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The word "radioactiv e" appearedfor the rst time in Pierre and Marie
Curie's paper announcing the discovery of Polonium. Starting with the
memory of this seminal event and the discovery of Radium, we focus on a
few of the tremendoussuccesseachieved in the 30's, namely the successie
discoveriesof the neutron and the positive electron, followed by the discov-
eries of arti cial radioactivity and later of ssion. Experimentalists were
confronted with many problems astheir interest shifted from radioactivity
to "arti cial disintegration" and cosmicrays experiments. The rst discov-
ered * radioactive isotopes, 3°P and N, and the rst “ssion produced
nuclei appear as early steps towards the quest for more and more exotic
nuclei.

PACS numbers: 01.65.+¢g, 25.85.-w,23.40.-s

1. Intro duction

The word "radioactiv e" appearedfor the rst time in Pierre and Marie
Curie's paper announcing the discovery of Polonium in July 1898. Two
yearsbefore, Henri Becquerelhad discoveredthe socalled "uranic rays" [1].
He wanted to ched a possibleemissionof X rays by a phosphorescen salt.
The crystal usedin his experiments was a double sulfate of Uranium and
Potassium and the result, quite unexpected, pointed to the spontaneous
and corntinuous emission of a weak radiation by Uranium. The radiation
was detected using a photographic plate. Further experiments comparing
Uranium and Uranium salt radiations were performed with a crude elec-
troscope. Becquerelthen shifted to a supposedly more interesting subject.
In fact, the interest of most sciertists in the new rays had faded. Notable
exceptionswere Pierre and Marie Curie and Ernest Rutherford.
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2. The discovery of Polonium

The young Maria Skiddowska had left her native Poland to follow bril-
liant university studiesin Paris. Shehad married Pierre Curie in July 1895,
deciding to remain and live in France. Pierre Curie was an already well
known physicist, for his works on piezoelectricity, magnetism and symme-
try laws. He was a professorat the Sdool for Physics and Chemistry in
Paris. By the end of 1897,Marie Curie undertook there her experimerts on
Becquerel'srays, a subject which seemedsuitable for a thesis.

A quarntitativ e method was neededto go farther than Becquerel'sre-
sults. The experimental device set up by Pierre Curie is schematized in
Fig. 1. A powder to be studied is spread on the lower plate of a crude
ionization chamber. The charged collected on the upper plate are com-
pensatedby opposite chargesobtained by applying progressiwely a weight
to the piezcelectric quartz. The compensation is cortinuously controlled
by the electrometer. The absolute value of the ionization current could be
calculated knowing the weight applied and the time during which the com-
pensation could be maintained. The setting of the equipmert was painful
and humidity was a seriousproblem in an uncomfortable laboratory.

Fig. 1. Sdceme of Pierre and Marie Curie's experimental set up (From
Marie Curie's thesis). A - B - lonization chamber plates, E - Electrometer,
Q - Piezoelectric Quartz.

2.1. Maria SKA&dowska-Curie Tst note

Marie Curie focused rst on the study of Uranium metal and Uranium
compounds. The apparatus played an important role in her successfulex-
periments. Her carefor the ray penetration in matter wasno lessimportant.
Nothing was known on the question. After somemeasuremets performed
asfunction of the samplethickness,sheusedto spreadher samplesin similar
thin layers. Her measuremets unambiguously con rmed that the emission
of uranic rays was an atomic property, quite independent of the chemical
or physical state. She could then concerirate on further experiments in
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order to answer a question of paramount importance: was the spontaneous
emissionof radiation by Uranium a more generalphenomenon?

Her systematic seard for Becquerel'srays in elemerts, salts, oxides and
even minerals was mainly negative, with two major exceptions: she found
that Thorium emitted a spontaneous and more energetic radiation than
Uranium, not being aware of G.C. Schmidt obsenations [2]. Pitchblende
and other uranium minerals exhibited a very strangebehavior: they emitted
more radiation than expected from their Uranium content. Careful chedks
con rmed the astonishing result. An arti cial chalcolite prepared with or-
dinary chemical products exhibited on the cortrary no radiation excess.

Her note to the French Acadenmy of Sciencesn April 1898[3] put forward
a possibleexplanation: "...the minerals may contain an elemert much more
active than Uranium”. Pierre Curie had already contributed to the researt
progresses.He decidedto give up his own researtieson crystal growth and
to join Marie on the seart for the unknown elemen.

2.2. Polonium

The succescamefrom the tight combination of chemistry methods with
activity measuremets. The Curies had no idea about the concerration nor
about the chemical properties of the elemert they weresearding for. Wecan
estimate today, that there weresome301! g of Radium and 9 ng of Polonium
in the 100 g sample of Pitchblende they were studying. They started with
classicalanalytical chemistry seardies. They quickly convinced themseles
that the concernration of the unknown elemert was so small in the sample
that only radiation measuremeits wereableto "trace” it amongthe di®erert
separatesresulting of chemical processes. This was the foundation of a
new method of chemical analysis, the beginning of Radiochemistry. They
are shown in Fig. 2 with their electrometric set-up. Marie is handling the
weight that exertsa slowly increasingtraction on the Quartz. The handling
required considerableskill.

It is not the purposehereto describe the di®erert separation stepslead-
ing to the discovery of Polonium. As clear from the note book, both Marie
and Pierre performed chemical separationsand activity measuremets, de-
veloping seeral attempts in parallel or combining their e®ortson a same
delicate operation. At the end, they obtained a substance400 times more
active than Uranium by applying the sublimation method studied mostly
by Pierre Curie to the sul de separatesconcerrated by Marie at a result of
di®eren chemical steps. The Curie announcedthe discovery of Polonium in
July 1898[4]. "W e believe that the substancewe recoveredfrom pitchblende
contains an heretofore unknown metal, similar to Bismuth in its analytical
properties. If the existenceof this new elemer is con rmed, we propose
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that it be named Polonium in honor of the native land of one of us".

Fig. 2. Pierre and Marie Curie with their electrometric set-up (Curie and
Joliot-Curie archives).

The choice of the name Polonium had clearly a provocative signi cance
as Poland was parceledout at that time.

No spectral line could be attributed to the new elemen, which concen-
tration in the samplewastoo small. The existenceof an invisible elemert
which could be identi ed solely on the basis of its radiation emissionwas
claimed for the ‘rst time. Polonium remainedthus for seweral yearsa much
debatedsubject. Radioactivity wasthought at the beginning a spontaneous
phenomenonconstart in time. Doubts emergedabout the nature of Polo-
nium when Marie obsened that the activity of her samplesdecreased:was
Polonium only a kind of "active bismuth"? Later the discovery of a ra-
dioelement with chemical properties of Tellurium was claimed. Marie Curie
proved its identity with Polonium. Polonium could only be produced in
macroscopicamourt in the forties.

The situation was quite di®ereri for the secondelemert Radium discov-
ered by the Curie six months after Polonium with the collaboration of the
chemist G. B§mort [5]. It was possibleto concerirate Radium by fractional
crystallization of Barium chloride. The Radium chloride concerration in
Barium chloride salts, in spite of being tiny, was large enoughto allow the
obsenation of until then unknown spectral lines the intensity of which fol-
lowed the sampleactivity. Most physicists recognizedthis asa robust proof
for the new elemen. Marie Curie gave the chemical proof for the existence
of Radium by the measuremen of its atomic weight. Starting with tons
of pitchblende residues,she successfullyprepared the necessaryamourt of
pure Radium chloride.

Radium played by far a more important role than Polonium. Its sepa-
ration in signi cant amount openedthe way to its medical and industrial
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application, in addition to its usein laboratories. Polonium sourceshowever
becameespecially popular in the thirties, astheir monoenergeticalpha rays
were best suited for the study of transmutation processes.

3. Radioactivit y and nuclear physics in the thirties

3.1. The Solvay Council of Physics

The Solvay Council of Physicsheld in October 1933in Brusselsis most
represenativ e of the years thirties. The Council gathered an impressive
number of presert and future Nobel Prize winners, as shovn on the picture
in Fig. 3. The old generation was preser, Rutherford and Marie Curie,
as well as the intermediate one, Niels Bohr, Lise Meitner or James Chad-
wick. Youngerphysicists, such asPauli, Heiserberg or Oppenheimer,Fermi,
Lawrenceor the Joliot Curie amongothers had already published important
results.

Fig. 3. Participants to the Solvay Council of Physicsin October 1933(Curie
and Joliot-Curie archives).

The status of theory was very di®erert from the present one. Most
physicists believed following Rutherford opinion that the role of theory was
to explain experimental facts, not to predict unknown ones. Quantum me-
chanics applied to nuclear physics was still in its infancy. Experimert re-
mained the main driving forcein the thirties on the way from radioactivity
to nuclear physics.

The nucleus had beendiscovered in 1911, nuclear transmutations also
called arti cial disintegrations in 1919, the Compton e®ectin 1923. The
families of natural radioisotopeswere nearly completely known. In spite of
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thesessuccessesnany problems remained open by the end of the twerties.
Acceleratorswere still at the stage of exploration. Detection methods were
generally not selective enough for studying the few particles produced by
arti cial disintegrations among what physicists happenedto call a "soup
of radiation"”, radiation of primary particles and secondaryonesresulting
of atomic processes.Among the open problems, the nucleus composition,
the contin uous nature of beta spectra, de nitely recognizedbut a subject of
hard controversies,the anomalousabsorption of high energy gamma rays,
not accourt for by the Compton e®ect.

A conferenceheld in Romein 1931 gathered nuclear physicists and cos-
mic rays physicists. It seemsretrospectively as giving the signal of the dis-
coveriesto comewith the marvelousyear 1932: the discovery of Deuterium,
of the neutron and of the positive electron. The discussionsopposedBohr
and Pauli about a possiblenon consenation of energyin beta decay, Mil-
likan against Bothe and Rossiabout the nature of cosmicrays, gammarays
or particles [6]. Physicists were puzzledby the highly penetrating radiation
recertly discoveredin nuclear reactions and they wonderedit could also be
found in cosmicrays.

3.2. The disoovery of the neutron

In August 1930W. Bothe and H. Bedker in Berlin reported that Polo-
nium ® particles produced a weak emissionof penetrating rays on seweral
light elemerts, in particular Beryllium and Boron [7]. The Radium Insti-
tute with the Joliot Curie, and the Cambridge Laboratory, especially with
Webster, becameinterested in the subject.

Webster started experiments using a high pressureionization chamber
in order to increasethe sensitivity to penetrating rays. Webster indeed
improved the results obtained in Berlin, but did not nd any signi cant
new feature of the radiation. The Joliot Curie's approact was completely
di®eren. It allowed them to discover that the Bothe and Bedker radiation
projected out high speedprotons from hydrogenoussubstances.

3.3. A property of the Bothe and Becker radiation

The Joliot-Curie preparedespecially powerful Polonium sourcesfor their
experiments, with activities as high as 200 millicuries. The set up usedis
sthematized in Fig. 4. The ® particles emitted by the Polonium source
at the upper part of the device bombarded a foil of Lithium, Beryllium
or Boron, placed immediately below. Screensof di®eren thicknessesand
compositions could be placed in front of the ionization chamber connected
to avery sensitive electrometer. The ionization chamber operated at normal
pressureand it was closedby a thin aluminum window. The idea behind
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this latter choice was that a possible secondaryradiation, with unknown
absorption properties, would thus not be missed. It was rewarding.

Fig. 4. Set-up of Curie and Joliot's experiment (From I. Curie and F. Joliot,
J. Phys. Rad. bf 4 (1933) 21).

The Joliot Curie started to study the absorption properties of the radi-
ation producedin Beryllium, using di®erert materials for the absorber foil.
It was a big surprise to obsene the signi cant increaseof the ionization
current with a screenmade of paratn. The samebehavior was found with
all other substancescontaining signi cant amount of Hydrogen. Absorption
measuremets of the secondaryradiation identi ed it beyond any doubts as
protons of several MeV. The results on Beryllium and Boron were rapidly
published, in mid January 1932][8]. In their note, the authors suggesteda
kind of Compton e®ecton protons, without bothering about the very high
energy of the supposedpenetrating rays that the hypothesisimplied, which
contradicted the absorption measuremets and moreover the consenation
of energyin the reaction.

It is said that Rutherford, reading the Paris note, exclaimed "l don't
believe that". Chadwick chedked and con rmed the results. A much at-
tractiv e hypothesisto explain them was already roaming in the Cavendish
Laboratory since Rutherford's Bakarian lecture, 10 years before: the exis-
tence of a neutral particle, a tightly bound combination of a proton and an
electron.
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3.4. Chadwick's decisive experiments

The set up of Chadwick's decisive experimerts is schematizedin Fig. 5.
The Polonium sourceand the Beryllium or Boron plates were enclosedin
a vacuum chamber. The produced radiation traveled to the paratn foil,
clearly identi ed as a corverter. The ejected protons could be measured
individually , as the ionization chamber was connectedto an ampli er and
the induced pulseswere recorded by an oscillograph. This was a decisive
improvemert comparedwith the integral measuremets of the Joliot.

Fig. 5. Set-up of Chadwick's experiment (From J. Chadwick, Proc. Roy.
Sac 136 (1932) 692).

The proton absorption was carefully studied for two orientations of the
sourcevessel.Chadwick alsoperformed experiments with cornverters of light
elemernts placed very near the chamber. Recoil nuclei were obsened. All
results, in the di®ereri kinematics, pointed to the same conclusion: the
Bothe and Bedker radiation is a neutral particle with approximately the
proton mass. The discovery of the neutron was published by J. Chadwick
in a short note in Nature [9]. In spite of all the evidencesin favor of the
neutron enumerated in the paper, the conclusionof Chadwick's short note is
the following: "It is to be expectedthat many of the e®ectsof a neutron in
passingthrough matter should resenble those of a quantum of high energy
and it is not easyto reach the nal decisionbetweenthe two hypotheses.
Up to the presen, all the evidenceis in favor of the neutron, while the
guantum hypothesis can only be upheld if the consenation of energy and
momertum be relinquished at somepoint”.

In fact, both neutrons and gamma rays were produced in Joliot Curie
and Chadwick's experiments, neutrons being responsible of the obsened
proton or nucleusrecoils. But electrons also reached the ionization cham-
bers. The discovery of the pair e®ectand of arti cial radioactivity will
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settle the unresolved questionsin the next two years. In the meantime the
positive electron had beendiscoveredin cosmicrays.

3.5. Discovery of the positive electron

Already beforethe Rome conference Andersonand Millik an had started
building alarge cloud chamber, equipped with coils producing an axial mag-
netic eld. The chamber was a vertical one, a choice suitable for studying
radiation coming from out spaceto the earth. Anderson decidedto dispose
a lead plate horizontally inside the chamber.

He started a systematicinvestigation and scon recordeda strange cosmic
ray track such asthe oneshaown in Fig. 6. The track thicknessresenbled that
of an electron, the responsible particle could not be a proton. Nevertheless,
taking into accourt the direction of the track curvature and its change at
the crossingof the lead plate, the particle wasa positive one. Andersonwas
not aware of Dirac's prediction. One understands he was especially careful
about a possibleexperimental mistake beforepublishing his result in August
1932[10]. The existenceof positrons was soon con rmed and not only in
cosmic rays. Seweral physicists, especially the Joliot Curie remenbered
of strange electron tra jectories, attributed to Compton electrons bouncing
badk from cloud chamber walls, which was the casefor only part of them.

Fig. 6. Positive electron track in Anderson cloud chamber (From C.D. An-
derson,Phys. Rev. 43 (1933) 491).

New experiments demonstratedthat positrons could alsobe producedby
high energygammarays. The pair creation e®ectansweredthe old question
of gamma ray anomalousabsorption. Positron annihilation was obsened,
con rming Dirac's prediction.
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3.6. The discovery of arti cial radioactivity

During the years 1932-1933,the study of neutron producing reactions
remained a main subject of interest, in addition to positrons. It is the
intertwining of experimernts bearing on the two subjects, which led the Joliot
Curie to the discovery of arti cial radioactivity.

They concerirated on the study of reactionsinduced by Polonium alpha
rays on Boron and especially Aluminum. Experiments on Aluminum led
them to the obsenation of neutrons, a quite surprising result as no rea-
sonable reaction processseemedable to explain the fact. An even more
surprising result wasthe obsenation of swift positive electrons,as shown in
the cloud chamber photography shown in Fig. 7. The simplest assumption
wasto attribute it to pair creation by gammarays, but the number and en-
ergiesof positive electrons were found signi cantly too large, as compared
with those of negative electrons. The proton track shown in Fig. 7 was on
the contrary easily explained by the (®,p) reaction on Al. The Joliot-Curie
dared to assumethat, in certain casesa neutron wasemitted together with
a positive electron, instead of a proton thus leading to the same3°S;i resid-
ual nucleus. They presened their results at the Solvay Council in October
1933. The supposed existence of "transmutation positrons" was strongly
criticized. The experimental results were considerednot soreliable, asLise
Meitner stated that shehad not obsened neutrons with an Aluminum tar-
get. As related by the Joliot-Curie later, Bohr and Pauli encouragedthem
privately with a commert like: "We don't understand, but there is some-
thing important behind".

Fig. 7. Proton and positive electron producedin Aluminum (from 1. Curie
and F. Joliot, Act. Scien. et Ind. 182 (1934) Hermann, editor).

Coming badk to Paris, the team started comparing carefully the neutron
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and the positron reaction thresholds. The experimental method is schema-
tized in Fig. 8. The positrons were detected with a Geiger courter, and the
neutrons were measuredwith an ionization chamber with paratn covered
walls. The energy of the ® particles impinging the Aluminum window used
as a target was adjusted by changing the pressurein the vessel. Neutron
and Positron thresholds were found the same. One more experiment with
the Geiger courter, gave the clue. Starting a measuremeh immediately af-
ter increasingthe pressurebelow the threshold, the "background" courting
rate was found much higher than previously obtained and decreasingwith
time.

Fig. 8. Set-up for the determination of positron emissionthresholds.

The decisive experiment was incredibly simple, except for the delicate
counter operation. An Aluminum foil irradiated for 10 minutes, was taken
near the counter away from the source. The exponertially deca/ing count-
ing rate shoved that a radioactive isotope had beenundoubtedly produced.
All obsenations could be easily explained assumingthe processoccurred in
two steps. The reaction of alpha particles on aluminum had nothing spe-
cial, exceptthat it produceda radioactive residual nucleus3°P, instead of a
known stable nucleus. A similar conclusionwas reached with a Boron tar-
get, leading to the residual nucleus 13N. Before the experimental evidence,
nobody had thought that stable nuclei were not the only onespossible.

The discovery of arti cial radioactivit y wasat the sametime a discovery
of a newtype of radioactivity, by emissionof a positive electron. The paper
on the new type of radioactivity was published on January 15th, 1934[11].
Nearly at the sametime, Enrico Fermi published his theory of beta ra-
dioactivity in an ltalian review. A shorter version of that paper had been
rejected by the well-known journal Nature. Positron radioactivity was soon
included in the Fermi's theory. Two weeksafter their rst paper, the Joliot
Curie published the chemical proofs of the transformation of Aluminum in
Phosphorusand of Boron in Nitrogen [12]. The rapid chemical separations
were achieved in 10 cm high glassdevicesblown by Joliot himself, such as
the one schematizedin Fig. 9.
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Fig. 9. Chemical separation of °P.

Arti cial radioactivity was easyto con rm. One of the rsts to do so
was Lawrence at Berkeley with the deuteron beam of his recertly built
cyclotron. The nuclear chart was rapidly enriched with dozen of radioiso-
topes. Fermi immediately understood the great advantage of neutrons for
their production in heavy elemerts.

3.7. The discovery of “ssion

Fermi and his group undertook a systematic seart of new radioisotopes
via (n, ) reactions using more and more heavy targets. Quite naturally,
they expected that the irradiation of an Uranium target would produce
Uranium isotopesdecaying via -radioactivity to isotopes of a transuranic
elemen of atomic number 93. The conceptseemedto work, even too well.
Fermi discoverednot onebut "v e newactivities [13]. Chemicalidenti cation
of the supposedtransuranic elemert washowever quite dizcult. The subject
shifted to the Berlin group in the following years. O. Hahn, L. Meitner and
F. Strassmanhad the best expertise in radiochemistry in addition to nuclear
physics.

The part of interest of the periodic table, as known in the thirties is
shown in Fig. 10. Under those conditions, possibletransuranic elemerts of
atomic number 93, 94, and 95 were expectedto exhibit chemical properties
similar to Rhenium, Platinum and Osmium, and soon. This wasa mislead-
ing deduction. In modern tables, Actinium and the following elemeris, the
actinides, occupy only one place, just asall rare earth elemens are located
at the Lanthanium place.

Otto Hahn, Lise Meitner and F. Strassman discovered a number of
new activities characterized by their half lives, in addition to those of
Fermi. They attempted to organize them, taking into account the sup-
posedchemical similarities [14]. The di®erern activities were attributed to
four transuranic elemerts, chains of isotopes and groups of isomerslinked
by their —-deca, as shown in Fig. 10.
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Fig. 10. Periodic table in the thirties and transuranic elemens.

Irene Curie in Paris entered the competition in 1937, with her collab-
orator Paul Savich. They adopted a new approacd to the problem, using
absorbers to selectthe most energetic beta emitters. This allowed larger
irradiation times, and as a consequencethe discovery of a new beta ac-
tivit y with the relatively large half life of 3.5 hours. All e®ortswere then
concerirated on the chemical identi cation of the elemen responsible for
that radioactivity, assumingas in Berlin that it could only be an elemer
nearby Uranium. The detailed story is too long. Chemical separation pro-
cedureswere systematically tested, and di®eren assumptionswererejected.
A controversy started with Hahn, irritated by this radioactivity which did
not t the Berlin interpretation. For him Irene Curie was a physicist, not a
chemist, shewasworking with the methods used40yearsagoby her mother.
The main conclusionof I. Curie and P. Savitch paper in October 1938[15]
led them very near the discovery of ssion: "the properties of R 3.5 hours
are those of Lanthanium from which it seemsit can only be separatedby
fractionation”. It turned to be correct. It wasunderstood later that traces
of radiothorium with similar chemical properties were preser together with
the Lanthanium “ssion product.

The details of the Paris paper corvinced F. Strassman(L. Meitner had
successfullyescaped from Germary in July) that they must be taken se-
riously. Otto Hahn nally decidedto undertake new experiments. The
3.5 hours activity was con rmed and attributed at rst to Actinium iso-
topes produced via beta decay of Radium isomers. The next step was to
focus on the identi cation of activities they had previously attributed to
such Radium isomers. Fractional crystallizations, similar to Marie Curie's
method forcedthem to attribute their products not to Radium, asexpected,
but to Baryum. O. Hahn and F. Strassmansubmitted their famous paper
by the end of Decenber 1938[16] with the following statemert: "W e must
name Barium, Lanthanium and Cerium, what we called previously Radium,
Actinium and Thorium. This is a dixcult decision, which contradicts all
previous nuclear physics experiments”.
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The rst arti cial radioisotopesandthe rst ssion producedradioactive
nuclei openedthe way to the study of nuclear matter away from the stability
line. They are the ancestorsof our modern exotic nuclei.
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