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THE FUTURE OF ATOMIC ENERGY
By E. Fermi

The atfention of the public in the problems of atomic energy has been
centered so far primarily on the military side of the development. It is
natural that it should be so, since on one hand the military use is to the
pregent time the only application that has attained practical results. On
the other hand, the issues raised by it for the national and international
policies are novel and difficult and call for a quick solution. There are,
however, a number of possibilitieé for the peace time used of atomic energy
which in the long run may prove more important than the bomb.

If we try to look into the future, and we take the optimistic-point of
view that mankind may succeed to organize itself so as to eliminate the fear
and the danger of the destructive potentialities of atomic weapons, one might
speculate as to what may happen %0 atomic energy as a comstructive new force.,

Any such speculation, of course, can be at the present time only very
sketchy. .One might point out to some probable developments, but it would be
impossible to make the:list even,approximately complete. An attempt to do
this would be now as difficult as. it would have been one century ago to guess
the development of electricity. ‘ )

'PRODUCTION OF POWER

The first point that I propose to discuss is the use of nuclear reac-
tions for the.production.of controlled and usable power. Chain reacting
"piles", in which energy is produced at an easily controllable rate, have
been operated for over three years. Starting with the first pile, which was
run only up to 200 watts, the power has been stepped-up in successive units
by enormous factors. The piles operated at Hanford for the synthesis of
plutomium produce energy in amounts comparable to that of the largest hydro-
electric plants. The energy that is produced in the piles built until now,
however, is delivered at such a low temperature that it is of no practical
use. In the Hanford plants it actually is wasted for the extremely uncon-
structive purpose of heating, by a small amount, the waters of the Columbia
River. L

The physical basis of the chain reaction is the fission of uranium.
This is a violent disintegration of the uranium nucleus that takes place
when a neutron strikes it. The original nucleus separates into two approx-
imately equal fragments, which fly apart with an enormous velocity and a
relatively extremely large release of energy. What makes the chain reaction
possible, however, is not the fact that a large amount of* energy is released
but the fact that in the process also some neutrons are emitted besides the
two fragmenmts. If we assume, for the purpose of this discussion, that two
neutrons are emitted in each fission and we assume further that the condi-
tions are such that practically all the neutrons originating into the system
end up by giving rise to fission, we have the conditions that would lead to
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an explosive chain reaction. If, indeed, we introduce in a system of thie
type one initial neutron,.this will give 'rise to a fission in which two neu-
trons will bBe produced. In their turn they will give rise to a second fis-
gion and produce two neutrons each and so on. The number of neujgons will
then double at each step or "generation" so that their number will rapidly
mltiply until the reaction reaches extreme violence and great amounts of
heat are developed. This sudden release of energy produces the atomic-ex-
plosion. The system as Just discussed is said to have 'a "reproduction fac-
tor" of 2 because at each generation one neutron gives rise to 2 new neutrons.

- FAST NEUTRON AND SLOW,NEUTRQN~BEA@TIONS

- In designing a bomb one tries to achieve conditions in which the fis-
sion emergy is released as fast as possible. This requires that the "genera-
tion" time be as short as possible and that at each generation the number of
neutrons should increase by the largest possible factor. In order to make
the generation time short one will use fast neutrons and in order to make the
reprodudtion factor as large as possible one will try to adjust things in
such a way that a large percentage of the neutrons end up by producing a new
fission and thereby the largest possible number of new neutrons.

If we want, instead, to produce a controllable chain reaction, the re-
production factor will have to be very close to 1 and there will be no need
to have a short generation time. Indeed it would be, if anything, more de-
sirable that the generation time be rather long because this would make con-
trol more edsy. It is possible therefore to use slow neutrons in a controlled
chain reaction. There is one more fundamental difference between the bomb
and a controlled chain reaction. The fast reaction on which the bomb is work-
ing is operated using "valuable" fissionable materials like U235 which is
separated from uranium at Oak Ridge, Tennessee, or plutonium which is a new
element which is actually fabricated at Hanford, Washington.

Controllable chain reactions can instead'bekobtained using natural
uranium. Indeed this material was used in producing the first chain reaction
for the simple reason that at that time the "valuable" fissionable materials
were not available. It also is used in all the industrial piles that have
been constructed so far. Natural uranium consists primarily of a mixture of

y238 representing about 99.3 per cent of the total and U235 representihg about

.7 per cent. It is well known that it is this small amount of U235 that makes
the reaction possible Since-U238 does not react giving rise to fission when
bombarded by slow neutrons. Actually a chain reaction can be obtained guite
easily using pure U235 -since thereby one avoids the parasitic absorption due
to the U238, When ordinary unseparated uranium is used the problem is ap-
preciably more difficult since the positive excess in the neutron balance in
each generation is in this case very small and all unavoidable losses must
be kept to a minimum so as to end up with a reproduction factor larger than
unity. From this point of view, therefore, ‘the presence of U238 is very un-
desirable. On the other-hand'Ué38“plays a very essential role in the pluto-
nium production. Indeed U230 is transformed during the reaction into pluto-
nium by the mechanism represented in the following nuclear process:

U238 4 n —» U239
17239 —n,239 % o~ e
N,239y Pu239 4 o- e 223

The first of these reactions represents the absorption of a neutron by the

mcleus 238 which is thereby transformed into the isotope U239. U239 is an
unstable isotope of uranium which spontaneously disintegrates by emitting an
electron and transforming into the new element neptunium of atomic charge G3
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and weight 239 as irdicated in the second reaction. The transformation of
uranium into neptunium takes place in a time of the order of one half hour.
Also Np239 which is thereby formed is unstable and spontaneously emits an
electron transforming in a few days into the final reaction product Puc3?
aa indicated by the last equation. If we examine the overall balance of a
chain reaction of this typs, it is clsar therefore that U235 will gradually
be destroyed to keep the reaction going; whereas U238 will slowly be. trans-
formed into Pul39, '

CONTRCL CF A PIIE

In order to operate a chain reacting pile at a steady level the re-
production factor must be equal to one. If it is larger than one the in-
tengity imcreases, if it is smaller the intensity drops. For this reason
the operator must have means to adjust the reproduction factor to any de-
sired value In the vicinity of one. This usually is achieved by means of
crgans called control rcds. They are rods made of some material having a
strong absorption for neutrons which the operator can insert into the pile
at a depth that can be accurately adjusted. The number of neutrons ab-
sorbed by the rods and thereby removed from the reaction will depend on
how deep the rod reaches into the pile. Consequently, the reproduction
factor will also depend upon the position of the rod and will have its
largest value when the rod is outside and its smallest value when the rod
is completely inside. Conditions are usually adjusted in such a way that
the reproduction factor is equal to i when the rod is in some intermediate
position called "critical position" and it takes values larger than 1 if-
the rod is pulled further out then the critical positiom and smaller than
1 if the rod is pushed further in. If the operator wishes to increase the
rate of reaction, the rod is pulled out so that the reproduction factor ex-
ceeds 1 by some small amount and the number of neutrons gradually increases.
If the operator wants to reduce the rate of reaction, all he has to 30 is to
insert the rods somewhat further than the critical position. The reproduc-
tion factor will then be less than 1 and the rate of reaction will gradual-
ly decrease. If he wants to keep the power at a steady level, he will place
the rods at the critical position.

It ie clear from this that the problem of controlling the rate of re-
action in the pile can be solved in a very simple way. Experiment actually
has shown that the controlling probiem can be solved very easily also in
practice., Indeed, to keep a pile, whetter capable of producing a large or
small amount of power, running at a steady level is an art that can be com-
pletely mastered in a few hours. It is also easily poseible to keep the
intensity of the pile steady at any desired level by moving the rods with
mechanical devices operated antomatically. In this cage all the operator
hag tc do is watcsh the control panel.

HIGE TEMPERATURE PILES

The chief technical difficulty which stands at present in the way of
production of atomic energy for practical uses is the following. In all the
reacting units that have been constructed vwntil now the =mergy is produced
at a very low temperature., This undoubtedly is due to a great extent to the
fact. that the primary purpose for which the piles have been constructed dur-
ing the war was not production of useful powsr but the production of pluto-
nium. "For this reason no effort was made in the direction of constructing a
pile with materials capable of standing a very high temperature sincejgguch
development undoubtedly would have retarded very considerably the achidvement

of the essential objectives., <« ~r 7 R
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The following points are. important. There is no known practical
llmltatlon to the temperature at which energy can be produced by a fission
chain reaction. Indeed there. is reason to believe that in the explosioén of
the atomic bombs temperatures perhaps as high as 1,000,000 °c. may have been.
obtained. A“practlcal limitation is imposed only for machlnes designed to
- operate at a steady level by the refractory propertles of the materials used.
In this respect, the choice of the materials is quite critical because not
only their ability. to stand high temperatures must be taken into account but
also one must consider the adverse effect that adding foreign materials in
the reaction system has on the nuclear reaction itself. This adverse effect
is due to the. fact that most materials absorb. neutrons gometimes more and
sometimes lesm. Any material that has to be added as a coolant to remove o
heat from the pile or as a. lining. for the pipes through which a coolxng , £
fluid is conducted determines a loss of neutrons. When this loss is so large _
that the reproduction factor drops belcw 1 the reaction stops. -

COULD LKRGE AMDUNTS OF ENERGY‘BE RELEASED? o : ‘ .o

It has been mentioned that the essentlal fuel in piles of the Hanford ‘ '
type 13"U235 whlch represents only T per cent of the total welght of. natural
uranium :

The confent in fission energy of uranium is roughly 3,000,000 times
that of an equal welght of coal.  If only .T per cent of the uranium is
utilized the practical uranium to coal ratio will be about 20,000. These
flgures point to the great importance of deviaing methods for the complete
uutllizaticn of the energy of uranium ’

The ‘demand for a.practical,solution of this problem may not be very

- pressing in the immediate future since there still are fairly large uranium
deposits which can be mined at relatively low cost. If we concelve, however,

a development in which large amounts of atomic energy would be produced by

U235 the rich depositd of uranium. would rapidly be exhausted and further pro-s -
ductlor woaldnhgye Ho BBe VVeRY Tposr.” Ureswwthheawcenseguent mncrease~6f,sevenal>:
orders of magnitude in the cost of the primary materigl., In this case, the
importance of a complete utilization of the energy stored in uranium would

naturally become much greater. It ie clear on .the other hand the energy value

of one pound of uranium is so great that even an enormous increase of cost of

this materisl may not. interfere with its economical use as a source of power.

Indeed 3 millton toms of coal, equivalent ‘in energy content to one ton of

uranium, cost about’ 8 million dollars. Consequently, as far as cost of the ' .
raw materigls, uranium and coal would‘become equivalent for a price of uranium '
of 4,000 dollars per pound. Before the war the cost of uranium was about 2 -

dollars Per pound ‘so that an increase of the order of a thousand times the . .
pre-wariprice would not be neceasarily uneconomlcal

~ We might conceive that 20 or 30 years from now the general'scheme of s
atomic energy production may be perhaps about as follows. There will be
large ceatral installations in which very great amounts of power will be
produced and transformed into electrical energy or steam for local power con-
sumption. Besldes producing directly power, these large units may also pro-
duce some amount. of plutonium which will be extracted and distributed to
small installations in which plutonium and not uranium will be used as the .
primary fuel. This plan would have the advantage of permitting wide use of
relatively small power units thereby reduclng very greatly the difficulties
- of distribution. .
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A general scheme of this type has recently been dlscueuad in a report by
the State Department outlining a possible organization for the international
control of atomic energy. According to this report the large central units in
which plutonium is. produced, as well ad all sources of uranium and thorium,
would be controlled and operated by an international organization which would
distribute or sell plutonium in a denatured form for use by individual con-
sumers. The authors of this report express the view that it may be possible
to denature plutonium so as to make its use for military uses exceedingly dif-
ficult and time consuming and express the hope therefore that it may be feasi-
ble to exert only a minimam international control’gon the users of denatured
plutonium'wfthout danger that it may be diverted secretly to construction of
. weapons. Such a scheme undoubtedly ‘has some attractive features although the
report may be over-optimistic in its estimate of the difficulties to divert
denatured. plmtoniam to military uses. There is no denying the fact that the
possible use of plutoniwm for aggressive warfare constitutes a difficulty for
the industrial tises of atomic energy that is much greater than any technical
difficulty that we can foresee. The problem of preventing this use is- essen-
tially politlcal and not technical and I do not see much hope of solving it
- unless the very basis of the relationships among natlons should be thoroughly
changed In the future years°

NE”ESSITV'GF’SHIELDS

Going back to the technical problems, I would like to mention one more
factor of atomic energy units which will prove a. serious limitation to their
general use. During the process of fission, which is basic to the production
of atomic energy, not only energy but also radiations of various kinds partic-
ularly neutrons and gamma rays are produced. Unless they are prevented from’
doing so by a shield these radiations would escape from the pile and their
intensity would be so terrific that they would kill in a very short time any
living being who were to approach an unshielded operating unit, It is there-
fore an essential necessity to shield. the pile with such materials as to pre-
vent the escagpe of lethal radiations. - In principle the problem is not at all
difficult to solve, It is sufficient, for example, to surround the pile with
a concrete wall of several feet thickness in ordéx to eliminate completely any
danger. On the other hand there is no way to eliminate the radiations without
the use of a very heavy shield. Indeed in many designs of blles that have
been discussed the shield represents by far the greatest part of the weight of
the installation. The necessity of surrounding the pile with a ‘heavy shield
will prevent several uses of atomic power. It does not appear possible. for
instance to design an atomic power unit light enough to be used in a car or in
a plane of ordinary size. Perhaps a large locomotive may be the smallest
mobile wmit in. which an atomic power plant conceivably could be installed

We may summarize this discussion by stating that there is definitely a
technical possibility that atomic power may gradually develop into one of the
principal sources of useful power. If this expectation will prove correct
great advantages can be expected to come from the fact that the weight oft the
fuel is slmost negligible. This feature may be particularly valueble for mak-
ing power available to regions of difficult access and far from deposits of
coal. It also may prove a great asset in mobile power units for example in a
power plant for ship propulsion. .On the disadvantage side we have some tech-
nical limitations to the applicability of atomic power of which perhaps the &
most serious is the impossibility of constructing light power units; . also &
there will be some peculiar difficulties in operating atomic plants, as for <
exsmple the necessity of handling highly radioactive substances which will .. -
necesgsitate, at least for some considerable period, the use of specially o~
skilled personnel for the operation. But the chief obstacle in the way of f
developing atomic power, will be *the difficulty of organizing a large scale o
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‘1ndustrldl development in an 1nternationally safé way. This presents actual. . .

ly- prdblems mch more difficult to solve than any of the technical develop-
ments that are necessary. It will require an unusual amount of statesmanship

4o balance: properly the necessity of allaying the international suspicion that -

arises from withholding technical secrets, against the obvious danger of dump-
ing the details of the procedures for an extremely dangerous new method of war-
fare on a worla that may not yet be prepared to renounce war. Furthermore, t@g
proper balance should be foged’in the relatively short time that will elapse
before the. "secrets" will naturally become open knowledge by a*‘ed,wcovex";y on
part of the scientists and engineers of other countries.

" One. might be led %0 questlon whether the sc1entists acted wisely in
presenting the statesmen of the workd with this appalling new problem. Actual-
1y there was no choice. ‘Once basic knowiedge is acquired any attempt at pre-
venting its fruition would be asi fitdle as hoplng to stop the earth from re-
volving aroﬁnﬁ’the'sun'by degreean “

OTEER APPLICATIONS OF ATOMIC POWEB

Power'production is not: the. only peaceful use of atomic chain reactlons
that is in sight. There are other possibilities which may perhaps not compete
with the'power~productlon in direct economic importance, but perhaps may prove
 to be ultimatély the most fruitful field of development. An operating pile is
a source: of radioactive materials many orders of magnitude stronger than any
source previously obtainable. TRadiocactive materials are produced partly as a
direct consequernce” of the flsslon process since the fragments into which the

uranium atoms split are radioactive isotopes of elements located in the middle
part of the‘perlodic system. These radiocactive elements can be puulfied

chemically. Other radicactive substances can be produced ag follows. In a going

. pile neutrons are emitted cantlnuously in: very great numbers. Any substance
that is 1nserted in the pile is exposed. to an intenslve bombardment by these
»neutronso"When a neutrou strlkes the nucleus of a substance, several reactlo§5
‘may take place which, in. many cases, give:rise to the formation of radioactive
isotoPes° Most elements can be obtained in this way in a radilocactive form.
The lifetimes of thigse elements range from a fraction of a second to thousands
of years. Among the more significant artificial radlo-elements one should ,
mertion Carbon lh with a lifetime of about three thousand years. Radioactive
substances can be used for a varisty of purposes. The radiations emitted by
them ave equfvalen+ to the radiations smitted by radium and could be used for
medical‘purpéaes on a mich greater scale than has been possible with radium.
Also from the point of view of radlotherapy, the hope has been expressed that
it might be possible to take adyantage of the fact that the artificial radio-

active substences form a variety of chemical elements and one might use the
chemica"prcpertles in order-to achieve a concentration of the active material
in the tissue that is to be exposed to the radiations. ’

Very great hopes havefbeen_ralsed by the possibility of using.large
amounts of radicactive materials as tracers. Particularly attractive in this
respect appears -the posaibility to use Carbon. 14 as a tracer for carbon in
organical chemfical and bio-chemical work. The use of Carbon 14 in biclogy is
expected to offer means to follow.easily the reactions of carbon in the com-
plicated chemical processes of life and it is hoped that the availability of
Carbon 1l will be adequate to allow research in this dirsction to proceed on
a very large scale. S o nr

, A PR R
‘ It.would not be very surprising if the stimulue that these new tech-
néques will give to science were to have an outcome more spectacular than an
economic and convenient energy scurce or the fearful destructlveness of the
atomic bomk.
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