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2,813,070

METHOD OF SUSTAINING A NEUTRONIC
- CHAIN REACTING SYSTEM =~

Enrico Fermi, Santa Fe, N, Mex., and Miles C. Leverett
Oak Rldge, Tenn., assignors to the United States of

‘America as represented by the United States Atomlc
Energy Commission

Application November 28, 1945, Serial No. 631,406 -
1 Claim. (Cl 204—154.2) |

The proseut invention relates to devices of primary use
for the production of neutrons by virtue of a self-sustaining
chain. reaction through fission of uranium or other fission-
able isotopes with slow neutrons, known as neutronic re-
actors. o

Natural uranium may be used in the reaction. Said
natural uranium contains the isotopes 92238 and 92235 in
the ratio of approximately 139 to 1.
specification and the claim the term uranium is to be
understood as referring to uranium and its chemical com-
positions of normal isotopic content unless otherwise indi-
cated by the context.
~ -In a self-sustaining chain reaction with slow neutrons,
92238 is converted by neutron capture to the isotope 92238,
The latter is converted by beta decay to 93239 and this
93239 in turn is converted by beta decay to the transuranic
clement 94239, By slow neutron capture, 92235 on the
other hand, undergoes nuclear fission to release energy ap-
pearing as heat gamma and befa radiation, together with
the formation of fission fragments 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 npyclei have a high average energy, and must
be slowed to thermal energies by passing said neutrons

through a material in which the neutrons are slowed by

oolllslons Such a material is known as a moderator.

-Among the basic parts of a neutronic reactor system
may be listed the following:

(1) A fissionable material such as uranium is properly
dispersed in a moderator such as carbon or deuterium
omde |
(2) In most cases, a neutron reﬂectmg or scattering
Iayer 1s provided around the active portion for returning at

least a portion of escaping neutrons into the active por-.

tion. - The reflecting layer can be an extension of the
moderator beyond the active portion.
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-(3) In all but the lowest power output reactors, coolant B

channels or pipes are passed through or in heat exchange
relationship to the active port1on, in order that a stable
temperature can be maintained in the reactor. |
- (4) In most cases, loading and unloading mechanisms
are provided to charge and remove uranium from the
active portion. |
(5) A shield is almost invariably provided around the
reactor to minimize escape of radiations biologically harm-
ful to operating personnel. Such shields may comprise

99

60

layers of iron and hydrogenous material closely surround-

ing the reactor, these layers in turn being surrounded
Loading and un-
loading devices are usually operated from outside this
massive shield. The size and weight of the shields make
them permanent, and therefore it is very difficult to change
_fho volume inside of the shields once they are constructed.

“(6) A control rod of neutron absorbing material insert-
able into the reactor for the purpose of maintaining the

neutron roproductlon in an average stato of balance is

provided.

65

70
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In the discussion to follow, the term neutronic
reactor is used to mean the active portion and the reflector
if used, and the term neutronic reactor system is used to
mean the entire system including shields, charging and
cooling systems, etc.

In considering the requirements for an operatmg neu-

tronic reactor, the ratio of secondary neutrons produced

by the fissions to the original number of primary neutrons

- initiating the fissions in a chain reacting system of infinite

size using specific materials is called the reproduction or
multiplication factor of the system and is denoted by the
symbol K. If K can be made sufficiently greater than unity
to create a net gain in neutrons, and the system made suf-

- ficiently large so that this gain is not entirely lost by leak-

age from the exterior surface of the system, then a self-
sustaining chain reacting system can be built to produce
power by nuclear fission of natural uranium. The neutron

reproduction ratio (r) in a system of finite size diff

ers from
K by the leakage factor and operating poisoning factor,
and it, too, must be greater than unity to permit the neu-
tron donmty to rise exponentially. Such rise will continue
if not stabilized at a desired density corresponding to a
desired power output.

During the interchange of neutrons in a system compris-
ing bodies of uranium of any size dispersed in a neutron
moderator, neutrons may be lost in four ways; by absorp-
tion In the uranium metal or oompound by absorp-
tion in the moderator, by absorption in impurities present
in the system or added as a result of operation, and by
leakage from the system.

Natural uranium, particularly by reason of its U238 con-
tent, has an especially strong absorbing power for neutrons
when they have been slowed down to moderate energies,
these energies being termed resonance energies. The ab-
sorption of neutrons in uranium at these energies is termed
the uranium resonance absorption or capture. It is caused
by the isotope U238 and does not result in fission but
creates the relatively stable nucleus 94239, Tt is not to be
confused with absorption or capture of neutrons by im-
purities, referred to later. Neutron resonance absorption
in uranium may take place either on the surface of the
uranium bodies, in which case the absorption is known as
surface resonance absorption, or it may take place further
in the interior of the uranium body in which case the
absorption is known as volume resonance absorption.
Volume 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 suc-

- cessfully reaching thermal velocities, a large percent of

the neutrons are also subject to capture by U238 without
fission to produce 94239,

It is possible by proper physical arrangement of the
materials in the moderator to control the amount of
uranium resonance absorption. By the use of light ele-
ments such as graphite and beryllium for example, 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 are dif-
fusing through the slowing medium over random paths
and distances so that the uranium is not only exposed to
thermal neutrons but also to neutrons of energies vary-
ing between the 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 change of overall surface
of the same amount of uranium will change surface
absorption, Thus the volume ratio of moderator to
uranium will control surface resonance absorption losses
of neutrons in the uranium. The uranium is placed in

- the.system in the form of spaced uranium masses or bodies

'I : ::. I |. . "il-p . :ﬂ. . "Ih - h"'.lu et I-!I,.I :'h-_ ST ”.":* i!ll IEII Nk !
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of substantial size, elther of metal, oxide, carblde, 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 - graphlte,
preferably in some geometrre pattern..

The term geometry is used to mean. any pattern or

arrangement wherein the uranium bodles are distributed
in the moderator with at least a roughly nnrform spacing

and are roughly uniform in size and - shape, OF.-are -Sys-
10

tematic. in variations of size, shape or spacing to-produce

a volume pattern eonformmg to a generally symmetrical
system

_' is thus obtained.

If the pattern is .a repeating or rather exactly =

regular one, the structure may be convenrently described -

as-a lattice. The uranium bodles can.be in the forrn of
layers, rods, or cylinders, cubes or spheres, or apprommate
shapes, dispersed throughout the. moderator OptImum
conditions are obtained with natural uranium by usmg
metal spheres. |

The. resonance losses in uranium. eonstrtute one of the
critical factors in. c:oordrnatmg the. total Iosses pern'nssrble

ina neutronlc reaetor

The thermal neutrons are also sub]ect to capture by

the . moderatmg material. While. carbon and beryllium - -

have very small. capture cross-sections for therrnal neu-
trons, an appreciable fraetron of thérmal neutrons (about
10 percent of the neutrons present inthe system under
best conditions with graphite). is lost by capture:in: the
slowing material during diffusion therethrough. This
means that when volume ratios are changed, the absorp-
tion in the moderator wrll also change.

In’ addition to the above-mentioned. losses, that are .

inherently a part of the nuclear chain reaction. process,
impurities present in both the moderator and. the uranium
add a very nnportant neutron loss factor in. the chain.
Such impurities may be originally . present or be formed
during operation. The effectiveness of various. elements
as neutron absorbers varies tremendously Certain ele-

ments such as boron, cadmium, samarium,. gadohnwm |

and some others, if present even in a few parts per

million, could very likely prevent a self—sustamlng chain -

reaction from taklng place..
or gaseous

If impurities, solid, liquid

the slowmg material or in, or by absorpnon from ‘the

 free spaces of the system, the self—-sustarnlng chain reac-

tion cannot be attained. The amounts of rmpurrtles that
may be permitted 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 containing more than the .natural .amount. of
a fissionable isotope, whether as metal or oxrde——-—and also

15

20

28

a particular system in the reproduction ratio as changes |

occur in the atmospheric pressure. A sensitive barometer
nitrogen is to be avoided.

‘The effect of 1rnpnr1t1es on the optlmum reproductron
factor K may be conveniently evaluated to a good approxi-
mation, simply ‘by -means: of: certain: constants: known as
“danger coefficients”. which are assigned to the various
elements.
each multlplred by “the  percent by Welght of "the corre-
spondmg impurity, and the total sum of these products

gives a value known as the total danger sum. . This-total
danger sum is subtracted from the reproductlon factor K
“as icalculated for ipure- materials - and for-the specific

geometry under consideration.
“The danger coefficients are deﬁned in terms of the rano

of the weight of impurity per unit mass of uranium and
~are based- on-the cross-section. for absorption-of thermal
neutrons- of the .various elements:.

- These: values may-be
obtained- from - physrcs textbooks .on -the:isubject and the
danger coefficient-computed:-by the: formula --

T Al
Tu Ai .

.wherem T1 represents the cross-section. for the 1mpur1ty

and Tu the- cross-section for the uranium, A; the-atomic

| werght of the .impurity -and .-Ax the- atomlc weight for

30

35

40

and in elemental or. combined form, are
- present in too great quantlty, in.the uranium. bodles or -

o0

_and .power .of operation. -

| sufﬁmently large. .
45

uranium,
computed as their percent of the weight. of the uranium
of the systent. . Thus the effect of -all impurities. orlgmally
in.the. system-as placed.in. o_peratlon can-be evaluated in
terms.of the K factor..: This fact is-used.to insure: contral
of the reactor, .by dellberately inserting: neutron absorb-

ing materials to a greater or:less extent in:the-reactor

when. built: to an increase in neutron.density, with- sub-
sequent stah111zat1on of the neutron -density. at a desired
value, as will be.later explained. - :

‘The size of. the .system . for proper operatlon W1ll vary
dependlng upon the K factor of the .system,- and: upon
other things such as, for example;. the type. of moderator

increase. exponenttally, provrded the structure - is -made
If, on the contrary, -the: structure -is
small,; with .a large surface-to-volume: ratio, there will. be
a rate of loss of neutrons from.the structure by leakage
through- the outer surfaces, which. may -overbalance the
rate of nmeutron -production inside- the structure so-that:a

chain reaction will not be self-sustaining. For each value |

of the reproductlon factor- K- greater- than unity, ‘there is

- thus-a minimum.overall size of a given active. structure

factors such as the weight ratios .between . the uranium

and the slowing down material, and the type. of .moderat-
ing material used—for example, _whether .deuterium,

graphlte or beryllium. - Although all .of these considera-
tions influence the actual permissiblé amount of. each

impurity material, it has fortunately been found that. in
general the effect of any. grven impurity or unpuntres can

be correlated directly with the weight .of the mlpurlty
60

present and with the K factor of . the :system, .so. that
knowing the K factor for a'given geometry and composi-
tion, the permissible amounts of particular impurities can

55

be readily computed without taking individaal account of

the specific considerations named- above.
purities are found to affect the reaction to. wrdely 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

leferent im-

known as- the erltlcal size, above which- the:rate of: Joss

of neutrons. by diffusien to-the walls. of the: structure and
leakage away from the structure-is less than the rate-.of
production .of neutrons. wﬂhm the 'system,” thus making
. The.rate of dlﬁusmn'

the.chain. rea:ctlon self-sustalnlng
of neutrons away from a large strueture in which they-are

being created throngh the exterior:surface thereof may-be

treated by mathematical analysis: when the value of K
and certain other constants.are-known. e
In the case of a spheneal structure employmg uranium

‘bodies. embedded in -graphite. in .the ‘geometries dlsclosed

herein and: mthout an external - reflector: the following

formula gwes the crltlcal overall radrus when K is known:

65 .

oxide, such as UQ:z or U3z0s, .or oarbrde, although the :

meta] is preferred. Nitrogen may be. present to some
extent, and its effect on the chain reaction. is such that
the neutron reproduetron ratio. of the- .system -may - be
changed by changes in atmospheric pressure.
may be eliminated by enclosing or evacuating the: system
if desired, or may:be utilized by determining:changesin

. This ,effect

70
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| fortnula.

Crltloal sphere of radrus R ft., K—- 1 C/R2

where C 1is a constant that:varies. shghtly ‘with: geometry
and for normal- uramum-graplnte lattlces may “havea:value
closeto74 . - | : S

For a reetangular paralleloprped structure rather than
spherical, the “critical §ize can be’ compnted from the

R—1=C (‘a+e+a)

In general, the melusron of comhmed --

‘These danger eoefﬁcrents for the impurities are -

.If the impurities-are in- the .carbon, they are

If :the reproduction:factor ‘K
1s greater than unity, the: number.of neutrons: -present wﬂl

B e N T




where a, b, and ¢ are the lengths of the sides in feet.
The critical size for a cylindrical structure is glven by the

formula, irrespective of the shape of the uranium bodies

Cylinder height h ft.
Radius R ft. K—1=C <h2

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
explained later. A desirable reproduction ratio (r) for
an operating structure at a stabilized power with all
control absorbers removed i1s about 1.005. This will
permit the neutron density to rise in a reasonable time
and yet permit control by insertion of sufficient neutron
absorbers to bring the effective reproduction ratio to unity
for continued operation at some predetermined neutron
density. The size at which the reproduction ratio of
1.005 can be obtained may be computed from modifica-
tions of the above formulae for critical size when cor-
rected for power of operation. For example, for spherical
active structures the formula K —r=7.4/R2 may be used
to find R when K is known and r is somewhat over unity.
The same formula will, of course, give r for grven struc-
tures for which K and R-are known.

It can be seen from the above discussion that if, after
a neutronic reactor has been built to a fixed operating
size, the K factor should change for any reason, critical
size would change. The reproduction ratio » would then
change In accordance with the difference betweén critical
size and operating size. If K increases, critical size de-
creases, and r decreases. If K decreases critical size in-
creases, r decreases, and if K decreases sufficiently, critical
size may coincide with or become less than operating
size and the reactor will become ineperative unless 1n-
creased to a new operating size where r iIs again greater
than unity.

During the lifetime of operation of a neutronic reactor,
K may change for several reasons which may be grouped
under long term eifects and short term effects.

During the neutronic reaction fission products, includ-
ing such extremely absorptive elements as samarium and
gadolinium, for example, may form from the fission of
the uranium isotopes U235 and 94239, Samarium, as well
as some other elements formed in this manner, has very
high neutron absorption characteristics and may increase
the total parasitic neutron absorption in the reactor, with
consequent decrease i1n the reproduction factor. How-
ever, the absorption of neutrons by the uranium isotope
U238 ]Jeads to the production of 94239, Plutonium is fis-
sionable to an even greater degree than the isotope U235
sOo that formation of plutonium tends to increase the

059

reproduction factor K, notwithstanding decrease in the

U335 content of the uranium in the reactor due to destruc-
tion by fission. The increase in K over a long period
of production of 9443 may run as high as between 1 and
2 percent.

Still another factor tends to increase the reproduction
factor in an operating reactor. Certain neutron absorb-
mg impuritiss are present in graphite moderators, for
example, sufficient to reduce K by from 1 to 1¥% per-
cent.,

boron inherently present in the graphite. This boron
1s gradually transmuted, probably to lithium, during the
operation of the reactor, and as lithium has a very much

less neutron capture capability than boron, K will in-
crease.

The long term effects can be summarized by stating
that K will probably initially increase due to production
of 94 and then decrease as the fission products build
up. | |
- In addition fo the long term changes in K to be ex-
pected, there are shorter and even more significant
changes in X that take place in reactors operating con-

A substantial portion of this reduction is due to
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tinuously at high neutron densities, as for example, U-
egraphite reactors operating at frern 5, 000 to 500,000
kilowatts power output.

The short term effect of xenon 135 formed as a
radioactive decay element from iodine produced in the
reactor during operation, becomes significant after 4 to
5 hours of continuous operation and changes K by an
amount equal to the equilibrium effect of the amount
of xenon 135 produced and destroyed at the power of
operation. Xenon 135 decays to barium, but is changed
by neutron abserption to xenon 136. Xenon 135 has an
extremely high neutron capture cross-section of about
2,500,000 X 10—2¢ cm.?2 whereas the capture cross-sections
of iodine, barium and xenon 136 are relatively small.
Thus while the xenon 135 is present, due to the opera-
tion of the reactor, K is reduced by an amount related

to the continuous power output in a graphite. moderated
reacior as tollows:

o kw.=—0.03 K
100,000 kw.=.013 K
- 10,000 kW =.0012 K

The end result of this xenon 135 effect is that a reac-
tor having an actual size capable of supporting a chain
reaction at low, intermittent powers, may not be large
encugh to support a chain reaction at higher continuous
power outputs. In consequence, the active portion of
the reactor must be made large enough in the first
place, if continuous high poOwer operation is to be af-
tained.

While it is, of course, apparent that a decrease in K
might cause a system fixed in size to become inopera-
five 1t 1s not so apparent that an increase in K would
be undesirable. However an increase in K is undesirable
for the reason that if K increases, r will also increase
and the reactor may become dangerous to eperate, if »
reaches or exceeds 1.01. |

In order that the significance of a reproduction ratio
of 1.01 be more fully understood, the mechanism of
fission will be discussed further. Not all of the fast
neutrons originating in the uranium body, as the result
of fission, leave the uranium immediately. With nat-
ural uranium about one percent are “delayed neutrons.”
These delayed fast neutrons may appear at any time up
to several minutes after the fission has occurred. Half
these neutrons are emitted within six seconds and 0.9
within 45 seconds. The mean time of delayed emission
is about 5 seconds. The neutron reproduction cycle
i1s completed by 99 percent of the neutrons in about
0.0015 second, but if the reactor is operating with a
reproduction ratio near unity, the extra 1 percent may
make all the difference between an increase or a de-
crease in the activity of the reactor. The fact that the
last neutron in the cycle is held back, as it were, im-

parts a slowness of response to the plle that would not

be present if the fission neutrens were all emitted m—-
stantaneously

For cases in which the reproduction ratio (r) differs
from unity by appreciably less than 1 percent, the rise

of neutron demsity, or more specifically the value N to
which the number of neutrons has risen from an original

value No, after a lapse of time of # seconds during and
before which the pile has operated at a fixed value of »
(Nu being the number of neutrons at the beginning of ¢,
1. e., after drsappearance of transient effects due to any
preeedmg change in r) is given by —

N=Nﬂﬂwt.

where |
w__'. ?""'1 . 1_
S a—(r—1) T

In this formula o is the fraction of the neutrons that
are delayed, 1. e., «=.0067, and T is the mean time

of delayed emission of the delayed neutrons-——S secends.
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The" above formula is enly appremmate beceuse it uses _

an-average delay time.

‘As an_example, suppose as a result of moving the
centrol ‘fod; # becomes 1. 001, and assume that the sys-
tem has- settled downto a steady exPenentxal rise in neu-

| tren density." Then | o
- .001 1 .1
0067 — 0015285

that 18, N/No=2.72 in 28.5 seconds.

of:the'neutron density occurs about every 20 seconds and
continues mdeﬁmtely The above formula thus indicates

the: rate of rise for relatively low values of r and shows -

Henee deuhhng'

10

how::the.reduction of- the :rate of the: delayed neutron =

effect :is. partlcularly significant in the stated lower range
of:r. values.. ..Strictly: spealung, the given equation holds

15

only for:the. steady state, i. e., where r has been held =
constant for some time; an addltlonal transient term

must be included to ebtam an accurate representation -

of the neutron density during the first few seconds after
a sudden change of r.

If » were made exactly 1.01, a more. detalled theory

shows that the neutron density weuld be more than trlpled

each- second. However, if the reproduction ratio r is-

several percent greater than unity, so that the one percent
delayed neutrons are unimportant compared with r—1, the
density increases at a much more rapid rate as given ap-
proximately by /! where 1 is 0.0015 second, the normal
time to complete a cycle. Thus if r were to be made 1.04,
the neutron density would increase in 1.5 seconds by a
factor of approximately 1017 over its original level. How-
ever, if r were 1.02 -and 1.03, the factor by which the
neutron density would be multiplied each second, would
be 1100 and 700,000 respectively. It is thus apparent

that too high a reproduction ratio in a practical system

leads to the necess1ty of inserting what may be considered
~as‘an’‘excessive -amount of eentrelhng absorbers to reduce
the effective reproduction ratio to unity. An exceedingly
dangereus condition could exist if by accident these ab-
sorbers - were suddenly -completely removed, as the time
required for reinserting the absorbing matenal might be
too long to prevent destruction of the system. 'As the
same eventual density can be obtained with a reproduction

20
29

20

40

ratio only: slightly over unity, as with a higher ratio, only

at:-a slower rate, the lower reproduction ratios *wh1eh €X-
: ceed unity: by not- substantially more than .01, an amount
equal to the percentage of the neutrons formed which are
“delayed neutrons” are preferred in practice in the interest
of safety

‘Tt is therefore desirable to previde a reactor in which
compensation for variation in the reproduction factor
may be -made when necessary.

As-massive iron and concrete shields, which may be of
the order of 20 feet in thickness customarily surround an
~ operating reactor, -any reqmrement that a reactor be in-
creased in size beyond a-size limited by the shielding struc-
tures, could not be met because of the lmmeblhty of said
shlelds Furthermore, if a decrease in size is to be made,
the!entire system must ‘be such as to be fully as efficiently
operated after decrease -as before.

It is the main object of the present invention to provide

- a-novel neutronic reactor that may be initially eonstrueted_

in 'such' a manner as to allow for either an increase -or
decrease in ‘the size of the active portion.

Broadly stated, compensation for changes in the K
factor-with a-consequent requirement for change in operat-
- ing size can be accomplished in accordance with the present
invention by initially providing a moderator mass greater
in size than would be required for a uraniurm-moderator
structure of a
loading uranium into that mass only in an amount and
with such distribution to provide a reactor of a predeter-
mined operatmg repreductlen ratio ». Then, if K should
change,~the- amount-of uranium in the mederater mass

can-be‘in¢reased or decreased to prewde contmued opera- |

tion'with the-predetermined r: -

given initial K factor, and then initially

45
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-pertant in this instance.

| :.8 | -
The ameunt ef uramum leaded mto a mederater mass
can be changed because: any. portion of the moderator ex-

tending beyond the uranium containing mass acts as a

refiector; returning by the scattering action of the modera-
tor nuclei-a large number of the escaping neutrons.  The

use.of a reflecting layer of moderator 2 feet th1ek for
example around a neutronic reactor can reduce the critical
size of the reactor by several pereent of the radius thereof.

It is-not the reduction in size of the reactor that 1s im-
The main consideration is that
a reflecting layer one to two feet thick around a reactor is

-~ nearly as efficient a reflector as a reﬂeetlng layer of infinite

thickness. As'a close approximation, reflecting. layers

2 to 10 feet thick, for example, may be considered equiv-

alent. In consequence, when the moderator mass is Iarger
than that -portion of the moderator containing uranium,
the a_etwe_ portion always has an efficient reflector, provid-
ng o*ﬂy that a moderator layer of sufficient thickness

- remains around the uranmm bearing portmn to gwe proper

reflecting efficiency.
As a result,.a mass of mederator can be charged or
loaded with Varylng amounts of uranium to form a portion

of operatmg size, as needed, in all cases being surrounded
by a reﬁectmg layer of eubstantlally equal reﬂectmg effi-

c1ency

It is therefore. anether eb]eet of the present invention to |

prov_l_de_ a neutronic reactor system. of fixed dimensions
wherein the size of the.active portion supporting the chain

 reaction can be ehanged te suit elrcumstanees mtheut loss

of efficiency.
- There are. other advantages of a system wherein the
active portion can be changed to suit conditions. As noted

‘above, the active portions of neutronic reactors can be in

the overall shape of a cube, sphere or cylinder. Further,
it has been stated that the uranium can be placed in the
reactor in the form of spheres, rods or layers. Thus, it is
desirable that provision be made that a moderator mass be

provided such that active portions can be loaded, not only -

to varying overall sizes, but te varying overall shapes, with

varying- types ‘of uranium and with varying geometries.

of the uraninm w1th respect te the moderator 1n the pOI'th]l

Joaded. | . |
It fellows that anether ebject of the present mventlen 1s

to provide a neutronic reactor system in which uranium
or other fissionable material can be loaded with varying

shapes of :the loaded portions, and with varying sizes and
-shapes of the uranium bodies themselves, as desired:

Other ob]eets and advantages of the present invention

“may be more clearly understood by references to the fol-

lowing description and the attached drawings which illus-
trate, as an example, one form the invention may take.
This example-is not to be taken as limiting, as other forms
within ‘the scole of the appended claim Wﬂl be readlly
apparent to those skilled in the art.’ |

In the drawmgs

Fig. lis a leng1tudmel view partly 1 sectlon and partly .

in elevation ‘of an air cooled neutronic reactor system
1llustratmg the present invention;
‘Fig. 2 is a cross-sectional Vlew, partly in elevation,
_taken as indicated by the line 2—2 in Fig. 1; S
Fig." 3 is a. plan view of the systern shown m Figs. 1
and 2; |
Fig. 4 is a longitudinal sectwnal view partly in eleva-

tion of a jacketed slug; |
Fig. 5 is a longitudinal sectional v1ew, partly in eleva-'
| tlon, of-a horizontal ehannel durlng a leadmg and unload-

ing operatien |
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 1 eleva-

tion, of one formy of loadmg device;
Fig. 8 is a view partly in section and partly in elevatlen
taken as indicated by the line 8—8 in Fig. 7;

Fig. 9.is a tep plan view. ef the leadu:l':ar devlc:e shewn m

Flgs“ 7and 8;~
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- Fig. 10 is an end view of the loading device shown in
Figs. 7, 8 and 9; |

Fig. 11 is a view partly in section and parﬂy in eleva-
tion of a friction drive used in the loading device;

Figs. 12 and 13 are dlagrammatlc longitudinal sections
showing loadings of differeni sizes, the section lines being
left off for purposes of clarity; |

Figs. 14 and 15 are diagrammatic cross-sections taken
as indicated by lines 14—14 and 15—15 in Figs. 12 and
13, respectively, section lines being omiited for clarity.

Fic. 16 is a diagrammatic cross-section of a cubically
loaded neutronic reactor, section lmes being omitted for
clarity.

Referring to the drawings, the present invention is illus-

trated by reference to an air cooled graphite-uranium

reactor, sometimes known as a pile. The operation and
construction of such reactors are more fully described
in Fermi et al. Patent 2,708,656, dated May 17, 1955.

Such a reactor broadly comprises a mass of graphite
blocks closely piled or stacked into a cube 10 as shown
in Figs. 1 and 2. This graphite cube may be, for ex-
ample, 24-26 feet on a side and rest on a concrete founda-
tion 11. The graphite cube 18 is pierced with horizontal
air channels 12, of square cross-section, with one of the
diagonals vertical. The channels may be readily made
by grooving adjacent blocks (Fig. 6).  The channels are
.175 inches on a side and extend completely through the
reactor, from an inlet face 14 to an outlet face 15. Iwo
thousand channels may be provided, for example, and as
will later be brought out, any unused channels can be
plugged. Only a few of the channels are shown in the

drawings for the 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
inlet 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 in-
stalled on the floor of the inlet duct just below the air
filter, access to the fan being conveniently obtained
through duct door 2Z, 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 communicating with the alr channels
12.

Above the inlet chamber 25 and the cube 10 the con-
crete is continued horizontally to form a top shield 26, and
side shields 28 are built up from the foundation 11 to en-
close cube 10. Shields 26 and 28 closely approach the
top and side faces of the cube, to minimize air flow around
the outside of the cube. A small amount of air circula-
tion, however, may be desirable over the top and side
faces to cool these faces.

At the outlet face 15, an outlet end shield 39 of con-
crete is provided. End shield 36 is parallel to and spaced
from the outlet face 15 of the graphite cube to form an
outlet chamber 31 communicating above with the base
32 of a stack 34 projecting upwardly and formed as a

- continuation of the concrete top side and outlet end

shields. Thus the cube 1§ is completely enclosed by con-
crete shields, 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
top of the stack. The concrete shields may be from
ten io twenty feet thick in accordance with the maximum
desired operating power of the reactor and serve as shields
to reduce escape of neutrons and gamma radiation.

As a neutronic reaction will take place when uraninm
bodies are properly spaced in a moderator mass of a
certain finite size, the above described device can be
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horizontal channels in such a manner and in such an
amount that a neutron reproduction ratio of slightly over
unity is obtalned, exclusive of all neutron losses within
the reactor and from the exterior of the reactor. This
repreduction ratio may be defined as the ratio of the num-
ber of neutrons gained by fission to the total number of
neutrons lost by absorption in the uranium, absorption
in the moderator, absorption by impurities in the reactor
or added as a result of operation, 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 device will have a reproduction ratio
of unity when approximately 700 of the channels 12 in
the graphite cube are each loaded with 68 aluminum
jacketed uranium slugs 35 lying end to end, with a channel
spacing of 7 inches measured center to center, and with
the loaded channels roughly formmg a cylinder (Figs. 14
and 15). Both graphite and uranium should be of high-
est possible purity. The dlameter of the cylmder will be
apout 18 feet.

However, more than a umty reproduction ratio is re-
quired, as when the reproduction ratio is exactly unity no
rise in neutron density will occur. Under such conditions
the device will not develop high neutron densities or power
in the form of heat. By loading additional channels, i. e.,
making the active portion greater than critical size, how-

.ever, the reproduction ratio within the reactor can be

brought above unity in order that a rise in density can
occur, Then this excess neutron reproduction can be
absorbed by neutron absorbing materials deliberately in-
serted into the reactor in order to hold the reproduction
ratio at an average value of unity after a desired. power
output has been obtained, as a result of the Initial rise in
density. | |

Consequently, in accordance with the amount of ex-
cess reproduction ratio desired, about 1,000 channels may
be loaded with uranium slugs. The diameter of the cyl-
inder will now be about 21 feet, leaving a minimum of
3 to 4 feet of graphite around the cylinder except at the
ends. Most of the channels not loaded with uranium
may be closed by inserting plugs, preferably of graphite,
in such channels in order to conserve air. Some of the
channels, however, in the peripheral portions of the cube
may be left open for cooling of the graphite in those por-
tions. |

One preferred form of slug construction is shown in
Fig. 4. Each uranium metal slug is 1.1 inches in diameter
and 4 inches long covered with an aluminum jacket ap-
proximately 20 mils thick in good heat conductive rela-
tion to the uranium. The slugs welgh about 215 pounds
each.

In forming the slugs 35, the uranium portion 36 1S
machined to size, cleaned in trisodium phosphate and
then washed in water. Aluminum or other non-fission--
able metal jacket cans 37 are provided having an inside
diameter somewhat larger than the uranium portion. This
can 37, open at one end only, is slipped over the uranium
after being cleaned in benzine and hot water. The can
37 with the uranium inside is then passed through a
sizing die of 1.134 inches diameter. This die, being of
smaller diameter than the 1.1 inch uranium portion plus
the two 20 millimeter walls, draws the ¢an 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 48 and the remaining projecting portion
including the weld, spun over the adjacent end of the
slug. Thus each jacket completely encloses and seals the
uranium, preventing air from corroding the uranium and,
as will be pointed out Jater, also preventing fission frag-
ments created by nuclear fission at the surface of the

made chain reacting by placing uramum bodles in the 75 uranium from entenng the air stream.
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‘The: channels - are leaded with . IlI'ElIlII.IIIl until the re- '-

preduetron ratio, with. neutron absorbers. removed,

about I1.005 to "1.006. _This means that for every two g

hundred  neutrons. startmg in. each neutron generetlen
about two hundred’and one neutrons are produced in the
reactor over and above all losses.
tions and. taking into account: the fact that about one
percent of the neutrons.of fission are delayed- in . their
emission for a mean. time of about 3 seennds the neu-

tron density of the reactor will double every 8 to 15 sec-
onds.

the rise is slower. When the neutron absorbers are al-

most. but not entirely mserted the doubling of the neu-
Then when a de-

tron density may take several hours.
sired density has. been reached, the reproduction ratio can
be.- redueed to . unity so that the desired density is con-
tinuously ‘maintained by the introduction of neutron: ab-
sorbing material into the reactor. - '

- The neutron: absnrbrne material. 1s 1ntreduced into the
reactor by means of a

ing in a channel:therein and-is opera.ted 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
control rod. As the depth of insertion of the rod de-
termines the amount of neutron absorbing material in-
side the reactor, the critical  position of the rod is where
the rate of neutron absorption by the rod balances the
reproduction ratio at unity. Thus, by moving the rod
outwardly from the critical position the neutron density
in the reactor will rise. Moving the rod inwardly from
the critical position causes the reproduction ratio to fall
below unity, and the reaction stops. Thus the reaction

is. always under control, and as the rise in neutron den-
sity is exceptionally slow as. the rod approaches the crit-

ical position, manual control is poss1b1e Other and simi-
lar rods 141, shown schematically in Fig. 2 may be pro-
vided, if desned for rapid progression into the reactor
to stop the reaction in case 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 resetor in ac-
cordance with the neutron density therein. Most of the
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
" gamma radiation. Consequently, the reactor can only

 be operated at a power dependent upon heat removal

to the point where a stable temperature obtains. Other-

Under these condi-

-control' rod 41 -as shown in Fig,
2. This control rod extends: into- the graphite cube; slid-

10
With some part of the neutron. absorbers inserted

but with the insertion of less than the amount of neutron
o abserbers required.: to make.the reproduetlen ratio unity,

20

' the lead. plug in shield 24 for that channel alone is re-

- meral 51.

50

12

metal temperature of 200°°C. ' The output of the reaetor
can be. stabilized at still higher POWers by the use of
larger fans if desn‘ed o |

- Having discussed generally the eperatron of the reactor,
and the temperature. stabilization thereof by air cooling
at elevated powers and neutron densities, there is now de-

‘scribed one means and method by whleh the reactor can

be loaded and unloaded, in order that the neutron irradi-
ated uraninm-can be removed for further processing such

as the recovery of 94239 formed in the uranium, and fresh

uranium inserted for suhsequent Operatlon of the reaetor
and in any amount desired. -

To accomplish: loading of the slugs 35 into the various

air channels. 12, the concrete of the inlet end shield 24
1S p1ereed with a plurality of loading apertures 45, as
shown in Figs. 1 and 5, éach aperture being aligned W1th
the axis of slug positions in the air channels 12. Normally,
during operation of the reactor, each aperture 45 is closed

by a removable lead plug extendlng through the shield

24 only. -
~ When it is desired to lead a channel W1th new Slugs,

moved, 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 eharglne tube 47 is provided

- with a flanged mpple 49- shaped to engage a nipple recess

50 of a loading mechanism indicated gener:a.]lj,_r by nu-

through the channel being unloaded. The air should cir-

culate during unloadlng, altheugh it msy be at redueed |

- velocity.

35

40

~ is used. to bring a supply of slngs to the elevator for use

50

~ the -bettem thereof. |
is a part of a plunger bore 65 extending through the load-

ing magazine ending in the nipple recess 50 cooperating .
with flanged nipple. 49 on charging tube 47 so that the )

Loading. ;rneehenlsm 51 comprises a loading magazine

52, a loading plunger 54, and a plunﬂer drlve 35, as shown |

1n Flﬂs 7 to 10 inclusive.

The loading mechanism 51 is mounted on an elevator
platform S6 mounted to-be raised and lowered in an ele-

vator 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 witha platform 60 pro-
jecting outwardly on the same level as the top of a supply
car 61 travelling on supply car tracks 62. Supply car 61

in ‘the: loadlng mechanism 51.

The slugs 35 when received at the elevster are leaded |

into an inclined loading channel 64 in the Ieadrng maga-
zine; in side by side relationship and feed by gravity to
The bottom of loading channel 64

N plunfrer bore 65 and the loading bore in guide tube 47

55

wise, the reactor ‘will accumulate heat to the point that

the device may be damaged. Since aluminum melts at
658° C., stable temperatures below this value should be
used althengh with jackets of other non-fissionable metals,

such as beryllium, the stable temperature may be in-

creased, although if the temperature should rise too high

- the uranium bodies mlght be damaged even when using
beryllium jackets as uranium of the fype. used 111 neu—-

tronic reactors melts at-about 1100° C..
A stable temperature is obtained in the device of the

present invention by passing. atmospherle 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

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 maximum

60

are in-concentric -alignment. To provide engagement and
disengagement of nipple recess 50 and nipple 49, the en-

tire -loading ‘mechanism is movable with respect. to ele- -

vator plntform ‘56 -on. wheels 67 running in guides 69
nn the elevator platform. -

It will be noted that lnadmg magazine ‘52 is massive.
In some instances it may be desirable to load slugs already
partlelly irradiated -and ‘in consequence radioactive.

~thick walls of the- msgazme then act as a shield for the

65

radioactive slngs and in this case a heavy cap 70 may
close the upper opening of the loading channel 64:. Iron

or lead may be used for the: bedy of the magazine. In -
addition, the use of thick metal in the magazine, par-
' treularly arennd the plunger bore 65, reduces radiation
~ that might pass through the interconnected loading aper-

~ ture 45 -and guide ‘tube 47 either from radioactive slugs

70
cnntmunnsly at.250 kilowatts electrical equwalent of heat .

therein -or from the: irradiated slugs 1n the reactor When
charging tube 47 is empty. | |

The slugs are fed from magazine. 52 by a reciprocating
motion of plnnger 54 operating: in plunger bore 65.

~ Plunger:54:may be of iron to act as a shield when inserted

75

into charging tube 47 and is supported outwardly by

It will .be noted that the charging tube is
smaller than the air channel -12 and that air can pass

The
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plunger bearing 71 on the opposite s1de of a plunger
drive 585.

Plunger drive 55 in smphﬁed 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
54 by spring 77. Motor 75 is reversible and under con-
trol of the loading operator. Plunger 54 is sectional, hav-
ing a threaded end 79 capable of making connection with
additional plunger sections. Sufficient sections are pro-
vided to insert the plunger entirely through an air channel
12 when required.

In the initial loading of the graphite cube 10, loading
is started with the more central air channels, and 68 slugs
are placed in the guide tube 47 and pushed into each
connected channel. Plunger 54 is operated to push the
slugs 1into the channel until the outer end of the first slug
1s at the outlet face 15. The plunger is then withdrawn,
Ieaving the outer end of the last slug about 16 inches from
the inlet face 14, for purposes explained later.

Proceeding outwardly and preferably concentrically,
additicnal channels are loaded, meanwhile checking the
neutronic activity of the reactor. As the activity increases
as the loading approaches a critical size, that is, the size
where the reproduction ratio will be exactly unity, the

approach to critical size can be predicted by extrapolation

ol 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 85 (Fig. 2), for example, using any well known indi-
cating circuif, 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-sustain-
ing chain reaction; and loading is continued until the
desired maximum reproduction ratioc of, for example,
from 1.005 tc 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 density. From
this period, the reproductmn 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 urnatum, and will be ready for operation. Graphite
plugs for the unused air 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 granhite cube
excess graphite will be present. On the fifth side, i. e.,
at the inlet face, graphite will also extend 16 inches beyond
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 constitutes a
reflector and reduces the amount of uranivm required to
reach critical size.

Graphite and other neutron moderators can be used as
reflectors around the active portions of a neutronic re-
actor, as such materials scatter neutrons passing through
them and thereby change the direction of the neutrons.
Statistically, due to the. scattering action, some of the
neutrons that otherwise would be lost to the active portion
are returned to it, thus reducing exterior loss and thereby
reducing crifical size. In graphite-uranium reactors hav-
ing roughly a spherical shape for the active portion there
can be a reduction of 3 to 312 feet in diameter of the

active portion when it is surrounded by a layer of graphite
from 3 to 5 feet thick. In the present instance the re-
duction in size is slightly less as only 5 sides of the active
portion are surrounded with the reflecting layer.

It will be noted that more air channels are originally
provided in the graphite cube than are reguired for the
disposition of the uranium containing slugs. The manner
in which the uranium is disposed in the graphite is known
as the geometry of the system, and this geometry may be
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varied to suit conditions, for example, the system as de-

scribed may be said to have rod geomeiry with cylindrical
loading as the end to end relationship of the slugs forms,
in effect, a long rod of uranium. Further, the use of full
length rods in all channels concentrically arranged around
the center of the active portion, gives that porticn a gen-
erally cylindrical shape.

Lump geometry may also be used in the reactor, and is
accomplished by separating the individual slugs by graph-
ite rods, for example 4 inches long. In this case addi-
tional 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 Shghtly more
efficient than rod geometry.

Furthermore, a sperical 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 channels
as the peripheral concentric layers are added, until an
approximate sphere is formed. A suitable compromise 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 cuter channels and dis-
posed with the ends 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, and can be -
attained in the structure described because of the pro-
vision of more channels than are to be used.

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 is attained. The control rod
1s then moved forward into the reactor until a mneutron
balance is obtained with the reproduction ratio at unity,
thus maintaining the chain reaction at the desired op-
erating power. Small variations from the unity repro-
duction ratio will occur during operation, due to tem-
perature variations of the cooling air, and to change in
barcmetric pressure and to minor variations in air pres-
sure delivered by the fan. However, such variations are
compensated by slight inward or outward corrective move-
mentis 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 con-
trol 1s no part of the 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 radicactivity present
in the air after having passed through the operating re-
actor is that of Argon#l, having a 110 minute half-life.
At high power output, however, this activity may be
present in the exhaust air to the point that it would be
biologically dangerous to operating personnel unless
highly diluted during its radioactive decay. For that
reason the air passing through the operating reactor is
not delivered to the atmosphere at gmund level but i1s
exhausted at a substantial distance above ground, such
as for example from the top of a 200 foot stack, with the
result that when and if any of the radloactwe Argon?l
reaches ground level it is so dispersed in and diluted by
fresh atmospheric air that less than 0.1 Roentgen per day
will be received by any persons on the ground, either
close to or away from the stack. Thus, the air is passed
only once through the reactor and dees not acquire ex-
cessive radioactivity.

'The sole presence of the above noted type of radio-
activity, however, is predicated on the use of the jackets
sealed around the uranium bodies. Aluminum is pre-
ferred for the jackets, as aluminum has a relatively low
neutron capture capability and, consequently, can be used

in substantial amounts in the reactor without absorbing
or capturing sufficient neufrons to prevent a self-sustain-
ing chain reaction from occurring. Aluminum alsc cor-
rodes very slowly in hot air.
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The ]aekets have two functrons, both of which reduce |
‘The first is to prevent
oxidation of the uranium. - While considerable oxide

radioactivity of the eoolmg air.

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.

would be a difficult problem. -
In addition, if operation should be aeoomphshed in
the reactor with bare uranium, fission fragments from

nuclear fissions occurring on the surface of the uranium -

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,

As these particles would be highly radio-
active and relatively heavy, the proper aispersal thereof

10

these fragments are stopped by the jackets. and eannot_ .

enter the air. siream.

Thus, the jackets prevent corrosion of the uranium and

prevent fission fragments and corrosion piroducts of
uranium from entering the air stream. As fission frag-
ments will pass through an extremely small hole, one
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 sub-
stantially radioactivity other than that of Argon?! then it
is clear that a jacket failure has occurred. Such moni-
toring of the stack gas is normally a routine procedure of

20

25

an operating air cooled reactor, but forms no part of the - |

present invention.

After operation of the reactor for a suﬂ'iment length
of time for an amount of 94233 to be created sufficient for

chemical separation, such as for example 100 days at 500

30

kilowatts, the reactor is shut down by inserting the control

rod fully into the reactor. After about one half hour’s
wait, during which all delayed neutron omission will

have ceased and the more violent radloactlwty SHbSlded
the reactor may be unloaded.

30

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 cut of the outlet face 15, or
by using the plunger to insert new slugs in the channels,
each slug so inserted pushing an irradiated slug .out of
the outlet face 15.
cube will be left empty after unloading. In the second
instance the insertion of new slugs is continued 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.

is preferred.

In either case the slugs drop by gravity from the outlet
face into outlet chamber 31, falling on to two angularly
disposed pad plates 90 poaitioned to intersect the falling
slugs in the bottom half of outlet chamber 31 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 and 94.
The slugs fall by gravity into pipe 91 above valve 92.

Outlet pipe 91 opens into a lower coffin chamber. 93
‘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 161 in position to be successwely posmoned be-

neath the lower opening of pipe 91.
Valves 92 and 94 are operated by means of rods 102

and 104, respectively, from_b_ehmd a heavy lead shield -

1035, as shown 1n Fig. 1. - A crane 106 is used for placing

coffin caps 167 on each cofﬁn after it has beeo 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 169. . A proper water level
is ‘maintained above valve 92 by water outlet pipe 119.

in the first instance the graphite

40

Under
ordmary c1rcumstanees the latter manner of unloadmﬂ*

'duced to about 25 percent of the operatmg Value

N 1rrad1atlon

16 -
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- rnaterial 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 able to withstand the

slug impacts.. A satlsfaetory pad has been found to be

14 inch cotton duck on felt laid on wood backed by
steel.

rials have also been found satisfactory.

After a number of slugs have beeﬁ collected above
valve 92 sufficient to fill a coffin 101, unloading is stopped

‘and valve 92 is opened, permitting the slugs and the

water to drop through the valve and remain in the space
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 is then

moved.to register the opening of. the next coffin with the -
“end of the outlet pipe and the first coffin is capped. The

procedure is .continued until all of the irradiated slugs are
in coffins. 'These coffins may then 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
After 100 days’ ‘operation the agrng period
may be about 30 days. |

- Removal- of the 1rrad1ated slugs under the conditions
specified is performed for two reasons. Firstly, the slugs
are so highly radioactive that they cannot be safely ap-

proached . by persorinel without adequate shielding being

interposed, 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
of the slugs possibly. sufficient to melt the slugs if not

cooled in some manner. By unloadrug during mainten--

ance of the air stream, by droppmg the slugs at once into -
water, and by keeping the slugs in water until the more
violent radioactivity has subsided, melting 1s prevented as
the slugs are cooled as they boil the water in-which they
are -immersed. The slugs are then stored -or- aged under
water until ready for chermeal treatment -as for example |

for thlrty days.

It 1s to be noted that reactor operatron at 250 to 500 |

kﬂowatts heat - equlvalent has been mentioned. - These
- powers, however, are in' no way maxima as the operating
powers are dependent solely on the air supply available

and the permissible maximum slug temperatures. Ordi-

narily slug temperatures of from -100° C. to- shghtly over

- 400° C. are permissible without: 3pec1al treatment of the

09

-urantum bodies before jacketing. - In' case, however, it is

desired to operate the-reactor with a maximum sfug tem-
perature above about 430° C., then precautions should be
taken to remove occluded: hydrogen from the uranium

~ to less than .0002 percent in order to prevent swelling

60

- with - unproeessed uranium,

65

70

‘The air circulation is maintained, although it may be re- 9

of the jackets by release of this hydrogen. At temper-
atures below 430° C. no swelhng occurs from: the release
of occluded hydrogen, as uranium hydride is formed,
preventing rise ‘of internal pressure. Above 430° C.,,
however, internal pressure from released hydrogen may,
swell the jackets. The oc-
cluded hydrogen, however, is easily removed from the
uranium bodies by heating them to a temperature of from

580° C. to-600° C. under continuous evacuation: by

vacuum pump until equilibrium is reached.. The uranium
bodies are then cooled 10 to 20 hours, preferably in an
argon atmosphere, and then jacketed. When processed in

this manner no swelling -will occur -at any femperature. -

Thus, if desired, the reactor can be operated at-powers of
from 1000 kilowatts to 5000 kilowatts, when the proper
amount of air is supplied, and the hottest slugs permitted
to rise in temperature to from 400° C. to 500° C.
Having described the reactor with one type of loading,

Combinations of various synthetic elastre mate-' "
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changes in loading required by operating conditions can
be made, as illustrated by the diagrams shown in Figs.
12 to 16.

In Fig. 12 and 14, a loading is shown, for example,
where only minor amounts of intermittent power are
required. For example, 800 tubes can be loaded provid-
ing an excess r of just enough to reach the required power,
the power being lowered or the reaction stopped before
the appearance of the xXenon!3 effect. The solid black
areas indicate uranium loading.

If, however, even higher powers are desired, the mod-
erator blocks can, for example, be almost completely
filled up, as shown in Figs. 13 and 15, as for example
1600 channels can be loaded to provide an excess r of
about .01, This will permit, other conditions being con-
sistent, a large continuous power output with some excess
r available after xenon!85 poisoning is taken care of, for
control of minor variations by the control rod.

Thus by making the moderator blocks large, so that at
least sufficient channels are provided to allow enough
channels to be loaded for the maximum power contem-
plated and for maximum expected poisoning both short
and long term, the reactor structure except for the load-
ing, need not be changed.

Furthermore, the moderator blocks pierced with more
channels than may be initially required, permits loading
to be made in various patterns.

The loading in Figs. 12 and 14, and 13 and 15 is what
is known as cylindrical loading, in that the active portion
defines a cylinder. However, cubical or parallelopiped
loading may be desirable, as shown by the diagram of
Fig. 16, in cross section. The longitudinal section will
be the same as shown in Fig. 13. It will be scen that
the cubical loading can also be contracted or expanded
in size to meet operating conditions. By progressively
shortening peripheral rods an approximation of a spheri-
cal overall shape of the active portion can be obtained.

By so providing space for increasing or decreasing the
size of the active portion, all presently known operating
conditions requiring change in critical or operating size
can be obtained. Thus, when the neutron reproduction
ratio decreases due to impurities formed during operation
of the reactor some plugs of graphite are removed and
additional bodies of thermal neutron fissionable material
are added to the passages thus provided,
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While the theory of the nuclear chain fission mecha-
nism in uranium set forth herein is based on the best
presently known experimental evidence, the present in-
vention is not to be bound thereby, as additional experi-
mental data later discovered may modify the theory dis-
closed. 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.

What 1s claimed is:

The method of sustaining a neutronic chain reacting

system comprising operating a reactor containing a solid

neutron moderator of graphite having a plurality of pas-
sages adapted to receive bodies of thermal neutron fission-
able material, and containing sufficient bodies of thermal
neutron fissionable material in certain of said passages
and solid moderator plugs of graphite in other of the pas-
sages to achieve a chain reaction having a neutron re-
production ratio greater than unity, removing some plugs
of solid moderator from some of the other said passages,
and adding more bodies of thermal neutron fissionable
material, said additional bodies being added to the pas-
sages thus provided when the neutron reproduction ratio
decreases due to impurities formed during operation of
said reactor and said additional fissionable material being
sufficient to maintain the neutron reproduction ratio at
greater than unity.
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