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Abstract : 
In January 1934, the observation and the chemical identifica

tion of radiophosphorus as a reaction product in the bombardment of 
Aluminium by alpha particles have been the first step of a new scienti
fic branch : Nuclear Chemistry. We describe here how this discovery in 
itself contains the frame of all the development which has followed. It 
consisted in four, stages, each of them being a crucial starting point. 
The first one is the possibility for a total balance of the nuclear 
reaction in the exit channels, so that reaction mechanisms can be stu
died. The second, the most important perhaps, is the opening of nuclear 
synthesis. Nuclear chemistican now interfere into nuclear matter aid 
instead of staying as observers of the radioactive decays of natural 
isotopes, they were able to built up a numerous chart of various nuclear 
species, going step by step further and further away from the nuclear 
stability conditions. The third aspect of the discovery was the appea
rance of a new mode of radioactive decay with the production of the 
first particle an antimater. 50 years later, the instability due to a 
much larger excess of protons is known to induce the proton emission ra
dioactivity for new species like 1" 9I or 115cs, in the vicinity of pro
ton unstability. Finally, the last point, so fertile for the future, was 



the observation of a neutron in the exit channel, so that neutron fluxes 

could result from alpha induced nuclear reactions and became such a 

strong tool for the production of transuranium elements and for nuclear 

fission. 

In the present survey, the wide interest of the second point, 

i.e. the nuclear synthesis, is emphasized, as well as the huge change 

in the technical methods. 

1. THE DISCOVERY 

The birth of Nuclear Physics and Nuclear Chemistry may be loca

ted during the period 1930-1934, when the first main steps are given in 

the knowledge of the nucleus. At that time, the technical tool essential 

to the progress in the field of nuclear studies consisted in the avai-

bility of large amounts of purified polonium and radium. They were the 

only possibility for bombarding nuclear targets by high fluxes of alpha 

particles and observing what effects could be induced. Four laboratories 

were supplied with such sources, due to a huge chemical work along seve

ral years, in Berlin, Vienna, Cambridge and Paris. 

Bothe and Becker in their Berlin laboratory submitting Beryl

lium to an intense source of alpha particles observed the subsequent 

emission of a strangeand mysterious radiation which was penetrating ma

terials with a greater facility than the most energetic gamma rays. This 

was during the years 1930-32 and the interest for this new radiation 

stimulated experiments in other places, and particularly at the Institut 

du Radium in Paris, where Madame Curie had prepared the most intense 

source of Polonium. Using this efficient tool, Irène and Frédéric Joliot-

Curie could show that the radiation observed in Berlin was able to pro

ject protons out of a paraffin block. One month later, Chadwick, in the 

Cavendish Laboratory at Cambridge, made the same observation, studied 

the collisions responsible for the proton projection and made the state

ment that the radiation consisted in fast neutral particles. Following 

an hypothesis made already in 1923 by Ernest Rutherford, he announced 
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the discovery of neutrons ejected after the nuclear reactions induced 
by Helium projectiles. Let us quote here what Frédéric Joliot has 
written on this purpose : 
"The word neutron was suggested in 1923 in order to name an hypothetic" 
neutral particle which would be one of the component of the nucleus. 
Such an hypothesis had escaped the notice of most of the physicists, 
including ourself. Nevertheless, it was prowling about the Cavendish 
Laboratory where Chadwick was working and it is a good and justified 
thing that the final touch of the discovery of neutron was given in 
this laboratory". 

In 1933 the famous Solvay Council was hold in Brussels and the 
main debate was on the nuclear reactions producing neutrons. F. and I. 
Joliot reported on new experiments in which they observed, during the 
bombardment of light targets, not only neutrons but also gamma rays 
and electrons. Furthermore they explained that, observing the electrons 
in a Wilson chamber, a number of tracks were bended in a magnetic field 
like positively charged electrons. The positon was discovered by 
C o . Anderson only one year before. At the Solvay meeting, they proposed 
a simultaneous emission of neutrons and positons. 

27A1 + *He * 30Sl- + 1„ + e + 13 2 14 0 

Nobody thought that the transmutation could produce something else 
than a stable isotope. However, the suggestion was criticized and 
F. Perrin postulated the idea that perhaps both particles were not 
emitted simultaneously. Then started 3 month of very intense work in 
the Institut du Radium at the end of which, in January 1934, Artificial 
Radioactivity was discovered. 

The first part of the discovery came with the demonstration 
that, indeed, positive electrons were emitted in a subsequent stage. 
In order to determine the threshold of the reaction, I. and F. Joliot 
built a gas cell (containing CO2) which could degrade the kinetic ener
gy of alpha particles by increasing the gas pressure. With the purpose 
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of controling the experimental device, they first decreased the pres

sure and began to count emitted electrons when the alpha particles 

were energetic enough. Then, they wanted to observe the vanishing of 

the reaction by increasing the pressure in the dégrader. Whereas the 

neutron emission was inmediatly stopped, the detection of positons by a 

Geiger-MUl! er counter kept on. The counting rate was decreasing but 

could be observed during 15 minutes, even when the alpha particle bom

bardment totally stopped. After the first observation, F. Joiiot was 

woried and wondered whether the counter was not giving pulses without 

any particle, like this occurs sometime. He asked Wolfgang Getitner, 

who was at that time a yoi'ng german research student working in Paris, 

to repeat the experiment and to verify the detecting system in the 

handling of which he was quite expert. And W. Gentner, who became later 

a great friend of the Joiiot family;before, during and after the second 

war, was associated to the discovery of Artificial Radioactivity in his 

first research work in Paris. 

A life time of 3.15 min could be measured for the decay of 

positon emission in the case of Aluminium bombardment and 14 min for 

Boron. Then Frédéric and Irène Joliot-Curie suggested that the transmu

tation which was induced in Aluminium or in Boron stable nuclei could 

lead to new unstable isotopes which were decaying by 6 + disintegration. 

They proposed : 

2 7A1 + 4 H P •>• 30p * 1 n 1 3A1 + 2He * 1 5 P • fln 

followed by the beta decay of phosphorous into Silicium 30. 

Then began the story of Nuclear Chemistry. The real proof of 

the creation of the radioactive isotopes was the chemical separation of 

Aluminium and phosphorus. After an intense polonium bombardment (100 

mcuries), the Joliot-Curie dissolved the aluminium foil and the 6 + ra

dioactivity was found in the gaseous phase which contained hydrogen gas 

and hydrogen phosphide. That was the complete demonstration of the 

identification for all the nuclear reaction products : neutron and 

radioactive phosphorus. 
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Then, very shortly other nuclear reactions were observed which 
yielded so called artifical radioactive isotopes like 1 3 N , 2 7Si ... Two 
years later^ 200 new radioactive nuclides were synthetised in Paris 
(I. Curie and P. Savitch), Berlin (0. Hahn and L. Meitner), Manchester 
(G. Hevesy), Berkeley (E. Lawrence) and particularly in Roma (E. Fermi 
and E. Segré). 

2. ARTIFICAL RADIOACTIVITY IS AT THE ORIGIN OF NUCLEAR SCIENCES. 

Today, I should like to describe briefly how this discovery 
contains in its beautiful simplicity the frame of a huge development of 
new branch of fundamental research, under the name of Nuclear Chemistry. 
It is perhaps worthwhile to notice three crucial aspects, each of them 
being the starting point of a considerable development for the built up 
of nuclear physics and nuclear chemistry. 

i) The first one is the possibility for a total balance of the 
nuclear reaction in the exit channels, so that reaction mechanisms can 
be studied. When Rutherford observes a proton ejected from an oxygen 
nucleus bombarded by *He, the experiment could not be translated into a 
reaction equation, since .: the residual nucleus was unknown. In more 
and more complex reactions which have been induced by a wider and wider 
range of projectiles during fifty years, the identification of the radio- , 
active isotopes resulting from the collisions has been essential and this 
is so obvious that we shall not insist on this aspect. 

ii) The second result of the discovery was the appearance of a 
new mode of radioactive decay producing for the first time a particle of 
antimater. Whereas isotopes with a neutron excess relative to the stabi
lity could be observed on earth as daughters from the long life uranium 
and thorium elements, the use of various projectiles is necessary in 
order to produce neutron deficient isotopes. Because 3* decay and S" 
decay follow the same rules, the weak interaction could be understood in 
a very balanced scheme. Actually, fifty years after the observation that 
a proton excess in a nucleus was usely followed by B + and neutrino emis
sion in order to decrease Z and to keep A constant, direct spontaneous 



proton decay was discovered on light isotopes having a small proton 
binding energy, like one of the most recent, '9§I. 

DO 
iii) But I should like now to spent some more time here on 

the third and main aspect : the synthesis of new radioactive isotopes 
for more or less all the elements and, of course, the synthesis of 
new elements totally unknown in nature. It is out of my scope here to 
talk about the many applications of artificial radioisotopes in chemis
try, biology, médecine and technological problems. However, before to 
come to the interest of the production of new nuclides for the descrip
tion of the nucleus itself, I just want to mention the very beautiful 
experiment made by Hershey and Chase in 1952, using ratioactive 3 2 P and 
35s isotopes as tracers. Bacteriophage virus were known to consist 
essentially in a single molecule of Desoxynucleic Acid inserted in a 
protéine envelop. The DNA phosphoric acid was labelled with 32p and the 
amino acids of the protéine was labelled with ^ s , when bacteria were 
attacked by the virus, only 35p w a s found inside the bacteria, showing 
that the molecular content which was built up inside the bacteria by 
the bacteriophage was induced actively only by the DNA and not by the 
protéine shell. 

3. NUCLEAR CHEMISTRY : THE SYNTHESIS OF NEW NUCLEAR SPECIES. 

But, what I am interested to show here what blossom of infor
mations have been brought for the knowledge of the nucleus by the pos
sibility of accumulation of an extensive store of various nuclear spe
cies, going from 286 stable isotopes to more than 1000 nuclides in 1940 
and nearly 2000 in 1984. During these fifty years, nuclear chemistry, 
the heiress of the discovery of 1934, has created the various objects 
which were necessary for a systematic research of the changing charac
teristics of the nuclei. The variety of projectiles for induced nuclear 
reactions has been extended. Cyclotron and electrostatic accelerators 
have allowed higher energies and at the present time any type of ion 
from proton to uranium can be used at high velocities against all sort 
of targets. The weak fluxes of neutrons produced by the reaction (a,n) 
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in a beryllium-polomum mixture have been replaced by the high flux 
nuclear reactors, so that not only neutron rich isotopes of known ele
ments, but new transuranium elements, from neptunium to element 109 
have been synthetised. With such a large set of tools, a great variety 
of reaction mechanisms have been explored and nuclei have been found 
further and further away from the narrow stability peninsula (fig. 2). 

I remember that, a few weeks before her death, Madame Joliot 
was convinced that alpha decay could be found in the rare earth region. 
She was searching low energy alpha rays in rare earth ores and therefore, 
she would not be so much surprised to learn that, amongst the 23 isotopes 
of the element erbium, the hightest are indeed alpha emitters. But, in 
order to make them, it was necessary to study complex reactions which 
were induced by a particles and heavy ions accelerated at more than 10(1 
MeV. So what ? Why should we add new nuclides to the already long list ? 
Is this quest actually useful, thus when it needs heavy resources ? 
A first answer is that one needs many different objects in the collec
tion of nuclei in order to describe what is really nuclear matter in 
various aspects. A lot of data have been accumulated on masses (and 
therefore binding energies) on decay-schemes, on excited levels, on 
shapes which show that there is not one nuclear species but many various 
aspects depending on the number of nucléons, on the ratio proton to 
neutron, etc... And because of this large store of objects which was 
built up by nuclear chemists as a consequence of the discovery of arti
ficial radioactivity, the systematic study permitted to elaborate the 
famous "shell model" of the nuclei. One can really say that only a few 
things would have been learned on the nuclear structure with only the 
few stable and natural radioactive isotopes, although the clue for the 
structure studies has been found in 1930 by S. Rosenblum when he disco
vered the alpha decay fine structure and the existence of observable 
energy levels in several isotopes of thorium, radium and lead. And now 
we know that amongst the 20 isotopes of a particular rare earth, some 
have spherical shapes and others are strongly deformed, in prolate and 
oblate shapes, we know that in the huge collection of 2000 nuclides, 
some are hard and brittle and some are soft and easily deformable. So 
that, when rotations are induced to these different nuclei, the defor-



mations and the shape oscillations are different, as they have inspired 

Bohr and Mottelson for their collective model. 

The availability of heavy ion beams since nearly 20 years has 

increased the field of production of more and more exotic species, far 

away from the stability line, and I like to mention again here how Mme 

Joliot forewarned this rise when she first proposed the construction of 

a heavy ion AVF cyclotron in 19E5, so that in 1966 it was achieved at 

Orsay. After the addition of a linear injector in 1970, "ALICE" produ

ced several tenth of new very unstable nuclei. Therefore, it is now in 

the vicinity of these heavy ion machines, in Orsay, Darmstadt (GSI), 

Grenoble (SARA), Berkeley, Dubna, Geneva (CERN), Caen (GANIL) and other 

places that nuclear chemists have taken the pionners turns in the dis

covery of new radioactive species. 

4. THE LIMIT BEYOND WHICH NUCLEI DO NOT EXIST. 

In this progrès*, one goes further and further away and every 

year those nuclear charts that we hang on our laboratory walls are exten

ded so that the red (8 +), blue (8"), yellow (a) and green (fission) color 

spots widen out more and mora. And we approach the limits beyond which 

nucléons are not bound sr.ymore, like this can be seen in the chart pre

sented in figure 3 for light nuclei. Very often, in science, it is the 
knowledge of the limits which is the most crucial for understiinding the 

origin itself of the existence of systems. The purpose is now to testify 

the basic laws which rule the nuclear cohesion either in the proton-

neutron ratio, or in the balance between surface and coulomb energies 

for the heaviest nuclei. And for example in the vicinity of the drip-line 

where proton binding energy approaches zero, the proton decay has been 

discovered. The very recent identification of '"'i and 108-|-e corresponds 

to that limit found some 45 years after the first radioactive Iodine, 1311. 

And, of course, before P. Armsbruster's talk, I like to mention elements 

107, 108 and 109, the short life time of which is an important data for 

the description of nuclear binding in very heavy systems. Like the geolo

gists who have learned a lot when they could explore the crucial regions 
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in the earth which are on the shore of tectonic plates, we are now 
reaching the edge of the domain in which nuclei do exist, and we are 
in a better position to observe the deep reasons why jiurlear matter is 
organized into well defined nuclei. 

5. THE EXPERIMENTAL ASPECTS OF NUCLEAR CHEMISTRY FROM THE EARLY TIME TO 
1980. 

Finally, I should like also to say a few words about the deve
lopment of experimental methods along these 50 years. In principal four 
technical aspects were already present in the 1933-34 experiment, i.e., 
the bombarding probe, the detection of the emitted radiations, the iden
tification of the reaction products and the attempt to reconstitute the 
reaction. It is amazing to compan the Joliot's experiment as sketched 
in their Nobel Conference as a marvel of simplicity, and the sort of 
equipment that one may encounters at the present days (figJ tit) 

i) We have already said that since the 5 MeV alpha particles 
emitted from a polonium or a radium source, accelerators have been de
veloped so that hundreds MeV beams are available for all kind of projec
tiles over all the periodic system. And, of course the work depends so 
much on the reliability and on the flexibility of those machines working 
24 hours a day. Also, any kind of target, including isotopically enriched 
materials or radioactive element are being put in the beam. 

ii) Nobody is using any more Geiger counters or cloud chambers 
for the detection. Not only particles and y radiations are counted, but 
their energies are measured very accuratly. In addition, fast coincidences 
can be settled. Moreover, the combinaison of energy loss and energy mea
surements in telescopic detectors allows the Z identification. Also, times 
of flight are taken so that the velocity is known and the simultaneous 
information on V and E gives the mass. For a time, this was obtained in 
order to separate the three isotopes of hydrogen, He and ^He. But the 
progress has been so great that Z separations are obtained now even for 
Z as large as 40 and mass separation is achieved in the best cases for 
A values greater than 100 (fig. 5). 
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Fig 6.Equipment for fast chromatographic separations at Berkeley. 
Physics to day April 1972 
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iii) Chemical separation was the only method for the Z identi
fication of the products and for years, the radioachemists exerted their 
skill in sophisticated separations, particularly when there are several 
possible reaction products in the fission and spallation reactions. But 
the separation had to be faster and faster when the life times of the 
producted nuclides become short. One of the most spectacular device was 
built up by Nitschke in Berkeley, using small chromatographic ion 
exchange columns for isolating transuranium elements (fig. 6). Since the 
sixties, nuclear chemists had to abandon chemistry and to be trained in 
electronics and detector technics. The progress of identification by 
arrays of detecting systems, as described shortly in the preceeding para
graphs, allowed to obtain immediately, event by event, what are the Z 
and A values of a product, as far as it is reaching the detector area 
with sufficient kinetic energy. 

Also helium jet transport devices have been developed, as 
shown in figure 4, where the nuclei recoiling from the target are trans
ported far away from the beam line and collected on foils so their ra
dioactive decay can be studied there. Another more sophisticated tech
nique is the on-line magnetic separator. The target, bombarded by the 
beam is inside the ion source of a mass spectrometer or of an isotope 
separator. There is indeed some important chemical process occuring at 
the level of the source, but then the various masses are observed on 
the collector after magnetic separation (fig.V ). 

Finally, the most recent aspect of this search for new nucleides 
is the built up of secundary radioactive beams, as this is done at GANIL. 
In the "LISE" project, the intense fast primary heavy ion beams produce 
in a thick target radioactive ejectiles which are travelling nearly 
with the same velocity as the primary ions. But they can be separated 
from the main beam by magnetic deflection and they are transported apart 
on a target. For example 1 1 C or 1 6 C from 1 2 C or 3 8 S and 3 9C1 from 4 0 A r 
have been already used at energies around 40 MeV.A. 

iv) When phosphorus was identificed as the product of the reac
tion, in which a neutron was emitted, the equation could be entirely 
written down 

-16-



27,, .4 _30 p + 1 13"' + 2 H e "15 P * O n 

Fig.7 

However, still unknown was the energetic yield since no kinetic energy 
was measured for the neutron,, but. .• the reaction was quite simple. 
This is now scarcely the case with energetic projectiles and there may 
be several products resulting from the-reaetion. A spectacular example 
can be seen in figured , where tracks in a photographic emulsion indi
cate some kind of explosion. Therefore it is necessa-y to record in the 
detecting array a large number of data at once, and to treat the kine
matics. Then it may be possible to reconstitue what was precisely the 
reaction process, with the help of on-line computers. 

Such is, at the present time, the picture of nuclear chemistry, 
fifty years after its beginning. 

6. CONCLUSION. 

The idea which I would like to stress as a concluding remark 
is that the discovery of Artificial Radioactivity; and more generally 
the period 1932-34, were at a turning point of the history of nuclear 
sciences. The period of time from 1898 to the beginning of the thirties 
was mainly devoted to the observation of nature. In their "poor" labo
ratories, working in rather individual mood, Becquerel, Pierre and Harie 
Curie, Soddy, Rutherford, Debierne and a few others were observing care-
fu1y the natural radioactivity decays, and it is only Rutherford who 
tried to induce some effects by using those emitted particles for bombar
ding stable nuclei. Nevertheless, due to the genius of a reduce number 
of scientists a first description was given for the atom and the nucleus 
was defined in its scale and its components. 

A more active game began with the induction of nuclear reactions. 
The systematic use of probes and the observation of the perturbations 
which were induced opened the field of two new sciences:nuclear physics 
and nuclear chemistry. From 1934 to 1984, nuclear reactions produced new 
nuclides in the same manner as chemistry makes new molecules. Meanwhile 
their study revealed the structural and the energetic aspects of nuclear 
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matter, and also dramatic consequences like the huge amount of energy 
released in nuclear fission. Following the pionners of the thirties, 
thousands of scientists have worked, organized in various teams, in an 
industrial environment of big laboratories with accelerators and tech
nicians, and also a large number of constraints as well as of facilities ! 
This work has profited to our knowledge in that sense that we can study 
in detail some 2000 species, that models have been elaborated describing 
many aspects of the nucléons in the potential well. Sometime the compu
ters have replaced the genius of the talented veterans. 

However, in 1984, we still don't know what does really create 
the cohesion in a nucleus. And perhaps, the explanation can be found in 
studying this limit that we can approach now where the existence of nu
clei disappears. In other words, instead of making 3"p, we would like to 
see if one can still produce 2 6 P on one side and 4 4 P on the other side, 
and the same thing for many others. Also after the wonderful story of 
the discovery of the first transuranium elements in the fourtieth, we 
would like to knwo where is laying the real end of the chart of the 
elements around Z = 110, and why this is so,- because limited questions 
may lead to more and more general answers, whereas general questions 
usely receive only limited answers. 
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