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"E FUTURE OF ATOMIC'EIIERGY ' 

By 'E, Fermi , 

m8 of. atomic energy has been 
centered so far primasib on the. military side of the development, 
natural that it should.be so, since on one W d ' t h e  mil i t -py uee i s  t o  the 
present tfme the only application that  has attained practical  resultf3. On 
the other hand, the issues raised by it for the n a t i o d  and international 
policies are novel and diff icul t  and c a l l  for  a quick solution. There are, 
however, a number of poasiljilities for Che peace t i m e  useb. of atomic energy 
which &I the long run may' prove more impor t e t  than the bomb. 

If we t r y  t o  look into the future, and we take the optimistic point of' 
view that mankind my succeed t o  organize i t s e l f  so as t o  eliminate the fear 
and the hanger of the destructive potentiali t ies OF atomic weapona, one m l g h t  
speculate as t o  what may happen atomic energy a8 a constructive new force. 

sketchy.' One m i g h t  point out to oome probable ilevelopmsnts, but it would be 
b~pOSSib10 t o  make the list even apPrOXiREttt?dy complete. 
t h i s  wouIt3 be now aa difficult as f t  w o u l d  have been one century ago t o  guess 
the-development of electricity.  ' 

It is 

Aq.such speculatbn, of course, can be at the present time only very 

An attempt t o  do 
\ 

PRODUGTIOTl OF POWER 

The f i r a t  point that I propose t o  discuss is the use of nuclear'reac- 
t ions fo r  the.production of controlled and usable power. 
"piles", in which energy is  produced a t  an easily controllable rate, have 
been aperatea for over three years. 
run ofiy up t o  200 watts, the p m r  has been stepped-up in successive units 
by enormous factors. The p i les  operated a t  Ecaaford fo r  the synthesis of 
plutonium produce energy in ~%nomijs comparable t o  that of the largest hydro- 
e lec t r ic  plants. The energy that is produced In the p i les  bui l t  un t i l  now, 
however, is aelivered a t  such a low temperature that it is of no practical  

In  the Hanford plants. it actually is wasted f o r  the extremely uncon- 
structive -purpose of heating, by a smal l  amount, the waters of the Co$mbia 

Chain reacting 

Sf jd ing  with the first pile,  which was 

Si8  reaction is the fission of' uranium. 
inte&ation of the uranium .nucleus that takes place 
s it. The original nucleus separates into two approx- 

nts, which f l y  apart w i f h  an enormous velocity and a 
large release of energy. What makes the chain reaction 

possible, however, is not the fact  that a large amount of energy i.8 released 

If we assume, for  the p x ~ o s e  of t h i s  discussion, that'two 
ther 'that the condi- 

c t  that in the p~ocess  also som neutrons are emitted besides the 
8. 

8 emitted in each.fisaion aqd we 
tions 'are such tha t  practica- a l l  the ne 
end up by giving rise to fission, we have the conditions that would lead t o  

hg into %he system 
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an e&plosive c h a b  reaction. 
tyge one initial neutron,-this w i l l  @ive*riae t o  a fission i n  which two neu- 
trons ell 6e produced. 

then double at each step or  "generation" that their nunher will rapidly 
muleiply wa t t1  the reaction reaches e d r  violence and great amounts of 
heat are developed. This sudden release of enegg fproduces the atomic .ex- 
plosion. 
tor" of 2 because at each generation one neutron gives rise t o  2 new neutrons, 

If, indeed, we introduce i n  a syst'em of th*s 

In their  turn they w i l l  give r i s e  t o  a second r i a -  , 
sion and ppoauce two neutrons each and so on. The number of neupons w i l l  \ 

1 
\ The system as juat disoussed 19 said t o  have 'a "reproduction fac- 

I t  

In Ses-kgning a bomb one t r i e s  t o  achieve conditions in which the f i s -  8. 

sion energy is released as fas t  as  possible. 
tion" tlms be aa short a5 possmle and that at each generatfon the number of 
neutrons should increase by the largest possible factor, 
the generation time &ort one w i l l  use fast neutrons and in  
p@pm&s&m.factor as large as possible one w i l l  t r y  t o  adj 
such a way that a large percentage of the neutrons end up by producing a new 
fiaeion and thereby the l eges t  gossible number of new neutrons. 

This  requires that the "genera- i '  

li In order t o  make 
make the 

gs i n  

If we want, instead, t o  poduce a controllable chain reaction, the r e -  
production factor w i l l  have t o  be very close t o  1 and there w i l l  be no need 
t o  have a' short generation t h e .  Indeed it would be, if anythhg, more de- . 
sirable that the generation time be rather, long because this would make con- 
t r o l  more easy. It is possible therefore t o  use slow neutrons in a controlled 
chain reac€ioc, There is one more fundmental difference between the b o d  9 

and a controlled chain reaotion. The fas t  reaction on which the bo& is work- 
ing is operated using "valuable" f i s s iodb le  materials like U235 which is 
separated from uranium a t  Oak Ridge, Temesaee, or.plutonium which is a new 
elelnent wktch is actually fabricated a t  Hanf'ord, Washington. 

Conkrollable chain reactio& aan instea 
In8eed this material was used kn pr 

ained uqipg natural 
upmium. 
for  the sin5pIe reaaon that at that t w e  tfie."valuable" fPssiona>le materials 
were not available, 
been c o n - m c t e d  so fax. Natural uranium consists primarily of a m i x t u r e  of 
$38 representin@; about 9903 per cent of the t o t a l  and U235 representing about 
.7 per cent. It is w e l l  known that it is , this  small amount of U235 that makes 
the reaction possible since $38 dogs not react givlng r i s e  t o  f iss ion when 

g the first chain reaction 
' 

It also is used in  d l  tb' industrial piles tha t  haire 

by slow neutrons. Actually a chain reaction can be obtained quite I 

g pure U235 -since thereby one avoids %he parasit ic absorption due 
e When ordinary unsepara.ted uranium is used the problem is ap- 

%ore diff icul t  since the positive excess in the neutron balance irj 
each generation is in this case very small and a l l  unavoidable losses must 
be kept t o  a minimum so as  t o  end. up w i t h  a mproduct ion fac$or M g e r  than 
unity. From t h i s  point of view therefore, 'the presence of a238 is very un- 
desirable. On the other hand U838 plays a very essential  ro le  in the pluto- 
n im production. Indeed U238 is transformed during the reaction into pluto- 
niwm. by the mechanism represented in  the following nuclear process: 

e 

. >  

6- 7 , 
;, ? "  

The f i r s t  of these reaction8 represents the absoz?ption of a nedron by the 
aucleus 238 which is thereby trwsformed into the isotope V239 
uxsta5le isotope of * a a i u m  which spontmeously disintegrates by emitting a32 
electro3 an& tra;nsforniE.g b t o  the new element neptunium of atomic charge 93 

U239 is an 
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and wight 239 es  !i:iiicated in the second reastion, 

Also N$39 vhich is thereby formed i s  mstable a -d  spontaneously emits an 
electroll %ransforsling i n  a few &ye into the final reaction product Pu239 
as  indicate5 by the l a s t  equation. 
chi31 reaction of this tns, it is clear therefore that $35 w i l l  gradually 
be destroyed t o  keep the reaction goiag; whereas U238 w i l l  slowly be trans- 
fcmed into ~11239. 

COYl3OL OF A PILE 

The transformtion of . uranium lnto aeptwiitun takes place in  a time of the order of! one half  how. 1 

If we examine the overall balance of a I 

In order t o  operate a chain reacting pi le  a t  a steady level the re-  
prodaction facto;. nsast be equal t o  one. If it is larger than one the in- 
tensity imreases, if. i% i s  smaller the isltensity d~ops .  For t h i s  reason 
the opera-kor must have meam t o  adjust the reproduction factor t o  any de- 
sized value % the vicinity of one. T h i s  usiaally is achieved by means of 
orgam calleCt control rods. They are rods nade of some material having a 
stroag absorption fo r  nestrons which the operator can insert into the pi le  
a t  a depth %hat can be accurately adjusted. The number of' neutrons ab- 
sorbedby the rods  and thereby removed from the reaction w i l l  depend on 

largest value Then the rod is outside asd its smallest value when the rod 
i s  completely inside. Conditions are usually a8justed in such a way that  
the reproduc-tion factor is equal. t o  2. when the sod i s  is s o m  intermediate 
position called "cr i t ica l  position" and it takes values larger than 1 if 
the rod: is pulled further out than the c r i t i ca l  positio3 and smaller than 
1 f f  the rod is  pushed further in -  
ra te  of reaetlon, .She rod is  pulled out so that the reproduction factor ex- 
ceeds 1 by some small mount and the nuuiber of nextrons gradually increases. 
If the operatop wmts to redme the ra te  of rsaction, a l l  he has t o  d6 is t o  
insert  the rods somxhzt further than tho c r i t i ca l  position. The reproduc- 
t i oa  factor w i l l  then be less  than 1 md %he rat,a of reaction w i l l  gradual- 
ly. decrease. If he want8 t o  keep %he power at  a steady level, he w i l l  place 
the rods a t  the cri%ical. position. 

how deep the rod reaches i n t o  the pi le .  Conseq~ently, the reproduc%fon 
factor w f l l  also depend upon the position of the rod and w i l l  have i t s  I 

I . 

If the operator wishes t o  increase the 

I 
I 

I% i s  clear fron th i s  that -the pmblen: of controlling the rate  of re- 
Experinen3 actually actio2 in the pile can 36 solved in a very s i ~ p l e  way. 

has sham tkat  the eontrolling problem caa be'solved very easily also i n  
practice. 
small amo?mt of power, running a t  a steady level is an art that  can be corn- 
pletely mastsred in  a f e w  horns. It is also easily possible to keep the 
irkenszty of the pi:@ steady at any desired level by moving the rods vith 
mechanics1 devices operatad aiitomtically. In this  case a l l  the operator 
hm t c  do is vat& the control panel. 

Indeed, t o  keep a pile, whetker capable of podwing a large o r  

l t y  which stands at pre8en-L in  th?, way of 
fo r  practical use8 i s  the folloving. In a l l  the 

reacting tuicUs that have been corratructed until now the merfg is produced 
at a very low tempcrabare. This mdou5tedly is due t o  a great extent t o  tb.e 
fast.tErat %he p s m y  pvxpose for which the piles have been constructed dux- 
ing the w a r  was n o t  production of nseful pffmr but the production of Pluto- 
n i -a .  . Fo? +,his Peeson 30 effort  :aaa made ia the direction of 
pi le  viCn lraterials capable of standing a ~ e r y  high temperature since: uch 

of the emez5iaf. ot-,&,ctivzs. 6 - % - a  

developsext -mdoxbtedly woEid haire retmfied very coneiiierably the ach$ 3 9-m.ent 

' -  *c , . I <  24 
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. . I -  ' The following points are important. There is no known practical  
l imitation t o  the temperature at  which energy can be produced,by a f iss ion 
chain reaction. Indeed there is wason t o  beli%ve that in  the explosibn of 
the atomic bombs temperatures perhaps a8 high as.1,000,00O0C. may have been 
obtained. A pract ical  limitation is imposed only fo r  machine 
operate at EL steady level  by the refractory properties of the 
In t h i s  respect, the choice of! the mater3df.a fa quite critPca1 because not 
only the* ab i l i t y  t o  s t h d  high temperatures must be taken 
also one must conq5der the adve~se effect  that adding f'orei 
the reactton s y s t e m  has on the 
is due t o  the fac t  tkt most la absorb. neutrons sometbes more and 
sometimes Tern. Any mater= that has t o  be added as a coolant t o  remove 

f lu id  is c.on&cted deternine so large I 

account but 

ar reaction i t ae l f .  This adverse effect 

heat *om the $Le or" as a 1 through whsch im3 h .  

' '4 

essential  f'uel in p i les  of the Hanford 
.T per cent of the t o t a l  weight of mtural 

upan*. . 

The c d e n t  in fieaion energy of m J u m  is roughly 3,OQO,OOO t 
that of 
u t q i z e  i ca l  uranium t o  GO u t  20,000. Theae 
fipres'pofnta t o  the great importance o 

~ut i l iza t€cmbP %he energy of uranium. 

The 8e-d for  a .pmct ica l  8 
pressing in the Immediate future 8 
deposits whzch can be m i n e d  at  relatively Low cost 
a devel*nt fn.which large amounts of atomic energy would be produced by 
U235, tke r i ch  depositd of' u r a n i u m  w o a d  rapidly be exhausted and 
& ~ i ; < i o ~  w&J.d~ve-3m zse mw'y_po~-me. 
orders 0%' magnitude in the cost of the p 
importance of a complete ut i l izat ion of the energy stored in  uranium would 
natwallybecome much greater. 
of one of UT i a  so great that even an enormous increase of cost of 
this materia1 -my erfere w 2 t h  i t a  economical use a s  a source of power. 
Indeed 3 milIton tons of coal, equfvalent4n energy content t o  one ton of 
uranium, caat about 8 millton dollars. % quently, as far as cost o f t h e  * 

i@t of' c.oaJ,. I f  only. .T per cent o f  the uranium 

s fo r  the complete 
e 

this  problem may not be very 
s t i l l a r e  fa&* laxge wan.ium 

If we conceive, however, 

It is clear on the other hand the energy value 

m a t e r n a ,  uranium and co'al would be equivalent fo r  a price of uranium 

order of a thousand times the . 
4,001) dollars per.pound. Before the 
WPS 3er.pound'so that an incmaae o 
-w~;r: -price would not be necessarily ineconomical e 

the cost of uranium was about 2. ' .. 

We might conceive that 20 or 30 years from now the general' scheme of ' ' 
8 '  

atomic energy 
large c+$??al 
prodme& and transformid b t o  e lec t r ica l  energy or steam fo r  loca l  power con- 
sumption. Besides producing directly pomp, these large units may also pro- 
duce some a,mountI of plutonium which w i l l  be extrac.f;ed and distributed t o  
small Fnstt;allatLons fn which plutonium and not manium w i l l  be used as the 
primary fuel, This plan w o u l d  have the advantage of permitting wtde uae of 
re la t ively s m a l l  power U n K t s  thereby reducing very greatly the d i f f icu l t ies  

duction my be perhapa about a8 follows. 'ghere w i l l  be 
a l la t ions 3n which very great amomts of power w i l l  be . .  

' o?,distribut ion. 
F' - y,* 
r . ( > u  ,e5 

' a  
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A genepal scheme of t h i s  type has recently been discuuued in a report by 

the State Dgpartmnt ou t l inhg  a possible opganization fo r  the international 
control of atomic ezergy. 
which plutonium is .produced, as W e l l  aikW.1 s o ~ C 8 s  Of Uranium and thorium, 
would be controlled and operated by an 'international OrgaSiZation which would 
dis t r ibute  or a e l l  plutonium in a denatured forn for use by individual con- 
swrs .  
t o  denat.iuee plcutonium so a6 t o  make its use for  m t l i t -  usee exceedingly dif-  
fictalt an3time consuming and express the hope therefom thak it may be Feasi- 
ble to exert Qnly a m k h i u n  jllteknatfonal contro3'an.the users of denatured 
plutonium wftbo niay be diverted secre tw t o  construction of 
weapons. Such edly bas some at t ract ive features although the 
report m y  be ov 
denatraaPed pliitoniuan t o  rnFlit8z-y uses. !Fhbre is no deaSw tho fact that the 
possible w e  of plutonium for aggressive warfare constitutee a difficulty f o r  
the iy1Bustr$a3. iases of atomic energy that is much greater than any technical 
diff icul ty  that we can foresee., The problem of p r e v e n t ~ g  t h i s  use is essen- 
%idly polikieal  and not technical and I do not 888 much hope of solving it 
a e s s  the veG basis of the pelationships among nations should be thoroughly 
changed in  the future yema. 

According t o  .this ~ e p o r t  the largo central .wits in  ' 

The authors of this  repolPt expPess the view that it -,be poskible 

ip $ts e s t b - t e  of the diff icul t tes  t o  divert 

. .. . .. . . . . . .  . 

. .  . .  . . .  
v 

G o i n g  back t o  *the technical problems, I would. like t o  mention one more 
factor of atomfc energy uni ts  which w i l l  prove a aerioua limitation t o  the i r  
general use 
of atomic energy, not 0d.y energy but also radiations of vaPious kinds paptic- 
da3"ly neurtmGs and gahm rays as8 produced. Unless they are preventod from 
doing so by a shield, these radiations would escape from the p i  
intensity.FToq3Cd be- so tepirific tbat they would k i l l  in a very i h  
l iving being.who were  t o  approach an unshielded operating unit. 
fore an esaerrtial necessity t o  ahOeld the p i l e  w i t h  such materia 
veBt the escape of lethal radfations, I n  principle the problem is not at a l l  ' 
diff icul t  to solve. 
a concrete wall of several feet thickness in ord& t o  eliminate completely any 
danger. On the other hand there ia no ww t o  e l b b & t e  the radiations without 
the use of a very heavy shield, Indeed fn many designs of p i le  
been discussed the 'ehield represents b;g. fax? the peatest p m t  o 
the instaZlatfon, The necessity of swrmding the pile with 
w i l l  prevent several. uses of atomic power, 

buplng .the prooess of' fiesion, which is basic t o  the production 

It is sufficient, for example, t o  surround the pi le  with 

It does not 8Pp3a.r 
a c e  t o  aesign an atomic power unit light enowgh t o  be used 
an8 of o~Cfnary  size. Perhapa a large loCOmotfV3 may be the 

c power plant concetvably could be mobile &t 'fri which an 

We may summa2pim this  discussion by Statfng that there is definitely a 
icaZ possibi1ity tbt a t O m f C  power m y  gradually develop into one of the 

prixtcIpa1 aowces of useflxl powerp If this  expeotation w i l l  pmve correct, 
great advantages can be expected.to corn from the fac t  t h a t  the wei ht  OF the 
frzel is a3.mor3-E negligible. This feathne may-be particularly valmb f e f o r  mak-' 
ing power available t o  regions of diff icul t  access and far from deposits of 
coetl., It aIso may prove a p e a t  aiPaet in mobile ppwer units for. exa~uple i n  a 
power plant; for ship prop.Jlsion. On the disadvantage side we have some tech- 
nical limitations t o  the applicability of atomic p m r  of which pezhps the 

there w i 1 1  be some peclaliap d i f f i c u l t i e s '  in opePating atomic plants, as for  
example the necessity. of handling highly radioactive scbstances which w i l l  - ' 

zecessitate, at  least  for some considerable period, the use of specially +, 
skil led persomel for the operoation. But the chief obstacle in  the way of '3  
dr33-elopiw atomlc pover, ~ f l l  be fhe dW33.calty of orgmizing a large scale 

1 

i .  

e e 
c-:) 

most seriaus is the bposs ib i l i ty  of constmcthg light power units; also 
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of' statesmanship 
teohnfcal develop- 

t o  balance pkope?Q.the necessity of a lhying  the inter&.tional suspicion that '*, 

ar ises  from wi 
Ing the deta the procedws.for  an extremely dangerous new method of ~ 8 3 " -  
fare on*& W D P ~ T I  tb% glay not yet be prepared t o  renonce war .  Furthermore, t&@ 

before the "mcrkts" w i l l  naturally become open knowleltge by rediscovery on 
part of the scSentiats md engineers of other couhtries. 

presenting the statesmen of the worW with this appalling new problem, 
l y  there was' l io  choice. 'Once basic knowledge is acquired any attempt at pre- 

olding technical secrets, against the obvious danger of dump- *',, , 

t 
proper b&ce should be fcq!$&!in the relatively short time tbt w i l l  elapse ' !  6,- 

One mi&% be l ed ' t o  question whether the sc i en tb t s  acted wisely in  
J' 

Actual- 

as hoping t o  stop the earth fipom re- 
' o '  he 'sull by degree 

aceful uae of atomic chain reactions 
that is fn s€ght. Them are othek possibil i t ies which may pePhapa not compete 

ion fn direct ecollomlc hportance, but perhaps my prove 
A n  operating p i le  is 

e mate?-ials many ordera o f  magnitude stronger than any 
inable. Zqadioacttve materials we produced par t ly  aa a 
the fiseion process aince the fiagnemta Tnto which the 

st fruitfial f i e l a  of development. 

ed in the middle 
e purified 

emitted oont rs. Any substance 
dment by these 

part  of the peeiodic system. 
radioact fve as follows. In a going 

ron strikes stance, several m a o t i o p  
f o m t i o n  of radioact ive' 

a of twse elemnts range fram a fraction of a second 'to thousands 
st elements can be ob in a radioactive Form, 

&ong the more significant artificial Padio-element8 one should of years. 
melition Cmb-bri-14 w i t h  a l i f e t  f ab s Radioactive 
su5stances c m  be used for a v y Of on8 emitted by 
t h e m  are eqprva to the radiations emftted by r ad im and could be used f o r  

a much greater scale than has been possible w i t h  radium, 
Lnt of viev of' radiothempy, .the hope hers been expresaed that - antage of ' the fact  thett t 

y..of chemical elements axid 
chieve a concentration of' the acMve laaterial 

e exposed t o  tbe radiations. 

e been raised by t3e possibility of using l a rge  
t 

. a  
I ive Iqatek%als as trac ly attractive in this 

and bio-chemical work. The use of Carbon 14 in biology is 
possibbility to use C tracer f o r  carbon in  

I expected to offer  means t o  follow-easily the reactions OF carbon in the corn- 

a very. l a rge  scale . .  

plicateci-chemical procetaess of lAfe and it is hoped tha% the availabil i ty of 
Carbon 14 be adequate t o  allow research in t h i s  direcSion t o  proceed on 

c- +? 
/,I2 . 

It would not be very surprising i f  the s t W u s  that these new tech- 
nttques w i l l  give t o  science w e r e  t o  have ag outcome more spectacular than =. 
ecorromic &bd conver-feat energy sov;pce or the fearfd destrmtiveness of the 
atomic bomb ., 
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