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Radon, Rn; atomic number Z = 85; is a (gaseous) chemical element of which no stable but only
radioactive isotopes exist. Three of them, namely actinon (219Rn), thoron (220Rn) and radon
(#2Rn) are the decay products of naturally occurring radioisotopes of radium: 22°Ra, ?**Ra and
226Ra, respectively. The natural Rn isotopes were discovered within the period 1899- 1902 and
at that time referred to as emanations because they came out (emanated) of sources/materials
containing actinium, thorium and radium, respectively. The (somewhat mysterious) emanations
appeared to disintegrate into radioactive decay products which by depositing at solid surfaces
gave rise to "induced" radioactivity i.e. radioactive substances with various half-lives. Following
the discovery of the emanations the volume of the research involving them and their disintegra-
tion products grew steeply. The identity of a number of these radioactive products was soon
established. Radium- emanation was soon used as a source of RaD (210Pb) to be applied as an
"indicator" (radiotracer) for lead in a study on the solubility of lead sulphide and lead chromate.
Moreover, radium and its emanation were introduced into the medical practice. Inhaling radon
and drinking radon-containing water became an accepted medicinal use (or misuse?) of that gas.
Shortly after the turn of the century, the healing (?) action of natural springs (spas) was
attributed to their radium emanation i.e. radon. Bathing in radioactive spring water and
drinking it became very popular. Even today, bathing in radon- containing water is still
a common medical treatment in Jachymov, Czech Republic.

1 Introduction

In 1896 i.e. three months after the publication by Wilhelm Conrad Réntgen (1845-
1923) dealing with his discovery of X-rays [1], Antoine-Henri Becquerel (1852-1908)
found that uranium salts emit invisible radiation capable of darkening photographic
plates wrapped in black paper [2]. Later he noticed that this radiation could discharge
an electroscope directly [3] or even indirectly by ionising a current of air as it passed
over the uranium salts. "Moreover, the rate of discharge by the "modified air" was
proportional to the amount of uranium over which it had passed" [4].

In 1898 Gerhard Carl Schmidt (1865-1949) [5] and Marie (born Marya Sklodowska)
Curie (1867-1934) [6] reported that thorium and its compounds could bring about the
same effects, namely blackening a wrapped photographic plate and discharge an
electroscope.

*) Based on the authors lecture delivered at Radium Palace in Jachymov on 23rd April, 1998 during the
"Jachymov" historical session of the 13th Radiochemical Conference held in Marianské Lazné & Jachymov,
Czech Republic, 19th — 24th April
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In the very same year 1898 discoveries were published of two radioactive substan-
ces, namely polonium by Pierre Curie (1859-1906) and his wife Marie Curie [7] and
subsequently radium by the Curies together with Gustave Bémont (1867-1932) [8].
Both substances i.e. radioelements were isolated from an uranium mineral, the
pitchblende originating from St. Joachimstahl or Jachymov, a town in Bohemia then
a part of Austria-Hungary and now of the Czech Republic. "The town, founded by
Count étépén Slik in 1516 has repeatedly produced a most striking effect on the global
history" [9]. Radium and radioactivity certainly evoked such an effect. More informa-
tion on Jachymov mines and their importance for the early history of radioactivity can
be found in [10, 11] and [11], respectively.

Henri Becquerel and the Curies were awarded the Nobel Prize in Physics for 1903.
Eight years later Marie Sklodowska Curie was awarded a second Nobel Prize, namely
the prize in chemistry for 1911. Fig. 1 shows Pierre and Marie Curie in 1904 [12].

Fig. 1. Pierre and Marie Curie in 1904 (nine years after their marriage and two years be-
fore Pierre’s accidental death in 1906) [12].

2 Discovery of emanations & induced radioactivity

Working at McGill University, in Montreal, Canada on the investigation of the
radiation emitted by thorium and its compounds, Ernest Rutherford (1871-1937) and
Robert Bowie Owens (1870-1940) "found that all the compounds of thorium examined,
viz. thorium oxide, thorium sulphate, and thorium nitrate gave out the same kind of
radiation as measured by the transparency of aluminium foil for the rays. The
intensity of the radiation differed largely; for equal weights of active substance being
greatest for thorium oxide. The nature of the radiation is thus independent of the
particular state of chemical combination of the compound, but depends only on the
presence of thorium in the material” [13]. However, already very early, they "observed
that the radiation from thorium oxide was not constant, but varied in a most capricious
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Fig. 2. Ernest Rutherford as a young man [17].

manner. This was the more peculiar, as the sulphate and nitrate were fairly constant.
All the compounds of uranium also give out radiation which remains remarkably
constant..." [13]. The sensitiveness of thorium oxide to slight currents of air was
remarkable. Even a slight draught of air caused by opening or shutting the door of the
room affected the radiation intensity measurements i.e. the rate of the discharge of an
electrometer [13]. In January 1900 E. Rutherford reports that "thorium compounds
continuously emit radio-active particles of some kind, which retain their radio- active
powers for several minutes. This "emanation”, as it will be termed for shortness, has
power of ionising gas in its neighbourhood..." [14]. "The emanation passes through
a plug of cotton-wool without any loss of its radio-active powers. It is also unaffected
by bubbling through hot or cold water, weak or strong sulphuric acid. In this respect
it acts like an ordinary gas". Moreover, E. Rutherford found that "the emanation
gradually loses its radio-active power" and "the intensity of the radiation has fallen to
one-half its value after an interval of about one minute" [14]. After about 10 minutes
the radio-active power of the emanation became too small for measurements with an
electrometer. He also derived an equation delineating the decrease of radio-active
power viz. decay of the number of ions produced by the emanation:

dn/dt=-An

where n = number of ions produced per second by the radioactive particles between
the plates of the electrometer, t = time in seconds and A = constant in 1/second.
If n =N when t =0, it is easily seen that:
n/N = exp(-At)

It has been shown by E. Rutherford that exp(-At) = 1/2 when t = 60 seconds [14]. The
present value for t, being the half-life of thorium emanation = thoron = ?*°Rn is 55.6
seconds!
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In the last paragraph of the latter publication E. Rutherford reports that "Experi-
ments, which are still in progress, show that the emanation possesses a very remark-
able property. | have found that the positive ion produced in a gas by the emanation
possesses the power of producing radio- activity in all substances on which it falls.
This power of giving forth a radiation lasts for several days. The radiation is of more
penetrating character than that given out by thorium or uranium. The emanation from
thorium compounds thus has properties which the thorium itself does not possess"
[14]. In his next publication E. Rutherford concluded that the presence of the emana-
tion is necessary for the production of radioactivity in substances: a phenomenon for
which he proposed the term "excited radioactivity", and that the amount of radioac-
tivity depends upon the amount of the "emanation”. "A radio-active substance like
uranium, which gives out no emanation, produces no trace of exited radioactivity" [15].
The intensity of radiation emitted by the "excited radioactivity" falls of in a geometri-
cal (exponential) progression with time, decreasing to half its value in about 11 hours.
Moreover, it appeared that hydrochloric and sulphuric acids (but neither water nor
nitric acid) rapidly remove the radioactivity collected on the surface of a platinum wire
previously being negatively charged and immersed into emanation-containing gas
[15]. "The solution, when evaporated, leaves the active portion behind".

E. Rutherford went on with his studies on thorium emanation and "excited" or
"induced" radioactivity. For two years he did it in collaboration with Frederic Soddy
(1877-1956). "In this work the conclusion was drawn that thorium emanation is
a specific type of radio-active matter of gaseous character in infinitesimal quantity"
[16]. "Various experiments were performed on the action of temperature and chemical
reagents upon the emanation. The general result showed that it was completely
unaffected by any means employed including acids or different reagents. It was not
altered by passing red-hot lead chromate, magnesium powder, zinc dust etc. and in
this respect it showed the same chemical inertness as the argon, discovered in 1894,
and other members of the argon family of gasses” [16], namely helium, krypton, neon
and xenon, all discovered in the period 1895-1898.

E. Rutherford was awarded the Nobel Prize in chemistry for 1908 "As a reward of
your research on the disintegration of the elements and the chemistry of radioactive
matters". Fig. 2 shows him as a young man [17].

During his early work on emanation and "excited" or "induced" radioactivity E.
Rutherford was unable to find any substance but thorium compounds, especially
thorium oxide giving rise to these phenomena. The Curies had more luck! Already in
1899 they reported that objects placed near to radium or polonium preparations
become radioactive. The effect was by them referred to as: "radioactivité provokuée"
or induced radioactivity. However, no emanation was mentioned by Curies. Moreover,
they saw the phenomenon of induced radioactivity as some kind of secondary radiation
excited by Becquerel-rays emitted by radium [18].

Fig. 3 shows a closed vessel used in 1904 and earlier by Curies and their collabor-
ators for activation of bodies using radium [19]. The "induced" radioactivity was the
same for all the exposed materials. The activated bodies maintained their activity for
certain time, then the activity slowly decreased and eventually disappeared [19].

Around 1900 Ernest Dorn (1848-1916), a chemist working at the Physical Institute
in Halle, Germany set out to investigate the emanation properties and the power to
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Fig. 3. A closed vessel used by the Curies and their collaborators for activation of bodies. M:
closed vessel/space; a: radium salt; A, B, C, D, E; materials to be activated (lead, copper,
glass, ebonite, cardboard, paraffin, celluloid) [19].

induce radioactivity ("sekundare Aktivitat") of a number of radioactive substances
available in his institute. The E. Rutherford’'s publications and his finding that no
other radioactive substances but thorium-containing ones seem to possess emanating
power and are able to induce radioactivity triggered E. Dorn to start to work on these
phenomena [20]. His experimental approach was similar to that of E. Rutherford. He
tested metallic uranium powder, thorium oxide, radioactive i.e. radium-containing
barium bromide obtained from "Chemische Fabriek E. de Ha&dn" (Chemical Factory E.
de Haan) in List near Hannover in Germany [21], radioactive i.e. radium-containing
barium chloride and bismuth sub-nitrate (Polonium) of French origin (the last two).
Although, his publication on this matter goes no further than just summing up the
experiments and the obtained instrument readings, one may infer that in tests with
radioactive barium salts he actually recognized the existence of radium emanation
(radon) and demonstrated the "induced" radioactivity (half-life about 45 minutes) due
to it. Anyhow, his article lacks a proper elaboration of the results of measurements
and clear conclusions.

The existence of a third emanation was reported by Fridrich Oskar Giesel (1852-
1927), a chemist working at Buchler & Co., a quinine factory in Braunschweig (Brun-
swick) in Germany. In 1902 [22], when discussing the utility of his zinc sulphide
screens for detecting alpha radiation he mentions his observation of the "Rutherford’s
Emanation" given of by some radium impurities. The emanating body occurred after
separation of rare earths from pitchblende with oxalic acid in the next ammonium
precipitation residue. Eventually, F. O. Giesel was able to isolate an emanating
substance allied with lanthanum but free from thorium [23]. He named it "emanium”
[24]. However, Debierne claimed that "emanium" was actually "actinium" which he
discovered a few years ago and he insisted on discarding the name "emanium". Later
analysis of Debirene’s publications revealed that his preparations contained very little
actinium [25]. However, not the name "emanium" but "actinium" remained in use for
the emanating body [25] and the obtained emanation was referred to as actinium
emanation or actinon.
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In 1903 H. Becquerel published a book [24] comprising an overview of the early
research on the "new property of matter" i.e. radioactivity [26]. An important part of
this book is a comprehensive bibliography of all relevant publications pertaining to
radioactivity and radioelements and covering the period of February 1896 to 1 Sep-
tember 1903 (214 references).

3 Emanations & induced radioactivity: the follow-up

Following the discovery of emanations the research involving them and their
disintegration products became very popular. The (chemical) identity of a number of
these radioactive products was soon established. In Fig. 4 the status of the knowledge
in 1911 regarding three disintegration series is given [27]. Each of the three emana-
tions decays via a number of successive decay steps i.e. radioelements into — at that
time still to be identified — final products. Today it is known that thorium, radium and
actinium emanations (i.e. thoron, radon and actinon) belong to one of the three natural
decay series starting with the long-lived radionuclides: >**Th(orium), **®*U(ranium) and
25Y(ranium) and ending with stable lead isotopes 2°®Pb, 2°°Pb and 2“’Pb, respectively.
For complete decay schemes and characteristics of the involved radionuclides (includ-
ing those which have been referred to as "induced" radioactivity) see the 1995 edition
of the Karlsruhe Chart of Radionuclides [28]. According to that chart thorium emana-
tion or ?°Rn (Tn) is given off by a radionuclide of radium, namely **’Ra (ThX) and not
of thorium; radium emanation or **Rn (Rn) is given off by radium, namely **Ra (Ra)
and finally the actinium emanation or ?°Rn (An) is also given off by a radionuclide of
radium, namely ?*°Ra (AcX) and not of actinium. The half-lives of ?°Rn, *’Rn and
#%Rn are 55.6 seconds, 3.8 days and 3.9 seconds, respectively.
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Fig. 4. The disintegration series as they were known in 1911. Each of the three emanations
decays in a number of products giving rise to "induced" radioactivity [27].
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Being radionuclides of the chemically inert element radon all the three emanations
are indeed gaseous and belong to the 18th group (noble gases) of the Periodic Table of
the Elements.

Soon after the discovery of emanations it became clear that a highly emanating
substance is one from which a large fraction of an emanation i.e. a radioactive inert
gas may escape before it decays [29]. "Emanating power was defined as the fraction of
radioactive inert-gas atoms formed in solid that escape from the solid" [30]. The
emanating power of a solid depends on the composition, crystal structure, specific
surface, temperature of the solid and also on the half-life and recoil energy of the
radioactive inert gas [29]. The remarkable difference between the emanating power of
thorium oxide on one side and thorium sulphate and thorium nitrate on the other side
[13] was most probably due to the unlikeness of their physical properties relevant to
the gas (thorium emanation) transport through and out of the solid.

The emanating power — nowadays usually referred to as exhalation — of radon and
thoron from soil and building materials governs the concentration of these emanations
in open air as well as in the buildings. In the room air of some buildings high radon
concentrations occur giving rise to considerable radiation exposure mainly through
deposition of decay products in the lungs. Therefore, one has to assume that the
general population has significant cancer risk, especially for lung cancer, from such
exposure [31]. See also [32].

4 Emanations in science and medicine

Since its discovery, radium emanation (radon) has been used for many purposes;
scientific and others. One of the salient applications of radon is its use as a source of
RaD (**°Pb) to be applied as an "indicator" (radiotracer) for lead in a study on the
solubility of lead sulphide and lead chromate in water.

To this end about 1/5 Curie of the emanation was allowed to decay above distilled
water in a closed vessel. After complete decay of the emanation the obtained solution
contained RaD. Ten mg PbCl; was added to the solution, lead was quantitatively
precipitated with K,CrO4as PbCrO, and the precipitate separated from the solution.
Subsequently the precipitate was suspended in 100 cm®water and the suspension was
shaken for 24 hours. After removal of the precipitate by filtration the filtrate was
evaporated to dryness and the - activity of RaD measured after the establishment of
the decay equilibrium between RaD and RaE (**°Bi, half-life = 5.0 days). Comparison
of thus obtained activity measurements with those of the equilibrated RaD solution
used to prepare the radioactive lead chloride solution yielded the solubility of lead
chromate of 1.2.. 10'59 per litre water. This study was carried out at the "Institut fur
Radiumforschung” (Institute for Radium Research) in Vienna, Austria, by Fritz A.
Paneth (1887-1958) and Georg von Hevesy (1885-1966) and published in 1913 [33]. It
is actually the very first publication based on the G. von Hevesy's concept of radioactive
indicators (radiotracers)!

In 1944 G. von Hevesy was awarded the Nobel Prize in Chemistry for 1943 for "For
his work on the use of isotopes as tracer elements in researches on chemical processes".
Fig. 5. shows F. A. Paneth and G. von Hevesy in their twenties [34].
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Fig. 5. Fritz A. Paneth (left) in 1912 and G. von Hevesy somewhere between 1911 and 1913
[34].

Not long after the advent of radium it was observed that it must not be handled
without precaution. Strong radium preparations could cause skin burns to develop.
After it was established that the rays from radium have a physiological action, it was
suggested that they might have an application in medicine. Betterment in some skin
diseases as a result of irradiation with radium emitted rays was reported. Carcinoma
appeared to respond to such treatment as well. Much success has also been attained
in cases of gout and rheumatism. Moreover, the science of that time has been inclined
to attribute the healing action (?) of many natural springs (spas) to their content of
radium emanation [35, 36].

With regard to medical applications the most widely used radioelement was radium
followed by its emanation. Some other radioelements, for example thorium emanation
(®**°Rn) in equilibrium with its parent, thorium X (***Ra) have also found their way into
medical practice [37].

The most common routes to administer emanations to the patients were inhalation,
drinking of emanation-containing water or bathing in it. All these routes eventually
lead to entry of emanation into the blood. However, the inhalation is probably the best
way for achieving high emanation concentrations in blood [36].

An early unit of measurement for emanation concentrations is called a "Mache-Einheit"
("M.-E.") or a Mache Unit (M. U.) [38]. One M. U. is equal to 3.64 . 10" curie per litre. One
curie (Ci) is the activity of emanation in equilibrium with 1 gram of radium and corre-
sponds to 3.7 . 10'°disintegrations per second or becquerels (Bg). Thus 1 M. U. = 13.5 Bq.

Fig. 6. shows an advertisement page in a book printed in 1904 [39]. As can be seen
a London firm was offering — among many other materials and instruments related to
radioactivity and radiation — their thorium inhalers by saying: "Our newly invented
thorium inhalers may be had on hire". It seems that the therapeutic use of thorium
emanation even preceded that of radium emanation [40].
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Fig. 6. Advertisement page in a book printed in 1904. Note the offer reading: "Our newly in-
vented thorium inhalers may be had on hire" [39].

Fig. 7 — 10 show pages of a four-page price-current (in Dutch) of radium and radium
emanation related preparations, measuring instruments and services, emanation
inhalers and apparatuses for drinking emanation containing water as offered in 1912
by the Amsterdam branch of the "Algemene Radium Maatschapij" (General Radium
Society) "ALLRADIUM?". The range of products and services is quite impressive. Both
the inhalers and drinking apparatuses were available in two sizes, namely for domestic
use and for hospitals.

Fig. 11 shows a large scale inhaler capable of providing radium emanation for
a whole room [41], large enough to accommodate a number of patients. An emanation
treatment session per day in a room of 60 m®required 17000 M. U. =2.3. 10°Bq radium
as source of emanation (one of the four small cylinders contains radium solution) [42].
Typical values for emanation concentrations in treatment rooms were 2 — 4 M. U. [43]
or 27 — 54 Bq per litre!.

Already for thousands of years people have been seeking health and youth in
natural springs (spas). Although, all these people took for granted that mineral water
coming out of such springs has curative properties it remained unestablished which
of the (mineral) constituents of the spring water or even some other, unidentified
property of water is actually the essential one. The balneologists claimed that only the
natural mineral waters have medicinal value and that artificial waters although
containing all the constituents found in natural waters still lack curative properties!
Moreover, according to them an improvement in the state of illness can only be
expected in the vicinity of the source of the mineral water to be consumed.
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In 1903 Allen (?) [44] found radium emanation in water of a mineral water spring
in Bath in England. This led to an avalanche of radioactivity i.e. radium emanation
measurements in other baths and springs. However, no correlation has been found
between the (alleged) effectiveness of a mineral water and its emanation content.
Notwithstanding the fact that the mysterious active agent of mineral waters was still
unrevealed [45] their application for medical purposes assumed large proportions.

According to [46] the radioactivity of spring waters is composed of:

(1) Emanation dissolved in water and also emanation transferred from water to air;

(2) Emanation in spring gases originating from radium but also from thorium and
actinium;

(3) Radioactive salts dissolved in water;

(4) Radioactivity substances in the sediments.

In most mineral waters the radium emanation is the major fraction of the total
radioactivity.

e Ry T

adivim-{ Jplossinges
R (Dplossing

Fig. 7-10. Price-current for radium preparations, accessories, services and apparatuses for de-
livering radon or radon-water to the patients, issued by "Algemeene Radium Maatschappij"
(General Radium Society) "ALLRADIUM", Amsterdam, 1912, 4 pp. Items pertaining to
radium emanation: Radium-drinkapparaat "Allra" = Radium drinking-apparatus "Allra" (Ca-
pacity 1000, 2000 or 3000 Mache Units per day of radium emanation); Aqua Radium. Sol. be-
stendig radioactief. = Radium solution of lasting radioactivity; Radium-water, genomen uit
den emanator: Radium-water taken out of the emanator; Inhalatorium voor Ziekenhuizen =
Inhaler for hospitals; Inhalatieapparaat voor privégebruik = Inhaler for domestic use; Drin-
kapparaat voor privégebruik = Drinking-apparatus for domestic use and Drinking-apparatus
for hospitals. All prices in f = Dutch Florins or Guilders (10 f was a gold coin).

The original price-current belonged to Godefridus Andreas Alphonsus Maria Kerssemakers
(1875-1936) pharmacist in Tilburg, The Netherlands. It is now in possession of his grand-
daughter, Ms. Catharina Hermina Kolar-Janus, the author’s wife.
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Germany, around 1912 [41].

With regard to their radioactivity (emanation) the mineral springs can be divided
in strong with 100 and more M. U./litre water, medium with 50-100 M. U./litre and
week ones with 20-50 M. U./litre. Some of the strongest springs were located in
Jachymov and Bad Gastein (Austria) [47].

Drinking radium emanation i.e. radon containing water as well as bathing in such
water were the two most common ways of patient treatment. In the early days of the
use of spring water 600 M. U./litre = 8100 Bg/litre water was a common therapeutic
concentration of radon in Jachymov [11]. Today radon baths of the activity of 5500-
7500 Bq/litre are used as the basic treatment in Jachymov [9].

At the end one may put the question whether the application of radioactive
emanations for medical treatment throughout almost a whole century, the 20th
century, was justified in spite of the possible health consequences of the exposure to
radiation emitted by emanations and their decay products? Should one look upon the
application of emanations for medical treatments as beneficial use or perhaps as
misuse, though a well meant-one? Finding a comprehensive answer to these questions
exceeds the author’'s humble qualifications.

The auther thanks W. den Hollander for his help in preparing the document and
the figures.
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