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ABSTRACT
One hundred years ago, Pierre and Marie Curie reawakened the topic of uranic

rays and discovered two radioelements, polonium in July 1898 and radium in December.
The circumstances of these events which announced the beginning of radiochemistry are
reviewed at the light of the laboratory notebooks and the publications of the authors.
The role of radium in the early history of radioactivity and nuclear sciences is
emphasized.

1. Introduction
In 1891 Maria Sklodowska (1867-1934) moved to Paris from her native Poland

to undertake scientific studies. In 1895 she married Pierre Curie (1859-1906), a
physicist renowned for his work on magnetism and his theory on symmetry in physical
phenomena. After concluding her studies at the Paris University, Marie Curie was
thinking of a subject for a thesis. X-rays were still a current topic, but had lost the
charm of novelty. On the other hand, the uranic rays discovered in 1896 by Henri
Becquerel raised a puzzling problem. The uranium salts appeared to maintain an
undiminished ability to blacken a photographic plate over months. The law of energy
conservation was solidly established since 50 years. What was the origin of this
inexhaustible energy which apparently violated the Carnot principle, the first principle
of thermodynamics, which states that energy can be transformed, but can never been
created nor destroyed ?

Pierre Curie had a presentiment that the phenomenon discovered by Becquerel
was extraordinary and helped Marie in the decision. Marie Curie confirmed later we feh
the investigation of the phenomenon very attractive, so much the more the topic was
quite new and required no bibliographical research.

The couple settled in a small room in the Parisian School for Physics and
Chemistry. Pierre Curie was involved in a work on crystal growth and had opened a
laboratory notebook. The writing of Marie Curie appears in the diary on December 16,
1897. This day is the beginning of her research on uranic rays first alone, later joined by
Pierre, a prelude to two Nobel prizes.

Two sources of information are available in order to reconstitute the progress of
the work during the memorable year 1898: three laboratory notebooks and three
publications in the Comptes Rendus, the weekly report of the French Academy of

Science .
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2. The strategy
At the end of 1897 all knowledge on uranic rays was contained in nine short

Becquerel publications in the Comptes Rendus, mostly during the first semester of
1896. After an initial excitement, the interest of scientists in the new rays faded rapidly
and the topic was moribund when Marie Curie entered the scenery.

How undertake the subject chosen for Marie's thesis? A new topic required a
new strategy with its own tool and methodology. The blackening of the photographic
plate was useful to detect uranic rays but provided no information on the intensity of
the emission. But the rays also rendered air conducting for electricity. This property
was much more amenable to quantitative determination of the action of rays. However,
a convenient measurement of very small intensities had still to be imagined. At this
point the genius of Pierre Curie was decisive. He invented a device based on
piezoelectricity which he had discovered in 1880 (Fig. I). For the first time, the
emission of uranic rays could be quantified on the basis of the ionization current
produced under controlled conditions.

Fig. 1. The charges produced in the ionization chamber AB by the active substance laid on the plate
B are compensated by opposite charges calculated from the weight P applied to the piezoelectric
quartz Q and the time of application. The compensation is controlled with the electrometer E.

On the 12 of February the equipment was ready and Marie Curie now had an
invaluable tool for routine measurements and knew how to prepare the samples for
reproducible measurements. The systematic search for elements which may impart
electric conductivity to air was a logical procedure since there was no reason that the
spontaneous emission of rays should be limited to uranium. Within a few weeks Marie
Curie tested a large number of samples at hand or borrowed from various collections.
The activity of metallic uranium prepared by Henri Moissan was used as a reference
for comparing the relative strength of active substances.

The most important result was obtained a few days later. A sample of
pitchblende, a black mineral from Joachimsthal in Bohemia with a high content of
uranium oxide, was four times more active than metallic uranium. This was quite
unexpected since no uranium containing substance ought to be more active than the
metal which has the highest concentration of uranium atoms. It was not commented in
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the notebook, but numerous tests of the equipment which followed immediately show
that Marie Curie was extremely preoccupied by the result. The same peculiar property
was observed for other uranium minerals such as chalcolite, a copper uranyl phosphate,
which was twice as active than uranium.

It had been found earlier by Becquerel and confirmed by Marie Curie that the
emission of rays was a specific property of uranium atoms, independent of the
chemical combination of the element. Accordingly the excess of activity of the minerals
had an unequivocal origin which Marie Curie stated in following terms: This fact is quite
remarkable and suggest that these minerals may contain an element much more active
than uranium itself. Initial evidence in favor of this hypothesis appears in the next
sentence since Marie Curie knew how to prepare artificial chalcolite: / have prepared
chalcolite with pure products; this artificial chalcolite is not more active than other
uranium salts. Marie Curie then concluded that the unknown element exists only in the
uraniferous minerals which are more active than uranium.

She discovered at the same time than Gerhardt Schmidt that thorium and its
compounds were active, reported a feeble activity for potassium salts and probably
was the first to record without knowing it the natural radioactivity of potassium.

The results acquired in two months and published in Marie Curie's first paper on
2)

April 12 are impressive . Tens of chemicals and natural compounds with activities
down to a hundredth of that of uranium were measured. Numerous experiments on the
absorption of the rays led to a further important observation: the rays from uranium
minerals were less absorbed than those of uranium compounds, and this confirmed the
hypothesis that the minerals may contain an active substance different from uranium.

The search of this element was now a matter of highest priority. Pierre Curie
fascinated by Marie Curie's findings abandoned his own research projects and joined
his wife in the adventure.

Research on uranic rays now turned from physics to chemistry. The obstacles
were immense: separate and identify a substance whose chemical properties were
completely unknown. The Curies who were not much familiar with chemistry were
helped by Gustave B&nont, an analytical chemist at the Parisian School for Physics
and Chemistry. The team introduced a new methodology which marks the beginnings of

radiochemistry . Marie Curie explained: The method we have used is a new one for
chemical research based on radioactivity. It consists in separations performed with the
ordinary procedures of analytical chemistry and in the measurement of the radioactivity
of all compounds separated. In this way the chemical behavior of the radioactive
element can be recognized and the element can be characterized by its intensity and
the absorption of its rays. The fractions in which it concentrates become increasingly
radioactive.

Marie Curie added radioactivity acts like a specific analytical reagent with a
high sensitivity but she could not imagine that the limit of sensitivity was a few atoms.

3. The discovery of polonium

The second publication, this time signed Pierre and Marie Curie appeared on July

18 . The title On a new substance, radio-active, contained in pitchblende, is eloquent
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for two reasons. It announces that the search for the element much more active than
uranium was successful and it is also the first appearance of the word radioactive (with
the hyphen).

The first chemical treatment began on April 14, whereby 100 g of Joachimsthal
pitchblende was ground and attacked by an acid. (Fig. 2). The residue was fused with
an alkali salt and the treatment of the acidic solution with hydrogen sulfide was a
significant step since the insoluble sulfides and the remaining solution were both active.
This could mean that each fraction contained a different radioactive substance. In fact
the Curies will discover during the following months a new element in both fractions:
polonium in the precipitate of sulfides and radium in the remaining solution. The
authors focused their attention first on the sulfides because it seemed easier to search
for the activity concentrated in a solid.
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Fig.2 (left): Simplified scheme of the first treatment of pitchblende.
Fig. 3 (right): Treatment of the precipitate of sulfides. X is the radioactive substance (polonium)

The activity carried with the sulfides was insoluble in ammonium sulfide and thus
could be separated from arsenic and antimony (Fig. 3). Now it became clear that the
sought substance was associated with lead, copper and bismuth. These three elements
could be easily separated and eventually most of the activity remained with bismuth.
The authors wrote we have not yet found an accurate wet method for separating the
radioactive substance from bismuth. A partial concentration was obtained by
precipitation with water: the first fractions are the more active.

Pierre Curie more inclined to physics undertook the analysis of pitchblende by
sublimation. Already in the first trial it was found that a very small amount of
substance about 10 times as active than uranium could be separated and this method
was pursued in parallel with the chemical treatment.
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Suddenly on July 13, without further comment, the symbol of polonium appears
in the notebook. Pierre Curie had proceeded to the sublimation of sulfides concentrated
by Marie and a fraction 400 times more active than uranium was isolated. This success
was the result of the joint efforts of the two scientists.

The second notebook ends on July 16 with a final test for activity on a large
variety of compounds. This was a last precaution before the discovery of a new
element could be claimed with confidence. Two days later it is announced, however
cautiously... We believe that the substance we recovered from pitchblende contains a
heretofore unknown metal, similar to bismuth in its analytical properties. If the existence
of this new metal is confirmed, we propose that it be named polonium in honor of the
native land of one of us. The designation of polonium had a provocative significance
since as a state Poland had disappeared in 1795, being parceled out between Prussia,
Russia and the Austrian Empire.

For the first time in the history of chemistry the existence of an element was
claimed which could be identified solely on the emission of its rays. Pierre and Marie
Curie had invented the "chemistry of the invisible"

On the other hand, the caution was founded. Eugene Demarfay, the leading
spectroscopist of the time, analyzed the most active sample of bismuth sulfide. To the
disappointment of the discoverers, he could not distinguish any new characteristic line
apart those of bismuth and impurities. The authors admitted this fact does not favor
the idea of the existence of a new metal.

4. The discovery of radium
The title of the third publication on December 26, with Gustave Bemont as co-

author, is identical to that of the previous one with addition of one single word: On a

new strongly radio-active substance contained in pitchblende . The chemical behavior
of the second radioactive substance was strikingly different from that of polonium: it
did not precipitate with hydrogen sulfide but coprecipitated with barium carbonate and
sulfate.

Once it was sure that the radioactivity was contained in barium it remained to
prove that it was not barium, but a new element. This important demonstration was
based on three tests. First Marie Curie verified that natural barium is not radioactive and
contains no radioactive substance. Next the radioactive substance could be separated
from barium by fractional precipitation with alcohol. The operation was repeated until
the activity of barium chloride was 900 times higher than that of uranium. At this point
the authors had to cease the concentration because the amount of material was too
small.

The third argument was decisive. Demar9ay found in the spectrum of the
radioactive barium chloride several lines which could not be assigned to any known
element. The intensity of the most intense new line increased with the radioactivity of
the substance, from very weak with the first sample up to notable for the sample 900
times more active than uranium. Pierre and Marie Curie concluded we think this is a
very serious reason to attribute the new line to the radioactive part of our substance. The
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various reasons which we have enumerated lead us tot think that the new radioactive
substance contains a new element to which we propose to give the name radium.

Besides the spectroscopic analysis, a second official proof for the existence of
radium was the determination of the atomic weight. On December 20 Marie Curie
obtained for the atomic weight of the metal in radiferous barium chloride a value of
142.8 on a sample 227 times more active than uranium. This value was slightly higher
than that of barium which is 137, but still within limits of errors and not significant.
Obviously the amount of radium was too small to change the apparent atomic weight
of barium.

Polonium and radium could excite the fluorescence of a screen of barium
platinocyanide. The authors conclude their publication stating a source of light which
requires no energy can thus be obtained in contradiction, at least apparently, with the
principle ofCarnot. It is precisely this puzzle which prompted the investigation of
uranic rays by Marie Curie. However, the discovery of radium gave no immediate clue
to the origin of the mysterious energy. On the other hand, it proved that radioactivity
was a more general phenomenon than it was thought at the time of Becquerel's
discovery since the phenomenon of spontaneous emission of radiation was now shared
by four elements. The latter had only one property in common: they were heavy
elements in the terminal part of the periodic chart.

In spite of these prodigious discoveries, at the end of 1898 nothing was known
about radioactivity itself. But now time was ready for blooming of the new science.

5. Radium after 1898
The news of the discovery spread out very rapidly. The translation of the full

paper appeared end of January 1899 in the journal Scientific American. Six months later,
a German company which produced uranium for the glass industry followed the
procedure established by the Curies and offered radium preparations for sale. Pierre
arid Marie Curie never sold radium, but delivered the precious radioelement free of
charge. They never made the slightest personal benefit nor granted patents for their
numerous inventions and discoveries.

Continuation of the research on polonium, radium and they rays required much
larger quantities of the radioelements. When the Curies ran out of material they were
aware that vast amounts of pitchblende would be necessary in order to prepare visible
quantities of radium. They could not afford the purchase of this expensive material.
But they supposed correctly that the residues of the ore, which had no longer a
commercial value after extraction of uranium, should contain the new elements. The
Austrian government, proprietor of the Joachimsthal mines, offered free of charge a
first batch of 100 kg followed by additional shipments of several tons of low price
residues, five times more active than uranium.

The tedious processing of the residues under primitive conditions with the
handling of 20 kg batches of the material has been widely popularized. The procedure
is described in Marie's Thesis submitted in 1903, the year when she became the first
woman honored with a Nobel Prize. The Herculean task is modestly expressed in the
sentence we succeeded in extracting from thousands of kilograms of starting material a
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few decigrams of products. This was a quite astonishing achievement considering that
one ton of uranium is in equilibrium with 377 mg of radium and 74 jxg of polonium.
Ernest Rutherford, when he received the Nobel Prize for Chemistry in 1908 wrote the
bigger problems of radioactivity can only be solved by people with lots of radium.
This justified a posteriori the immense efforts of Marie Curie. The preparation of a
macroscopic amount of radium was her obsession, not only for the determination of the
atomic weight, but also to convince the scientific community that radium was a new
and real element. The atomic weight 225.9, practically the present value, was obtained
in 1902, on 122 mg of pure radium chloride, one million times more active than uranium.

Marie Curie knew that the treatment of large amounts of ores and ore residues
could only be achieved on an industrial scale. She helped in the development of a first
plant in Nogent near Paris. The production of radium continued with ups and downs
until artificial radioelements become available in large quantities and supplanted radium
in all applications. In the best years the top price of one gram was 170 000 $.

In the years following the discovery of radium, Pierre and Marie Curie made
further important discoveries. They found that radium can transfer radioactivity to
other substances and observed physical and chemical changes which announced the rise
of a new field of research, that of radiation physics and radiation chemistry. The p
rays were identified with the electrons discovered by J. J. Thomson in 1897. Pierre
Curie evidenced the physiological effects of radiation by applying on his arm during 10
hours a source 5000 times more active than uranium. He described the ensuing erythema
and concluded to therapeutical applications of radium. He informed immediately the
medical world, a step which may be considered as the beginning of health physics and
radiotherapy.

The mystery of the source of the energy carried by the rays began to be lifted.
In a prophetic publication Pierre Curie indicated that radium salts were always wanner
than their surroundings: one gram of radium gave off heat at about 100 calories per
hour, and melted an amount of ice larger than its own weight. This observation gave a
clue to the immense reserves of energy contained in heavy atoms. Pierre Curie
commented so great an evolution of energy can be explained by no ordinary chemical
reaction as radium remains unaffected for years. The evolution of heat might be
attributed to a slow transformation of radium atoms; we should be led to conclude that
the energy generated exceeds all that is so far known. He ended his Nobel Conference
with a warning: it may be conceived that in criminal hands radium may become highly
dangerous, but added / am one of those who think that humanity will gain more good
than evil from the new discoveries.

Marie Curie pursued untiringly the investigation of radioactive matter during the
nearly 30 years which followed Pierre Curie's tragic death. The Nobel Prize for
Chemistry in 1911 was attributed tardily for the discovery of polonium and radium.
With the increasing use of radium in therapy it become urgent to establish a metrology
of radioactivity. In 1912, on behalf of the Committee of Radiology, Marie Curie
prepared an international standard of 22 mg of very pure radium chloride. The
Committee also adopted the curie as unit of radioactivity.
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During the first world war Marie Curie interrupted her scientific work and
together with her daughter Irene introduced mobile X-ray equipment in the field
hospitals behind the front lines and taught the techniques of radiology to medical
assistants. She had a great interest in the application of radium and radon for the cure
of cancers. But she never lost the enthusiasm of her youth for fundamental science.
Her last work dealt with a spectroscopy and the correlation of the energy of particles
with nuclear structure.

The role of radium was not restricted to the early history of radioactivity. Main
discoveries in nuclear science were achieved with sources of polonium, radium and its
daughters. The a particles were first recognized by Rutherford in 1899 from their
strong ionization power, and this was confirmed by Becquerel and Curie using magnetic
deflection. Ten years later, the particles were identified with helium. In 1911 scattering
of a particles led Rutherford to the concept of the atomic nucleus. The field of
radioactivity was now progressively replaced by that of nuclear physics and nuclear
chemistry. 20 years after the discovery of radium, Rutherford realized the first nuclear
reaction by bombarding nitrogen with the a particles of a radium daughter. The neutron
was discovered with polonium and the first neutron sources were constituted by a
mixture of beryllium with polonium, radium or radon. These sources in turn were used
in the discoveries of artificial radioactivity, fission, nuclear chain reaction and the
synthesis first transuranium element. The advent of nuclear energy is the direct
consequence of the centenary discoveries of Pierre and Marie Curie.

Conclusion
Polish by birth, French by heart, Marie Curie is a mythical figure of science

which belongs to humanity. Her glory obscured the greatness of her husband, teacher
and collaborator not only in the eyes of the general public, but regrettably also in the
mind of scientists. One hundred years after the discovery of radium it should be
recalled that Pierre is associated to all Curie denomination: curietherapy, the former unit
of activity curie, the element curium, the innumerable elementary and high schools,
Universities, associations bearing the names. The two scientists were definitely honored
in 1995 when their ashes were solemnly transferred to the Pantheon, the national burial
place for the most illustrious French compatriots.
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