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NEUTRONIC REACTOR 

Enrico Fermi, Santa :Fe, N. Mcx., and Leo Szilard, Chi· 
cago, lll., assignors to the United States of America 
as represented by the United Siatcs A1orn!c Enugy 
Commission 

Application October 11, 1945, Serial No. 621,838 

2 Claims. (CI. 204-193.2) 

The present invention relates to the general subject of 
nuclear fission and particularly to the establishment of 
self-sustaining neutron chain fission reactions in ~y&tems 
embodying uranium having a natural isotopit: content. 

This application is a continuation in part of our co
pending application Serial Number 568,904 filed Decem
ber 19, 1944, now matured into U.S. Patent 2,708,656, 
issued on May 17, 1955. ' 

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 equili
brium with the surrounding medium, many predictions 
were made as to the possibility of obtaining a self-sustain
ing chain reacting system operating at high neutron den
sities. In such a system, the fission neutrons produced 
give rise to new fission neutrons in sufficiently large num
bers to overcome the neutron losses in the system. Since 
the result of the fi ssion of the uranium nucleus is the 
production of two lighter elements with great kinetic 
energy, plus approximately 2 fast neutrons on the aver
age for each fission along with beta and gamma radiation, 
a large amount of power could be made available if a self
sustaining system could be built. 

In order to attain such a self-sustaining chain reaction 
in a system of practical size, the ratio of the number of 
neutrons produced in one generation by the fissions, to 
the original number of neutrons initiating the fissions, 
must be known to be greater than unity after all neutron 
losses are deducted, and this ratio is, of course, dependent 
upon the values of the pertinent constants. 

In the co-pending application of E nrico Fermi, Serial 
Number 534,129, filed May 4, 1944, and entitled "Nu
clear Chain Reacting Systems," now 11 atent No. 2,780,595, 
dated February 5, 1957, there is described and claimed 
a means and method of determining the neutron repro
duction ra tio for any type of uranium .containing struc
ture, directly as a result of a simple measurement which 
can be performed with precision. Accurate values for 
all of the pertinent nuclear constants need not be known. 

In a self-sustaining chain reaction of uranium with 
slow neutrons, as presently understood, 92238 is converted 
by neutron capture to the isotope 92239. The latter is 
converted by beta decay to 93239 and then to 94239, also 
by beta decay. Other isotopes of 93 and 94 may be 
formed in small quantities. By slow or thermal neutron 
t:apture, 92235 on the other hand , can undergo nuclear 
fission to release energy appearing as hea t, gamma and 
beta radiation together with the formation of fission frag
ments appearing as radioactive isotopes of elements of 
lower mass numbers, and with the release of secondary 
neutrons. 

The secondary neutrons thus produced by the fissioning 
of the 92235 nuclei have a high average energy, and must 
be slowed down to thermal energies in order to be in 
condition to cause slow neutron fission in other 92235 
nuclei. This slowing down, or moderation of the neutron 
energy, is accomplished by pnssing the neutrons through 
a material where the neutrons are slowed by collision. 

2 
Such a material is known as a moderator. While some 
of the secondary neutrons are absorbed by the uranium 
isotope 92238 leading to the production of element 94, 
and by other materials such as the moderator, enough 

5 neutrons can remain to sustain the chain reaction, when 
proper conditions are maintained. 

Under these proper conditions, the chain reaction will 
~upply not only the neutrons necessary for maintaining 
the neutronic reaction, but also will supply the neutrons 

10 for captme by the isotope 92238 leading to the produc
tion of 94, and excess neutrons for use as desired. 

As 94 is a transuranic element, it can be separated 
from the unconverted uranium by chemical methods, and 
as it is fissionable by slow neutrons in a manner similar 

15 to the isotope 92235, it is valuable, for example, for en
riching natural uranium for use in other chain reacting 
systems of smaller overall size. The fission fragments arc 
also valuable as sources of radioactivity. 

An initial number of fast neutrons in the system by 
20 going through the process of absorption and fission pro

duce in the next generation a number of neutrons gen
erally different from the initial number. The ratio of the 
number produced after one generation to the initial num· 
ber for a system of infinite size is called the reproduction 

25 or multiplication factor of the system and is denoted by 
the symbol K. For any finite system, some neutrons will 
escape from the periphery of the system. Consequently 
a system of finite size may be said to have a K constant, 
even though the value thereof would only exist if the 

30 system as built were extended to infinity without change 
of geometry or materials. Thus, when K is referred to 
herein as a constant of a system of practical size, it always 
refers to what would exist in the same type of system of 
infinite size. H K can be made sufficiently greater than 

35 unity to indicate a net gain in neutrons in the theoretical 
system of infinite size, and an actual system is built to 
be sufficiently large so that this gain is not entirely lost 
by leakage from the exterior surface of the system, then 
a self-sustaining chain reacting system of finite and prac-

40 tical size can be built to produce power and related by
products by nuclear fission ot natural uranium. The 
neutron reproduction ratio in a system of finite size, 
therefore, differs from K by the external leakage factor, 
and by a factor due to the neutron absorption by localized 

45 neutron absorbers, and the reproduction ra tio must still 
be sufficiently greater than unity to permit the neutron 
density to rise exponentially with time in the system as 
built. 

Progressive empirical enlargement of any proposed 
50 system for which the factor K is not accura tely known 

111 an attempt to attain the overall size of a structure of 
fini.te. size above which the rate of loss of neutrons by 
dJffusJOn through the periphery of the structure is less 

55 
than the rate of production of neutrons in the system 
leads only to an expensive gamble with no assurance of 
success. The fact that K is greater than unity and the 
fact that the critical size is within practical limits must 
be known rather accurately in advance, as otherwise a 

60 proposed structure having a K factor less than unity, or 
even a K factor greater than but close to unity, might 
not sustain a chain reaction even if all of the uranium 
in the world were included. 

The earliest attempts to predict a structure capable of 
65 sustaining a chain reaction, using natural uranium, in

volved the use of fine ura nium part icles such as uranium 
oxide powder, dispersed in hydroge n in combined form 
as the slowing agent. H owever, these a ttempts were not 
successful, and analysis of experiments made has indi-

70 cated that the neutron losses in such a system when na
tura l uranium is used, will prevent a chain reaction from 
being sustained, irrespective of the size of the system, due 
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3 
to neutron ab~orption at resonance, in the U238 content 
of the uranium. 

However, as we have pointed out in our above cited 
application, it is pos ible by proper phy>ical arrangement 
of the mat rials to reduce substanti ally uranium resonance 
absorption. By the u~e of li ght elements for moderators, 
fl'wer collisions are required to sl ow the neutrons to 
thermal energies with large increment ~ of rnergy loss per 
collision, thus decreasing the probability of a neutron 
being at a resonance energy as it encou nt ~ r~ a uranium 
atom. During the moderation, however, neutrons are 
moving through the slowing medium over random paths 
and dis tance' so that the uranium is not only exposed 
to thermal neutrons but also to neutrons of energies vary
ing between the energy of fi ssion and thermal energy. 

eutrons at uranium re~ona ncc 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 will reduce surface ab
sorption, and any such reduction in surface absorptio n will 
release neutrons to enter directly into the chain reaction. 

For a given ratio of moderator to uranium, surface 
resonance absorption losses of neutrons in the uraninm 
can be substantially reduced by a large factor when the 
uranium is aggregated into spaced substantial masses in 
the molerator. The uranium may be placed in the system 
in the form of geometrically spaced uranium masses or 
bodies of substantial size, preferabl y either of metal, 
oxide, carbide, or combinations thereof. The term geo
metric is used to mean any pattern or arrangement where
in the uranium bodies are distributed in the moderator 
with at least a roughly uniform spacing and are roughly 
uniform in size and shape, or are systematic in variations 
of size, shape or spacing to produce a volume pattern 
conforming to a generally symmetrical system. If the 
pattern is a repeating or rather exactly regular one, the 
structure may be conveniently described as a lattice. 

4 
The choice of moderators, therefore, will depend on 

many considerations, as will be apparent from further 
discussions herein. 

The parent application cited above has set forth that 
5 K fac tors greater than unity can be obtained by aggregat

ing the uranium in the form of spheres, rods and layers, 
anJ has shown the structure, K factor and volume ratio 
ranges for uranium pheres and rods in various modera
tors. The present application deals solely with aggrega-

10 tion of the uranium into layers, sometimes called plates 
or slab , in various moderator , and K factors and volume 
ratios for operative neutronic reactors embodying such 
construction . 

While plate or slab geometry is not as efficient in re-
15 ducing resonance absorption as sphere or rod geometry, 

due to the fact that the aggregation of the uranium into 
plates does not reduce the exposed surface as much as 
the other geometries mentioned, reactors embodying plate 
geometry have several advantages, especially when the 

20 plates are used in liquid moderators. The plates are thin 
in section for practical K factors, and in consequence can 
be easily cooled by circulation of the moderator. Further
more, less jacketing materi<•l need be used for protection 
from the efl'ects of moderator corrosion or to prevent 

25 fission product contamination of the moderator or cool
ant than in the other forms, and in consequence K re
duction due to neutron absorp tion in jacket material is 
less. Fewer units need be used and handling problems 
are thus reduceJ. The.refore, in spite of a somewhat re-

30 duced efficiency, plate geometry has a definite place 
in reactor design. 

It is, therefo re, an object of the present invention to 
provide plate geometry neutronic reactors operative to 
sustain a chain fission reaction with natural uranium 

35 disposed in a moderator. 

The resonance losses in uranium constitute one of the 
critical factors in the total losses permissible in a neutronic 40 
reactor. Proper sizes and shapes of the uranium bodies 
and volume ratios of uranium to moderator must be fairly 
accurately known in order that optimum geometry be ap
proached, or if the used of near-optimum geometry is 

It is a further object of the present invention to set 
forth the ranges within which operative reactors can be 
constructed of alternate layers of natural uranium and 
a neutron moderator. 

The objects and advantages of the present invention 
will be more readily understood from the following de
scription read by reference to the drawings, which show 
two illustrative forms the present invention may take, as 
follows : 

not desirable, then the permissible ranges of departure 45 
from the optimum should be determined, so that a re
production ratio greater than unity can be mai ntained in 

Fig. 1 is a diagrammatic vertical sectional view of the 
basic structure of a neutronic reactor incorporating ~paced 
uranium plates immersed in a heavy water moderator; 

Fig. 2 is a cross-sectional vi<:w taken as ind icated by 
the line 2-2 in Fig. 1; 

a reactor of practical size. 
Neutrons are also subject to captme by the moderator. 

While carbon and beryllium have very small captnre 
cross sections for thermal neutrons. and deuterium still 
smaller, a fraction of the thermal neutrons present in the 
system under best conditions is lost by capture in the 
moderator during diffusion therethrough. It is therefore 
desirable to have the neutrons reach ing thermal energy 
enter uranium as promptly as possible. This may be 
taken car of by using optimum or ncar optimum ge
ometry where the resonance absorption is substantially 
equal to absorption in the moderator. 

Moderators differ in their ability1 to slow down neutrons 
and in their capacity to absorb neutrons. An important 
criterion of the ability to slow down neutrons is what 
is known as the sca'ttering cross section of the nucleus. 
The ability to absorb or capture neutrons is expressed by 
what is known as the capture cross section of the nucleus. 
The ratios of absorption cross section to scattering cross 
section for various moderators are approx imately as 
follows: 

Light water (H20) _______________________ _ 

])iphenyl --------------------------------
Beryllium ----- -------- - - -- --- -- -------- -
Graphite ------------------ __ ---------- - __ 
Heavy water (020) --·--- - ----- -------------

.00478 

.00453 

.00127 
.000726 

.00017 

50 Fig. 3 is a cross-sectional view of a fragment of a 
uranium plate in a protective jacket: 

F ig. 4 is a longitud inal sectional view tal-en as indi
cated by line 4-4, of Fig. 3; 

Fig. 5 is a diagrammatic side view, partly in central 
115 section, of the basic structure of a neutronic reactor em

bodying uranium plates disposed in a solid moderator: 
Fig. 6 is a graph or diagra m showing K factors for 

uranium plates in terms of volume ratios of D20 modera
tor to uranium and half thickness of uranium pl ate; 

60 Fig. 7 is a graph or diagram for uranium plates in 
terms of volume ratios of Be m~ta l moderator to uranium 
and half thickness of uranium plate; and 

Fig. 8 is a graph or diagram for uranium plates in terms 
of volume ratios of graphite moderato r to uranium and 

65 half thickness of uranium plate. 
Referring first to Figs. t to 4 inclusive, in Fig. 1 a ~ub

stantially cub i c:~ I reactur tank 1 is shc)wn preferably of alu
minum or thin stai nless sterl containing a quantity of 
heavy water a~ indicated by liqu id lines 2. The tor of the 

70 tank 1 is closed by a cover plate 3 forming a spa..:c abO\c 
the heavy water. A helium inlet pipe 5 and a hL·Iium out
Jet pipe 6 enter this sp:1ce through the cove-r plate 3 of tank 
1. f~ order that the heavy water may be- circ ulated, a 
heavy water inlet pipe 7 is provided a t th.: bottom of th e 

75 tank and a heavy water outlet pipe 8 pass.;> through the 



5 
ccver plate 3 of the tank and extends downwardly into 
the heavy water. 

The tank 1 is surrounded on five sides by a graphite 
reflecting layer 10 preferably built up from machined 
graphite blocks. This graphite layer is in turn surround
ed on five sides by a shielding layer 11 formed from bricks 
of a cadmium lead alloy and cooled by water pipes 12. 
This shield is in turn surrounded by thick concrete walls 
13, and at the top of the reactor is a stepped back open
ing to be filled during operation with shielding material 
14, supported on beams 15, preferably removable, to com
plete the shielding around the sixth side of the reactor. In 
order to conserve heavy water in case of a leak in tank 

6 
desired neutron density level by varying the amount of 
absorbing material in control rod 30 within the reactor. 
The size of the reactor is preferably such as to provide 
a neutron reproduction ratio of unity with tho control rod 

5 material approximately half-way inserted into the reactor. 
Under these conditions, insertion of more of the rod into 
the re;tctor will stop the reaction while the removal of 
scme of the rod material will permit a reproduction ratio 
over unity to be obtained so that the neutron density can 

10 rise to a desired level and then be held there by moving 
the control rod bac:k to its position where the reproduc· 
tion ratio is again unity. Thereafter, small movements of 
the control rod will permit the chosen neutron density 
value to be maintained. 

Slab or plate geometry for the disposition of uranium in 
r~ moderator can also be used with solid moderators, such 
as, for example, graphite, or graphite and beryllium metal 
of high purity. In this case, a simple nuclear reactor can 
be made, for example, as shown diagrammatically in 

1, a bottom cup-shaped lining 16 is provided between the 
graphite reflecting layer 10 a nd the cadmium shield 11, 111 
the lining 16 being drained through drainage pipe 17. 
Before shield 14 closes the top of the reacting system, 
fissionable material is inserted in the heavy water con
SISting in this case of spaced plates or slabs 20 formed 
from natural uranium. As shown particularly in Figur~s 20 Fig. 5, in which construction the uranium plates need not 

be jacketed. In Fig. 5, the reactor comprises a heavy 
concrete shield wall 40 mounted on a concrete base 41 
enclosing a cube 42 of solid moderating material pref
erably formed from machined bricks of graphite or beryl-

I and 2, the pla tes or slabs 20, formed of natllral uranium. 
separate and isolate the heavy water or other moderator 
mass into distinct and individual layers, the width and 
length of each plate being substantially equal to the width 
and length of the adjoining moJerator layers, each plate 
20 having an uninterrupted surfact! area substantially 
equal to the cross-sectional area of the active portion of 
the reactor . A plurality of platl's 20 is used to provide 
definite volume ratios of uranium to heavy water, as will 
be brought out later. Only a few plates are shown in 
Fig. 2 for clarity of illustration. 

As it is :Jt present impractical to roll or otherwise form 
complete sheets of uranium metal several centimet~rs 
thick, it is preferred to form each plate from a plurality 
of strips of uranium 10 to 20 centimeters wide and the 
full height of the plate, such strips being readily fabri
c:tted by rolling exuuded uranium rods, for example, into 
flat strips. These strips 21 are shown in Figs. 3 and 4, 
and are positioned in edge to edge relationship to form a 
plate of the width desired and the composite plate thus 
made is enclosed in a thin aluminum jacket 22 comprising 
aluminum plates rolled in firm contact with the uranium 
and secured by turning the edges thereof and welding the 
aluminum sheets around the entire edge of the plate as 
ir.dicated by weld 23. 

To properly space the uranium plaks 20 inside the 
reactor, spacer bars 24 are provided on the bottom of the 
reactor notched to receive the plates, and similar ;pacer 
bars 25 are positioned near the top of the nranium plates, 
so that the plates 20 are tied together with the assembly 
standing erect with the plates in parallel relationship in
side the reactor. When the proper volume ratio of ura
nium to moderator is used with the plates of definite thick
nesses and extent, a chain reac tion will take place at ele
vated neutron densities. To remove the heat of the re
action from the reactor, it is preferred that the heavy 
water be circulated outside the reactor, cooled in he:Jt 
exchangers not shown, and returned to the reactor. 

The reactor is controlled first by the use of a control 
rod 30 (Fig. 1) which is movable from an upper corner 
hearing 31 by a shaft extending outwardly through the 
shields so that a greater or less extent of the rod will enter 
the heavy water between plates in the reactor. For safety 
reasons, a second rod 32, which may be termed a safety 
rod, is normally held horizontally above the level of the 
heavy \\oater to be released at will to swing into the heavy 
water between the pl..1tes in case a predetermined neutron 
density is exceeded. The neutron density in the reactor 
can be monit~>red in several ways, such as, for example, 
monitoring the temperature of the outgoing heavy wnter, 
c.r more directly by measuring the neutron density just out
side the ta:1k 1 by means of an ioniza tion chamber 34 
connected to an indicating device in view of the operator 
of the reactor. Such ionization chamber will also permit 
the operator to start and stop the reactor and to reach a 

25 li~m metal to form a closely packed shield of moderat
ing material. In this moderator cube 42 layers of urani
um 43 are horizontally positioned by the bricks and 
sraced vertically to provide the de.sired geometry. The 
uranium layers, however, do not extend entirely to the 

30 surface of the moderator cube but terminate on all sides 
and above and below short oi these surfaces to provide 
n reflecting layer 44 completely enclosing the uranium
bearing portion. In this case, control is by a horizon
tally movable control rod extendable into and out of the 

35 reacwr through a slot 46 in the bricks, and the neutron 
density is monitored by an ionization chamber 47 posi
tioned in the reflector. Control of the reaction in this 
case is as before by inserting more or less of rod 45 into 
thr reacto;. Saft::ty rods. not shown, are also arranged 

40 to be pulled into the reactor by gravity upon an excessive 
rise in neutron density as indicated by the ionization 
chamber. Full details of the reactor control are given in 
our co-pending application cited above. 

Having discussed several forms for the present inven-
45 tion, what will hereafter be called plate slab geometry 

as used in these reactors will next be discussed. 
In reactors operating continuously at high powers (high 

neutron densities), radioactive elements of extremely 
high neutron capture cross section are formed inside the 

50 reactor within a few hours, notably the ga seous fission 
product xenontJs. The production of xenoni35 and its 
destruction by neutron absorption and by decay creates an 
equilibrium poisoning effect in the reactor determined as 
to value by the power at which the reactor is to be con-

55 tinuously operated. It can thus be seen that a neutronic 
reactor can have a satisfactory operating size when op
erated intermittently and at low power which is entirely 
too small to support a chain reaction when operated at 
some elevated power where a noticeable equilibrium 

60 amount of xenon 135 is formed . It is, therefore, necessary, 
to obtain a continuously operating reactor when a high 
power is required, to determine the operating sizes re
quired to maintain the desired high power output. Thus, 
it will be seen there is actually a minimum critical (and 

65 operating) size for a ncutronic reactor based on operat
ing power, that is larger than the critical size for the re
actor if zero power level is . not to be substantially ex
ceeded. 

However, the reduction in ·the reproduction ratio due 
70 to the xenon135 equilibrium amount present when the 

neutron density is theoretically infinity in the reactor, 
has been found to be about .03, which means that to 
obtain a rise in neutron density to any desired density 
up to infinity, the control rod would have to be eventually 

7t1 removed by an amount corresponding to an increase in 
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of slab~ is sufficient to permit a chain reaction to be sus
tained in a reactor of pra.;tical size when beryllium metal 
is u <..:d a · a moderator, with K factors obt:-.inable for the 
rea.:tive composition up to slightly over 1.08, as indicated 

the reproduction ratio of about .03, and somewhat less 
than .03 \\ohen finite den ities are to be obt ained. In 
accord ance with the d cn; ity de~ ired, the size of the t -
actor has to be initi ally big ~nuugh to provide the in
crease. For example: , in a cont inuously op.:ra tcJ water 
coolet! uranium g r:~phitc reac tor , the poiso ning effect d ue 
to xenon135 at equ ilibrium in terms of the reproductio n 
ratio is about .001:: at 10,000 kilowatts, .009 a t 100,000 
kilowatts , and about .013 and .0 20 at 200,000 kilowatts 
and 500,000 kilowatts, respectively. As before st<ttcd , 
operating sizes ordinarily are not suffic iently la rge to 
provide maximum reproduction ratios of over 1.01 with 

5 in fig. 7. In Fig. 7, K curves are plotted as graphs in 
the ~arne manner as Fig. 6. lt will be noted that in this 
case the K= I curve is closed at the high volume ratio 
end, thus clearly indicating uranium units smaller than 
.15 em. half thickness will not sustain a chain reaction 

all controls removed. However, if power outputs over 
100,000 kilowatts are desired, the reactor must have its 
critical and operating sizes defined as set forth her~ i n , 
using final constants decreased by the xenon1l5 factor 
for the power desired, even though the amount of re
duction is over .01. In other words a significant impurity 

l 0 11 ith any volume ratio or in any size. Thus, a mixture 
of fine particles of natural uranium and beryllium will 
not be a reactive composition able to sustain a chain 
reaction . The reduction in resonance absorption by the 
use of alternate layers of uranium and beryllium does, 

15 hm, ~ver. permit the creation of the desired chain reaction. 
Uranium plate~ can also be used with a graphite mod

erator, and K curves for uranium plates in graphite similar 
to those shown in Figs. 6 and 7, are shown in Fig. 8. 
Here it will be seen that optimum geometry occurs with is added during operation at high powers, and must be 

compensated for by enlargement of the reactor. 
This may lead to the requirement for a reactor of such 

size that, if it did not acquire xenonl35 during operation, 
could attain a maximum reproduction ratio of over 1.01 
with all control rods removed, and which, before a sub
stantial amount of xenon1l5 is formed, could in conse
quence attain a dangerous neutron density if controls 
were entirely removed . 

20 a volume ratio of about 55-1 and a half thickness of 
the uranium plates of about 0.4 em. 

When the K factor is known, operating sizes for various 
reactive compositions can be found by the use of critical 
size formulae, modified to include size increase due to 

25 absorption in a cooling ~ystem, absorption caused by 
xenonm, and excess reproduction ratio desired while 
operating as follows: 

Such a reactor can be adequately safeguarded by the 
use of "shim" or limiting rods of neutron absorbing mate
rial inserted in the reactor preferably to depths that will 30 
not permit a reproduction ratio of about 1.0 I to be at
tained at any time during the operation of the reactor, 
even when the control rod is completely removed. Then, 

K - C·- X-r=M Rl 

for spherical reactors where R is the radius in em. 

K·-C-- X·· r=.u(~+~+~) 
if a reproduction ratio of more than unity cannot be 
attained by outward movement of the control rod alone , 
due to the build-up of the xcnonlJS effect, the shim rod 
can be withdrawn to compensate for the xenoniJS effect, 

35 for a parallelepiped where a, b, and c are the sides thereof 
in em. and 

K -C-X··- r= M(J....+ 0·59) . H2 Rl but still be left in a position where the reproduction ratio 
cannot exceed 1.01, when the control rod is completely 
removed. 40 for cylinders where H is the height and R is the radius 

It can thus be seen that compensation for the xenonll5 
effect is obtained , first by considering the xenonll5 im
purity factor for the power desired , as a reduction in 
reproduction ratio to de te rmine a proper operating size 
for a desired power : nml ~econd . b y initia lly providing 4.3 
in the reactors, impurities thnt can be removed by :1mo unh 
compensating for the xenon135 equilibrium amount ac
quired at a given power omput. Clearly then, there arc 
two operating sizes; one, that is able to sustain a ch.1in 
reaction at low rower in ab,cncc of any subst<.ntial .:.u 
amount of xenon 1l5; and two, a larger si ze able to su >tain 
chain reaction with xenonllS present. Both must be 
known prior to building the reactor. 

As D20 is the best moderator so far known, the range 
of plate thicknesses and volume ratios for uranium in .:; .:; 
heavy water will first be discussed wi th reference to 
Fig. 6. In this figure, a family of K factor curves is 
shown as graphs on coordin:J tes where the ordinJtes rep
resent half thicknesses of the uranium s!Jbs, :md the 
abscissae the ratio of volume of the moderator to uranium GO 
volume. 

Curves showing the K factors from unity to the c.pt i
mum ar~ shown, an,l it will be seen that the maximum 
K factor of somewhat more than 1.1 ~ is found with ::1 
high volume ratio ·of about 25-1 and a h alf thickne~s of u5 
about .6 em. and also at a lower volume ratio of ahout 
7lh-1 with a half thickness of about 3.0 em. 

As an example of the use of the curves of Fig. 6, when 
uranium slabs or plates are to be used as a reactive c<'m
position spaced 17 em. in a o~o moderator, the volume iO 
ratio will be about 43 to I with the tmmium plates .4 em . 
truck. The K fact or will be about 1.1 from the curves 
in Fig. 6. If spaced 33 em ., the plates will be about . 76 

in em. . 
In the above formulae: 

K= Reproduction factor for a reactive compositon of 
infini te size 

C=Reduction in K due to absorption in coolant tubes, 
coolant and in jackets to protect uranium from corrosion 
by the coolant. when any of these items are used inside 
the reactor 

X= Reduction in reproduction ratio due to xenontJ5 
poisoning at desired operating power 

r= Exce~s of reproduction ratio desired while reactor is 
operating with xenonm equilibrium established. This 
amount is usually not greater than 0.005 and may be 
0.0005 

M=a constant embodying the effect of the moder::~tor and 
slab geometry, as follows: 

M for D20:..2500 
M for Be metal?-3000 
M for graphitee.6500 

However, reactive compositions by themselves ure sel
dom used in a neutronic reactor because of the cost of 
materials and bccuuse of the fa ct rh ,,t opc r~ting sizes can 
be very considerably reduced in size by surrounding the 
reactive mass with a layer of neutron scattering material 
to form what is known as a neutron reflector, as shown 
in Figs. 1-3. All good moderators are good reflectors. 

The reduction in si1.:: due ro the u ~c of a r.:Occring la}er 
surrounding the reactive mass is given for reflecting layers, 
which are thin with respect to the extent of the reactive 
mass, by the formula 

Ar1 ""L t.anh t~ 
ern. thick and the K factor will be about 1.13 . 

The reduction of re:.onance absorption due to the use 
where r 1 is the reduction in radius of the reactor due to 

75 surrounding the reactive mass by a reflecting layer Ar 
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thick nn d where I i•, tl1 <: d ifTu , i•'n lcn;: th ft ,r the rmal 
neutron~ in the relk.:ting ma te rial. 

to 
ural uranium uniformly disposed in parallel rclation
'hip to each other in a moderator of heavy water, said 
plates 'cparating the moderator into distinct and in
dividual layer-.. and .:ach plate ha ving :111 uninterrupted 

U sing data given a h vc , th e.: rc:t•·tn t ~ho11 n in hg. 1, 
when urrounded on live ·.ide\ with a 1 ft. rc flcl'lor of 
graphite. and 'When ming untnium pl ttc' hav in ,; a thid
ncss of 1.2 em ., a voltt1nc r :t!io of IS total volu1nc t' ' I 
uranium ~l:lll I mm. a lum inum i: ll ~ c : -; 11 il l tuve an op
erating ~ itc flH' continuou ~ or ·ration up to .'it ~ ll : l ki lr•11atts, 
for exampk. of 12.0 cu . inct c r~ for the active porti on 
and 1\ill use 12 ..1 me trk t on~ of DJO an.! i 5.2 1: v~tri e 
ton-; of uranium. Similarl y. a uranit!m ~ lab- Ile ntct:il 
reactor such as ~hPwn and dc,nihed herein hav in g a I ft. 

.; su rface area ubsta ntially equal to the cross-sectional 
.tr.:a of the active portion or the rcm:tor, the width and 
th ~ length c>f cad1 pl:itc l1<:ing subs tantia lly equal to the 
ll' idt lt :lihl k>l!!tli of :•d jn ining mndcratcr layers. tubes 
c·ntnmunic:lling with th e moderator to provide an inlet 

Rc r ' ncc tor on a ll side~. a nd ming ura nium ~labs 3 em. 
thicl.. 11ith a volume ratio of about 10 to I will have a 
volume of 33 .7 cu . meter~ in the active portion <tttd will 
contain 59 .0 me tric lOth o f ura nium :tnd 'ih. tJ n ctric tum 
of beryllium exch"i vc of 42.2 fnt·tri.: ton -; of h·: ryllium 

Ill :> nd :tn outkt for mov n ent or the heavy water through 
tlic n.;:tr tl' f'. ja ·kc t ~ on said uranium pl utcs to isol:Jtc the 
ur:tnium lr om th ..: lll l•ckr:t tor, the volume ratio of mod
erator to ur~tnium and thc thi ck ness of the uranium 
plate !wing 11 ithin thl· area encompassed by the branches 

in the reflcetor. Th i' l:ttlcr rc ~ ,·to r, hcinr. 11ncooh d, 
cannot be opcrateti continuou,ly at high power ou tput s, 
but reactors nf thi > tvj'c ""' di-;si;Ja tc a r,w V! :ill\ c•.·lt 
tinuou~ly. and up to 10.000 1-.ilowa!ts intermittently for 
short periods. 

1 .~ of th _. K 1.00 ct1rvc of Figure t'i, the e"cc ' s reproduc
tion t.:i iu. r h.:ing between 0.0005 and 0.005, the neu
tron • • b~orpti0 n of the ja c ket ~, and the tubes diminish
ing the 1\. fnctor hy an an.o unt C. tile Xcnon- 135 con
centration <It the d.: sircd oper:uing power diminishing 

:.:n the K fartor by th e amount X, and the dimensions a, 
h and r· of the reactor active portion being given by the 

When gra phitt.: is used as a moder,t tor, in the form of 
bricks. for exam ple. a ncutroni c reactor s imilar to th a t 
shown in Fig. 5 can be built. In this ca~c . u~ing opti- '!..i 
mum geometry as shown in Fig. 7, the K facto r will be 
about 1.05 , when uranium layer: 0.8 em . thick ~ re used 
with a volume ratio of 55- I. The reactor. with a I 
foot graphit e reflector, will have a vo ltmh.: of about ::!5R 
cu. meters, in the active portion and will contain 87.:1 :Ill 
metric tons of uranium and 3')0 metric tons o( g raphite 
inclusive of 115 metric tons of graphite in the reflector . 

What is claimed is: 
I. A neutronic reactor consisting essenti a lly of plate~ 

3
.i 

of natural uranium separating a moderator mass into dis
tinct and individual laye rs, the width and the length of 
each plate being substantially equal to the width and 
length of adjoining moderator laye rs, and each plate 
having an uninte rrupted surface area subs tan tially equal <J!I 
to the cross-sectional area of the active portion of th e 
reactor, said moderator m ass selected from the group 
consisting of heavy water, beryllium and graphite, tltc 
thickness of the uranium plate a nd the volume ratio of 
moderator to uranium being within the area encompassed ,1:; 
by the branches of the K = 1.00 curves of Figures 6-8, 
and the purity of the model a tor and the uranium and the 
total mass thereof being sufficient to sustain a chain re
action. 

2. A oeutrooic reactor in the shape of a rectangular 50 
parallelepiped comprising a plurality of plates of nat-

equation 

1\ . ( ' - _\ - r - -11( 1' -1- ll.,-l- lz) a- ,_ r· 

where M is a ccmtant embodying the effect of the mod
erator and s lab gc:omct ry, and having a value of 2500. 
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