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Signed and sealed this 13th day of J anuary 1959. 
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2 
be used as slowing agents or neutron moderators. A 
pecial advantage of the use of the light elements men­

tioned for slowing down fast fission neutrons is that 
fewer collisions are required for slowing than is the case 

5 with heavier elements, and furthermore, the above­
enumerated elements have very small neutron capture 
probabilities, even for thermal neutrons. Hydrogen 
would be most advantageous were it not for the fact that 
there may be a relatively high probability of neutron 

10 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 ther­
mal energies. Recently, beryllium has been made avail­
able in sufficiently large quantities for test as to suit-

15 ability 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 com­
pounds such as deuterium oxide while more expensive 

The present invention relates to a neutronic reactor 
which is capable of numerous uses but is particularly 
adapted to use for the production of the transuranic ele­
ment 94239 and/or radioactive fission products by neu­
trons released during a self-sustaining nuclear chain re­
action through fission of uranium with slow neutrons. 20 
More particularly, our invention relates to the removal 

nre even more satisfactory. 
However, in order for the premise to be fulfilled that 

the fast fission neutrons be slowed to thermal energies 
in a slowing medium without too large an absorption 
in the U238 isotope of the uranium, certain types of 
physical structure are utilized for the most efficient re-

of the heat of the neutronic reaction to such an extent 
that the reaction may be conducted at a more rapid rate 
and the production of element 94239 and/or fission prod­
ucts may be accelerated. Natural uranium may be used 
in the reaction and contains the isotopes 92238 and 92235 

in the ratio of approximately I 39 to 1. Hereinafter in 
the specification and the claims the term uranium is to 
be understood as referring to uranium and its chemical 
compositions of normal isotopic content or equivalent 
compositions, unless otherwise indicated by the context. 

When it became known that the isotope U235 in natural 
uranium could be split or fissioned by bombardment with 
thermal neutrons, i. e., neutrons at or near thermal 
equilibrium with the surrounding medium, many predic­
tions were made as to the possibility of obtaining a self­
sustaining chain reacting system operating at high neu­
tron densities. In such a system, the fission neutrons 
produced give rise to new fission neutrons in sufficiently 
large numbers to overcome the neutron losses in the 
system. Since the result of the fission of the uranium 
nucleus is the production 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-sustaining 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 immediately in condition to be utilized 
efficiently to create new thermal neutron fissions in U235 

when it is mixed with a considerable quantity of U2Js, 

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 U2JS nuclei, 
and yet the energies are not generally high enough for 
production of fission by more than a small fraction of 
the neutrons so absorbed. For neutrons of thermal en­
ergies, however, the absorption cross section of U235, 

to produce fission, rises a great deal more than the simple 
capture cross section of U2JB; so that under the stated 
circumstances the fast fission neutrons, after they are 
created, must be slowed down to thermal energies be­
fore they are most effective to produce fresh fission by 
reaction with additional U235 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 element, 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 

25 production 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 
30 going through the process of absorption and fission re­

produces in the next generation a number of neutrons 
generally different from the initial number. The ratio 
of the number produced after one generation to the 
initial number for a system of infinite size is called the 

35 reproduction or multiplication factor of the system and 
is denoted by the symbol K. If K can be made suffi­
ciently greater than unity to create a net gain in neu­
trons for the system of infinite size and the system made 
smaller but still sufficiently large so that this gain is not 

40 entirely lost by leakage from the exterior surface 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 repro­
duction ratio in a system of finite size differs from K 

45 by the leakage factor (neutrons lost from the system 
through leakage), and must be sufficiently greater than 
unity to permit the neutron density to rise exponentially. 
Such a rise wilt continue indefinitely if not controlled 
at a desired density corresponding to a desired power 

50 output. 
During the interchange of neutrons in a system com­

prising bodies of uranium of any size in a slowing me­
dium, neutrons may be lost in four ways, by absorption 
in the uranium metal or compound without producing 

55 fission, by absorption in the slowing down material, by 
absorption in impurities present in the system, and by 
leakage from the system. These losses will be con­
sidered in the order mentioned. 

Natural uranium, particularly by reason of its U2JB 
60 content, has an especial)y strong absorbing power for 

neutrons when they have been slowed down to moderate 
energies. The absorption in uranium at these energies 
is termed the uranium resonance absorption or capture. 
It is caused by the isotope U2Js and does not result in 

65 fission but creates the isotope U239 which by two succes­
sive beta emissions forms the relatively stable nucleus 
94239. It is not to be confused with absorption or capture 
of neutrons by impurities referred to later. Neutron res­
onance absorption in uranium may take place either on 

70 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 
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body, in which case the absorption is known as volume 
resonance absorption. It will be appreciated that this 
classification of resonance absorptions is merely a con­
venient characterization of observed phenomena, and 
arises, not because the neutron absorbing power of a 
U238 nucleus is any greater when the nucleus is at the 
surface of a body of metallic, or combined uranium, but 
because the absorbing power of U238 nuclei for neutron 
of certain particular energies is inherently so high that 
practically all neutrons that already happen to have those 
energies, called resonance energies as explained above, 
are absorbed almost immediately upon their arrival in the 
body of uranium metal or uranium compound, and thus 
in effect are absorbed at the surface of such body. Vol­
ume resonance absorption is due to the fact that some 
neutrons make collisions inside the uranium body and 
may thus arrive at resonance energies therein. After 
successfully reaching thermal velocities, about 40 percent 
of the neutrons are also subject to capture by U238 with­
out fission, to produce U 239 and eventually 94239. 

It is possible, by proper physical arrangement of the 
materials, to reduce substantially uranium resonance ab­
sorption. By the use of light elements as described above 

4 
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 
factor in obtaining a self-sustaining chain reaction utiliz-

5 ing natural uranium and graphite. The K factor of a 
mixture of fine uranium particles in graphite, assuming 
both of them to be theoretically pure, would only be 
about .785. Actual K factors as high as 1.07 have been 
obtained using aggregation of natural uranium in the best 

10 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 highest obtain­
able densities, the maximum possible K factor theoretically 

15 obtainable is about 1.1 when the uranium is aggregated 
with optimum geometry. Moreover when beryllium is 
used as the moderator, a K factor as high as 1.18 is 
obtainable and if D20 is used a K factor of about 1.3 
may be secured with pure materials. Still higher K fac-

20 to rs can be obtained by the use of aggregation in the 
case of uranium having more than the naturally occurring 
content of fissionable materials such as U 233, U235 or 
94239. Adding such fiissionable material is termed en-

for neutron moderators, a relatively large increment of 
energy loss is achieved in each collision and therefore 25 
fewer collisions are required to slow the neutrons to 
thermal energies, thus decreasing the probability of a 
neutron being at a resonance energy as it enters a uranium 
atom. During the slowing process, however, neutrons 

richment of the uranium. 
Tt is thus clearly apparent that the aggregation of the 

uranium into masses separated in the slowing material is 
one of the most important, if not the most important 
factor entering into the successful construction of a self­
sustaining chain reacting system utilizing relatively pure 

are diffusing through the slowing medium over random 
paths and distances so that the uranium is not only ex­
posed to thermal neutrons but also to neutrons of energies 
varying 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 
remaining 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 reaction with U235 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 factor from the losses occurring 
in a mixture of fine uranium particles and a slowing me­
dium, when the uranium is aggregated into substantial 
masses in which the mean spatial radius is at least 0.25 
centimeter for natural uranium metal and when the mean 
spatial radius of the bodies is at leas t 0.75 centimeter for 
the oxide of natural uranium (U02 ). 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, preferably either of metal, oxide, 
carbide, or combinations 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 roughly uniform in size and shape or are 
systematic in variations of size or shape to produce a 
volume pattern conforming to a roughly symmetrical 
system. If the pattern is a repeating 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 lattice of metal 
spheres. 

30 natural uranium in a slowing material in the best geometry 
at present known, and is also important in obtaining high 
K factors when enrichment of the uranium is used. 

The thermal neutrons are also subject to capture by 
the slowing material. While carbon and beryllium have 

35 very small capture cross sections for thermal neutrons, 
and deuterium still smaller, an appreciable fraction of 
thermal neutrons (about 10 percent of the neutrons pres­
ent in the system under best conditions with graphite) 
is lost by capture in the slowing material during diffusion 

40 therethrough. It is therefore desirable to have the neu­
trons reaching thermal energy promptly enter uranium. 

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 

45 uranium add a very important neutron loss factor in the 
chain. The effectiveness of various elements as neutron 
absorbers varies tremendously. Certain elements such as 
boron, cadmium, samarium, gadolinium, and some others, 
if present even in a few parts per million, could prevent 

50 a self-sustaining chain reaction from taking place. It 
is highly important, therefore, to remove as fa r as pos­
sible all impu rities capturing neutrons to the detriment 
of the chain reaction from both the slowing material and 
the uranium. If these impurities, solid , liquid, or gaseous, 

55 and in elemental or combined form, are present in too 
great quantity, in the uranium bodies or the slowing ma­
terial or in, or by absorption from, the free spaces of the 
system, the self-sustaining chain reaction cannot be at­
tained. The amounts of impurities that may be per-

GO mitted in a system, vary with a number of factors, such 
as the specific 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 

65 slowing down material, and the type of slowing down or 
moderating material used-for example, whether deute­
rium, graphite or beryllium. Although all of these con­
siderations influence the actual permissible amount of 
each impurity material, it has fortunately been found that. 

70 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 know­
ing the K factor for a given geometry and composition, 
the permissible amounts of particular impurities can be 

75 readily computed without taking individual account of the 
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specific considerations named abovc.-. Different impuri-
ties are found to effect the operation to widely different 
extents ; for example, relatively considerable quantities of 
elements such as hydrogen may be present, and, as previ­
ously suggested, the uranium may be in the form of 
oxide, such as U02 or 0 30 8 , or c:u-bide, although the 
metal is preferred. 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 

6 
This would be a rather unimportant reduction in the re­
production factor K unless the reproduction factor for a 
given system, without considering any impurities, is very 
nearly unity. If, on the other hand, the impurities in 

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

.0310+.0017+.0050=.0377 K unit 

by changes in atmospheric pressure. This effect may be 10 
eliminated by enclos ing or evacuat ing the system if de­
sired. In generaL the inclusion of combined nitrogen is 

This la tter reduction in the reproduction factor for a 
given system would be serious and 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 uranium and graphite, but might 

to be avoided. 
The effect of im purities on the opti mum reproduction 

factor K may be conveniently eva luated to a good approx- 15 
imation, simply by means of certain constants known as 
"danger coefficients" which are assigned to the various 
elements. These danger coefficients for the impurities are 
each multiplied by the percent by weight of the corre­
sponding impurity. and the total sum of these products 20 
gives a value known as the total danger sum. This total 
danger sum is subtracted fro m tbe reproduction factor K 

still be permissible when using enriched uranium in a 
system having a high K factor. 

T his strong absorbing action of some elements renders 
a self-sustaining chain reacting system capable of control. 
By introducing neutron absorbing elements in the form of 
rods or sheets into the interior of the system, for in­
stance in the slowing material between the uranium 
masses, the neutron reproduction ratio of the system can 
be changed in accordance with the amount of absorbing 
material exposed to the neutrons in the system. A suffi­
cient mass of the absorbi g material can readily be in­
serted into the system to reduce the reproduction ratio of 

as calculated for pure materials and for the specific 
geometry under consideration . 

The danger coefficients are defined in terms of the ratio 25 
of the weight of impurity per unit mass of uranium ami 
are based on the cross section for absorption of thermal 
neutrons of the various elements. These values may be 
obtained from physics textbooks on the subject and the 
danger coefficient computed by the formula 30 

the system to less than uni ty 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. 

wherein ui represents the cross section for the implll'ity 
and utt the cross section for the uranium, A1 the atomic 
weight of the impuri ty and Au the atomic weight for 
uranium . If the impurities are in the carbon, they are 
computed as their percent of the weight of the uranium of 
the system. 

Presently known values fo r danger coefficients for some 
elements are given in the following table, wherein the 
elements are assumed ta have their natural isotopic con­
stitution unless otherw; ~ c! in,iica ted, and are conveniently 
listed according to their chemical symbols : 

E lement 

He __________________ _ 
LL ___ _______ _______ _ 

B -- · ---------------- -N __ ____ , ____________ _ 
F __ ___ ___ _____ ______ _ 
Na ___ ____ ___________ _ 
M g __ ____ , __________ _ 

AL-- ------ - ---------SL_ ___ ______________ _ 
p __ __ __ _____________ _ 
s ___ ___ , ___ _____ ____ _ 
CL. - --·-·-----------
K ... . ..... -- -- -- - ----Ca ___ , _____ _________ _ 

TL.-- -·-·---------- -y ___ ___ , ____________ _ 

Or . . --- · -------------Mn ____ , ____________ _ 
Fe ___ _______________ _ 
Co __ ___ , ____________ _ 
NL __ __ , ____________ _ 

D:mger 
Coefficient 

0 
310 

2 150 
• 4. 0 

0.02 
0. 65 
0. 48 
0. 30 
0. 26 
0. 3 
0. 46 

31 
2. 1 
0. 37 
3. 8 
4 
2 
7. 5 
1.5 

17 
3 

Element Dnnger 
Coeffi cient 

Cu__ _________________ 1.8 
Zn___ _________ _______ 0. 01 
Qa_____ ____________ __ ~1 

As___ ________________ 2 
Se---- --·------------- 0. 3 Br_ __________________ 2. 5 
Rh__ __ __________ ____ _ 50 
Ag_ _________ _________ 18 
Cd ______________ ___ ,_ 870 
In ___ ___________ __ ,___ 54.2 
Sn___ _____________ ___ 0. 18 
Sb _______ __ __________ 1. 0 
!_ ___ _________________ 1.6 
Ba__________________ _ 0. 30 
Sm __ ____ ____ ______ ___ ~1, 430 

EtL- --------------- - - 435 
Od. ____ ______________ ,.,fi, 320 
Pb ___________________ 0. 03 
BL--- - -- -- ----- - - - ·- 0. 0025 
TIL· -· --------- ------ 1.1 

Where an element is necessarily used in an active part 
of a system, it is still to be considered as an impurity; 
for example, in a structure w!Jere the uranium bodies con­
sist of uranium oxide, the actual factor K would ordinarily 

When the uranium and the slowing material are of such 
purity and the uranium is so aggregated that fewer neu­
trons are parisitically absorbed than are gained by fission, 
the uranium will support a chain reaction producing an 

3fi exponenti:1l rise in neutron density if the overall size 
of the system is sufficiently large to overcome the loss 
of neutrons escaping from the system. Thus the overall 
size is important. 

The size of the system will vary, depending upon the 
tlO K factor of the system, and upon other things. If the 

reproduction factor K is greater than unity, the num­
ber of neutrons present will increase exponentially and 
indefinitely, provided the structure is made sufficiently 
large. If, on the contrary, the structure is small, with a 

45 large surface-to-volume ratio, there will be a rate of 
loss of neutrons from the structure by leakage through 
the outer surfaces, which may overbalance the rate of 
neutron production inside the structure so that a chain 
reaction will not be self-sustaining. For each value of 

50 the reproducti on 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 
neutrons by diffusion to the walls of the structure and 
leakage away from the structure is less than the rate of 

55 production of neutrons within the system, thus making 
the chain reaction self-sustaining. The rate of diffusion 
of 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 

60 of K and certain other constants are known, as the ratio 
of the exterior surface to the volume becomes less as 
the structure is enlarged. 

In the case of a spherical structure employing uranium 
bodies imbedded in graphite in the geometries disclosed 

65 herein and without an external reflector the following 
formul a gives the critical overall radius (R) in feet: 

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 system 70 
under consideration have .0001 part by weight of Co and 
Ag, the total danger sum in K units for such an analysis 
would be : 

c 
J(-l=R2 

where C is a constant that varies slightly with geometry 
of the lattice and for normal graphite lattices may have 
a value close to 7 .4. 

.0001X17+.0001Xl8=.0035 K unit 75 For a rectangular parallelopiped structure rather than 
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7 
spherical, the critical size can be computed from the for­
mula 

K-1=C -+- +-a2 b2 c2 

8 
directly in and become a part of the uranium bodies, it 
is desirable to be able to remove tl1e irradiated uranium 
bodies from the reactor when a desired concentration of 

( 1 1 1) 

where a, b, and care the lengths of the side in feet. The 
5 

critical size for a cylindrical structure is given by the 
formula, irrespective of the shape of the uranium bodies 

94239 is under formation or has been formed therein, in 
order that chemical separation be most readily accom­
plished. 

It is therefore still another object of our invention to 
provide a neutronic reactor in which the uranium is readi­
ly removed and replaced. 

K-1= c(l+·59) h2 R2 

Cylinder height h ft. Radius R ft. 

However, when critical size is attained, by definition 
no rise in neutron density can be expected. It is there­
fore necessary to increase the size of the structure beyond 
the critical size but not to the extent that the period for 
doubling of the neutron density is too short, as will be ex­
plained later. A desirable reproduction ratio for an 
operating structure with all control absorbers removed 
and at the temperature of operation is about 1.005. The 
operating size at which any given reproduction ratio can 
be obtained may be computed from modifications of the 
above formulae for critical size. For example, for 
spherical active structures the formula 

K- (reproduc Lion rat io )= x2 

may be used to find R when K is known and the repro­
duction ratio is somewhat over unity. The same formula 
will, of course, give the reproduction ratio for given 
structures for which K and R are known. 

10 In accordance with the present invention it has been 
found that heat may be removed from a neutronic reac­
tor most effectively by passing the coolant in contact with 
or closely adjacent to uranium bodies. Thus it bas been 
ascertained that most of the heat developed in the reactor 

15 is developed in the uranium and therefore that to secure 
effective cooling the coolant should be passed sufficiently 
close to the uranium to ensure rapid heat removed there­
from. 

For the sake of simplicity the invention has been de-
20 scribed with particular reference to the use of air as a 

coolant although it is to be understood that other coolants 
may be used without departing from the spirit of the in­
vention. 

While coolant gas such as air, in many respect is not 
25 as efficient a cooling fluid as a liquid, such as water for 

example, it has many advantages over liquids in that 
liquids require that piping be inserted in the reactor. 
These pipes, as well as the liquids that would be circu­
lated through them, absorb neutrons. For example, the 

30 pipes and water carried by the pipes in a water cooled 
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 

Critical size may be attained with a somewhat smaller 
structure by utilizing a neutron reflecting medium sur­
rounding the surface of the active structure. For ex­
ample, a 2 foot thickness of graphite having low impurity 35 

content, completely surrounding a spherical structure 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. 

given above. 
On the other hand, air requires no pipes and can be 

circulated through channels cut directly in the solid mod­
erator. Graphite, for example, is porous and when piled 
in blocks to form the reactor framework contains about 
25 percent air. The provision of the air channels, which 

40 in effect merely removes some of the moderator, has very 
little effect on 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 more air 
in an air cooled neutronic reactor than would be present 

The neutronic chain reaction referred to can be made 
self-sustai11ing in a device known as a neutronic reactor 
wherein uranium bodies are dispersed in an efficient 
neutron slowi11g medium or moderator, when the reac-
tor is made to be just above a critical size where the rate 
of neutron gem:rarion 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 reaction can be obtained within the reactor having 
any neutron density desired, up to infinity. However, to 
prevent destruction of the reactor, the heat of the reac­
tion must be controlled, and then removed by an amount 
providing a stable temperature in the reactor at some 
predetermined and controlled operating level. As the 
greater the number of fissions, the greater the number of 
neutrons are present to produce 92239 converting to 94239 
by successive beta decay, the production of 94239 is accel­
erated by operating the reactor at high neutron density 
levels. 

A stable temperature in a neutronic reactor composed 
entirely of moderator and fissionable material such as, for 
example, graphite and uranium metal, can only be at­
tained at a relatively low power output as the heat 
generated can be dissipated only by conduction out of 
the reactor. Higher power outputs with greater produc­
tion of 94239 require additional heat removal. 

It is the principal object of our invention to increase 
the removal of heat from a neutronic reactor during 
operation in order that the production of 94239 and / or 
other products of the neutronic reaction can be accel­
erated. 

It is another object of our invention to conduct a 
gaseous coolant such as air through a neutronic reactor 
in such a manner that heat is removed from the reactor 
without interfering with the operation of the reactor. 

As the 94239 and the various fission products are formed 

-15 in an uncooled reactor. Nitrogen does absorb neutrons, 
but as the air in the channels is only under slight pres­
sure while passing through the reactor, the net effect of 
the channels and the air is small. 

It is, therefore, another object of our invention to pro-
50 vide a means and method for cooling a neutronic reactor 

with a minimum of interference with the chain reaction. 
When air is passed through a neutronic reactor oper­

ating at high neutron densities, components of the air 
itself, such as argon, for example, become radioactive. 

55 It is highly desirable, therefore, particularly for the 
biological safety of operating personnel, that air having 
any radioactivity associated therewith, be disposed of in 
a safe manner. 

A still further object of our invention is to provide a 
60 means and method of safely disposing of air having radio­

active components therein. 
Broadly stated, our invention includes a neutronic re­

actor comprising a mass of neutron moderator having 
uranium containing bodies therein, the moderator being 

65 pierced by channels through which air may be circulated 
to remove the beat of reaction to the extent that a stable 
temperature can be attained in the device at high neutron 
densities. 

Other objects and advantages of our invention may 
70 be more clearly understood by reference to the following 

description and the attached drawings which illustrate, 
as an example, one form our invention may take. This 
example is not to be taken as limiting as other forms 
within the scope of the appended claims will be readily 

75 apparent to those skilled in the art. Requisite informa-
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tion and criteria for operativeness of neutronic reactors 
are set forth in the copending application of the present 
inventors filed December 19, 1944, Serial No. 568,904, 
now Patent No. 2,708,656, dated May 17, 1955. 

In the drawings : 
Fig. 1 is a longitudinal view partly in section and partly 

in elevation of an air cool d neutronic reactor system 
illustrating our invention. 

Fig. 2 is a cross sectiona; 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. l 
and 2. 

Fig. 4 is a longitudinal sectional view partly in eleva­
tion of a jacketed slug. 

Fig. 5 is a longitudinal sectional vie•N, partly in eleva­
tion, of a horizontal channel during a loading and un­
loading operation. 

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

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

Fig. 8 is a view partly in section and partly in eleva­
tion taken as indicated by the line 8-8 in Fig. 7. 

Fig. 9 is a top plan view of the loading device shown 
in Figs. 7 and 8. 

Fig. 10 is a side view of the loading device shown in 
Figs. 7, 8 and 9. 

Fig. II is a view partly in section and partly in eleva­
tion of a friction drive used in the loading device. 

Fig. 12 is a diagram or chart showing K factors for 
various radii of uranium metal rods. 

Referring to the drawings, we have chosen to illus­
trate our invention by reference to a graphite-uranium 
reactor, sometimes know as a pile. 

Such a reactor broadly comprises a mass of graphite 
blocks closely piled or stacked into a cube 10 as shown 
in Figs. l and 2. This graphite cube may be, for example, 
24 or 25 feet on a side and rest on a concrete foundation 
11. The graphite cube 10 is pierced with horizontal air 
channels 12, of square cross section, with one of the di­
agonals vertical. The channels may be readily made by 
grooving adjacent blocks. The channels are 1.75 inches 
on a side and extend completely through the reactor, 
from an inlet face 14 to an outlet face 15. About I500 
channels may be provided, and as will be later brought out, 
any unused channels can be plugged. Only a few of the 
channels 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 outwardly. The inlet air duct 16 is 
completed by concrete side walls 17 and top 19. 

At some distance away from the graphite cube 10 the 
inlel duct is turned upwardly to terminate in an 'air filter 
20, relatively close to the surface of the ground. A fan 
or blower 21, here illustrated as electrically driven, is 
installed on the floor of the inlet duct just below t.he 
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, positioned parallel to 
but spaced away from inlet face 14 of the cube 10 to 
form an inlet chamber 25 communicat,ing with the air 
channels 12. 

10 
32 of a stack 34 projecting upwardly and formed as a 
continuation of the concrete top side and outlet end 
shields. Thus the cube 10 is completely enclosed by 
concrete shields or shields of similar inorganic material 

5 containing water of crystallization or other neutron ab­
sorbing material, with a duct system operating by virtue 
of pressure 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 

10 top of the stack. The concrete shields may be from five 
to ten feet thick in accordance with the max-imum desired 
operating power of the reactor and serve as shields to 
reduce escape of neutrons and gamma radia·tion. 

As a neutronic reaction will take place when uranium 
15 bodies are properly spaced in a moderator mass of a 

certain finite size, the above described device can be made 
chain reacting by placing uranium bodies in the horiwn­
tal clunnels in such a manner and in such an amount that 
a neutron reproduction ratio of slightly over unity is ob-

20 tained, exclusive of all neutron losses within the reactor 
and from the exterior of the reactor. This reproduction 
ratio may be defined as the ratio of the number of neu­
trons gained by fission to the total number of neutrons 
lost by absorption in the uranium, absorp~ion in the 

2;:; moderator, absorption by impurities in the reactor and by 
leakage from the reactor for a reactor of finite size. 

Using the graphite mass as the moderator to slow fast 
neutrons to energies where they again are able to create 
fission in 92235, the dev·ice will have a reproduction ratio 

3fl of unity when approximately 700 of the channels 11 in the 
graphite cube are each loaded with 68 aluminum jacketed 
uranium slugs 35 lying end to end, with a channel spac­
ing of 7 inches measured center to center, and wirh 
the loaded channels roughly forming a cylinder as 1ndi-

:-:; cated by line A in Fig. 2. Both graphite and uranium 
~hould be of highest possible purity. 

However, more than a unity reproduction ratio is re­
quired, as when the reproduction rat•io is exactly unity 
no rise in neutron density will occur. Under such condi-

·to tions the device will not develop high neutron densities or 
power in the form of heat. By loading addit•ional chan­
nels, i. e., making the active portion greater than critical 
size, however, the reproduction ratio within the reactor 
can be brought above unity in order that a rise in den-

45 sity can occur. Then this excess neutron reproduction 
can be absorbed by neutron absorbing materials deliber­
ately inserted into Lhe reactor in order to hold the re­
production ratio at an average value of unity after a de­
sired power output bas been obtained, as a result of tile 

50 ·initial rise in density. 
Consequently, in accordance with the amount of ex­

cess reproduction ratio desired, about JCOO chani1els mJy 
'be loaded with uranium slugs. Most cf the channels r:ct 
loaded with uranium may be closed by inserting plugs, 

55 preferably of graphite, in such channels in order to con­
serve air. Some of the channels, however, in the periph­
eral port<ions of the cube may be left open for cooling of 
the graphite in those portions. 

One preferred form of slug construction is shown in 
60 Fig. 4. Each uranium metal slug is l.l inches in diame­

ter and 4 inches long covered with an aluminum jacket 
approximately 20 mils thick in good heat conductive rela­
tion to the uranium. The slugs weigh about 2\12 pounds 
each. Above the 'inlet chamber 25 and the cube 10 the con­

crete is continued horizontally to form a top shield 26, 65 
and side shie'lds 28 are built up from the foundation 11 

In fonning the slugs 35, the uranium portion 36 is 
machined to size, cleaned in trisodium phosphate and then 
washed in water. Aluminum zinc or other non-fissionable 
metal of low neutron absorption jacket cans 37 are pro­
vided having an inside diameter somewhat larger than 

to enclose cube 10. Shields 26 Md 28 closely approach 
the top and side faces of the cube, to minimize air flow 
around the out&ide 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 of con­
crete is provided. End shield 30 is parallel to and spaced 

· from the outlet face 15 of the graphite cube to form an 
outlet cham'ber 31 communicating above with the base 

70 the uranium portion. This can 37, open a-t one end only, 
is slipped over the uranium after being cleaned in ben­
zine and hot water. The can 37 with the uranium in­
side is then passed through a sizing die of 1.134 inches 
diameter. This die, being of smaller diameter than the 

7 5 1.1 inch uranium portion plus the two 20 millimeter walls, 
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draws the can in tight thermal contact with the uranium. 

A cup-shaped cap 38 is then placed base down inside 
the projecting portion of the can 37 and is seam welded 
to the can. The projecting portion is then cut off above 
the seam weld 40 and the remaining projecting portion 5 
including the weld, spun over the adjacent end of the 
slug. Thus each jacket completely enclo es and seals the 
uranium, preventing air from corroding the uranium and, 
as will be pointed out later, also preventing or restrain­
ing fission fragments created by nuclear fission at the sur- 10 
face of the uranium from entering the air stream. 

The channels are loaded with uranium until the repro­
duction ratio. with neutron absorbers removed and the 
coolant flowing through the reactor, is about 1.005 to 
1.006. This means that for every two hundred neutrons 15 
starting in each neutron generation about two hundred 
and one neutrons are produced in the reactor over and 
above all losses. Under these conditions and taking into 
account the fact that about one percent of the neutrons 
of fission are delayed in their emis ion for a mean time 20 
of about 5 seconds, the neutron density of the reactor 
will double every 8 to 15 seconds. With some part of the 
neutron absorbers inserted but with the insertion of less 
than the amount of neutron absorbers required to make 
the reproduction ratio unity, the rise is slower. When 25 
the neutron absorbers are almost but not entirely in­
serted the doubling of the neutron density may take sev­
eral hours. Then when a desired density has been 
reached, the reproducition ratio can be reduced to unity 
so that the desired densi ty is continuou ly maintained by 30 
the introduction of neutron absorbing material into the 
reactor. 

The neutron absorbing material is introduced into the 
reactor by means of a control rod 41 as shown in Fig. 2. 
This control rod extends into the graphite cube, sl iding 35 
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 efficient neutron ab­
sorber, such as for example. cadmium or boron. A sheet 
of cadmium riveted to a steel strip forms a satisfactory '10 
control rod. As the depth of insertion of the rod deter­
mines the amount of neutron absorbing material inside 
the reactor, the critical position of the rod is where the 
rate of neutron absorption by the rod balances the re­
production ratio at unity. Thus, by moving the rod out- 45 
wardly from the critical position the neutron density in 
the reactor will rise. Moving the rod inwardly from the 
critical positiun causes the reproduction ratio to fall be­
low unity, and the reaction stops. Thus the reaction is 
always under control, and as the rise in neutron density 50 
is exceptionally slow as the rod approaches the critical 
position, manual control is possible. Other and similar 
rods ( not shown) may be provided, if desired, for rapid 
progression into the reactor to stop the reaction in case 

55 of failure of the control rod to stop the rise in neutron 
density for any reason. Such rods are termed safety 
rods. 

During operation heat is released in the reactor in ac­
cOt·dance with the neutron density therein. Most of the 

60 heat arises from the kinetic energy of the fission frag­
ments and about 92 percent of the energy is released in 
the uranium. About 6 percent is released in the graphite 
due to neutron absorption therein and about 2 percent 
escapes from the reactor in the form of neutrons and 

65 
gamma radiation. Consequently, the reactor can only 
be operated at a power dependent upon beat removal to 
the point where a stable temperature obtains. Other-
wi e, the reactor will accumulate heat to the point that 
the device may be damaged. Since aluminum melts at 70 
658° C. stable temperatures below this value should be 
used aithough with jackets of other non-fissionable metals, 
such a beryllium, the stable temperature may be increased, 
although if the temperature should rise too high the 
uranium bodies might be damaged even when using beryl- 75 

12 
lium jackets as uranium of the type used in neutronic 
reactors melts at about 1100° C. 

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 di­
rectly in contact with the aluminum jackets of the slugs. 
Under these circumstances the reactor can be operated 
continuously at 250 kilowatts electrical equivalent of beat 
by passing 32,000 cubic feet per minute through the re­
actor with a maximum temperature rise of the slugs to 
about 100° C., and at 500 kilowatts continuously with 
about 50,000 cubic feet per minute of air with a maxi­
mum metal temperature of 200° C. The output of the 
reactor can be stabilized at still higher powers by pas­
sage of a greater volume of air therethrough if desired. 

Having discussed generally the operation of the reactor, 
and the temperature stabilization thereof by air cooling at 
elevated powers and neutron densities, we will now de­
scribe one means and method by which the reactor can 
be loaded and unloaded, in order that the neutron irradi­
ated uranium can be removed for further processing such 
as the recovery of 94239 formed in the uranium, and fresh 
uranium inserted for subsequent operation of the re­
actor. 

To accomplish loading of the slugs 35 into the various 
air channels 12, the concrete of the inlet end shield 24 
is pierced with a plurality of loading apertures 45, as 
shown in Figs. I and 5, each aperture being aligned with 
the axis of slug positions in the air channels 12. Nor­
mally, during operation 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 alone is removed, and a 
charging tube 47 inserted, extending through the inlet 
end shield 24, across the inlet chamber 25 and entering 
the corresponding air channel 12 as shown in Fig. 5. The 
outer end of charging tube 47 is provided with a flanged 
nipple 49 shaped to engage a nipple recess 50 of a load­
ing mechanism indicated generally by numeral 51. It will 
be noted that the charging tube is smaller than the air 
channel 12 and that air can pass through the channel 
being unloaded. The air should circulate durino unload-
ing, although it may be at reduced velocity. "' 

Loading mechanism 51 comprises a loading magazine 
52, a loading plunger 54, and a plunger drive 55, as 
shown in Figs. 7 to I 0 inclusive. 

The loading mechanism 51 is mounted on an elevator 
platform 56 mounted to be raised and lowered in an 
elevator frame 57 capable of moving along the outside 
of inlet end shield 24 on elevator tracks 58. Base 59 
of the elevator frame 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 supply of slugs to the elevator 
for use in the loading mechanism 51. 

The slugs 35 when received at the elevator are loaded 
into an inclined loading channel 64 in the lo~ding maga­
zine, in side by side relationship and feed by gravity to 
the bottom the roof. The bottom of loading channel 64 
is a part of plunger bore 65 extending through the load­
in~ magazine ~nding in the nipple recess 50 cooperating 
wtth flanged mpple 49 on charging tube 47 so that the 
plunger bore 65 and the loading bore in guide tube 47 
are in concentric alignment. To provide engagement 
and disengagement of nipple recess 50 and nipple 49, the 
entire loading mechanism 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 to load slugs al­
ready partially irradiated and in consequence radioactive. 
The thick walls of the magazine then act as a shield for 
the radioactive slugs, and in this case a heavy cap 70 

.. 
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may close the upper opening of the loading channel 64. 
Iron or lead may be used for the body of the magazine. 
In addition, the use of the thick metal in the magazine, 
particularly around the plunger bore 65, reduces radiation 
that might pass through the interconnected loacling aper­
ture 45 and guide tube 47 either from radioactive slugs 
therein or from the irradiated slugs in the reactor when 
charging tube 47 is empty. 

The slugs are fed from magazine 52 by a reciprocating 
motion of plunger 54 operating in 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. 

Plunger drive 55 in simplified form may be a friction 
wheel 74 driven by motor 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 under con­
trol of the loacling operator. Plunger 54 is sectional, 
having a threaded end 79 capable of making connection 
with additional plunger sections. Sufficient sections are 
provided to insert the plunger entirely through an air 
channel 12 when required. 

ln the initial loacling of the graphite cube 10, loading 
is started with the more central air channels until 68 
slugs have been placed in the guide tube 47 and con­
nected channel. Plunger 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 then with­
drawn, leaving the outer end of the last slug about 16 
inches from the inlet face 14, for purposes explained 
later. 

Proceeding outwardly and preferably concentrically, 
additional channels are loaded, meanwhile checking the 
neutronic activity of the reactor. As the activity increases 
as the loacling approaches a critical size, that is, the size 
where the reproduction ratio will be exactly unity, the 
approach to critical size can be preclicted by extrapolation 
of observed neutron density values with respect to the 
volume of the cube loaded with uranium. The neutron 
density values can be obtained from an ionization cham­
ber 80 (Fig. 2), for example, using any well-known indi­
cating circuit, or by measuring the radioactivity of indium 
foils, for example, induced by neutron irradiation when 
inserted into the reactor. 

As the critical size is approached, the control rod 41 
is inserted deeply into the reactor to prevent a self-sus­
taining chain reaction; and loading is continued until the 
desired maximum reproduction ratio of, for example, 
from 1.005 to 1.006 is attained. This ratio can be 
checked by removal of the control rod and measuring 
the time taken by the reactor to double its neutron den­
sity. From this period, the reproduction ratio can be 
mathematically computed. 

When the desired number of channels are loaded the 
active core of the reactor may contain from 34 to 50 
tons of uranium, and will be ready for operation. Graph­
ite plugs for the unused channels may be loaded in a 
manner similar to that described for the uranium slugs. 

It will be noted that on 4 sides of the graphite cube 
excess graphite will be present. One the fifth side, i. e., 
at the inlet face, graphite will also extend 16 inches be­
yond the uranium. On the remaining side, i. e., the 
outlet face, no graphite extends beyond the uranium. 
Thus, 5 sides of the active portion (the uranium bearing 
portion) are surrounded by graphite. This graphite con­
stitutes a reflector and reduces the amount of uranium 
required to reach critical size. 

As stated above, graphite and other neutron modera­
tors can be used around the active portions of a neutronic 
reactor, as such materials scatter neutrons passing through 
them and thereby change the clirection of the neutrons. 
Statistically, due to the scattering action, a large part of 
the neutrons that otherwise would be lost to the active 

14 
portion are returned to it, thus reducing exterior loss and 
thereby reducing critical size. In the present instance 
the reduction in size is slightly less than the optimum, as 
only 5 sides of the active portion are surrounded with the 

5 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 

10 as the geometry of the system, and this geometry may 
be varied to suit conclitions, for example, the system as 
described may be said to have rod geometry with cylin­
drical loading, as the end to end relationship of the slugs 
forms, in effect, a long rod of uranium. Further, the use 

I 5 of full length rods in all channels concentrically ar­
ranged around the center of the active portion, gives that 
portion a generally cylindrical shape. 

In Fig. 12, contour lines have been plotted for lattices 
of theoretically pure uranium metal rods of a density of 

20 approximately 18 gms. per cc. embedded in theoretically 
pure graphite. 

Along the ordinates of the graph are plotted the radii 
of the rods. Along the abscissae are plotted volume 
ratios of graphite to uranium. These values give the 

25 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 repetition of 
like cells. 

The curves of Fig. 12 have been drawn from a number 
30 of observed values of K, and, in adclition, from many com­

puted values. The computed values are based on the 
fact that K is proportional to the product of three factors: 
p X f X •, where p is the probability of a fast fission neu-

33 :~~~r~s:;af:~~h~e~~:Ca~~~ ~:~~~r~h:~!~e~~:~~;s aa~~~~~ea~ 
by uranium (both by simple capture and to produce fis­
sion) rather than by the graphite; and • is a small factor 
by which the number of neutrons is increased because of 

40 
addiiional neutrons due to fission produced by the fast 
fi ssion neutrons before leaving the lump of uranium. 
Each of these factors may be computed separately by 
methods known to physicists, using experimentally deter­
mined constants appropriate to these phenomena. The 
proportionality factor required to obtain K from the prod-

45 uct 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 

50 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 meas­
urements of lattice arrangements, such as, for example, 

55 the results obtained by the measurement of lattice struc­
tures too small to support a self-sustaining chain reaction, 
as set forth in Enrico Fermi's application , Serial No. 
534, 129, filed May 4, 1944, now Patent No. 2,780,595, 
dated February 5, 1957. However, if structures are built 

Go well within the limits of the curves shown, using ma­
terials of a purity presently obtainable, and to tbe proper 
critical sizes, a self-sustaining chain reacting system will 
result. 

The highest v:1 lues for the reproduction factor K are 

65 obtaineJ where both the neutron resonance absorption 
in the uranium and the neutron absorption in the graphite 
have minimum values. As the uranium bodies are en­
JargeJ , for any given volume ratio, surface resonance 
absorr;t ion wili decre ::~se but carbon absorption will in-

70 crease. 'fhe increase i!l carbon ab~:Jrpti0n in t:1is case 
is d Lte to the fac t that the larger the uranium bodies are, 
for anv ~;iven volum<! ratio, the greater will be the dis­
tance between the b.:;dics. The neatrons reducetl to ther­
mal eJ.crgies \~ill then have to diffuse ia the carbon 

75 ever a longer path, thu~ increasil!g t!"!e probability of 



2,836,554 

15 
capture by carbon, before entering uranium. Likewise, 
as the size of the uranium bodies is decreased, uranium 
resonance absorption increases, and in fact, increases 
faster than the decrease of carbon absorption. Conse­
quently, with all other factors remaining constant, as 
the size of the uranium bodies and the ratio of the vol­
ume of graphite to uranium departs from the optimum, 
the reproduction factor will decrease in value, as shown 
in Fig. 12. 

It can be seen from the curves in Fig. 12 that if the 
radii of the uranium rods are less 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 chain re­
acting system irrespective of the overall size of the struc­
ture. For rods of greater radius than .25 em., it is pos­
sible to obtain values for the reproduction factor K 
greater than unity, providing the ratio between graphite 
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 reproduc­
tion factor K of 1.07. At approximately the center of 
this contour a 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 I 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. 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 geometry, although 
the lump geometry is slightly more efficient than rod 
geometry. 

Furthermore, a spherical shape is somewhat more effi­
cient for the active portion than a cylindrical shape, and 
can be approached with either rod or lump geometry 
by shortening the extent of uranium loading in the chan­
nels as the peripheral concentric layers are added, until 
an approximate sphere is formed. A suitable compro­
mise is the use of one or more concentric rings of outer 
channels around a cylindrically loaded central portion, 
with only half the number of slugs in the outer chan­
nels and disposed with the encls of the slug row equally 
distant from the ends of the fully loaded rows. Other 
arrangements will be apparent to those skilled in the art. 

In the presently described device using 1.1 inch diam­
eter slugs inserted in end-to-end relation to form 22 
foot rods spaced 7 inches center to center, the curves 
indicate a K factor of about 1.06, and a volume ratio 
of about 47 carbon to 1 uranium. The active portion 
is 22 feet long and about 21 feet in diameter (circular 
cross section) for operating conditions, i. e., it is above 
critical size. 

It will be noted that the formulae for critical size and 
operating size are given herein for reactors with no reflec­
tor. It will be further noted that the curves in Fig. 
12 are given for theoretically pure graphite and uranium. 

As pointed out previously the presence of impurities 
or other neutron absorbers in the reactor may reduce 
the K factor of the reactor substantially. However, use 
of a reflector substantially reduces loss of neutrons due 
to leakage and consequently such reduction permits use of 
uranium of lower purity. 

After the reactor is loaded the fan is started and the 
control rod is withdrawn until a rise in neutron density 
to a desired power output where a stable temperature 
in the reactor is attained. The control rod is then pro­
gressed into the reactor until a neutron balance is ob­
tained with the reproduction ratio at unity, thus main­
taining the chain reaction at the desired operating power. 
Small variations from the unity reproduction ratio will 

16 
occur during operation, due to temperature variations 
of the cooling air, and to change in barometric pressure 
and to minor variations in air pressure delivered by the 
fan . However, such variations are compensated by slight 

5 inward or outward corrective movements of the control 
rod, either by hand in response to indicated variations 
in neutron density, or automatically by direct linkage of 
the control rod to the output of the ionization chamber 
80. However, such automatic control is no part of the 

10 present invention. 
During operation of the reactor, the air passing through 

the reactor becomes radioactive due to the fact that it 
is subjected to intense neutron irradiation. Investigation 
has proved that the only significant radioactivity present 

15 in the air after having passed through the operating re­
actor is that of Argon41, having a 110 minute half-life. 
At 500 kilowatt power, however, this activity is present 
in the exhaust air to the point that it would be bio­
logically dangerous to operating personnel unless highly 

20 diluted during its radioactive decay. For that reason the 
air passing through the operating reactor is not delivered 
to the amtosphere at ground level but is exhausted at 
a substantial distance above ground, such as for example 
from the top of a 200 foot stack, with the result that 

25 when and if any of the radioactive Argon41 reaches 
ground level it is so dispersed i·n and diluted by fresh 
atmospheric ai r that less than .1 Roentgen per day will 
be received by any persons on the ground, either close 
to or away from the stack. Thus, the air is only passed 

30 once through the reactor and does not acquire excessive 
radioactivity. 

The sole presence of the above noted type of radio­
activity, however, is predicated on the use of the jackets 
capable of restraining escape of fission products sealed 

35 around the uranium bodies. Aluminum is preferred for 
the jackets, as aluminum has a relatively low neutron 
capture capability and, consequently, can be used in sub­
stantial amounts in the reactor without absorbing or 
c?p~uring s.ufficient neutro~s to prevent a self-sustaining 

40 cnam reaction from occurnng. Aluminum also corrodes 
very slowly in hot air. Other metals such as zinc, stain­
less steel or lead may be used. 

The jackets have two functions, both of which reduce 
ra~ioa~tivi ty of the cooling air. The first is to prevent 

45 oxidatiOn of the uranium. While considerable oxide 
could be tolerated 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 these particles would be highly radio-

50 active and relatively heavy, the proper dispersal thereof 
would be a difficult problem. 

In addition, if operation should be accomplished in 
the reactor with bare uranium, fission fragments from 
nuclear fissions occurring on the surface of the uranium 

55 would also be projected into the air stream and would 
be carried out by the air stream. These fragments are 
exceptionally radioactive and could not safely be dis­
persed into the atmosphere. When jackets are used, 
these fragments are, however, stopped by the jackets and 

60 cannot enter the air stream. 
Thus, the jackets prevent corrosion of the uranium 

and prevent fission fragments and corrosion products of 
uranium from entering the air stream. As fission frag­
ments will pass through an extremely small hole, one 

65 method of monitoring the reactor for jacket failure, such 
as for example a weld crack, is to monitor the radio­
activity of the stack gas. If the stack gas shows any 
substantially radioactivity other than that of Argon41 
then it is clear that a jacket failure has occurred. Such 

70 monitoring of the stack gas is normally a routine pro­
cedure of an operating air cooled reactor, but forms no 
part of the present invention. 

A:fter operation of the reactor for a sufficient length 
of time for an amount of 94239 to be created sufficient for 

75 chemical separation, such as for example 100 days at 500 
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.kilowatts, the reactor is shut down by inserting the con­
trol rod fully into the reactor. After about one-half 
hour's wait, during which all delayed neutron emission 
will have ceased and the more violent radioactivity sub­
sided, the reactor may be unloaded. 

The unloading may be accomplished in two ways, 
either by using the plunger to push the slugs out of the 
channels so that they fall by gravity out of the outlet 
face 15, or by using the plunger to in ert new slugs in 
the channels, each slug so inserted pushing an irradiated 
slug out of the outlet face 15. In the first instance the 
graphite cube will be left empty after unloading. In 
the second instance the insertion of new slugs is con­
tinued until all or a predetermined part of the irradiated 
slugs are out of the reactor, having been replaced by 
fresh material. Thus, the reactor is left ready for the 
next run. Under ordinary circumstances the latter man-
ner of unloading is preferred. 

Jn either case the slugs drop by gravity from the out­
Jet face into outlet chamber 31, falling on to two angu­
larly disposed pad plates 90 positioned to intercept the 
fa lling slugs, in the bottom half of outlet chamber 31 

18 
proaehed by personnel without adequate shielding being 
.nterposed, and, secondly, for some time after removal 
from the reactor this radioactivity is so intense that self 
absorption of the emitted radiations causes self heating 

5 of the slugs sufficient to melt the slugs if not cooled in 
some manner. By unloading during maintenance of the 
air stream, by dropping the sl ugs at once into water, and 
by keeping the slugs in water until the more violet radio­
activity has subsided, melting is prevented, as the slugs 

l 0 are cooled as they boil the water in which they are im­
mersed. The slugs are then stored or aged under water 
until ready for chemical trea tment, as for example, for 
thirty days. 

It will thus be seen that we have provided a means 
15 and method of removing the heat of reaction from a 

neutronic reactor to the extent that the reactor may be 
continuously operated at neutron densities weU above 
those safely obtainable in an uneooled reactor. The in­
creased neutron densities lead to more rapid production 

20 of 94239 and other products of neutron irradiation, and 
by means of our invention, the irradiated uranium con­
taining these products can readily be removed from the 
reactor and fTesh uranium inserted. In addition, the radio-as shown in Figs. 1 and 2. The two plates slant to a 

centrally disposed outlet pipe 91 extending downwardly 
through foundation 11 and provided with spaced valves 92 25 
nnd 94. The slugs fa ll by gravity into pipe 91 above 
valve 92. 

active gases in the cooling air are safely disposed of. 
It is also to be noted that reactor operation at 250 to 

500 kilowatts heat equivalent has been mentioned. These 
powers, however, are in no way maxima as the operating 
powers arc dependent solely on the air supply available 
and the permissible maximum slug temperatures. Ordi-

Outlet pipe 91 opens into a lower coffin chamber 95 
that in turn connects with a tunnel 96 carrying car tracks 
97 on which a coffin car 99 may be moved by means 
of cable 100. Coffin car 99 supports a plurality of slug 
coffins 101 in position to be successively positioned be­
neath the lower opening of pipe 91. 

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

Before unloading is started, both valves 92 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, a lthough it m:~y be 
reduced to about 25 percent of the operating 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. 

In order that there be no materia l damage to the 
jacketing of the slugs, plates 90 are preferably padded 
with a soft material that does not deteriorate under 
neutron irradiation, and that will be r.b le to withstand 
the slug impacts. A satisfactory pad has been found to 
be ~ inch cotton duck on felt laid on wood backed by 
steel. Combinations of various synthetic elastic materials 
have also been found satisfactory. 

After a number of slugs have been collected above 
valve 92 sufficient to fill a coffin JOt, unloading is stopped 
and valve 92 is open d, permitting the slugs and the 
water to drop through the valve and remain in the space 
between valves 92 and 94. Valve 92 is then closed, 
the water level re-established and unloading continued. 
In the meantime, valve 94 is opened permitting the slugs 
and water to fall into one of the coffins 101. The car 

30 narily slug temperatures of from 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 precautions should 

35 be taken to remove occluded hydrogen from the uranium 
to less than .0002 percent in order to prevent swelling 
of the packets by release of this hydrogen. At tempera­
tures below 430" C. no swelling occurs from the release 
of occluded hydrogen, as uranium hydride is formed, 

40 preventing rise of internal pressure. Above 430" C., 
however, internal pressure from released hydrogen may, 
with unprocessed uranium, swell the jackets. The oc­
cluded hydrogen, however, is easily removed from the 
uranium bodies by heating them to a temperature of 

45 from 580" C. to 600" C. under continuous evacuation 
by a vacuum pump until equilibrium is reached. The 
uranium bodies are then cooled 10 to 20 hours, prefer­
ably in an argon atmosphere, and then jacketed. When 
processed in this manner no swelling will occur at any 

()0 temperature. Thus, if desired, the reactor can be op­
erated at powers of from 1000 kilowatts to 5000 kilo­
watts, when the proper amount of air is supplied, and 
the hottest slugs permitted to rise in temperature to 
from 4oo· C. to 500" C. 

55 While the invention has been described with 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 be utilized. 

60 For example, heavy water (D20) 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 also 

is then moved to register the opening of the next coffin 
with the end of the outlet pipe and the first coffin is 615 
capped. The procedure is continued until all of the 
irradiated slugs are in coffins. These coffins may then 

found suitable. 
In accordance with a further modification coolants other 

than air may be suitable, for example, helium or oxygen 
or fluorine are suitable for this purpose. In addition 
other coolants such as water, deuterium oxide, etc. may be 
used in liquid or vapor state. The problem in selecting 

be taken to a 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. After 100 days' operation 
the aging period may be about 30 days. 

Removal of the irradiated slugs under the conditions 
specified is performed for two reasons. Firstly, the slugs 
are so highly radioactive that they cannot be safely ap-

70 a proper coolant is dependent upon the tendency of 
the coolant to absorb neutrons. Thus if an excessive 
quantity of neutrons are absorbed by the coolant, the 
number of neutrons remaining for absorption by uranium 
and fission of U 2l5 will be insufficient to permit establish-

'115 ment and maintenance of a self- ustaining chain reac-
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tion. Consequently it is desirable to utilize a cooling 
agent which has but a slight tendency to absorb neutrons 
and in any event it is desirable to avoid establishment 
of a quantity of cooling agents in the reactor of such 
magnitude that the amount of neutrons absorbed will :j 

prevent maintenance of the chain reaction. Where gas­
eous coolants arc used it is preferred to use those hav­
ing a danger coefficient below about 15 preferably be­
low 2.5. 

Where a coolant gas is expensive as is the case with I U 
helium suitable means, not shown, may be provided for 
collecting and recirculating the cooling gases and the 
entire reactor assemblage may be enclosed in a gas tight 
shell to minimize or prevent substantial loss of the cool­

20 
the reproduction ratio should not exceed 1.01 and the 
amount of coolant introduced should be such as to main­
tain an average reproduction ratio of about one and in 
any case at least about one and no more than about 
1.0 I. For ease of control it is preferred that this ratio 
~hou ld not exceed 1.005. 

While the invention is particularly concerned with re-
actors in which natural uranium is used as the source of 
fissionable isotope, other compositions consisting of or 
containing fissionable isotopes which upon fission yield 
neutrons may be utilized. For example, enriched com-
positions containing u2as, U233, or 94239 dispersed in 
U23B or Th232 may be used for this purpose. Composi­
tions containing 5, 10 percent or even more of the fission-

ant gas. 
Within limits the approximate effect of any quantity 

of coolant may be computed by computing th.:: total quan-

13 able isotape in such cases may be used and under such 
conditions a greater latitude in the amount of coolant 
which may be permitted in the reactor is possible. 

tity of coolant in the reactor at any given time. Where 
piping or conduit is used in the channels or other portion 
of the reactor as is the case when a liquid coolant is ~0 
used or who;rc a liquid moderator is used , the danger sum 
o£ the piping also must be considered. The danger sum 
of the circulating system including coolant and piping 
if used may be computed in the manner previously de­
scribed for computing the danger sum of impurities or 25 
neutron absorbers in the reactor simply by determining 
the weight of coolant and piping in the reactor per unit 
weight of uranium and the danger coefficient for each 
impurity or absorber. In no case should the danger sum 
of the coolant and piping in the reactor be so great ns 30 
to reduce the reproduction factor K below unity. The 
permissible danger sum will be determined therefore by 
the magnitude of K of the reactor without the coolant 
and piping. 

For example, with natural uranium and a carbon 35 
moderator maximum K obtainable is about 1.1 and in 
no case can the danger sum of the coolant and conduit 
therefore exceed 0.1. 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 tO 
which has less tendency to absorb neutrons, such as D 20 , 
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 natural uranium is used in a beryl-

45 
lium m'Oderator, the danger sum should be less than 
0.18. Where other neutron absorbers such as impurities, 
controls, etc. are present. the permissible qu antity of 
coolant is decreased by the danger sum of such absorbers. 
Moreover most reac tors have a substantial ic'ahge fac-

50 
tor usually not less th an 0.01 K units and thus perm issible 
coolant must be diminished by the f2ctor. The maximum 
permissible danger sum may be increased where enriched 
materials containi ng concentrations of U235 or 94~39 great-
er than the concentration of U235 in natural uranium 

55 
but in all events th e volume of coolant in the reactor 
should be correl ated in accordance with the reproduction 
factor and/or reproduction ratio to prevent these ratios 
from decreasing below unity cr at leaR! to secure and 
average reproduc tion r:~tio of unity. 

60 
In general it is found to be hazardous to permit the 

reproduction ratio from becoming excessively high since 
in such a case the rate of increase of neutron reproduc­
tion is so rapid that control of the reaction may be im­
possible. It has been found that while most of the 65 
neutrons are released almost insta ntly upon fission a small 
portion thereof are delayed and are released from one­
half to 60 seconds or more after neutron bombardment. 
In the case of U235 approximately one percent of the 
neutrons evolved are delayed neutrons. Control of a 70 
reactor may be effected without difficulty by maintain-
ing 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 ar~ delaved 
neutrons. Thus in the case of U 235 and similar prod~cts 75 

Where compositions comprising abnormal amounts of 
U235 therein or containing U233 or 94239 or similar isotopes 
are used in the chain reaction some change in the rate 
of neutron production and consequently some change in 
the permissible latitude in the amount of impurities or 
leakage may be encountered. For example, as the re­
actor herein described proceeds in its operation a quantity 
of 94 is 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 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 
are evolved upon fission of 94239 than are obtained upon 
fission of U235. 

At all events to maintain a self-sustaining chain re­
action Z-(A+B+C+L) must be not less than about 
one. 

Where 
Z=number of neutrons produced by fission per neu­

tron. 
A=fraction of neutrons absorbed other than by fission 

by any of the isotopes of uranium or thorium. Such 
absorption may lead to the formation of new bodies 
fissionable with slow neutrons. 

B=the number of neutrons absorbed by the moderator 
per neutron consumed in fission. 

C=number of neutrons absorbed by other absorbers 
(impurities or control rods per neutron consumed in 
fission) and 

L=number of neutrons lost in leakage per neutron 
consumed in fission. 

Z may be ascertained by bombardment of a pure iso­
tope with neutrons of the energies developed in a reactor. 

A, B, and C may be computed to approximate values 
by computing the danger sums basing the computations 
upon the ratio of neutron capture cross section and con­
centration of the moderator, nonfissioning isotope or other 
absorber to that of the fissioning isotope or isotopes in 
the manner previously described, or may be determined 
experimentally and L may be determined experimentally. 

Preferably the value Z-(A+B+C+L) should not 
exceed unity by more than the fraction of neutrons 
evolved which are delayed neutrons which in the case of 
U233 this value is about 0.01. 

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 be­
comes less than one. Preferably this value A+B+C+L 
should be such that the value Z-(A+B+C+L) is not 
less than about one or more than about 1.01. 

During the continued operation of a reatcor in which 
a graphite moderator is used it has been found that as 
the operation proceeds the K factor of the reactor in­
creases. This is due to the fact that upon neutron 
bombardment certain impurities in the graphite, such as 
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boron which are high neutron absorbers, are converted 
to an isotope which has less tendency to absorb neutrons. 
Thus continued neutron bOPl bardment of a moderator 
such as graphite containing an isotope which is a high 
neutron such as BID absorber reduces the content of this 
isotope converting it to another isotope of a lower neutron 
capture cross section such as 8 11. Broadly speaking this 
process is applicable to the removal of any isotope of 
high neutron capture cross section present in low con­
centration for example of the order of one or several 
parts per million and generally less than 0.1 percent which . 
upon neutron absorption, is converted to an isotope of 
lower neutron capture cross section. Such isotopes may 
be removed from any material such as carbon, D20 or 
beryllium which itself has a relatively lower neutron 
capture cross section. 

During the operation of the neutronic reactor particu­
larly at high neutron densities radioactive elements of 
exceedingly high capture cross section may be formed 
in the uranium as 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 inter­
mediate element, this product having a half life of about 
9 hours and being formed mostly from radioactive iodine 
which bas a half life of about 6.6 hours and decays to 
barium. There should be sufficient excess in the re­
production ratio of the reactor so that in the event the 
reproduction factor is reduced as a result of the forma­
tion of an intermediate decay element having a high 
capture cross section for neutrons the control rods may 
be withdrawn sufficiently to maintain the reproduction 
ratio at a value of unity while maintaining the power 
output at the desired level. It might be desirable to 
initially construct the reactor sufficiently over-sized to 
supply this excess reproduction ratio when needed and 

22 
of the outer faces, means for selectively positioning said 
body of cadmium, means for forcing air through said 
channels from one of said faces to the other of said 
face , and a shield of concrete from five to ten feet in 

G thick ne s surrounding said mass. 
::!. r\ neutronically reactive composite assembly suit­

' ble for the construction of a neutronic reactor active 
portion consisting in neutronic essentials of a mass of 
&raphite having parallel air-fi lled chambers of approxi­
mately 1.75 inch square cross-section extenuing there­
thrnugh in :: r.!petitive square pattern with approximately 
7 inches between centers of adjacent channels, each of 
said channels having one of its corners extending down­
ward, and cylindrical uranium slugs approximately 1.1 

l ;, inches in diameter in the downwardly extending corner 
flf -:ach cha nnel. 

3. A ncutronic reactor comprising a cubical mass of 
graphite approximately 25 feet in each dimension, hori­
zontal air channels of approximately 1.75 inches square 

20 cross-section extending between opposite sides of said 
mass in a repetitive square pattern with approximately 
7 inches between centers of adjacent channels, each of 
said channel having one of its corners extending down­
ward, 68 cylindrical uranium slugs approximately 1. I 

25 inches in diameter and 4 inches long lying end-to-end 
centrally of each of the central 700 to 1000 channels in 
the downwardly extending corner thereof, at least one 
movable body of cadmium extending inwardly from one 
of the outer faces, means for selectively positioning said 

30 body of cadmium, a shield around said mass, the walls 
of said shield being spaced away from each of said faces 
to form separa te chambers connected by said channels, 
said shield having an air duct connecting one of said 
chambers to the atmosphere near ground level and a sec-

35 ond air duct connecting the outer member to the atmos­
phere substantially above ground level, and a fan in one 
of said ducts to create an air flow through said channels 
and ducts in a direction exhausting said air through said 
second duct. 

in this event removable impurities for example in the 
form of additional shim or control rods may be initially 
placed in the reactor and kept there at all times until the 
reproduction ratio commences to fall as the result of 40 
the formation of these intermediate decay elements. References Cited in the file of this patent 

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 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. 

We claim: 

4.3 

50 

1. A neutronic reactor comprising a cubical mass of 
sraphite approximately 25 feet in each dimension, hori­
zontal air channels of approximately 1.75 inches square 
cross-section extending between opposite faces of said !i:) 
mass in a repetitive square pattern with approximately 
7 inches between centers of adjacent channels each of 
said channels having one of its corners extending down­
ward, 68 cylindrical uranium slugs approximately 1.1 
inches in diameter and 4 inches long lying end-to-end GO 
centrally of each of the central 700 to 1000 channels in 
the downwardly extending corner thereof, at least one 
movable body of cadmium extending inwardly from one 
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