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The Fermi-Szilard nuclear reactor

Chadwick discovered the neutron in Rutherford’'sofakory in 1932.
Nuclear force and nuclear energy surpass chemiabg million times.
These are not manifested in everyday life becausteinudue to their
positive electric charge, repel each other. Newstrahough, are such
nuclear particles, which sense the intensive nudtaae but at the same
time they are electrically neutral. Consequenthye discovery of the
neutron opened up new prospects in physics and démy.

The significance of the discovery of the neutron wesognized by
Enrico Fermi, the professor of the University of RonHe realized
neutron-activation within three years: with theghef neutron irradiation
the nuclei of otherwise stable elements could bdemadioactive. This
led to the practical utilization of radioactive dirag, invented by George
de Hevesy. Fermi invited Edward Teller also to lisoratory in Rome.
His students observed that slow neutrons are nikedy [captured by
nuclei. Fermi also noticed that if uranium is iiedd with neutrons, a
series of radioactivity could be observed. He arpld this phenomenon
by assuming that transuranic nuclei, heavier theamium had been
formed. In 1938 Enrico Fermi was awarded with theb&oPrize in
physics for working out neutron-activation and matiaing the favorable
reaction rate of slow neutrons. After receiving tN®bel Prize in
Stockholm, he did not return to Italy, because ¢bantry was drifting
towards fascism that time, but sailed to the UnS¢ates together with his
wife. In New York he became a professor at the Brsity of Columbia.

Otto Hahn intended to clarify the chemical naturehe transuranic
elements produced by neutron capture, and he alswed to find their
place in the Periodic Table. Germans are preciseist® When one of
the radioactive ’"transuranic” elements was examinéd behaved
chemically very similarly to barium. This is why Haladded barium to
the sample, then precipitated barium and radiutnaeg alike, by using
sulfuric acid, and separated the two elements whin help of finer
chemistry. Then came the surprise: the new neutrduneed radioactivity
remained with the barium! It was Lisa Meitner whoplaned that
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uranium-nucleus which absorbs the neutron, did bemtome a heavier
transuranic element, but split into two, and onehaf fragments is the
radioactive isotope of barium. Since the bindingrgg per particle at the
middle of the Periodic Table is deeper, fission e&vy nuclei liberates
energy.

Atomic fission was discovered in December 1938.INEBohr, the
Nobel laureate researcher of the atom and the msittaveled to America
in 1939. He gave lectures in several cities omige scientific sensation:
nuclear fission. He was talking about this samgesibn Washington on
26 January 1939 at a conference on theoreticalighysganized by
Gamow and Teller. His lecture turned the time scleedypside down.
After his talk, Bohr, Fermi, and Gamow spent hoatshe blackboard
with chalk in their hands, discussing how fissiakets place. They also
repeated the experiment in the neighbouring laboyafor the first time
in the U.S. The event is immortalized on a pladgliee Danish Bohr
developed the theory of fission together with threekican Wheeler. Their
study was published in Physical Review on 1 SepgemB39. This was
the day when the Second World War broke out.

Let us follow another thread of the same story nugrparallel. At
that time Leo Szilard was living as an emigrant andlon. In the morning
11 September 1934 he was reading that day’s The Timias hotel room
which reported Lord Rutherford’s (the discoverenatleus) lecture given
the previous day. Rutherford described that herhadaged to transform
nuclei successfully with the help of radioactivertigées. During the
process occasionally energy was released. The saahesamservative
Lord finished his lecture with a warning: “Occasitpaat the
transformation of the nucleus energy is releasecibyone thinking about
the practical use of it is talking moonshine.” &mil, however, was a
daring mind who was stimulated to thinking the matn&hen an
authority declared that something was impossible h@@ way to work, at
the corner of Holborn and Southampton Streets bppstd at the red
traffic light and started pondering about Ruthadferstatement. When the
light turned green, the idea was ready: if the waptof one neutron
triggers off nuclear reaction, and from this pardiéc reaction two neutrons
are released, then two neutrons induce two funtbactions, which will
produce four neutrons and so forth. This chaintrea®f neutrons makes
the release of practical nuclear power possible$ fHends doubted that
the discovery happened exactly this way, as it wakely known that
Szilard was never stopped by red traffic lights.)

Szilard rushed to Lord Rutherford with his idea thé Lord cast the
lunatic out right away. Szilard was trying to came others to provide
him with financial support: he was eager to finé #lement that makes
two neutrons out of one. Chemists, like Chaim Weiam the first future



president of Israel, and Eugene P. Wigner, futuobel laureate, knew
about chemical chain-reactions (like fire) and to@&kilard's idea
seriously. Nevertheless, they were unable to spahsoexperiments. So
Szilard obtained a patent for the idea of neuttoaircreaction under the
number 440023 and upon his request it was cladsd#e secret by the
British Admiralty. Meanwhile, history was takingrtu Seeing Hitler's
ambitions, Szilard had a presentiment of the upngniuropean war and
emigrated to America in 1938. There he manageaise renough money
to start his search for # 2n reaction. He investigated several elements
but in vain. He did not measure uranium since Feteamed that uranium
by capturing neutrons transforms into transuranitmihe end on the 21
December 1938 Szilard withdrew his patent for thetron chain-reaction

in London. On 2% January 1939, however, he heard Bohr's lecture in
Princeton on the fission of uranium nucleus caumledeutrons and started
to think. Uranium consists of 61% neutrons. Yet mhiedle-sized nuclei
originating from fission consist only of 54% neutso So it may easily
occur that during fission some neutrons drop oud fturried to his
friends, Eugene P. Wigner and Edward Teller whomgdghe realities of
the idea. Thus Szilard sent a telegram to the Pd&fice in London
telling that his patent withdrawal should be dismeled.

On 3% March 1939 on the seventh floor of the Pupin Latuoyaat
the University of Columbia, the Hungarian Leo Sdléand the Canadian
Walter Zinn made an interesting observation. They bmmaed uranium
with slow neutrons and it emitted fast neutrons séhe@nergy could
originate merely from fission. The same evening &divTeller was
relaxing and playing Mozart on the piano when Heme rang. It was
Szilard’'s voice: “I've found the neutrons.” He sgoldungarian for
security reasons. Fermi decided to carry out thpeement himself in the
basement of the Pupin Laboratory at the UniversitCalumbia, but he
could not detect emitted neutrons because he astchéutrons to initiate
fission. Szilard lent him his neutron-moderatinggftin and the following
day Fermi and Anderson, with completely differemuipment, also
demonstrated that under the influence of slow wastrthe uranium
nucleus splits into two, and several fast neutrares produced at each
fission. On 18 March 1939 Fermi, Anderson and Hanstein, furtheemo
Szilard and Zinn sent their article to the PhysiRaliew, reporting the
neutron-multiplying effect of nuclear fission. Thdgresaw that their
discovery had military significance, so they redadsthe journal to
register the date of the arrival of their papers, ot to print either of the
two.

Meanwhile, Frederic Joliot-Curie carried out simiexperiments in
France and received the same results. Szilard wareaof this, and tried
to persuade Joliot-Curie out of the publication Without success. So at
last, the Fermi study and the paper of Szilard werdglished in the 1%



April issue of the Physical Review, while the pap#r Joliot-Curie
appeared in the Nature on"22\pril 1939. The news was reacted on by
England, Germany and the Soviet Union too, init@gtresearch on their
utilization (atomic bomb). What was happening dgrims time in the
United States?

In order to realize neutron chain reaction, sc#gathad to slow down
fast neutrons originating from fission as only sloeutrons evoke fission
with high efficiency. After investigating plenty afandidates (hydrogen,
helium, water), graphite seemed to be the most gingrmoderator. Its
density is high and it does not absorb neutrons.

Fermi calculated whether chain-reaction could takace in a
homogenous mixture of uranium and graphite. The ansvas ‘no’, since
neutrons with medium energy were absorbed in thevyhasotope of
uranium before being able to cause fission in tlgatlone. Szilard,
though, calculated with uranium balls embedded rapkite blocks. If
fission neutrons get out of uranium balls beforashing into uranium
nuclei, (which means absorption), they could slawnd in the graphite
and thus slow neutrons split nuclei when arrivirechb into uranium.
Szilard managed to persuade Fermi too, that thesigement was likely to
work.

Fermi turned to the American Admiralty to gain ficgal support to
perform neutron chain-reaction due to its militanportance. This strange
suggestion made by a citizen of the fascist Italgswefused. The
historically more experienced Szilard chose a mpeesonal” procedure.
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Eugene P. Wigner knew Einstein well from Princetoa. &ilard,
together with Wigner, saw the already world-famsecigntist about asking
his personal intervention at the Queen of Belgioot,to supply uranium,
mined in Congo, to the German army. After the \@sitlard deemed it to
be better to turn directly to the President. Headexl a letter addressed to
President Roosevelt, took it to Einstein on tH& Rugust 1939 with
Edward Teller. Einstein read and signed it (Fig. 190 LSzilard asked
Alexander Sachs, Roosevelt's financial advisor, d@iver the letter
personally.

This happened on th&®ctober. That time the war had already been
going on, Hitler and Stalin invaded and divided &al, so Roosevelt
understood the military importance of the neutrbaic reaction (atomic
bomb). A committee was entrusted with the arrangesn@hose members
included Fermi, Szilard, Wigner and Teller, too. tBa first meeting they
granted six thousand dollar support so that Ferdi Szilard could start
the experiments, studying how uranium and graphébaves towards
neutron. The results were promising. Neverthelegs®e Uranium
Committee was reorganized in June 1940 for secudgsons. Fermi,
Szilard and Teller were left out, being “untrustugrt citizens of enemy
countries at war western powers. American expepgaced them. One
and a half years passed by and practically nothagpened. No wonder,
there was peace in America.

On 7" December 1941 the American Pacific Fleet was le¢th@nd
mostly destroyed by Japanese aeroplanes in Peabdowta The U.S.
found itself at war. A decision was made within od&y about the
speeding up of the uranium programme and transferii from the
Atlantic coast to Chicago. On #8une 1942 the uranium programme was
put under military control. The construction of tirst nuclear pile took
place under the stand of a stadium, in secrecy. dihector of the
programme was Compton (a Nobel laureate Americadizen). The
assembly of the reactor was conducted by FermiglaeNlaureate Italian
citizen), and the construction itself was led bylMazZinn (a Canadian).
The nuclear reactor was piled up by placing uranama graphite blocks
on a neutron source. Fermi measured how the nurobeamneutrons
changed. His results were used by Eugene P. W{gndungarian Nobel
laureate) to calculate how high the reactor hadbdp to make a self-
sustaining neutron chain reaction. Edward TelleH(angarian citizen)
was entrusted with radiation protection control. L8nilard, living in
Chicago that time, (also a Hungarian citizen) degpm from time to time
during lunch break and shared his ideas concemimeg should be done
in an other way (and often he was right!). He datlwish to dirt his hands
by carrying graphite blocks - unlike Fermi and Zikte considered it to
be “the assistants’ task”. This is how he desemeddescription: “Leo



Szilard is such an experimental physicist who haly dwead, but no
hands”.

Fermi tried out 25 various uranium-graphite arrangets and from
the observations Wigner calculated which the masbiable variation
was. A 2x2x4 meter pile was built up in the roondenthe stand of a
Sport Stadium by"™ December 1942. Let us listen to Eugene P. Wigner's
account of that day:

“l was standing in the lounge under the Stagy Fistddium and was
watching Fermi. This Wednesday morning at aroundO 8ngarly 50
people gathered in the 10x20 meter hall. There wdsige pile in the
middle, constructed from black graphite blocks ammbden rods. Its base
was square and the pile was tapering upwards. khetre was uranium-
blocks laid. Fermi installed control rods over thide to absorb neutrons.
In case of emergency a “suicide squad” was to ddsiited solution of
cadmic-salt from buckets into the pile (it wouldsal neutrons) to stop
the chain-reaction. They were standing on the tbthe reactor. Serious
work started at around 9:45. By 11:30 a self-sustagnchain reaction
was almost established but the control rod droppeside the reactor
prevented it. Fermi sent all of us to have lunch.

We arrived back at 2. At one end of the balcony, Feras standing
together with his two main assistants: Zinn and Asade. He was holding
a slide-rule in his hand. Compton, the directortbé nuclear energy
programme, was staying next to them. We, the d¢nr people gathered
at the other end of the balcony, including my eidnd, Leo Szilard. At
3:30 in the afternoon Fermi ordered to raise themagdn-covered control
rod by 25 centimeter, and the number of neutrons imareasing. The
neutron counter was going “pit-a-pat”. We were appching the self-
sustaining neutron chain-reaction more and moreeWthe control rod
was completely pulled out, the counter was tickasjer than ever and so
we knew that the nuclear chain reaction has beafized!

We freed the energy of the nucleus and kept it ruodetrol. The
people were smiling and some clapping could be la¢ésod but mostly we
were concentrating for almost 30 minutes. The se@menot theatrical at
all. Fermi kept the operation of the pile at a logwél, so we were not
threatened to be harmed. Still, the reactor wasditag in front of us,
functioning!

Some time before 4 o’clock Fermi ordered to endrédastion. The
control rod was let back into the pile and the chesaction stopped. We
had all been expecting the experiment to work ardidi. After all, when
horses are put to a carriage and they are slashidy set off and the
carriage is expected to follow them. Fermi consedcthe cart, he
whipped the horses and the cart really did go. Hes wot the only one



being able to build the nuclear reactor, but cemtgihe was the only one
who could realize it so quickly.

Foreseeing this moment, | had bought a bottle oafth(Italian red
wine) in Princeton 10 months earlier and broughtoitChicago. | bought
it so soon because | had supposed that the wardyangvent the import
of Italian wine. It would have been more diffiddtforesee the breakdown
of the Chianti import than the successful functigniof the nuclear
reactor. But | had already lived through a world mand experienced the
disappearance of luxury items from markets. | kieptChianti behind my
back. At that moment | pulled it out of the browrpgrabag, stepped
forward and handed it to Fermi. He thanked, pulled e cork and sent
someone to get paper cups. The cups arrived anthsted the Chianti.
What a fantastic delight can good red wine cause!

We clinked cups, calmly celebrating our success warghed that
nuclear power would make people’s lives happier d@ndse harmful
prejudices would diminish. Fermi signed the Chidaliel, then it went
round in the room and we all signed it. No recordswmade of this
historical event. Only the list of names on theelamade it possible to
reconstruct later who had been present at the stérthe first atomic
pile.”

This is where we know that 38 Americans were thais® an Italian
(Fermi), a Canadian (Zinn) and two Hungarians (8ziénd Wigner). It is
worth mentioning that Enrico Fermi was still an idal citizen and Leo
Szilard was still a Hungarian citizen that time. Yhabtained American
citizenship only in 1944 and 1943. (Wigner alreadgeived it in 1937.)
During the events recounted above, Compton rushéiaet telephone and
called Washington to deliver the codified message:

“THE ITALIAN STEERSMAN ANCHORED IN THE NEW WORLD.
THE NATIVES GREETED HIM IN A FRIENDLY WAY™.

The creation of the nuclear reactor was an Italiangdrian-
American success story. The end of the story isvknior everybody from
history books.

Epilogue The American patent, no. 2708656, of the neuteattor
was given to Enrico Fermi and Leo Szilard"Iay 1955 on the basis of
the application submitted on 1®December 1944 (Fig.2). By that time
Fermi had already passed away (in 1954). The Amerstate bought the
patent from Szilard for a symbolical $1. (SzilateMf into a rage saying
that either the real value of the reactor and thekvinvested should have
been be paid or nothing at all.)



United States Patent Office

2,708,656
Patented May 17, 1958

1 1
ls comverted by neutron capture to the isotope 9259,
2,708,656 ‘The latter fn convertad by bets decay to 93 and this

NEUTRONIC REACTOR
Earico Ferml, Santn Fe, M. M mnd Leo Silerd, Chi-
mfli..m?e mmdmdm
&3 represcaied by the Unbied States Atomde Energy
Commission

Application December 19, 1944, Serlal No. 568,904
B Clabme, {CL 204—193)

The presect invention refates to the general subjoct
of nuelear fiesion nnd paricularly o the establishment of
self-sustaining meuwlroa chain fssion reactions In sys-
temit embodying wrsnism having s natural isolopic con-
1zat,

Experiments by Hahn and Strassman, the results of
which were publithed m January [939. Dalurwissen-
schaften, vol. 27, page 11, led to the copelusion that
puclear bombardmeal of natural uraaium by slow peu-
trons causes explesion or fission of the puclews, which
aplits Ioto particles of smaller charge and mas with
energy being released in the process. Later it was found
thal peutrons were emitted during the process and that
ihe Besion was principally coafined o the uranfum iso-
fope UEH prescat &8 bap pant of the matural uranium,

Whea it txcame known that the isolope U in natural
wranium could be split or Gssionsd by bombardment with
thermal peutrops, i. ., peutrons at o ooar thermml equi-
librium with the surraunding mediem, many predictions
were made as 1o the pasibility of eblainiag a self-susiain-
ing chaln feacting system operating at high neutron dessi-
ties, Im such & system, the fssion peuteons produced give
riss 0 new fission nsutrons in suficisotly large oumbers
to overcome (e neutoa losses o the system.  Since the
result of the fistion of the wranivm oucless i the produc-
tion of o lighter elements with grest kinele energy,
plus spproximately 2 fast mevtrons on the average for
eack fisicn along with beta and gamms radiaticn, 3
Iarge amouat of power could be made available i a self-
wustaining system oould be budlt,

In order to atain such a self-susiaining chuin resction
in n system of prectical size, the ratio of the number of
peutrons produced in one geseration by the feinas, to
the original number of neutrons imitiating the fissicns,
must be known o be greater than unity after all neutron
lasses are deducted, and this mtio is, of coure, dependent
upon the valoes of the pertinen! constants,

In the co-pending applicabon of Enrico Fermi, Serinl
Mo. $34,129, filed May 4, 1944, and entitled "Muclear
Chain Keacting Systems,” thers b described and claimed
& means and methed of determining the neutron repro-
duction ratio for soy type of umnium.containing struc-
ture, directly &1 & result of a simple measurement which
can be performed with precision.  Accurste values for
all of the pertinent nuclear constants nosd not be known,

We heve discovered certain csscntial prindples re-
quired for the suecessful construction and operation of
self-austaining neutron chain reacting systema (kEpown as
meutronic reactor:) with the producton of power in
the forem of heat. Thess principles bave been eonfirmed
with the aid of measurements made in sccordanes with
the means and method set forth in the abeve-identified
npplication, and peutronic reactors have been constructed
ond operated at various power culputs, in sccordance
with these prisciples, as will be more fully brought eut
bereinalter.

Ie & self-sustaining chain reaction of onturel wraniun
with slow neutroms, sy presently usdersiood, reactioas
oczur lavelving the isotopes U™ and U™, Thus, §2
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9338 in turn is converted by beta decay 1o 9479, Otber
otopes of 93 aod 94 may be formed In small quantitle.
By dow or thermal neutroa capture, 932%™, on the other
band, can vodergo nuclear Bssion to release epergy ap-
pearing as heat mod prmma and beta radistion, together
with the formation of fimsion fragmests appearing us
radioactive isopes of elemeaty of Jower mass numbers,
and with the release of sccoodary neutrons,

The scchadury peutrons thus produced by the fasicning
of the 927 quclel have & high average coergy, and must
be slowed down to thermal epergics in order 1o be in
condition o cause slow peuiron Hssion in other 9283
nuclei. This dlowing down, or moderation of the negtroo
energy, is accomplished by paasing the Aeutrons theough
a material where the newirons are slowed by colllsion
Such a material is known as s moderuior,  While same o
ke secondary peutrons are sbsorbed by the vranium
is0tape 1™ leading Lo the production of element $4,
and by other matenials wuch aa the moderatsr, enough
meulrons can remain 4o sustain the chala resction, when
proper conditions are maidtiined,

Under these proper ecaditions, the chain reaction will
supply not only the pcutroms peceasary for maintaining
the peustronic reaction, bot also will supply the peutrons
for capeare by the isotope 9259 leading to the production
of %4, aad excess nsutrecy for use B3 desired,

A3 94 is 8 rannuranle element, |t can be separated from
the uneonverted urnnlum by chemical methods, and & it
i Aasbonable by slow meudrons In & minncr mmilar to the
isotope %23, it iy valusble, for exsmple, for enriching
natural urasium for use in other chain rescting rysteme
of smaller overnll size. The fission fragments are als
valuabile ms sourees of radioactivity,

The ratio of the fast peutroas produced in one geners
ton by the Gmicns 1o the original number of fast oeu
irona in 1 theareticnl syxiem of (nfinite size where there car
be no external boss of neutrons is called the reproductia
of multiplicacion factar or constant of the system, and I
denoted by the symbal K. For wny finite system, some
neutrgny will edcape from the periphery of the sysiem
Consequently a system of ficlie sre may be said to have
a K consiant, cvea though the value thereof would only
cxist i the system a3 bulll were cxtended to indnity
without change of of materials. Thus when
K is referred to hereln as o constant of o system of pract-
eal size, it slways refers to what would exist in the same
type of system of infinite sze. If K can be made wuffi-
cicatly greater than unity (o indicsic & pet gain in pes
trons [n the theoretical system of inflnite size, nnd then
nn actual symem e bodit to be ndficiently large so that
this gain Is pot eatirely Eost by leakage from the exterios
surface of the system, then & slf-umtaining chain react-
ing system of flnilc and practical size can be built 1o
produce power and related by-products by noclear fis-
sbon of patural uranivm. The ncutron reproduction ratio
in & system of fnite s thesefore differs from K by
the external keakags factor, and by & factor due o the
neutron absorptioa by locallsed seutron absorber, and
the reproduction retlo mist still be sufficieatly greatee
than unfty to permit the neutron density 4o rise exponen.
tially with time in the system e budis,

Frogressive empirical enlargearent of moy propossd
system for which the factor K s nol seoursicly koown,
in no atlempt to atala the overall size of & srocture of
finitc size sbove which the mie of loss of peutrons by
diffusion through the periphery of the sruciure i leas
than the rate of productios of seitrons in the system,
kzady oaly to an expensive gamble with oo asswance of
sugaess, The fact that K iy greater than unity snd the
fact that the critical sze @ within practical limity mun

Fig. 2 Patent of the Neutronic Reactor to E. Fermi an&zilard

After Fermi’'s death, the Ministry of Energy of theSJ founded the
FERMI PRIZE. Eight persons were awarded between 18851863: an
Italian (posthumous prize for Enrico Fermi), thrAenericans (Ernest
Lawrence, Robert Oppenheimer, Glenn Seaborg), a &e(hlans Bethe)
and three Hungarians (John von Neumann, Leo Szaédd Edward
Teller).

By President Eisenhower's proposal the UNO estaddislithe
ATOMS FOR PEACE prize whose reward surpassed thdhefNobel
Prize. Niels Bohr was awarded first in 1957 for fuecessful creation of
the atomic model and that of the nucleus. In 198 gecond prize was
given to George de Hevesy for the discovery ofaadkive tracer. Szilard
and Wigner received it in 1959 for the constructamd the design of the
nuclear pile, and in 1960 Alan Weinberg and Waltem were awarded



for its construction. An American, a Dane, a Caaadiand three
Hungarians bask in the glory. As if continuing ttugled telegram sent on

2"4 December 1942, Manson Benedict said when handieg the prizes
in 1959 and 1960:

“THE SHIP WAS STEERED BY THE ITALIAN STEERSMAN,
WAS CONSTRUCTED BY A CANADIAN SHIPWRIGHT
USING A SCARCE AND VALUABLE MATERIAL
FOUND BY A HUNGARIAN EXPLORER”.

Fig. 3 Hand drawing of the Chicago pile
From left to right: L. Szilard, A. Compton, E. FerigiP. Wigner



