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I. Purposes for which future piles may be built, as we see 
them now Q 

1. Primarily for the production of 49 or 23 3 and 
wasting the energy evolved~ 
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a) Usin.g a chain depending on thermal neutrons, 
and ura~iurn of natU1?al isotopic composition; 
approximately replacing the 25 consumed by 49 Q 

(.!1gner, Weinberg" Leverett 1. ' .. 

b) Usi.ng a "fast" chain and slightly enriched 
uranium for the production of !.lC'!'.e 49 than / 
25' or 49 cons1l..111ed, or n total util'ization of 
the uranium"o (Fermi, Szilard.) 

c) Converting 49 into 23, or 25 into 23 • 
{ inberg, Uigner.) 

Pl~oducing power to be used as heat or mechanical .. 
(Leverett, economics and types .. ) 

a) By the thermal chain in urani lUll of' normal 
isotopic composition, possibly recQv81"'ing 
the products., . (Wigner , inberg, Allison.) 

b) By the fast chain in slightly enriched UraniU!ll" 
(Fermi, Szilardg) 

c) Dy the consumption of highly concentratea or 
pure , 23, or 25" (Fermi.) 

d) By the consumption of' enriched thoriura~ 

3 c Producing radioactive matel"ials f'or medical reseal"'ch 
and therapy ,and tech."1ological research and development 
in general" (Allison, I:UC-SY~-509 II Coh.~, F'riedman..., 
Nordheim, Coryell, Turkevich, Brown, Borst o ) 

4", Using the pile itself' as an intense source of' neutrons 
and other radiation to be used in research ai'ld 
technology 0 (rJorX'ison" Nordheim,,) , 

# 
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Piles of type I .in the preceding sur~ary, in which the 

evolved energy is wasted, will presumably be built for ~ili­

tary purposes onlyo The future of such piles depends largely 

on the success or failure of the propose4 demonstration of 

our product as a military weapon. 

Piles of type 3" in tvhichradioactive tracers and other 

products of scientific and therapeutic interest are produced~ 

seem certain to be built. The need and importance are so 

obvious that if such enterprises are not supported by the 

goverpJment, they surely ~ill be undertruren by private founda-

tions .. 

Small piles of type 4 will certainly be constructed, 

providing government will release the requisite amounts 

or 25, 49 or 23. Likely builders are institutes for research 

in physics and chemistryo 

The situation regarding the use of nucleonic power seems -

somewhat more obscure. The scale at which the science and 

technology of nucleonics is developed in the near future 

probably will depend on whether or not nucleonic power is 

put into use.. The remainder of this document is devoted to. 

the discussion of possibilities of such power development" 

II.. How much energy and fuel is available? 

Table 11-1 gives some information on the amount of 

available from the chain reaction.. The table does 

~ 
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not distinguish between the amounts of energy liberated from 

the fission of 49, 25 or 23. 

Table 11-1 

Energy Available from the Chain Reaction 

Process 

Combustion or 1 kg .. 
coal 

Fission of 1 kg. 23,. 
49 or 25 ' 

Pission of all 25 in 
I kg.. U 

Fission in 1 kg.. U enriched 
to p % 49 until fast chain 
stops at 4.9~ 49, with 
reproduction factor If less 
than unity . 

. 

Energy Release 
(as heat) 

7 .. 4 levlh 

21,200'1000 l!:wh 

151;;000 lovh 

O.Olp - 0 .. 049 
x. 2.1 x 107 1{1.:1h 

1 - '( 

Dro Po Morrison has collected for us the available in:for-

Ination concerning the amount of ssionable material in sight~ 

URANIUM 

(a) 

" \;* 

In ores of considerable concentration. The es­
timates are very conservative and are. supposed 
to represent ~aounts actually located as being 
available in the mineso 

L<;>cation 

UoS.A.(Colorado) 
Czechoslovakia 
One of five sites 

% U Content Tons U 

in Delgian Congo 
Canada 
Russia 

1 
1 

20 
20 - 50 

1 - 2 

Conservative tota1~ about 

-""""" ' •. 'iii.". .; "'.~-, 
" . 

5000 
1000 

5000 
5000 
3000 

20 ... 

. 
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(b) General abundance in earth's crust& The 
grani tic l"1>oclw of' the earth t s C1'>USt contain 
an average of' 4 ±, 2 ppm uranium. This means 
that there are at least 1014 tons U in the 
earth's crust, including 108 tons in sea water 
at a concentration of 0~001 ppm. 

THORIUM 

(a) In ores of considerable concentration. The 
are is almost ex!;~lusively monazite sand with 
from 5 to ll~ thorium contento 

Location . 
U.SoA. (North Carolina, 

Florida, Idaho) 
Brazil (sea coast) 
British India 
Netherland East ,Indies 

Total 

Tons Th 

1000 
8000 

150:1'000 
5000 

160,000 

(b) General abundance in the earth's crust. 
Thorium is .found mostly in sedir.1entary 1"oc1[8 
to the extent of 12 ± 4 ppm~ 

11r 0 Zay Jeffries has often called to our attention the t 

that the estimates given above have little meaning, in that 

the full value of uranium and thorium have never previously 

been recognized. ~s the price of'fered.per ton increases, it 

is almost certain that new and large deposits will be located. 

The .total production of anergy the United states 

was 7.32 x 1012 kwh in 1941. Using only the. 25 present in 

the 10,000 tons of uranium actually in sight on the North 

American continent, the present power level of the United 

states could only be supported for s. few months" 

--
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-1110 How should the energy be removed and used? 

The power at which the energy ,can be removed from a. 

. nucleonic reactor is prim.arily a technological, problem with 

certain rather drastic limitations on the structural materia.ls 

and heat transfer m.edia which can be used. In our conferences 

at the r.~etallurgical Laboratory we discussed various methods 

of removal of the power other than removal as heat. Some of 

the methods discussed were as .follows: 

(a) Direct removal as electrical energy derived .fro~ 
the motion of the charged particles emitted in 
fission and from the fission products~ 

(b) Electrical removal by the Peltier effect, i.e", 
using the energy generated in thermocouples. 

(c) Using the radiations inside the reactor to drive 
SODle endotherl'uic chemical l"'eaction (such as 
2H20 ---'JI 2H2 + 02 or 2C02 --?> 2CO + 0 ) and revel'>sing 
the reaction outside the pile to re§over the 
energy 0 

The conclusion was reached that the' development '1imrlr 

involved would be so extensive that none of these "radical" 

methods would supply nucleonic power in the near futur~o 

Rather it seemed that the most pro:rn.ising idea was to remove 

the energy as ~ ~ hie;h temperature,! using a coolant which ... 

if' water.., must be at high pressure, but could possibly be 

diphenyl oxide or a liquid fluorocarbon. The most promising 

coola..nt, as' elaborated below, seemed to be a liquid metal. 

to the high slowing dovm power for fast neutrons,s 

or their low absorption of neutrons, or th,t;)ir ability to 

create I:l0 1"6 neutrons under' neutron irradiat~:lon.1 certain 
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materials seem destined 'to play key roles in promoting the 

chain reaction. Others, because of high neutron or gamma ray 

absorption, seem destined to be u$ed to control, the reaction~ 

or to shield the reactor.. These are indicated in Table' III-I .. 

Table 111-1 

Key Materials in the Chain Rea.ction 

A. Structural materials, moderators, and heat transfer 
media for reactor construction. 

Meta.ls , 

Gases 

Liquids 

Solids 

UraniUlll, beryllium" aluminum, bisllluth, 
columbium(?) . 

Helium, carbon dioxide 

Water, deuterium oxide, liquid fluorocarbons(?), 
diphenyl, diphenyl oxide, liquid bismuth 

Uranium oxides, fluoride, carbide 0 Beryllium 
oxide, graphite. f ' , 

D. Shielding and controlling materials • 

,I.ietals 

Lig,uJ.d 

Solids _. 

Iron, lead, cadmium, thorium 

flater 

Boron compounds, lithium compounds, masonite 
or other dense, stable materials rich in hydrogen. 
Concrete; special concrete containing bal"'ytes .. 

IV ... Characterj,stica of proposed nucleonic povf~r plants 
I 

If VIe confine oUl"selves to the type of plant in which the 

energy is removed as heat and conve~">ted to mechanical energy 

in a thermal engine, any nucleonic power plant would consist 

of the following parts .. 
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(1) A reactor, or pile, in which the chain reaction 
proceeds under control. 

(2) . A shield, probably cooled" to protect personnel 
from pile radiations, and also to act as a re­
flector of neutrons bacl;: into the reactor. 

(3) A heat exchanger in 'ltvhich the heat is transfer­
red from the pile to the working substance in 
the thermal engine o 

(4) A thermal engine (turbine?) 

It should b~ noted tilat at present, no nucleonic reactor 

has as yet been constructed with utilizatjon of the energy as 

the objective. Table IV-l whows what has been accomplished to 

date in the way of removing this energy 0 . , . 

Table IV-l 

Present status of Heat Removal from Nucleonic Reactors 
. (October 9, 1944) 

Type of Pile 

Air-cppled, 
graphite moderated. 

(C+inton) 

D20 moderated 
cooled by heat 
exchanger 

cooled 
graphite moderated 

(Hanford) 

Heat removal 
equivalent to 

3000 kw ' 

300 kw 

38 1 000 kw 

How long 
operated 

11 months 

3 rnonths 

5 days 

As regards piles constructed for the 90nversion of the 

energy'to meqhanical energy, it is ho~ed that conventional 

designs, with relatively slight modifications" would suffice 

for the heat exchanger and the thepmal engines Some general 
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con~ents on the nucleonic reactor and its shield, Which are 

th6 novel features of such a plant, follow. 

The size. of the reactor is determined in some cases by -
the critical dim~nsions for the inception of the chain re-

action, in others by the limitations of heat removal per unit 

volume ... 

A.. Piles for consuming normal uranium as in I-2a. 

B .. 

lIere the size is deterr.:tined primarily by the 
critical dimensions for the chain r~action, and 
secondarily by the piping and other struytural 
material in the pile for the removal of heat. 

Piles for consuming pure or highly enriched 25, 
49 or 23. .-

Here the s~ze is determined primarily by the-ap­
paratus for removing the energy, and the critical 
dimensions fOl"' the chain reaction constitute a 
relatively unimportant lower l~it. 

SOLIe information about sizes of reactors is given in 

Table IV-2, although in many cases important cons~derations 

concerning the size do .not appear ... 

At the present time it seems that coolants and structural-- . 
materials must be selected from Table III~lo For power piles, 

it has been stated previously that removal of the heat at 

high -temperature is strongly indicated by the increased ef-

ficiericy of conversion to mechanical energy. If water or 

deuteriura oxide were to be used, the corrosion difficulties, 

and the high pressures necessary at high t~mperatures seem 

to us to be very formidable difficulties. The only common 

metal with low neutron absorptIon which can be, used for pipes 



~e .. 

. . 

• '" 

• 
e· 

: 

- 9 -

Table IV-2 

Appro.x1mate Sizes for Various TYE~s of Pil~ 

Type 

Hanford 
101 

Clinton 

lIanford 
305 

]3e 

moderated 

Factors 
Inf'luencine; 
Size 

Heflector"power 
removal 250,,000 
mv"" 'Ilvater cooled 

Refiector,3000 lCVi 
poworremoval" 
nir cooled 

21eflector, no 
power removal 
(approx.critical 
size) 

lIo reflector~ 
no cooline; 

Past chain No reflector, 
in enriched no cooline; 
U 

Homogeneous l!o I"e.flec tor" 
slurry or no coolinG 
solution 

Ii:ontreal 

j\rGonne 
CP-3 

Site Y 
. Pilit6 

19 
solution. 

Power renova1 
to 10jJOOO Jew, 
vrator cooling 

Pov/or removal 
I to 300 leVI' 

BoO refloctor 
Il<;> coolinc; 

\. 

HoO reflector w no ,cooling 

Amount 
of 
Fuel 

200 tons 
U 

10 tons 
U 

26 tons 
U 

50 tons 
U 

49_ 2 tons; 
U " 28 tons 

8 tons 
U 

12 tons 
U 

3.5 tons 
U 

575 c;rar:1S 
25 

350 grams 
40 . 

Amount 
of 
j-.:oderator 

1000' tons 
C 

460 tons 
C 

300 tons 
C 

50 tons 
Be 

No 
mode.rator 

40 tons 
P-9. 

16 tons 
P-9 

6 tons 
P-9 

15 kg 
H20 

10 kilos 
·rr 0 -"2 

Approximate 
Heactor 
DiIaonsions 

. 30' x 30' x 23 t 

21' x 21 t x 21 t 

18 t :;.:. 18' x 18 t 

CylInder 
10 ft.diameter 
10 ft.lone 

Sphere 
46 ft .. tiiameter 

Cylinder 
11 ft .. diru:toter 
11 ft.lonG 

Cylinder 
8 .. 2 fti.diameter 
0 .. 2 .ft.lonc 

Cylindol" 
G ft"cUanetor 
6 ft.lonc 

8p:1.ere 
1 f'tod:tanetor 

Gphere 
10 inch dianotcr 
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in the reactor is aluminum, and thus corrosion and strength 

di~~iculties are evident. If materials SUCll as stainless steel, 

steel~ copper, etc., are used in conduction coolants through the 

reactor, a relatively hi@~ neutron absorption loss must be 

accepte~, which probably can only be overcome by the use o~ 

enriched ~el. The corrosive ef~ects o~ the ~luorocarbons and 

their stabilities under irradiation are not knO\vn to us. TIe 

ant'icipate that diphenyl or diphenyl oxide will break down 

under neutron borabarOrllent, although it is true that these 

materials appear oxtraordinarily resistant in this respect;. 

compared to other organic compounds (Burton). 

A considerable amount of attention has been given to the 

homogeneous heavy water .pile, consisting of a solution or 

slurry o~ some uranium compound in heavy water. The Montreal 

group, has also considered such a reactor. Certain ~eatures$ 

such as the simplicity o~ design of the reactor, which would 

be a large pressure vessel with the solution or slurry boiling 

in it, are attractive 4 ~~en further details are investigated; 

such ~s circulatory pumP&, slurry corrosion, stability o~ the 

slurry or solution, and gas evolution and recombination, great 

difficulties are foreseen. Further development of this type 

o~ pile has been abandoned.. (Ohlingel", rJigner .. Vernon) 

Our coramittee was of the opinion that liquid metal 

coolants, namely bismuth or bismuth lead eutectic, look very 

prOElising .. ( 0"1 d 0Z:L_ar.,-r Foote) Beryll for piping and 

<':l 
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structural iuaterial (including moderation) is a unique metal 

with respect to th~ chain reaction. It is a better moderator 

than graphite, has a very low absorption of neutrons, and 

itself acts as a further source of neutrons. A small fraction 

of the program of the f,letallurgical Laboratol"Y has been devoted 

to the following studies, stimulated by these ideas. 

(1) Preparation of beryllium metal-from beryllium 
compounds.. (Spedding) _. . 

(2) J.!etallurgy of beryllium--extrusion, machining, 
powder metallurgy, etc. (Creutz) . 

(3) Diffusion of neutrons in beryllium and neutron 
mul tiplication by beryllium. (i.1orrison, Szilal"d, 
Allison, Zinn) 

(4) 

(5 ) 

(6) 

Conpounds between beryllium and uranium, and 
uranium beryllium phase diagram. (Creutz) 

Absorption of neutrons in bismuth, and danger 
coefficient of bismutho (Levin0er, Anderson) 

Properties of liquid bismuth and bismuth-lead 
eutectic with respect of corrosion of beryllium, 
etc. (Foote, Battelle Foundation) 

The liquid metal coolant would flow through channels in a 

beryllium moderated pile, or through beryllium pipes in a 

graphite moderated pile. T~e heat, taken out at temperatures 

close to 5000 0 (as has been ShovVll practicable in mercury 
• tUJ."bines ISeitz~ ) would presu:L1ably be transferred to some 

conven tional worldng fluid (water, mercury, diphenyl oxide) 

in a heat exchanger outside the pile •. Polonium. would be 

forr:led in the bismuth and could be recovered if, as S6ems 

likely, cmnmercial or other uses .fop it are found" (C. A., 

Thomas, !.Ionsanto Chemical Company) 
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The circulation of the liquid metal would probably invo~ve 

a Pill~p development program, althou&~ two schemes which involve 

no' contact between the pump and the hot metal have been pro~ 

posed. One is the electrical induction pump (Szilard)s 

Another is the "pulsating" reactor (\vigner) in which the liquid 
. . . , 

coolant is oscillated back and forth through the reactor and 

heat exchanger by means of gas pressure applied alternately at 

two end points of the system. 

A nucleonic reactor operating even on the level of watts 

cannot' be approached without physiological hazard unless a 

heavy shield 1s provided" This necessity see~ls to limit 

severely the types of po~er plan~s replaceable by su~h re­

actors. Application of nucleonic power directly to airp~~~es 

and automobiles seems out of the question until new disoover­

ies in this matter are made" At the pre~ent time even a sl~ll 

nucleon~c reactor delivering interesting amounts of power 

requires on th~ order of 100 tons of shield. No novel ideas 
I 

concerning shields have arisen. Concrete has proven to be 

the cheapest but bulkiestshield~ Oo~bination iron and 

masonite shields are e~)ensive ~d sOmewllat less bulky. From 

a scientific but not from a practical standpoint, gold would 

be one of the best shield~, due to its high density, and high 

neutron ru~d gamma-ray absorption .. 

v~ Concluding remarks 

The chief obstacle to the development and construction of 
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a nucleonic power'plant is lack of a directive or order to 

make one. It is difficult for engineers or physicists to work 

,out the details of desi,gn for a plant which may never be con ... 

structed. In order to develop nucleonic power the government 

should sponsor the building of a plant to furnish,power for a 

specific purpose. One striking difference from conventional 

plants is, of course, the minute amount of fuel consUL1ed and 

thus the absence of a transportation problem for fuel. The 

absence, of smolte is a consideration in the application to the 

heating of large buildings or cities. 
/ 

Th~ following are sug~estions ~or government sponsored 

experiments in the use of nucleonic power. 

./ 

(1) To propel naval vessels (submarines) and ships 
in genera~. 

(2) To furnish'light and power to al~y, navy, or 
government projects or stations in locations 
remote from fuel supplies. (Pearl IIarbor, 
Guadalcanal, Dutch Harbor) 

(3) Heating, light, and power "for experimental 
towns or settlements.. (Matanuska Valley, Alaska) 



• 

'-11\ 

.• :If 
~., 

\0{ .. 

~ . 

. At 
.. 

~ 

- 14 -

REFERENCES 

Allison, Samuel K. 

Use ot Clinton Pile for Production of Radioactive 
1:1:ateria1s.· ImC-SY~-509, February 25, 1944. 
Appendices by VI. ·Coh:r.'l., F. L. Friedman) 

Remarks ort Beryllium Moderated Piles. rmC-SICA-60? #: 

April 26, 1944 . 

Dorst, Lyle Bo 

Separation of T~a.cer liIaterials.. (Letter to RdO L_ Doan 
of September 26 #, 1944.;) 

13rugraann, E. VI. 

Gas Turbines in Connection with nucleonic J:>ovler. 
Letter to S. K .. Allison" tmC-E":.7B-04, April 20, 1944 .. 

CornoG, R .. 

Estimated Cost of Energy Production in Piles. 
Report to R. C. Smith, April 11, 1944 

Coryell, Charles D. 

Er.u~iched Pile for Fission Product Isolations (withA. 
Turl:evich) ... Letter to W. C. Johnl;!on, AUGust 1, 1944. 
Also to R. ~. Doan of August 29, 1944 (with H. S. Brown)o 

Fer'Illi, E. 

Fast Chain Power Producing Reactors. tmc-LAO-17 t 
April 26, 1944 

Small ;Power Plant from 49 or 25.. r~mC-LAO-22, 
fiIay24, 1944. 

Leverett, l:i. Co 

SOlae ;(e1118.rks on Uucleonicso l1UC-AC-2246, August 0, 1944 

Gas Cooled Piles, CS-138~ June 24, 1942~ 

~ 

l~'-<r"'I;! .. " 
.5',,, 



,. 

<"\ 

'e 
.\ 

:r 
• 
~ 
'" 

t ,-
Ii 

'1 

.~. . . 
.,.. , 

- .. 

Morrison, P. 

, 

- 15 -

Abundance of Fissionable I.'Ia.terial and Lconomics of' 
Uucleonic Povier" 1..KUC-LAO-18, April 28,Y 1944 

S~all 49 Pile as EJ~erimental Radiation Source" 
r.mC,;.".LAO-41 1 July 26, 1944 

Nordheim, L .. \1 .. 
"~n 

Enriohed Pil.e as a Reseru"'ch Instrument (with H. Soodak) 
r.lemo to R. L. Doan of August 28" 1944. 

Seitz, Frederick 

l.iercury Turbine as an Indicator of Problems in Liquid 
Bismuth Cooling. r:ruc-uo-30, July 6, 1944. 

Szilard, L .. 

Fast Chain Power Producing Reactors. 1.1UC-LAO-17 , 
April 26, 1944. 

rieinbel'>g, A. M .. 

Conversion Piles. 49 to 23 and Enriched 25 to 49 • 
I:lUC-LAO-21" M:ay 12.1 1944 .. 

nigner, Eugene 

Radical Methods for Energy Removal.. lmC-LAO-:-19, 
Uay 5" 1944 .. 

Pulsating Pile.. LmC-LAO .... 22, May 24., 1944" 
Also ttrUC-LAO-40 of July 14,t 1944 

YounG, Gale 

tiethods of' Increasing k and Pm.'Jer Output at Hanford .. 
rmC-LAO-20, Hay 10, 1944 

, .. ~ 
• • ~ t 

~ ~. -. . ... """......., .. 



-

(
j 

r 
'. 

t .
~
 

~ -! 

,1
 

III. 
4tI' 

-".) 

" 

, . 

. :1 

" 




