICATION 

Gas-Cooled Nuclear Reactor 
We, UNITED KINGDOM ATOMIC ENERGY 

AUTHORITY, of London, a British Authority, 
do hereby declare the nature of this invention 
and in what manner the same is to be per-

5 formed, to be particularly described and 
ascertained in and by the following state­
ment:-

The present invention relates to a nuclear 
chain reacting system which is capable of 

10 numerous uses but is particularly adapted to 
use for the production of the transuranic ele­
ment 94""" andfor radioactive fission 
products by neutrons released during a self­
sustaining nuclear chain reaction through 

15 fission of uranium with slow neutrons. More 
particularly, the invention relates to the 
removal of the heat of the nuclear reaction to 
such an extent that the reaction may be con­
ducted at a more rapid rate and the production 

20 of element 94""" and/or fission products may 
be accelerated. Natural uranium may be used 
in the reaction and contains the isotopes 92'"" 
and 92"" ·' in the ratio of approximately 139 to 
1. Hereinafter in the specification and the 

25 claims the term uranium is to be understood as 
referring to uranium and its chemical com­
positions of normal isotopic content or equiva­
lent compositions, unless otherwise indicated 
by the context. 

30 The invention consists in a nuclear chain 
reacting system comprising a nuclear reactor 
and means for conducting a gas through the 
reactor. 

The system comprises a mass of neutron 
35 moderator having horizontal channels therein, 

uranium masses in the channels and means for 
moving a gas through the channels over the 
uranium masses. 

The uranium masses are sufficiently smaller 
40 in diameter than the channels to allow passage 

of gas therethrough. 
The uranium masses are preferably spaced 

along the channels. 

[Price 3s. 6d.] 

The channels preferably extend from one 
face cf the moderator to an opposite face of 
the moderator. 

When it became known that the isotope 
u~"" in natural uranium could be split or 
fissicned by bombardment with thermal neu­
trons, i.e., neutrons at or near thermal equili­
brium with the surrounding medium, many 
predictions were made as to the possibility of 
obtaining a self-sustaining chain reacting 
system operating at high neutron densities. In 
such a system, the fission neutrons produced 
give rise to new fission neutrons in suffi­
ciently large numbers to overcome the neutron 
losses in the system. Since the result of the 
fission of the uranium nucleus is the produc­
tion of two lighter elements with great kinetic 
energy, plus approximately 2 fast neutrons on 
the average for each fission along with beta 
and gamma radiation, a large amount of 
power can be made available in a self-sustain­
ing system. 

It has been found that most of the neutrons 
arising from the fission process are set free with 
the very high energy of the order of one million 
electron volts and are therefore not immedi­
ately in condition to be utilized efficiently to 
create new thermal neutron fissions in U2

"·' 

when it is mixed with a considerable quantity 
of U""', as is the case with natural uranium. 
The energies of the fission-released neutrons 
are so high that most of the latter would tend 
to be absorbed by the um nuclei, and yet the 
energies are not generally high enough for pro­
duction of fission by more than a small frac­
tion of the neutrons so absorbed. For neutrons 
of thermal energies, however, the absorption 
cross section of U" ", to produce fission, is a 
great deal more than the simple capture cross 
secticn of U2

"" ; so that under the stated cir­
cumstances the fast fission neutrons, after they 
ar-e created, must be slowed down to thermal 
energies before they are most effective to pro-
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duce fresh fission by reaction with additional 
U 235 atoms. When a system larger than critical 
size is made in which neutrons are slowed 
down without much absorption until they 
reach thermal energies and then mostly enter 
into uranium rather than into any other ele­
ment, a self-sustaining nuclear chain reaction 
is obtained, even with natural uranium. Light 
elements, such as deuterium, beryllium, 
oxygen or carbon, the latter in the form of 
graphite, can be used as slowing agents or 
neutrons moderators. A special advantage of 
the use of light elements mentioned for slowing 
down fast fission neutrons is that fewer colli­
sions are required for slowing than is the case 
with heavier elements, and furthermore, the 
above-enumerated elements have very small 
neutron capture probabilities, even for thermal 
neutrons. Hydrogen would be most advantage­
ous were it not for the fact that there may be 
a relatively high probability of neutron capture 
by the hydrogen nucleus. Carbon in the form of 
graphite is a relatively inexpensive, practical, 
and readily available agent for slowing fast 
neutrons to thermal energies. Recently, beryl­
lium has been made available in sufficiently 
large quantities for test as to suitability for use 
as a neutron slowing material in a system of the 
type to be described. It has been found to be in 
every way as satisfactory as carbon. Deuterium 
compounds such as deuterium oxide while 
more expensive are even more satisfactory. 

However, in order for the premise to be ful­
filled that the fast fission neutrons be slowed 
to thermal energies in a slowing medium with­
out too large an absorption in the um isotope 
of the uranium, certain types of physical struc­
ture are utilized for the most efficient repro­
duction of neutrons, as precautions must be 
taken to reduce various neutron losses and thus 
to conserve neutrons for the chain reaction if 
a self-sustaining system is to be attained. 

An initial number of fast neutrons in the 
system by going through the process of absorp­
tion and fission reproduces in the next genera­
tion a number of neutrons generally different 
from the initial number. The ratio of the num­
ber produced after one generation to the initial 
number for a system of infinite size is called 
the reproduction or multiplication factor of the 
system and is denoted by the symbol K. If K 
can be made sufficiently greater than unity to 
create a net gain in neutrons for the system of 
infinite size and the system made smaller but 
still sufficiently large so that this gain is not 
entirely lost by leakage from the exterior sur­
face of the system, then a self-sustaining chain 
reacting system can be built to produce power 
(in the form of heat) by nuclear fission of 
natural uranium. The neutron reproduction 
ratio in a system of finite size differs from K 
by the leakage factor (neutrons lost from the 
system through leakage), and must be suffi­
ciently greater than units to permit the neutron 
density to rise exponentially. Such a rise will 

continue indefinitely if not controlled at a 
desired density corresponding to a desired 
power out-put. 

During the interchange of neutrons m a 
system comprising bodies of uranium of any 70 
size in a slowing medium, neutrons may be 
lost in four ways, by absorption in the uranium 
metal or compound witl1out producing fission, 
by absorption in the slowing down material, 
by absorption in impurities present in the 75 
system, and by leakage from the system. These 
losses will be considered in the order men­
tioned. 

Natural uranium, particularly by reason of 
its u e:Js content, has an especially strong 80 
absorbing power for neutrons when they have 
been slowed down to moderate energies. The 
absorption in uranium at these energies is ter-
med the uranium resonance absorptwn cr cap-
ture. It is caused by the isotope U"'" and does 85 
not result in ·fission but creates the isotope u~"" 
which by two successive beta emissions forms 
the relatively stable nucleus 94m . It is not to 
be confused with absorption or capture of 
neutrons by impurities, referred to later. 90 
Neutron resonance absorption in uranium may 
take place either on the surface of the uranium 
bodies, in which case the absorption is known 
as surface resonance absorption, or it may take 
place further in the interior of the uranium 95 
body, in which case the absorption is known 
as volume resonance absorption. It will be 
appreciated that this classification of reson-
ance absorptions is merely a convenient charac­
terization of observed phenomena, and arises, 100 
not because the neutron absorbing power of a 
U""~ nucleus is any greater when the nucleus 
is at the surface of a body of metallic, or com­
bined uranium, but because the absorbing 
power of U""" nuclei for neutrons of certain 105 
particular energies is inherently so high that 
practically all neutrons that already happen to 
have th?·se energies, called resonance energies 
as explamed above, are absorbed almost imme­
diately upon their arrival in the body of 110 
uranium metal compound, and thus in effect 
are absorbed at the surface o.f such body. 
Volume resonance absorption is due to the fact 
that some neutrons make collisions· inside the 
uranium body and may thus arrive at resonance 115 
energies therein. After successfully reaching 
thermal velocities, about 40 per cent of the 
n~utrons ar~ also subject to capture by U """ 
without fission, to produce U""" and eventu-
ally 94"'" . 120 

It is possible, b_y proper physical arrange­
ment of the matenals, to reduce substantially 
uranium resonance absorption. By the use of 
light elements as described above for neutron 
moderators, a relatively large increment of 125 
energy loss is achieved in each collision and 
therefore fewer collisions are required to slow 
the neutrons to thermal energies, thus decreas-
ing the probability of a neutron being at a 
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resonance energy as it enters a uranium atom. 
During the slowing process, however, neutrons 
are diffusing through the slowing medium over 
random paths and distances so that the 
uraruum is not only exposed to thermal 
neutrons but also to neutrons of energies vary­
ing between the emission energy of fission and 
thermal energy. Neutrons at uranium resonance 
energies will, if they enter uranium at these 
energies, be absorbed on the surface of a 
uranium body whatever its size, giving rise to 
surface absorption. Any substantial reduction 
of overall surface of the same amount of 
uranium relative to the amount of moderator 
(i.e. the amount of moderator remammg 
unchanged) will reduce surface absorption, and 
any such reduction in surface absorption will 
release neutrons to enter directly into the chain 
reaction, i.e., will increase the number of 
neutrons available for further slowing, and thus 
for reactions with U"3

·' to produce fission. 
For a given ratio of moderator to uranium, 

surface resonance absorption losses of neutrons 
in the uranium can be reduced by a large fac­
tor from the losses occurring in a mixture of 
fine uranium particles and a slowing medium, 
when the uranium is aggregated into substan­
tial masses in which the mean spatial radius 
is at least 0.25 centimeters for natural uranium 
metal and when the mean spatial radius of the 
bodies is at least 0.75 centimeters for the oxide 
of natural uranium (UO"). An important gain 
is thus made in the number of neutrons made 
directly available for the chain reaction. A 
similar gain is made when the uranium has 
more than the natural content of fissionable 
material. Consequently, the uranium is placed 
in the system in the form of spaced uranium 
masses or bodies of substantial size, prefer­
ably either of metal, oxide, carbide, or com­
binations thereof. The uranium bodies can be 
in the form of layers, rods or cylinders~ cubes 
or spheres, or approximate shapes, dispersed 
throughout the graphite, preferably in some 
geometric pattern. The term geometric is used 
to mean any pattern or arrangement wherein 
the uranium bodies are distributed in the 
graphite or other moderator with at least either 
a roughly uniform spacing or with a roughly 
systematic non-uniform spacing, and are at 
least roughtly uniform in size and shape or are 
systematic in variations of size or shape to pro­
duce a volume pattern conforming to a r-oughly 
symmetrical system. If the pattern is a repeat­
ing or rather exactly regular one, a system 
embodying it may be conveniently described as 
a lattice structure. Optimum conditions are 
obtained with natural uranium by using a lat­
tice of spheres of uranium. 

The number of neutrons made directly 
available to the chain reaction by aggregating 
the uranium into separate bodies spaced 
through the slowing medium is a critical fac­
tor in obtaining a self-sustaining chain reaction 
utilizing natural uranium and graphite. The K 

factor of a mixture of fine uranium particles 
in graphite, assuming both of them to b(' 
theoretically pure, would only be about .785. 
Actual K factors as high as 1.07 have been 
obtained using aggregation of natural uranium 70 
in the best known geometry, and with as pure 
materials as it is presently possible to obtain. 

Assuming .theoretically pure carbon and 
theoretically pure natural uranium metal, both 
of the high<::st obtainable densities, the maxi- 75 
mum possible K factor u.i.eoretically obtain-
able is about 1.1 when the uranium is aggre­
gated with optimum geometry. Moreover when 
beryllium is used as the moderator, a K fac-
tor as high as 1.18 is obtainable and if D 20 80 
is used a K factor o.f about 1.3 may be secured 
with pure materials. Still higher K factors can 
be obtained by the use of aggregation in the 
case of uranium having more than the natur-
ally occurring content of fissionable materials 85 
such as U"3

" , U 23
" or 94m . Adding such fission-

able material is termed enrichment of the 
uraruum. 

It is thus clearly apparent that the aggrega-
tion of the uranium into masses separated in 90 
the slowing material is one of the most import-
ant, if not the most important factor entering 
into the successful construction of a self­
sustaining chain reacting system utilizing rela­
tively pure natural uranium in a slowing 95 
material in the best geometry at present known, 
and is also important in obtaining high K fac-
tors when enrichment of the uranium is used. 

The thermal neutrons are also subject to 
capture by the slowing material. While carbon 100 
and beryllium have very small capture cross 
sections for thermal neutrons, and deuterium 
still smaller, an appreciable fraction of thermal 
neutrons (about 10 per cent of the neutrons 
present in the system under best conditions 105 
with graphite) is lost by capture in the slow-
ing material during diffusion therethrough. It 
is therefore desirable to have the neutrons 
reaching thermal energy promptly enter 
uranium. 110 

In addition to the above-mentioned losses, 
which are inherently a part of the nuclear chain 
reaction process, impurities present in both 
the slowing material and the uranium add a 
very important neutron loss factor in the ll5 
chain. The effectiveness of various elements as 
neutron absorbers varies tremendously. Cer-
tain elements such as boron, cadmium, 
samarium, gado-linium, and some others, if 
present even in a few parts per million, could 120 
prevent a self-sustaining chain reaction from 
taking place. It is highly important, therefore, 
to remove as far as possible all impurities 
capturing neutrons to the detriment of the 
chain reaction from both the slowing material 125 
and the uranium. If these impurities, solid, 
liquid, or gaseous, and in elemental or com­
bined form, are present in too great quantity, 
in the uranium bodies or the slowing material 
or in, or by absorption from, the free spaces 130 
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of the system, the self-sustaining chain reaction 
c.annot be attained. The amounts of impuri­
ti~s that may be permitted in a system, vary 
With a number of factors, such as the specific 

5 geometry of the system, and the form in which 
the uranium is used-that is, whether natural 
or enriched, whether as metal or oxide-and 
also factors such as the weight ratios between 
the uranium and the slowing down material, 

10 and the type of slowing down or moderating 
material used-for example, whether 
deuterium, graphite or beryllium. Although all 
of these considerations influence the actual 
permissible amount of each impurity material, 

15 it has fortunately been found that, in general, 
the effect of any given impurity or impurities 
can be correlated directly with the weight of 
the impurity present and with the K factor of 
the system, so that knowing the K factor for a 

20 given geometry and composition, the permis­
sible amounts of particular impurities can be 
readily computed without taking individual 
account of the specific considerations named 
above. Different impurities are found to effect 

25 the operation to widely different extents; for 
example, relatively considerable quantities of 
elements su~h as hydrogen may be present, 
and, as preVIously suggested, the uranium may 
be in the form of oxide, such as UO, or 

30 U 3 0 8 , or carbide, although the metal is pre­
ferred. Nitrogen may be present to some 
extent, and its effect on the chain reaction is 
such that the neutron reproduction ratio of the 
system may be changed by changes in atmos-

35 pheric pressure. This effect may be eliminated 
by enclosing or evacuating the system if 
desired. In general, the inclusion of combined 
nitrogen is to be avoided. 

75 Element 
Danger 

Coefficient 

H 12 
He 0 
Li 310 
B 2150 

80 N 4.0 
F 0.02 
Na 0.65 
Mg 0.48 
Al 0.30 

85 Si 0.26 
p 0.3 
s 0.46 
Cl 31 

90 
K 2.1 
Ca 0.37 
Ti 3.8 
v 4 
Cr 2 
Mn 7.5 

95 Fe 1.5 
Co 17 
Ni 3 

The effect of impurities on the optimum 
reproduction factor K may be conveniently 40 
evaluated to a good approximation, simply by 
means of certain constants known as "danger 
coefficients " which are assigned to the various 
elements. These danger wefficients for the 
impurities are each multiplied by the per cent 45 
by weight of the corresponding impurity, and 
the total sum of these products gives a value 
known as the total danger sum. This total 
danger sum is subtracted from the reproduc-
tion factor K as calculated for pure materials 50 
and for the specific geometry under considera-
tion. 

The danger coefficients are defined in terms 
of the ratio of the weight of impurity per unit 
mass of uranium and are based on the cross 55 
section for absorption of thermal neutrons of 
the various elements. These values may be 
obtained from physic text books on the subject 
and the danger coefficient computed by the 

C; Au 
formula -- . -- wherein C; represents the 

Cu A; 60 
cross section of the impurity and C" the cross 
section .for t~e uranium, A; the atomic weight 
of the 1mpunty and Au the atomic weight for 
uraniun1. If the impurities are in the carbon, 
they are computed as their per cent of the 65 
weight of the uranium of the system. 

. Presently known values for danger coeffi­
Cients for some elements are given in the 
following table, wherein the elements are 
ass~med to have their natural isotopic consti- 70 
tut1on unless otherwise indicated, and are con­
veniently listed according to their chemical 
symbols: 

Danger 
Element Coefficient 

Cu 1.8 
Zn 0.61 
Ga '-'\1 
As 2 
Se 6.3 
Br 2.5 
Rh so 
Ag 18 
Cd 870 
In 54.2 
Sn 0.18 
Sb 1.6 
I 1.6 
Ba 0.30 
Sm '-'\ 1430 
Eu 435 
Gd '-'\6320 
Pb 0.03 
Bi 0.0025 
Th 1.1 
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Where an element is necessarily used in an 
active part of a system, it is still to be con­
sidered as an impurity; for example, in a struc­
ture where the uraruum bodies consist of 

5 uranium oxide, the actual factor K would 
ordinarily be computed by taking that fact into 
account using as a base K a value computed for 
theoretically pure uranium. 

As a specific example, if the materials of the 
10 system under consideration have .0001 parts by 

weight of H, Co, and Ag, the total danger sum 
in K units for such an analysis would be: 
.0001 X 12+.0001 X 17+.0001 

X 18=.0047 K units. 
15 This would be a rather unimportant reduction 

in the reproduction factor K unless the repro~ 
duction factor for a given system, without con­
sidering any impurities, is very nearly unity. 
If, on the other hand, the impurities in the 

20 uranium in the previous example had been Li, 
Co, and Rh, the total danger sum would be: 

.0310+.0017+.0050=.0377 K units. 
This latter reduction in the reproduction fac­
tor for a given system would be serious and 

25 might well reduce the reproduction factor 
below unity for certain geometries so as to 
make it impossible to effect a self-sustaining 
chain reaction with • natural uramum and 
graphite, but might still be permissible when 

30 using enriched uranium in a system having a 
high K factor. 

This strong absorbing action of some ele­
ments renders a self-sustaining chain reactin~r 
system capable of control. By introducing 

35 neutron absorbing element in the form of rods 
or sheets into the interior of the system, for 
instance in the slowing material between the 
uranium masses, the neutron reproduction 
ratio of the system can be changed in accord-

40 ance with the amount of absorbing material 
exposed to the neutrons in the system. A suffi­
cient mass of the absorbing material can 
readily be inserted into the system to reduce 
the reproduction ratio of the system to less than 

45 unity and thus stop the reaction. Consequently, 
it is another object of our invention to provide 
a means and method of controlling the chain 
reaction in a self-sustaining system. 

When the uranium and the slowing material 
50 are of such purity and the uranium is so aggre­

gated that fewer neutrons are parasitically 
absorbed than are gained by fission, the 
uranium will support a chain reaction produc­
ing an exponential rise in neutron density if 

55 the overall size of the system is sufficiently 
large to overcome the loss of neutrons escap­
ing from the system. Thus the overall size is 
important. 

The size of the system will vary, depending 
60 upon the K factor of the system, and upon 

other things. If the reproduction factor K is 
greater than unity, the number of neutrons pre­
sent will increase exponentially and indefin­
itely, provided the structure is made suffici-

65 ently large. If, on the contrary, the structure 

is small, with a large surface-to-volume ratio, 
there will be a rate of loss of neutrons from the 
structure by leakage through the outer sur­
faces, which may overbalance the rate of 
neutron production inside the structure so that 70 
a chain reaction will not be self-sustaining. 
For each value of the reproduction factor K 
greater than unity, there is thus a minimum 
overall size of a given structure known as the 
critical size, above which the rate of loss of 75 
neutrons by diffusion to the walls of the struc-
ture and leakage away from the structure is 
less than the rate of production of neutrons 
within the system, thus making the chain reac-
tion self-sustaining. The rate of diffusion of 80 
neutrons away from a large structure in which 
they are being created through the exterior 
surface thereof may be treated by mathematical 
analysis when the value of K and certain other 
constants are known, as the ratio of the 85 
exterior surface to the volume becomes less as 
the structure is enlarged. 

In the case of a spherical structure employ­
ing uranium bodies imbedded in graphite in 
the geometries disclosed herein and without an 90 
external reflector the following formula gives 
the critical overall radius (R) m feet: 

c 
K -1 =-- where C is a constant that varies 

R2 
slightly with geometry of the lattice and for 
normal graphite lattices may have a value close 95 
to 7.4. 

For a rectangular parallelepiped structure 
rather than spherical, the critical size can be 
computed from the formula 

1 1 1 
K-1=C -+-+- where a, b, and 100 

a2 b2 c~ 

c are the lengths of the sides in feet. The 
critical size for a cylindrical structure is given 
by the formula, irrespective of the shape of the 
uranium bodies 
cylinder height in h ft. 1 .59 

K-1=C-+- 105 
radius R ft. h2 R2 

However, when critical size is attained, by 
definition no rise in neutron density can be 
expected. It is therefore necessary to increase 
the size of the structure beyond the critical 
size but not to extend that the period for 110 
doubling of the neutron density is too short, 
as will be explained later. A desirable repro­
duction ratio for an operating structure with 
all control absorbers removed and at the tem­
perature of operation is about 1.005. The oper- 115 
ating size at which any given reproduction 
ratio can be obtained may be computed frow 
modifications of the above formulre for critical 
size. For example, for spherical active struc· 
tures the formula K- (reproduction ratio) 120 

c 
=-- may be used to find R when K is 

Rz 
known and the reproduction ratio is somewhat 
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over unity. The same formula will, of course. 
give the reproduction ratio for given structures 
for which K and R are known. 

Critical size may be attained with a some-
S what smaller structure by utilizing a neutron 

reflecting medium surrounding the surface of 
the active structure. For example, a 2 foot 
thickness of graphite having low impurity con­
tent completely surrounding a spherical struc-

10 ture is effective in reducing the diameter of 
the uranium bearing portion by as much as 
2 ft., resulting in a considerable saving in 
uranium or uranium compound. 

The nuclear chain reaction referred to can 
15 be made self-sustaining in a device known as 

a nuclear reactor wherein uranium bodies are 
dispersed m an efficient neutron slowing 
medium or moderator, when the reactor is 
made to be just above a critical size where the 

20 rate of neutron generation inside the reactor is 
slightly greater than the rate of neutron loss 
from the exterior of the reactor. Under these 
conditions, a self-sustaining nuclear chain reac­
tion can be obtained within the reactor having 

25 any neutron density desired, up to infinity. 
However, to prevent destruction of the reactor, 
the heat of the reaction must be controlled, 
and then removed by an amount providing a 
stable temperature in the reactor at some pre-

30 determined and controlled operating level. As 
the greater the number of fissions, the greater 
the number of neutrons are present to produce 
922" ~ converting to 942

"
9 by successive beta 

decay, the production of 94m is accelerated by 
35 operating the reactor at high neutron density 

levels. 
A stable temperature in a nuclear reactor 

composed entirely of moderator and fissionable 
material such as, for example, graphite and 

40 uranium metal, can only be attained at a rela­
tively low power output as the heat generated 
can be dissipated only by conduction out of the 
reactor. Higher power outputs with greater 
production of 94~" 9 require additional heat 

45 removal. 
It is the principal object of the invention to 

increase the removal of heat from a nuclear 
reactor during operation in order that the pro­
duction of 942

"
9 and/or other products of the 

50 nuclear reaction can be accelerated. 
As the 94239 and the various fission products 

are formed directly in and become a part of 
the uranium bodies, it is desirable to be able to 
remove the irradiated uranium bodies from the 

55 reactor when a desired concentration of 94m 
is under formation or has been formed therein, 
in order that chemical separation be most 
readily accomplished. · 

It is therefore still another object of the 
60 invention to provide a nuclear reactor in which 

the uranium is readily removed and replaced. 
In accordance with the present invention it 

has been found that heat may be removed from 
a nuclear reactor most effectively by passing 

6S the coolant in contact with or closely adjacent 

to uranium bodies. Thus it has been ascer­
tained that most of the heat developed in the 
reactor is developed in the uranium and there-
fore that to secure effective cooling the coolant 
should be passed sufficiently close to the 70 
uranium to ensure rapid heat removed there­
from. 

While air, in many respects, is not as efficient 
a cooling fluid as a liquid, such as water for 
example, it has many advantages over liquids 75 
in that liquids require that piping be inserted 
in the reactor. These pipes, as well as the 
liquids that would be circulated through them, 
absorb neutrons. For example, the pipes and 
water carried by the pipes in a water cooled 80 
reactor absorb sufficient neutrons to increase 
the overall parasitic neutron absorption by an 
appreciable amount as will be apparent from 
the table of danger-coefficients given above. 

On the other hand, air requires no pipes and 85 
can be circulated through channels cut directly 
in the solid moderator. Graphite, for example, 
is porous and when piled in blocks to form 
the reactor framework contains about 25 per 
cent air. The provision of the air channels, 90 
which in effect merely removes some of the 
moderator, has very little effect en the chain 
reaction when the proper volume ratio of 
moderator to uranium is used, and most of the 
effect of the air channels is to introduce slightly 95 
more air in an air cooled nuclear reactor than 
would be present m an uncooled reactor. 
Nitrogen does absorb neutrons, but as the air 
in the channels is only under slight pressure 
while passing through the reactor, the net 100 
effect of the channels and the air is small. 

It is, therefore, another object of our inven­
tion to provide means and method for cooling 
a nuclear reactor with a minimum of inter-
ference with the chain reaction. 105 

When air is passed through a nuclear reactor 
operating at high neutron densities, com­
ponents of the air itself, such as argon, for 
example, become radioactive. It is highly des­
irable, therefore, particularly for the biological 110 
safety of operating personnel, that air having 
any radioactivity associated therewith, be dis­
posed of in a safe manner. 

A still further object of our invention is to 
provide a means and method of safely dispos- 115 
ing of air having radioactive components 
therein. 

Broadly stated, the invention includes a 
nuclear reactor comprising a mass of neutron 
moderator having uranium containing bodies 120 
therein, the moderator being pierced by chan-
nels through which air may be circulated to 
remove the heat of reaction to the extent that 
a stable temperature can be attained in the 
device at high neutron densities. 125 

Other objects and advantages of our inven-
tion may be more clearly understood by refer-
ence to the following description and the 
attached drawings which illustrate, as an 
example, one form our invention may take, 130 

825,521 7 

This example is not to be taken as limiting as 
other forms within the scope of the appended 
claims will be readily apparent to those skilled 
in the art. 

5 In the drawings : 
Fig. 1 is a longitudinal view partly in sec­

tion and partly in elevation of an air cooled 
nuclear reactor system illustrating our inven­
tion. 

10 Fig. 2 is a cross sectional view, partly in 
elevation, taken as indicated ·by the line 2-2 
in Fig. 1. 

Fig. 3 is a plan view of the system shown 
in Figs. 1 and 2. 

15 Fig. 4 is a longitudinal sectional view partly 
in elevation of a jacketed slug. 

Fig. 5 is a longitudinal sectional view, partly 
in elevation, of a horizontal channel during a 
loading and unloading operation 

20 Fig. 6 is a cross sectional view taken as indi-
cated by the line 6-6 in Fig. 5. 

Fig. 7 is a longitudinal sectional view, partly 
in elevation, of one .form of loading device. 

Fig. 8 is a view partly in section and partly 
25 in elevation taken as indicated by the line 8-8 

in Fig. 7. 
Fig. 9 is a top plan view of the loading device 

shewn in Figs. 7 and 8. 
Fig. 10 is a side view of the loading device 

30 shown in Figs. 7, 8 and 9. 
Fig. 11 is a view partly in section and partly 

in elevation of a friction drive used in the load­
ing device. 

Fig. 12 is a diagram or chart showing K fac-
35 tors for various radii of uranium metal rods. 

Referring to the drawings, we have chnsen 
tn illustrate our invention by reference to a 
graphite-uranium reactor, sometimes known as 
a pile. 

40 Such a reactor broadly comprises a mass of 
graphite blocks closely piled cr stacked into a 
cube 10 as shown in Figs. 1 and 2. This 
graphite cube may be, for example, 24 or 25 
feet on a side and rest on a concrete founda-

45 tion 11. The graphite cube 10 is pierced with 
horizontal air channels 12, of square cross sec­
tion, with one of the diagonals vertical (Fig. 6). 
The channels may be readily made by grooving 
adjacent blocks. The channels are 1.75 inches 

50 on a side and extend completely through the 
reactor, from an inlet face 14 to an outlet face 
15. About 1500 channels may be provided and 
as will be later brought out, any unused chan­
nels can be plugged. Only a few of the channels 

55 are shown in the drawings for sake of clarity. 
Adjacent the inlet face 14 of the cube, the 

foundation is continued downwardly to form 
the floor of an inlet air duct 16 extending out­
wardly. The inlet air duct 16 is completed by 

60 concrete side walls 17 and top 19. 
At some distance away from the graphite 

cube 10 the inlet duct is turned upwardly to 
terminate in an air filter 20, relatively close tc 
the surface of the ground. A fan or blower 21, 

65 here illu trated as electrically driven, is instal-

led on the floor of the inlet duct just below the 
air filter, access to the fan being conveniently 
obtained through duct door 22, behind the fan. 

The concrete top 19 of the inlet air duct is 
continued upwardly as an inlet end shield 24, 70 
positioned parallel to but spaced away from 
inlet face 14 of the cube 10 to form an inlet 
chamber 25 communicating with the air chan-
nels 12. 

Above the inlet chamber 25 and the cube 75 
10 the concrete is continued horizontally to 
form a top shield 26, and side shields 28 are 
built up from the foundation 11 to enclose 
cube 10. Shields 26 and 28 closely approach 
the top and side faces of the cube, to mini- 80 
mize air flow around the outside of the cube. 
A small amount of air circulation, however, 
may be desirable over the top and side faces 
to cool these faces. 

At the outlet face 15, an outlet end shield 30 85 
of concrete IS provided. End shield 30 is 
parallel to and spaced from the outlet face 15 
of the graphite cube to form an outlet chamber 
31 communicating above with the base 32 of 
a stack 34 projecting upwardly and formed as 90 
a continuation of the concrete top side and out-
let end shields. Thus the cube 10 is completely 
enclosed by concrete shields of similar 
inorganic material containing water of crystal­
lization or other neutron absorbing material, 95 
with a duct system operating by virtue of pres-
sure provided by fan 21 to conduct air from 
close to ground level through channels 12 into 
the stack and then into the atmosphere well 
above ground level at the top of the stack. The 100 
concrete shields may be fmm five to ten feet 
thick in accordance with the maximum desired 
operating power of the reactor and serve as 
shields to reduce escape of neutrons and 
gamma radiation. 105 

As a nuclear reaction will take place when 
uramum bodies are properly spaced m a 
moderator mass of a certain finite size, the 
above described device can be made chain 
reacting by placing uranium bodies in the hori- 110 
zontal channels in such a manner and in such 
an amount that a neutron reproduction ratio 
of slightly over unity is obtained, exclusive 
of all neutron losses within the reactor and 
from the exterior of the reactor. This repro- 115 
duction ratio may be defined as the ratio of the 
number of neutrons gained by fission to the 
total number of neutrons lost by absorption in 
the uranium, absorption in the moderator, 
absorption by impurities in the reactor and by 120 
l~akage from the reactor for a reactor of finite 
SIZe. 

Using the graphite mass as the moderator to 
slow fast neutrons to energies where they are 
able to create fission in 9223

" , the device will 125 
have a reproduction ratio of unity when 
approximately 700 of the channels 11 in the 
graphite cube are each loaded with 68 
aluminium jacketed uranium slugs 35 lying 
end to end, with a channel spacing of 7 inches 130 
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measured centre to centre, and with the loaded 
channels roughly forming a cylinder as indi­
cated by line A in Fig. 2. Both graphite and 
uranium should be of highest possible purity. 

5 However, more than a unity reproduction 
ratio is required, as when the reproduction 
ratio is exactly unity no rise in neutron density 
will occur. Under such conditions the device 
will not develop high neutron densities or 

10 power in the form of heat. By loading addi­
tional channels, i.e., making the active portion 
greater than critical size, however, the repro­
duction ratio within the reactor can be brought 
above unity in order that a rise in density can 

15 occur. Then this excess neutron reproduction 
can be absorbed by neutron absmbing 
materials deliberately inserted into the reactor 
in order to hold the reproduction ratio at an 
average value of unity after a desired power 

20 output bas been obtained, as a result of the 
initial rise in density. 

Consequently, in accordance with the 
amount of excess reproduction ratio desired, 
about 1000 channels may be loaded with 

25 uranium slugs. Most of the channels not loaded 
with uranium may be closed by inserting plugs, 
preferably of graphite, in such channels in 
order to reduce the amount of air forced 
through the reactor. Some of the channels, 

30 however, in the peripheral portions of the cube 
may be left open for cooling of the graphite 
in those portions. 

One preferred form of slug construction is 
shown in Fig. 4. Each uranium metal slug is 

35 1.1 inches in diameter and 4 inches long 
covered with an aluminium jacket approxi­
mately 20 mils thick in good heat conductive 
relation to the uranium. The slugs weigh 
about 2} pounds each. 

40 In forming the slugs 35, the uranium por-
tion 36 is machined to size, cleaned in tri­
sodium phosphate and then washed in water. 
Aluminium zinc or other non-fissionable metal 
of low neutron absorption jacket cans 37 are 

45 provided having an inside diameter somewhat 
larger than the uranium portion. This can 37, 
open at one end only, is slipped over the 
uranium after being cleaned in benzine and hot 
water. The can 37 with the uranium inside is 

50 then passed through a sizing die of 1.134 inches 
diameter. This die, being of smaller diameter 
than the 1.1 inch uranium portion plus the two 
20 millimeter walls, draws the can in tight 
thermal contact with ·the uranium. 

55 A cup-shaped cap 38 is then placed base 
down inside the projecting portion of the can 
37 and is steam welded to the can. The pro­
jecting portion is then cut off above the steam 
weld 40 and the remaining projecting portion 

60 including the weld, spun over the adjacent end 
of the slug. Thus each jacket completely 
encloses and seals the uranium, preventing air 
from corroding the uranium and, as will be 
pointed out later, also preventing or restraining 

65 fission fragments created by nuclear fission at 

the surface of the uranium from entering the 
air stream. 

The channels are loaded with uranium until 
the reproduction ratio, with neutron absorbers 
removed and the coolant flowing through the 70 
reactor, is about 1.005 to 1.006. This means 
that for every two hundred neutrons star ting 
in each neutron generation about two hundred 
and one neutrons are produced in the reactor 
over and above all losses. Under these condi- 75 
tions and taking into account the fact that 
about one per cent of the neutrons of fission 
are delayed in their emission for a mean time 
of about 5 seconds, the neutron density of the 
reactor will double every 8 to 15 seconds. With 80 
some part of the neutron absorbers inserted but 
with the insertion of less than the amoun t of 
neutron absorbers required to make the repro~ 
duction ratio unity, the rise is slower. When 
the neutron absorbers are almost but not 85 
entirely inserted the doubling of the neutron 
density may take several hours. Then when a 
desired density has been reached, the reproduc-
tion ratio can be reduced to unity so that the 
desired density is continuously maintained by 90 
the introduction of neutron absorbing material 
into the reactor. 

The neutron absorbing material is intro~ 
duced into the reactor by means of a control 
rod 41 as shown in Fig. 2. This control rod 95 
extends into the graphite cube, sliding in a 
channel therein and is operated from outside 
of side shield 28 as by rack and pinion 42. The 
rod is made from, or incorporates therein, an 
efficie.nt neutron absorber, such as for example, 100 
cadmmm or boron. A sheet of cadmium 
riveted to a steel strip forms a satisfactory con-
trol rod. As the depth of insertion of the rod 
deter.t?in~s ~he amount of neutron absorbing 
matenal mstde the reactor, the critical posi- 105 
tion of the rod is where the rate of neutron 
a.bsorpti.on by t~e rod balances the reproduc-
tiOn ratio at uruty. Thus, by moving the rod 
outwardly from the critical position the neutron 
~ensity in the reactor will rise. Moving the rod 110 
mwardly from the critical position causes the 
repro.duction ratio to fall below unity, and the 
reactiOn stops. Thus the re-action is always 
under control, and as the rise in neutron den-
sity is exceptionally slow as the rod approaches 115 
the critical position, manual control is possible. 
Othe.r an~ simi.lar rods (n~t shown) may be 
provided, 1f demed, for raptd progression into 
the reactor to stop the reaction in case of fai l-
ure of the control rod to stop the rise in 120 
neutron density for any reason. Such rods are 
termed safety rods. 

During operation heat is released in the 
react<;>r in accordance with the neutron densi ty 
therem. Most of the heat arises from the kine- 125 
tic energy of the fission fragments and about 
92 per cent of the energy is released in the 
uranium. About 6 per cent is released in the 
graphite due to neutron absorption therein and 
about 2 per cent escapes from the reactor in 130 
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the form of neutrons and gamma radiation. 
Consequently, the reactor can only be oper­
ated at a power dependent upon heat removal 
to the point where a stable temperature obtains. 

5 Otherwise, the reactor will accumulate heat to 
a point that the device may be damaged. Since 
aluminium melts at 658° C. stable tempera­
tures below this value should be used although 
with jackets of other non-fissionable metals, 

10 such as beryllium, the stable temperature may 
be increased, although if the temperature 
should rise teo high the uranium bodies might 
be damaged even when using beryllium 
jackets. 

15 A stable temperature is obtained in the 
device of the present invention by passing 
atmospheric air through the reactor, and in the 
specific example shown and described, the air 
is passed through the graphite channels and 

20 directly in contact with the aluminium ja::kets 
of the slugs. Under these circumstances the 
reactor can be operated continuously at 250 
kilowatts electrical equivalent of heat by pas~­
ing 32,000 cubic feet per minute through the 

25 reactor with a maximum temperature rist> of 
the slugs to about 100° C., and at 500 kilo­
watts continuously with about 50,000 cubic 
feet per minute of air with a maximum metal 
temperature of 200 ° C. The output of the 

30 reactor can be stabilized at still higher powers 
by passage of a greater volume of air there­
through if desired. 

Having discussed generally the operation cf 
the reactor, and the temperature stabilization 

35 thereof by air cooling at elevated powers and 
neutron densities, we will now describe one 
means and method by which the reactor can 
be loaded and unloaded, m order that the 
neutron irradiated uranium can be removed for 

40 further processing such as the recovery of 
942

"" formed in the uranium, and tresh 
uranium inserted for subsequent opera tion of 
the reactor . 

To accomplish loading of the slugs 35 into 
45 the various air channels 12, the concrete of 

the inlet end shield 24 is pierced with a plur­
ality of loading apertures 45, as shown in Figs. 
1 and 5, each aperture being aligned with th -:: 
axis of slug positions in the air channels 12. 

50 Normally, during op-:! ration of the reactor, 
each aperture 45 is closed by a removable lead 
plug 46 extending through the shield 28 only. 

When it is desired to load a channel with 
new slugs, the lead plug 46 for that channel 

55 alone is removed, and a charging tube 47 imer­
ted, extending through the inlet end shield 24, 
across the inlet chamber 25 and entering the 
ccrresponding air channel 12 as shown in Fig. 
5. The outer end of charging tube 47 is pro-

60 vided with a flanged nipple 49 sharl:d to 
engage a nipple recess 50 of a loading mech­
anism indicated generally by numeral 51. It 
will be noted that the charging tube is maller 
than the air channel 12 and that air can pass 

65 through the channel being unloaded. The air 

should circulate during unloading, although it 
may be at reduced velocity. 

Loading mechanism 5 I comprises a loading 
magazine ~2, a loading plunger 54, and a 
plunger dn ve 55, as shown in Figs. 7 to 10 70 
inclusive. 

The loading mechanism 51 is mounted on an 
elevator platform 56 mounted to be raised and 
lowe.red in an elevator frame 57 capable of 
movmg along the outside of inlet end shield 75 
24 on elevator tracks 58. Base 59 of the ele­
vat~r f.rame is provided with a platform 60 
proJecting outwardly on the same level as the 
top of a supply car 61 travelling on supply car 
tracks 62. Supply car 61 is used to bring a 80 
supply of slugs to the elevator for use in the 
loading mechanism 51. 

The slugs 35 when received at the elevator 
~re loaded ~nto an inclined loading channel 64 
11!- the. loadmg magazine, in side by side rela- 85 
tlonshtp and fed by gravity to the bottom 
thereof. The bottom of loading channel 64 is 
a part of. a plunger bore 65 extending through 
the loadmg magaz~ne e!lding in the nipple 
recess SO cooperatmg wtth flanged nipples 49 90 
on charging tube 47 so that the plunger bore 
65 and the loading bore in guide tube 47 are 
in concentric aiignment. To provide engage­
ment and disengagement of nipple recess SO 
and nipple 49, the entire loading mechanism 95 
is movable with respect to elevator platform 
56 on wheels 67 running in guides 69 on the 
elevator platform. 

It will be noted that loading magazine 52 is 
massive. In some instances it may be desirable 100 
to load slugs already partially irnidiated and in 
consequence radioactive. The thick walls of the 
magazme then act as a shield for the radio­
active slugs, and in this case a heavy cap 70 
may close the upper opening of the loading 105 
channel 64. Iron or lead may be used for the 
body of the magazine. In addition, the use of 
thick metal in the magazine, particularly around 
the plunger bore 65, reduces radiation that 
might pass through the interconnected loading 110 
aperture4Sand guide tube47either from radio­
~ctive slugs therein or from the irradiated slugs 
111 the reactor when charging tube 47 is empty. 

The slugs are fed from magazine 52 by a 
~eciprocating motion of plunger 54 operating 115 
m plunger bore 65. Plunger 54 may be of iron 
to act as a shield when inserted into charging 
tube 47 and is supported outwardly by plunger 
bearing 71 on the opposite side of a plunger 
drive 55. 120 

Plunger drive 55 in simplified form may be 
a friction wheel 74 driven by mot~r 75 as 
shown in Figs. 7, 9 and 11 opposed by an idler 
wheel 76 pressed against plunger 55 by spring 
77. Motor 75 is reversible and und~r control 125 
of t~e loading operator. Plunger 54 is sectional, 
havmg a threaded en 79 capable of making 
connection with additional plunger se:::tions. 
Sufficient sections are provided to insert the 
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plunger entirely through an air channel 12 
when required. 

In the initial loading of the graphite cube 
10, loading is started with the more central a_ir 

5 channels until 68 slugs have been placed m 
the guide tube 47 and connected channel. 
Punger 54 is then operated to push the slugs 
into the channel until the outer end of the first 
slug is at the outlet face 15. The plunger is 

10 then withdrawn, leaving the outer end of the 
last slug about 16 inches from the inlet face 
14, for purposes explained later. 

ProceedingoutwM"dly and preferably concen­
trically, additional channels are loaded, mean-

IS while checking the neutron flux of the reactor. 
As the flux increases as the loading approaches 
a critical size, that is) the size where the repro­
duction ratio will be exactly unity, the 
approach to critical size can be predicted ?Y 

20 extrapolation of observed neutron denslty 
values with respect to the volume of the cube 
loaded with uranium. The neutron density 
values can be obtained from anionizationcham­
ber 80 (Fig. 2), for example, using any well-

25 known indicating circuit, or by measuring the 
radioactivity of indium foils, for example, 
induced by neutron irradiation when the fo1ls 
are inserted into the reactor. 

As the critical size is approached, the control 
30 rod 41 is inserted deeply into the reactor to 

prevent a self-sustained chain rea~tion; an~ 
loading is continued until the demed maxl­
mum reproduction ratio of, for example, from 
1.005 to 1.006 is attained. This ratio can be 

35 checked by removal of the control rod and 
measuring the time taken by the reactor to 
double its neutron density. From this period, 
the reproduction ratio can be mathematically 
computed. 

40 When the desired number of channels are 
loaded the active core of the reactor may con­
tain from 34 to 50 tons of uranium, and will 
be ready for operation. Graphite plugs for the 
unused air channels may be loaded in a man-

45 ner similar to that described for the uranium 
slugs. 

It will be noted that on 4 sides of the 
graphite cube excess graphite will be prese~?-t. 
On the fifth side, i.e., at the inlet face, graphlte 

50 will also extend 16 inches beyond the uranium. 
On the remaining side, i.e., the outlet face, 
no graphite extends beyon:I the ll!anium. 
Thus, 5 sides of the acuve poruon (the 
uranium bearing portion) are surrounded by 

55 graphite. This graphite constitutes a reflector 
and reduces the amount of uranium required 
to reach critical size. 

As stated above, graphite and other neutron 
moderators can be used around the active por-

60 tions of a nuclear reactor, as such materials 
scatter neutrons passing through them and 
thereby change the direction of !he neu_trons. 
Statistically, due to the scattenng acuon, a 
large part of the neutrons that o herwise would 

6S be lost to the active portion are returned tr> it, 

thus reducing exterior loss and thereby reduc­
ing critical size. In the present instance t~e 
reduction in size is slightly less than the opti­
mum, as only 5 sides of the active portions are 
surrounded with the reflecting layer. 

It will be noted that more air channels are 
originally provided in the graphite cube than 
are required for the disposition of the uranium 
containing slugs. The manner in which the 
uranium is disposed in the graphite is known 
as the geometry of the system, and this geo­
metry may be varied to suit conditions, for 
example, the system as described may be said 
to have rod geometry with cylindrical loading, 
as the end relationship of the slugs forms, in 
effect, a long rod of uranium. Further, the use 
of full length rods in all channels concentric­
ally arranged around the centre of the active 
portion, gives that portion a generally cylin­
drical shape. 

In Fig. 12, contour lines have been plotted 
for lattices of theoretically pure uranium metal 
rods of a density of approximately 18 gms. 
per c.c. embedded m theoretically pure 
graphite. 

Along the ordinates of the graph are plotted 
the radii of the rods. Along the abscissa: are 
plotted volume ratios of graphite to uranium . 
These values give the volume ratio of carbon to 
uranium for the unit cell that is repeated to 
form the lattice and for the structure, as any 
particular lattice geometry is a mere repeti­
tion of like cells. 

The curves in Fig. 12 have been drawn from 
a number of observed values of K, and, in 
add ition, from many computed values. The 
computed values are based on the fact that K 
is proportional to the product of three factors : 
p X f X e, where p is the probability of a fast 
fis sion neutron escaping resonance and becom­
ing a thermal neutron; f is the fraction of the 
thermal neutron absorbed by uranium (both 
by simple capture and to produce fission) 
rather than by the graphite; and e is a small 
factor by which the number of neutrons is 
increased because of additional neutrons due 
to fission produced by the fast fission neutrons 
before leaving the lump of uranium. Each of 
these factors may be computed separately by 
methods known to physicists, using experi­
mentally determined constants appropriate to 
these phenomena. The proportionality factor 
required to obtain K from the product of these 
three factors has been determined from the 
measured values of K in certain special cases 
and also checked by independent experiments. 
The K contour lines for natural uranium metal 
rods or cylinders are presented in Fig. 12. The 
values set forth on the graphs are only accurate 
within a reasonable margin of error due to the 
necessity of extrapolation and interpolation of 
the results obtained by more accurate and 
actual measurements of lattice arrangements, 
such as, for example, the results obtained by 
the measurement of lattice structures too small 
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to support a self-sustained chain reaction, as 
set forth in patent Application No. 1190/45 
(Serial No. 817,752). However, if structures 
are built well within the limits of the curves 

5 shown, using materials of a purity presently 
obtainable, and to the proper critical sizes, a 
self-sustained chain reacting system will result. 

The highest values for the reproduction fac­
tor K are obtained when both the neutron 

10 resonance absorption in the uranium and the 
neutron absorption in the graphite have mini­
mum values. As the uranium bodies are 
enlarged, for any given volume ratio, surface 
resonance absorption will decrease but car-

15 bon absorption will increase. The increase in 
carbon absorption in this case is due to the 
fact that the larger the uranium bodies are, for 
any given volume ratio, the greater will be 
the distance between the bodies. The neutrons 

20 reduced to thermal energies will then have to 
diffuse in the carbon over a longer path, thus 
increasing the probability of capture by car­
bon, before entering uranium. Likewise, as the 
size of the uranium bodies in decreased, uran-

25 ium resonance absorption increases, and in fact, 
increases faster than the decrease of carbon 
absorption. Consequently, with all other fac­
tors remaining constant, as the size o.f the 
uranium bodies and the ratio of the volume of 

30 graphite to uranium departs from the optimum, 
the reproduction factor will decrease in value, 
as shown in Fig. 12. 

Is can be seen from the curves of Fig. 12 
that if the radii of the uranium rods are less 

35 than .25 em. the value of the reproduction 
factor K is less than unity for all volume ratios 
of graphite to uranium, so that for rod sizes of 
natural uranium metal less than this value, it 
would be impossible to build a self-sustaining 

40 chain reacting system irrespective of the over­
all size of the structure. For rods of greater 
radius than .25 em., it is possible to obtain 
values for the reproduction factor K greater 
than unity, providing the ratio between graph-

45 ite volume and the volume of the uranium is 
within certain limits shown on the graph. The 
innermost contour shown in Fig. 12 represents 
a value for the reproduction factor K of 1.07. 
At approximately the centre of this contour a 

50 higher reproduction factor K, for example, 
about 1.08 would be found. This highest value 
is for optimum conditions with theoretically 
pure uranium rods of about 1.7 em. in radius, 
and a volume ratio of about 52 carbon to 1 

55 uranium. 
Lump geometry may also be used in the 

reactor, and is accomplished by separating the 
individual slugs by graphite rods, for example 
4 inches long and of about the same diameter. 

60 In this case additional channels will be loaded 
to bring the amount of uranium almost to 
the same value as that used in the rod geo­
metry, although the lump geometry is slightly 
more efficient than rod geometry. 

65 Furth rmore, a spherical shape is somewhat 

mo~e e!ficient for the active portion than a 
cylmdncal shape, and can be approached with 
e1ther rod or lump geometry by shortening the 
extent of uranium loading in the channels as 
the peripheral concentric layers are added 70 
until an approximate sphere is formed. A suit~ 
able compromise is the use of one or more con­
ce~tric rings of outer channels around a cylin­
dncally loaded central portion, with only half 
the number of slugs in the outer channels and 75 
d~sposed witl1 the ends of the slug [OW equally 
distant from the ends of the fully loaded rows. 
Other arrangements will be apparent to those 
skilled in the art. 
. In t~e presently described device using 1.1 80 
mch d1ameter slugs inserted in end-to-end 
relation to form 22 foot rods spaced 7 inches 
center to centre, the curves indicate a K fac-
tor o.f about 1.06, and a volume ratio of about 
~7 carbon to 1 uranium. The active portion 85 
1s 22 feet long and about 21 feet in diameter 
(~ircul~r cross section) for operating condi­
uons, 1.e., it is above critical size. 

It will be noted that the formula: for critical 
size and operating size are given herein for 90 
reactors with no reflector. It will be further 
noted t_hat the curves in Fig. 12 are given for 
theoretically pure graphite and uranium. 
. As _P?inted out previously the presence of 
1mpunues or other neutron absorbers in the 95 
reactor may reduce the K factor of the reactor 
substantially. However, use of a reflector sub­
stantially reduces loss of neutrons due to leak-
age and consequently such reduction permits 
use of uranium of lower purity. 100 

After the reactor is loaded the fan 
is started and the control rod IS with­
drawn until a nse m neutron density 
to a desired power output where a stable 
temperature in the reactor 1s attained. 105 
The control rod is then progressed into the 
reactor until a neutron balance is obtained with 
the reproduction ratio at unity, thus maintain-
ing the chain reaction at the desired operating 
~ower. ~rna~ variations from unity reproduc- 110 
uon ratio w1ll occur during operation, due to 
temperatur_e variations of the cooling air, and 
to change 111 barometric pressure and to minor 
variations in air pressure delivered by the fan. 
Howev~r, such variations are compensated by 115 
shght mward or outward corrective move­
ments of the control rod, either by hand in res­
ponse to indicated variations in neutron den-
sity, or automatically by direct linkage of the 
control rod to the output of the ionization 120 
chamber 80. However, such automatic control 
is no part of the present invention. 

During operation of the reactor, the air 
passing through the reactor becomes radio­
active due to the fact that it is subjected to 125 
intense neutron irradiation. Investigation has 
proved that the only significant radioactivity 
present in the air after having passed through 
the operating reactor is that of Argon", hav-
mg a 110 minute half-life. At 500 kilowatt 130 
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power, however, this activity is present in the 
exhaust air to the point that it would be bi ·­
logically dangerous to operating personnel 
unless highly diluted during its radioactive 

5 decay. For that reason the air passing through 
the operating reactor is not delivered to the 
atmosphere at ground level but is exhausted 
at a substantial distance above ground, such as 
for example from the top of a 200 foot stack, 

10 with the result that when and if any of the 
radioactive Argon 11 reaches ground level it is 
so dispersed in and diluted by fresh atmos­
pheric air that less than .1 Roentgen per day 
will be received by any persons on the grouna, 

15 either close to or away from the stack. Thus, 
the air is only passed once through the r actor 
and does not acquire excessive radioactivity. 

The sole presence of the above noted type 
of radioactivity, how::ver, is predicated on the 

20 use of the jackets capable of restraining escape 
of fission products sealed around the uranium 
bodies. Aluminium is preferred fo: the 
jackets, as aluminium has a relatively low 
neutron capture capability and, consequently, 

25 .:an be used in substantial amounts in the rea:­
tor without absorbing or capturing sufficient 
neutrons to prevent a self-sustaining chain 
reactiqn from occurring. Aluminium also 
corrodes very slowly in hot air. Other metals 

30 such as zinc, stainless steel or lead may be 
used. 

The jackets have two functions, both of 
which reduce rad ioactivity of the cooling air. 
The first is to prevent oxidation of the ura-

35 nium. While .:onsiderable oxide could be 
tole:ated in the reactor itself if the uranium 
were to be used in unprotected condition, 
some of the oxide particles would be picked 
up by and exhausted in the cooling air. As 

40 these particles would be highly radioactive 
and relatively heavy, the proper dispersal 
thereof would be a difficult problem. 

In addition, if operation should be accom­
plished in the reactor with bare uranium, fis-

45 sion fragments from nuclear fissions occurring 
on the surfa.::e of the uranium would also be 
projected i:.!__tO' the air stream and would be 
carried out by the air stream. These frag­
ments are exceptionally radioactive and could 

50 not safely be dispersed into the atmosphere. 
When jackets are used, these fragments are, 
however, stopped by the jackets and cannot 
enter the air stream. 

Thus, the jackets prevent corrosion of the 
55 uranium and prevent fission fragments and 

corrosion products of ura~ium from enteri~g 
the air stream. As fiss10n fragments will 
pass through an extremely small hole? one 
method of monitoring the reactor for Jacket 

60 failure, such as for example a weld .:rack, is 
to monitor the radioactivity of the stack gas. 
If the stack gas shows any sulbstantial radio­
activity other than that of Argon 11 th~n it is 
clear that a jacket failure has occurred. Such 

65 monitoring of the stack gas is normally a 

routine grocedure of an operating air cooled 
reactor, but forms no part of the present 
invention. 

Mter operation of the reactor ~or a suffident 
length of time for an amount of 94~3 u to be 70 
created sufficient for chemical separation, such 
as fo: example 100 days at 500 kilowatts, the 
reactor is shut down by inserting the control 
rod fully into the reactor. Mter about one-
half hour's wait, during which all delayed 75 
neutron emission will have ceased and the 
more violent radioactivity subsided, the reac-
tor may be unloaded. 

Th_ unl·oading may be accomplished m 
two ways, either by using the plunger to push 80 
the slugs out of the .::han~els so that they will 
fall by gravity out of the outlet face 15, or 
by using the plunger to insert new slugs in 
the channels, ea~h slug so inserted pushing an 
irradiated slug out of the outlet face 15. In 85 
the first instance the graphite cube will be left 
empty after unloading. In the se::ond instam:e 
the insertion of new slugs is continued until 
all or a predetermined part of the irradiated 
slugs are out of the reactor, having been re- 90 
placed by fresh materiaL Thus, the reac~or 
is lelt ready fo r the next run . Under o:din-
ary c!roumstances the latter manner of unload-
ing is preferred. . 

In either .::ase the slugs drop by grav1ty 95 
frcm the outlet face into outlet chamber 31, 
falling on to two angula:ly disposed pad plates 
90 positioned to intercept the falling slugs, 
in the bottom half of outlet cham'b~r 31 as 
shewn in Figs. 1 and 2. The two plates 100 
slant to a centrally disposed outlet pipe 91 
extending downwardly through foundation 11 
and provided with spaced valves 92 and 94. 
The slugs fall by gravity into pipe 91 above 
valve 92. 105 

Outlet pipe 91 opens into a lower coffin 
:::hamiber 95 that in turn connects with a 
tunnel 96 carrying car tracks 97 on which a 
coffin ·.:ar 99 may be moved by means of 
cable 100. Coffin car 99 supports a plu- 11 0 
rality of slug coffins 101 in position to be 
successively positioned beneath the lower 
opening of pipe 91. 

Valves 92 and 94 are operated by means of 
rods 102 and 104, respectively, from behind 115 
a heavy lead shield 105, as shown in Fig. 1. A 
crane 106 is used for placing coffin caps 107 
on each coffin after it has been filled with irra­
diated slugs. 

Before unloading is started, both valves 92 120 
and 94 are closed, and the upper portion of 
pipe 91 is filled with water from water inlet 
pipe 109. A proper water level is maintained 
above valve 92 by water outlet pipe 110. The 
air circulation is maintained, although it may 125 
be reduced to about 25 per cent of the operat-
ing value. Slugs are then pushed out of the 
reactor to fall on to pad plates 90 and then 
roll by gravity into the water in the upper 
part of outlet pipe 91. 13 
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In order that there be no material damage 
to the jacketing of the slugs, plates 90 are pre­
ferably padded with a soft material that does 
not deteriorate under neutron irradiation, and 

5 that will be able to withstand the slug impacts. 
A satisfactory pad has been found to be -A- inch 
cotton duck on felt laid on wood backed by 
steel. Combinations of various synthetic elastic 
materials have also been found satisfactory. 

10 Mter a number of slugs have been collected 
above valve 92 sufficient to fill a coffin 101, 
unloading is stopped and valve 92 is opened, 
permitting the slugs and the water to drop 
through the valve and remain in the space 

15 between valves 92 and 94. Valve 92 is then 
closed, the water level re-established and un­
loading continued. In the meantime, valve 94 
is opened permitting the slugs and water to 
fall into one of the coffins 101. The car is then 

20 moved to register the opening of the next 
coffin with the end of the outlet pipe and the 
first coffin is capped. The procedure is con­
tinued until all of the irradiated slugs are in 
coffins. These coffins may then be taken to a 

25 soaking pit (not shown) to remain until the 
radioactivity has decayed to a point where the 
slugs can be submitted to chemical removal of 
the products formed therein by irradiation. 
Mter 100 days' operation the ageing period 

30 may be about 30 days. 
Removal of the irradiated slugs under the 

conditions specified is performed for two rea­
sons. Firstly, the slugs are so highly radioactive 
that they cannot be safely approached by per-

35 sonnel without adequate shielding being inter­
posed, and, secondly, for some time after re­
moval from the reactor this radioactivity is so 
intense that self absorption of the emitted 
radiations causes self heating of the slugs suffi-

40 cient to melt the slugs if not cooled in some 
manner. By unloading during maintenance of 
the air stream, by dropping the slugs at once 
into water, and by keeping the slugs in water 
until the more violent radioactivity has sub-

45 sided, melting is prevented, as the slugs are 
cooled as they boil the water in which they 
are immersed. The slugs are then stored or 
aged under water until ready for chemical 
treatment, as for example, for thirty days. 

50 It will thus be seen that we have provided a 
means and method of removing the heat of 
reaction from a nuclear reactor to the extent 
that the reactor may be continuously operated 
at neutron densities well above those safely 

55 obtainable in an uncooled reactor. The 
increased neutron densities lead to more rapid 
production of 94239 and other products of neu­
tron irradiation, and by means of the invention, 
the irradiated uranium containing these pro-

60 ducts can readily be removed from the reactor 
and fresh uranium inserted. In addition, the 
radioactive gases in the cooling air are safely 
disposed of. 

It is also to be noted that reactor operation 
65 at 250 to 500 kilowatts heat equivalent has 

been mentioned. These powers, however, are 
in no way maxima as the operating powers are 
dependent solely on the air supply available 
and the permissible maximum slug tempera­
tures. Ordinarily slug temperatures of from 70 
100° C. to slightly over 400° C. are permissible 
without special treatment of the uranium 
bodies before jacketing. In case, however, it is 
desired to operate the reactor with a maximum 
slug temperature above about 430° C. then 75 
precautions should be taken to remove 
occluded hydrogen from the uranium to less 
than .0002 per cent in order to prevent swell-
ing of the jackets by release of this hydrogen. 
At temperatures below 430° C. no swelling 80 
occurs from the release of occluded hydrogen, 
as uranium hydride is formed, preventing rise 
of internal pressure. Above 430° C. however, 
internal pressure from released hydrogen may, 
with unprocessed uranium, swell the jackets. 85 
The occluded hydrogen, however, is easily re­
moved from the uranium bodies by heating 
them to a temperature of from 580° C. to 600° 
C. under continuous evacuation by a vacuum 
pump until equilibrium is reached. The 90 
uranium bodies are then cooled 10 to 20 hours, 
preferably in an argon atmosphere, and then 
jacketed. When processed in this manner no 
swelling will occur at any temperature. Thus, 
if desired, the reactor can be operated at powers 95 
of from 1000 kilowatts to 5000 kilowatts, when 
the proper amount of air is supplied, and the 
hottest slugs permitted to rise in temperature 
to from 400° C. to 500° C. 

While the invention has been described with 100 
particular reference to a graphite type of 
moderator, it is to be understood that it is 
not limited to this moderator and that other 
neutron slowing materials which do not have 
an excessive neutron absorbing property may 105 
be utilized. For example, heavy water (D~O) 
may be used very effectively for this purpose 
and in such a case suitable channels may be 
provided in the liquid D 20 for passage of the 
coolant therethrough. Moreover, beryllium is 110 
also found suitable. 

In accordance with a further modification 
coolants other than air may be suitable; for 
example, helium or oxygen or fluorine is suit-
able for this purpose. The problem in selecting 115 
a proper coolant is dependent upon the ten­
dency of the coolant to absorb neutrons. Thus 
if an excessive quantity of neutrons are 
absorbed by the coolant, the number of neu-
trons remaining for absorption by uranium and 120 
fission of U 2

"'' will be insufficient to permit 
establishment and maintenance of a self­
sustaining chain reaction. Consequently it is 
desirable to utilize a cooling agent which has 
but a slight tendency to absorb neutrons and 125 
in any event it is desirable to avoid establish­
ment of a quantity of cooling agents in the 
reactor of such magnitude that the amount of 
neutrons absorbed will prevent maintenance 
of the chain reaction. Where gaseous coolants 130 
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are used it is preferred to use those having a 
danger coefficient below about 15 preferably 
below 2.5. 

Where a coolant gas is expensive as is the 
5 case with helium suitable means, not shown, 

may be provided for collecting and recirculat­
ing the cooling gases and the entire reactor 
assemblage may be enclosed in a gas tight 
shell to minimize or prevent substantial loss of 

10 the coolant gas. 
Within linlits the approximate effect of any 

quantity of coolant may be computed by com­
puting the total quantity of coolant in the 
reactor at any given time. When piping or con-

15 duit is used in the channels or other portion 
of the reactor, the danger sum of the piping 
also must be considered. The danger of the 
circulating system including coolant and pip­
ing if used may be computed in the manner 

20 previously described for computing the danger 
sum of impurities or neutron absorbers in the 
reactor simply by determining the weight of 
coo,lant and piping jn the reactor per unit 
weight of uranium and the danger coefficient 

25 for each impurity or absorber. In no case should 
the danger sum of the coolant and piping in 
the reactor be so great as to reduce the repro­
duction factor K below unity. The permissible 
danger sum will be determined therefore by 

30 the magnitude of K of the reactor without the 
coolant and piping. 

For example, with natural uranium and a 
carbon moderator the maximum K obtainable 
is about 1.1 and in no case can the danger 

35 sum of the coolant and conduit therefore 
exceed 0.01. Preferably in such case the danger 
sum of the coolant and conduit should be 
maintained below about .05. On the other 
hand, with a moderator which has less ten-

40 dency to absorb neutrons, such as D20, the 
maximum K obtainable is approximately 1.3 
and in such a case, the danger sum of the 
coolant and piping or conduit should certainly 
be less than 0.3, likewise the danger sum when 

45 natural uranium is used in a beryllium moder­
ator, the danger sum should be less than 0.18. 
When other neutron absorbers such as impuri­
ties, controls, are present, the permissible quan­
tity of coolant is decreased by the danger sum 

50 of such absorbers. Moreover most reactors have 
a substantial leakage factor usually not less than 
0.01 K units and thus permissible coolant 
must be diminished by the factor. The maxi­
mum y::rmissible danger sum may be increased 

55 where enriched materials containing concen­
trations of U 2

"" or 94m greater than the con­
centration of U 2

"
5 in natural uranium but in 

all events the volume of coolant in the reactor 
should be correlated in accordance with the re-

60 production factor and/or reproduction ratio to 
prevent these ratios from decreasing below 
unity or at least to secure an average reproduc­
tion ratio of unity. 

In general it is found to be hazardous to 
65 permit the reproduction ratio to become ex~es-

sively high since in such a case the rate of 
increase of neutron reproduction is so rapid 
that control of the reaction may be impossible. 
It has been found that while most of the neu­
trons are released almost instantly upon fission 70 
a small portion thereof are delayed and are 
released from one-half to 60 seconds or more 
after neutron bombardment. In the case of 
U 2

"
5 approximately one per cent of the neu­

trons evolved are delayed neutrons. Control of 75 
a reactor may be effected without difficulty by 
maintaining the reproduction ratio at a value 
of at least about one but not over one by more 
than a fraction equal to the fraction of neutrons 
evolved which are delayed neutrons. Thus in 80 
the case of U 23

:; and similar products the re­
production ratio should not exceed 1.01 and 
the amount of coolant introduced should be 
such as to maintain an average reproduction 
ratio of about one and in any case at least about 85 
one and no more than about 1.01. For ease of 
control it is preferred that this ratio should not 
exceed 1.005. 

While the invention is particularly concerned 
with reactors in which natural uranium is used 90 
as the source of fissionable isotope, other com­
positions consisting of or containing fissionable 
isotopes which upon fission yield neutrons may 
be utilized. For example, enriched composi-
tions containing U 235

, U 23
", or 94m dispersed 95 

in um or Thm may be used for this purpose. 
Compositions containing 5, 10 per cent or even 
more of the fissionable isotope in such cases 
may be used and under such conditions a 
greater latitude in the amount of coolant which 100 
may be permitted in the reactor is possible. 

Where compositions comprising abnormal 
amounts of U 2

"
5 therein or containing U 233 or 

94239 or similar isotopes are used in the chain 
reaction some change in the rate of neutron 105 
production and consequently some change in 
the permissible latitude in the amount of 
impurities or leakage may be encountered. For 
example, as the reactor herein described pro­
ceeds in its operation a quantity of 94 is 110 
generated which, being fissionable, takes part 
in the reaction. Moreover the fission products 
produced being impurities tend to reduce the 
K factor but this effect is counteracted to a 
substantial degree by the neutron output of 115 
94239 upon fission. After a substantial period 
of operation of the reactor the K factor may be 
increased substantially due to the fact that 
somewhat more neutrons alfe evolved upon 
fission of 942

"
9 than are obtained upon fission 120 

of U 2
:
15

• 

At all events to maintain a self-sustaining 
chain reaction 

Z- (A+B+C+L) must be not less than 
about one. 125 
Where Z=number of neutrons produced by 

fission per neutron. 
A=fraction of neutrons absorbed other 

than by fission by any of the iso­
topes of uranium or thorium. Su~h 130 
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absorption may lead to the forma­
tion of new bodies fissionable with 
slow neutrons. 

B=the number of neutrons absorbed 
5 by the modulator per neutron con­

sumed by fission. 
C=number of neutrons absorbed by 

other absorbers (impurities or con­
trol rods per neutron consumed in 

10 fission); and 
L=number of neutrons lost in leakage 

per neutron consumed in fission. 
Z may be ascertained by bombardment of a 

pure isotope with neutrons of the energies 
15 developed in a reactor. 

A, B, and C may be computed to approxi­
mate values by computing the danger sums 
basing the computations upon the ratio of neu­
tron capture cross section and concentration 

20 of the moderator, nonfissioning isotope or other 
absorber to that of the fissioning iotope or iso­
topes in the manner previously described, or 
may be determined experimentally and L may 
be determined experimentally. 

25 Preferably the value Z-(A+B + C+L) 
should not exceed unity by more than the frac­
tion of neutrons evolved which are delayed 
neutrons which in the case of U 233 is about 
0.01. 

30 Since a coolant is a neutron absorber, the 
amount of coolant within a reactor must be 
controlled so as to prevent the value C from 
reaching a value such that the difference 
between Z and the sum of A, B, C and L 

35 becomes less than one. 
During the continued operation of a reactor 

in which a graphite moderator is used it has 
been found that as the operation proceeds the 
K factor of the reactor increases. This is due 

40 to the fact that upon neutron bombardment 
certain impurities in the graphite, such as boron 
which are high neutron absorbers, are con­
verted to an isotope which has less tendency 
to absorb neutrons. Thus continued neutron 

45 bom!Jardment of a moderator such as graphite 
containing an isotope which is a high neutron, 
absorber such as B10 reduces the content of this 
isotope converting it to another isotope of a 
lower neutron capture cross section such as B11

• 

50 Broadly speaking this process is applicable to 
the removal of any isotope of high neutron 
capture cross section present in low concentra­
tion for example of the order of one several 
parts per million and generally less than 0.1 

55 per cent which, upon neutron absorption, is 
converted to an isotope of lower neutron cap­
ture cross section. Such isotopes may be re­
moved from any material such as carbon, DzO 
or beryllium which itself has a relatively low 

60 neutron capture cwss section. 
During the operation of the nuclear reactor 

particularly at high neutron densities radio­
active elements of exceedingly high capture 
cross section may be formed in the uranium as 

65 an intermediate element in the decay chains 

of fission fragments and this formation will 
lower the value of the reproduction factor for 
the system. Radioactive Xenon135 is an example 
of such an intermediate element, this product 
having a half life of about 9 hours and being 70 
formed mostly from radioactive iodine which 
has a half life of about 6.6 hours and decays 
to barium. There should be sufficient excess in 
the reproduction ratio of the reactor so that in 
the event the reproduction factor is reduced 75 
as a result of the formation of an intermediate 
decay element having a high capture cross sec-
tion for neutrons the control rods may be with­
drawn sufficiently to maintain the reproduction 
ratio at a value of unity while maintaining the 80 
power output at the desired level. It might 
be desirable to initially construct the reactor 
sufficiently over-sized to supply this excess re­
production ratio when needed and in this event 
removable impurities for example in the form 85 
of additional shim or control rods may be initi-
ally placed in the reactor and kept there at all 
times until the reproduction ratio commences 
to fall as the result of the formation of these 
intermediate decay elements. 90 

While the theory of the nuclear chain fission 
mechanism in uranium set forth herein is based 
on the best presently known experimental 
evidence, we do not wish to be bound thereby, 
as additional experimental data later discovered 95 
may modify the theory disclosed. Any such 
modification of theory, however, will in no 
way affect the results to be obtained in the 
practice of the invention herein described and 
claimed. 100 

Having now particularly described and 
ascertained the nature of the said invention, 
and in what manner the same is to be per­
formed, we declare that what we claim is:-

1. A nuclear chain reacting system compris- 105 
ing a mass of neutron moderator having hori­
zontal channels therein, uranium masses in the 
channels and means for moving a gas through 
the channels over the uranium masses. 

2. A nuclear chain reacting system accord- 110 
ing to Claim 1 wherein the uranium masses 
are sufficiently smaller in diameter than the 
channels to allow passage of gas therethrough 
and over the uranium masses. 

3. A nuclear chain reacting system according 115 
to Claim 2 wherein the uranium masses are 
spaced along the channels. 

4. A nuclear chain reacting system according 
to any preceding claim wherein the uranium 
masses are substantially cylindrical. 120 

5. A nuclear chain reacting system according 
to any preceding claim wherein the horizontal 
channels extend from one face to an opposite 
face of the moderator and a source of air pres-
sure to conduct air to one of the faces, which 125 
air is vented at an opposite face. 

6. A nuclear chain reacting system according 
to any preceding claim wherein a shield is pro­
vided around the moderator. 

7. A nuclear chain reacting system according 130 
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to Claim 6 wherein the walls of the shield 
are spaced from the faces of the moderator to 
form separate chambers connected by the 
channels. 

8. A nuclear chain reacting system accord­
ing to Claim 7 wherein the shield has an air 
duct connecting one of the chambers to atmos­
phere near ground level and a second air duct 

connecting the other chamber to atmosphere 
substantially above ground level and means to 10 
cause an air flow through the ducts. 

9. A nuclear chain reacting system substan­
tially as described with reference to the accom­
panying drawings. 

F. FOXTON, 
Chartered Patent Agent. 
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