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NATURAL RADIOACTIVITY OF THE HEAVY ELEMENTS :
A COMPREHENSIVE REVIEW. o

Earl K. Hyde

Thisireport is part of a larger work dealing with the nuclear
properties of the heavy elements, which accounts for the
peculiarities'in the numbering of tables, figures and report
sections. It is a éelf-contained fevieW’and should prove.
useful apart from the rést of the material with which it will
ultimately be published. The literature was searched up to
September 1962. - The author will be grateful for notice of

important errors, omissions or misinterpretations.
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NATURAL RADIOACTIVITY OF THE HEAVY ELEMENTS :
A COMPREHENSIVE REVIEW

This review describes the three heavy-element families of radio-
elements which occur in nature. . It begins with an account of the early
‘history of radioactivity. This was one of the most fascinating periods in
the whole history of science énd in our account.we attempt to show how the
experiments designed.to explore this strange'hew-phenomenon»of‘iadioactivity
and*to unravel the confusing genetic relationships of the radicelements
stimulated the formulation of bold new ideas on the. nature of radiocactivity:

and on the fundamental composition of the atom.
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6.1 EARLY HISTORY OF RADIOACTIVITY*

Becquerel's Digcovery of the Radioactivity of Uranium. The discovery

of radioactivity-followed within a few months of the announcement of R8ntgen's
mysterious x-rays and was the direct but unexpected result of some experi-
ments designed to clarify some of the phenomena descfibed by RYntgen. It

had been observed that x-rays were emitted from those parts of the glass wall
of the discharge tube which were bombarded with cathode rays. - It had also
been observed that the bombarded parts of the glass wall emitted a greenish
or bluish fluorescence. - Professor HENRI BECQUEREL immediately interested
himself in the question whether certain materials rendered fluorescent or
phosphorescent by light also emitted radiations analogoué to x-rays.

BECQUEREL had been interested in fluorescence for some years following
a family tradition going back to his grandfather. In particular, he had on
hand a compound of uranium - a double sulfate of uranium and potassium - which
he had prepared fifteen years before and which he had observed to fluoresce
brilliantly under ultraviolet light. He placed two samples of this double
salt upon a photographic plate wrapped in black paper. Between the black
paper and one of the sdlt samples he placed a coin. Knowing that an ex-
citation by sunlight was necessary to excite the phosphoresence and believing
that such excitation would be required for any other radiations, he exposed
the combinations of wrapped photographic plate and uranium compounds to the
sun. = After an exposure of several hours, he developed the plate and observed
a light image of the uranium samples and the shadow produced by the piece of
money. These first experiments gave the expected results and did not lead
to any important discovery.

BECQUEREL then proceeded to a study of the penetration of the new
radiations through various thicknesses of absorber, always placing his
uranium salts in the sun during the exposure of the plate. On February 26,
1896, he had prepared such a set of experiments but was prevented from
completing them by poor weather which obscured the sun. The experimental

preparations consisting of the photographic plates, the absorbers and the

¥

Throughout Section 6.1 names of investigators are given without references
to published literature. '
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double salts of uranium and potassium were placed in a drawer- for a several
day period. On March 1, the sun reappeared and BECQUEREL prepared to resume
his experiments. He was somewhat uneasy about.uéing'his several;dayf old
preparations which had been exposed. to a-little sunlight before being stored
in the darkness and he decided to replace the plates with new ones. In this
way he could bé quite certain that the experiméntal.conditions were identical
with those of previous expériments. - In addition, he decided to.see. whether
the withdrawn plates had indeed received.some exposure and dropped them into
a developer bath. He expected to see very light impressions or none at all
and was astonished to observe silhouettes of the uranium salts which were of
muich greater intensity than in anyvof his previous experiments! Exposure to
sunlight evidently was not essential to the emission of the penetrating
radiation. - The date of this observation, which was March 1, 1896, may. be
taken as the birthdate of radioactivityu*

. Further experiments revealed that the effect on the photographic
plate was not-relatedvto the ability of uranium compounds to fluoresce and
in fact that any uranium salt would produce the effect. - Furthermore the
strength of the photographic images under identical conditions of exposuré
was directly proportional to the atomic content, of uranium in the preparation.
HENRI  BECQUEREL concluded. that the new property was to be assoclated with
the uranium atom. and did'not'depend upon its state of chemical combination-

Thﬁs‘it came about that the penetrating radiations emitted by radio-

active bodies were first noticed and called to the attention of the scientific
world.

.Discovery of Radioactivity of Thorium. Immediately after the dis-

covery of'the;radioactivity of uranium, a large number of elements were
tested for radioactivity using an electroscope as the detection method.  The
only other element found to be radicactive was thorium. Its activity was
found independently by .G. C. SCHMIDT and by MADAME CURIE in 1898.

Discovery of Polonium and Radium. The experiments of BECQUEREL and

others had established that the amount of radioactivity in any uranium com-
pound was diréctly proportional to the uranium content. Hence it came as a

considerable surprise when measurement of the radicactivity of certain pitch-

¥ ' _ _ , '
Henri Becquerel himself used the term "activite radiante”. The word radio-
“activity, adopted later, was proposed by Marie Curie.
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blende ores gave values about 4 times greater than expected on the basis of
the uranium content. (Mm&. CURIE, 1898). Mmg. and P. CURIE decided that
this could be so only if pitchblende contained small guantities of an element
or elments of greater specific activity than uranium or thorium. With this
hypothesis as a basis the CURIES cafried through a systematic fractionatﬁon
of the ore, using the radioactivity of the various fractions as a guide and
discovered during the year 1898 the two unknown elements polonium and radium.

Polonium was the first of the active substances to be obtained from
pitchblende. . A bismuth fraction isolated by precipitation of bismuth sulfide
removed the new element from the bulk of the pitchblende ore. Further puri-
fication was carried out by partial precipitation of the subnitrate of bismuth
by diluting nitric acid solutions of the mixture. No completely satisfactory
method. for the preparation of chemically pure polonium was developed in these
early years. MARCKWALD removed polonium from a bismuth chloride solution
obtained from uranium residues by dipping a rod of bismuth metal into the active
solution. Polonium (and considerable inert tellurium impurity) eiectrodeposited
on the bismuth metal surface. MARCKWALD belleved his activity was different
from Mug. CURIE'S polonium and for some time referred to his substance as
radio-tellurium.

The radiations of polonium were observed to differ #n imporitant
respects from the radiations of uranium or radium. Only the heavily-ionizing
short-range alpha rays were observed and no beta or gamma radiation was
detected. Furthermore the activity decreased in time so that over a period
of about 140 days, half the activity disappeared. One-explanatioh for this
decreasing activity which enjoyed a certain vogue for. a time was that polonium
was not a new active substance but merely bismuth in which radiocactivity had
somehow been "induced" by admixture with radiocactive bodies. A third important
particular in which the activity of poclonium differed from uranium was that
the specific activity of partially-purified samples was enormously greater
than that of uranium.

Shortly after the discovery of polonium a segond extraordinarily active
body was isolated from pitchblende by the CURIES (1898). This substance was
radium. Radium is a heavy homologue. of barium and resembles it. closely in
‘chemical properties. Considerable barium is present in pitchblende and when .

it is isolated from the other elements found in the ore, the radium is isolated
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with it. To separate radium from barium the CURIES employed the method of
fractional crystallization. Fractional‘crystallizatioh of mixtures of
barium and radium chloride from water, or from alcdholic or hydrochloric acid
solution resulted in the desired separation. Since radium chloride is less
soluble, it is enriched in the crystal phase and after a large number of

" recrystallizations it is possible to prepare radium almost completely free
of barium. GIESEL found that fractional crystallization of the bromide was
more effective than fractional crystallization of the chloride. - The amount
of radium in pitchblende is quite small and several tons of pitchblende must
be worked up to obtain a few hundfed milligrams of radium. Hence the labor
involved in these early researches was very great.

The extent of the separation was followed by determining the:specific
activity of the radium which eventually reached a value more than a millionfold
greater than that of uranium.

A number of experimental studies were performed to determine beyond I
question that radium was a true chemical element with unique properties in
addition to its intense radioactivity. The emission spectrum of radium was
measured by DEMARCAY and shown to consist of characteristic lines similar to
those of the alkaline earths. In its chemical properties it was found that
radium forms a series of compounds similar to barium. Radium metal was
prepared by :Mme. CURIE and DEBIERNE in 1910. ,

The atomic weight of radium was determined by iMde. CURIE ' in 1902 by -
weighing a 90 milligram sample of radium chloride and determining the chloride
content by precipitation and weighing of silver chloride. The purity of the
radium, with particular emphasis on barium content, was determined spectro-
scopically. The value of the atomic weight was 225.2.. Mmne. CURIE repeated
her work in 1907 with 400-milligram samples of radium chloride and obtained
the value 226.45. - A very careful series of determinations was carried out
by HUNIGSCHMID in 1911 using samples of radium chloride as lafge as. 680
milligrams. HONIGSCHMID'S value of the atomic weight was 225.95 based on
the value 107.88 for silver and 35.457 for chlorine. v

The determiﬁation of the atomic weight. and of the distinctive physical
and chemical properties of radium fixed its location in the periodic chart
in the eka-barium position. This knowledge served as a valuable reference

point in the assignment of other members of the uranium-radium decay chain
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as they were discovered later. For many years, except for uranium and thorium,
the atomic weight of nc other radiocactive element was known. The placement

of actinium and of its decay products in the periodic system,. for example,
was uncertain for decades because it was not isolated in sufficient purity to
permit an. exact determination of its atomic weight.

Discovery of Actinium. . Dr. DEBIERNE assisted the CURIES in their.

early studies. of the radioactive substances present in pitchblende by super-
viéing the large scale crude fractionation of pitchblende residues. In

1899 while engaged in this work, he discovered a new activity which followed
the iron group of metals in the fractionation. He called this substance
actinium and stated that it was very similar to thorium in its chemical
properties. In 1900-1902 GIESEL reported the discovery of another active
substance from pitchblende which he called "emanium" because it emitted a
short-lived emanation, GIESEL showed that his substance was similar‘in,
chemical properties to the rare earths. It was later concluded that GIESEL'S
"emanium" was identical with DEBIERNE'S actinium and the name "emanium" was
dropped. -

Radioclead. HOFFMAN and STRAUSS in 1901 concluded that the radio-
activity observed in a lead fraction removed from pitchblende was due to a
new substance which they called radio-lead. - The identification of this activity
with radium D came some years later.

The Radiocactive Emanations. Before 1900 it was observed that radium,

thorium, and actinium continuously emit into the surrounding space a material
emanation with the properties of a radicactive gas. This emanation diffused
in a current.of ailr, and diffused through paper, plugs of glass wool and other
porous materials. It could be pumped. away and condensed at a low temperature.
The first emanation to be discovered was the 5h-second thoron produced. in
samples of thorium. It was at first presumed that thoron was a direct result
of the disintegration of thorium but RUTHERFORD and SODDY in 1902 showed that
thoron was in actuality a decay product of ThX, an intermediate product.

The first report of the existence of radon is credited to DORN. He
found that a small amount of radicactive gas was released by radium pre-
parations at ordinary temperatures but that much more was released if the.. .

radium was heated or dissolved.  The first atteﬁpt to measure the rate of:
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decay of radon was carried out by P. CURIE who obtained a half-life of

3.71 days in 1902.  RUTHERFORD and SODDY reported a value of 3.99 days in

1903. . Careful measurements by Mme. CURIE in 1910 and by RUTHERFORD in l9li

gave 3%.85 days.k R V ‘ '
GIESEL in'l905 found that actinium gives out an emanation whieh has

a much greater rate of decay than thoron or radon. The emanation later

recelved the name actinon. _ '

- Because the short half-lives of thoron and actinon made them'difficult
to,study, radon received much more attention. Radon was subjeeted to very
severe chemical treatments to see whether its properties could be changed.
Itvmas.found that it showed a truly remarkable chemical inertness and‘re—
tained its gaseous nature throughout, The only known elements possessing
these ' properties were the then recehtly discovered members. of the argon
familj of rare gases. (RAMSAY). It was found that radon (and thoron) could
be condensed at low temperatures. ' Some detailed experiments of RUTHERFORD.
,and SODDY in 1903 placed the condensation temperature at 15OOC The flrst
measurement of the atomlc weight of radon was carried out by GRAY and
RAMSAX in 1911. U51ng a remarkably sensitive quartz microbalance these ex-
perlmenters measured gas samples welghing less than one microgram and deter-
mined a.value of 223 for the mass number° The emission spectrum of radon
was . observed by a number of investigators in the pericd 1908-1909. '

Nature of the Radlatlons -Radioactivity was detected and measured

1"

by three methods in this early'perlod the photographic method, the "electric
method and the excitation of fluorescence in fluorescent materials. Pheto-
graphic plate detection was particularly useful for B and <y detection. ‘
The "electric method" was based on the ionization caused in a gas volume
by‘passége of the radiations and was particularly useful for alpha particles.
'A‘ﬁumber of sensitive electrometers and electroscopes were developed for this
purpose,f Fluorescent materials such as bafium.platinocyanide and zinc
sulfide were found to be useful chiefly for alpha radiation.  The spinthariscope,
consisting of a low power magnifier focused on a screen of zine sulfide,

- was developed to count individual alpha particles. In 1911 C. T. R. WILSON
intreduced the expansion cloud chamber for observing the tracks of individual

Y , & or B rays.
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RUTHERFORD in 1899 distinguished two kinds of rays coming from uranium
differing = greatly in penetrating power; he called these the &~ and B- rays.
AlphaQrays are readily absorbed by the = absorber foils, but are heavily ion-
izing throughout their range. Beta-rays are far more penefrating than O-rays
but have much less ionizing power. Later a third type of ray even more pene-
trating than the B-rays was discovered by VILLARD and these were name y rays.
An important advance in the understanding of the natiure of the radiations
came in 1899 when several laboratories independently observed the deflection
of the B—rays in a magnetic field. Quantitative measurements of the deflection
in magnetic and electric fields showed that beta-rays were negatively charged
particles with the same e/m as cathode rays. Beta particles were identified
as electrons moVing with velocities approaching the speed of light. The in-
homogeneity in energy of the beta-rays was also well established by 1900, but
many years were to pass before a clear distinction between beta-rays and coﬁ-
version electrons would be made.

‘ Approximately three years passed before the deflectability of the
alpha radiations in magnetic and electric fields was established because of
the much greater difficulty of deflecting the alpha-rays. STRUTT in 1901
first suggested that alpha-rays might consist of rapidly moving positively
charged bodies similar to the canal rays produced in a vacuum tube. Similar
proposals were made by CROOKS, Mme. CURIE, and RUTHERFORD. RUTHERFORD
first showed the deflection of the alpha rays in a magnetic and an electric
field. The deflection was'in the direction expected of positively charged
particles and the value of e/m derived from the measurements correspond to
a particle of mass similar to hydrogen or helitum. For some time it was
supposed that the charge on the alpha particle was one electronic charge
and that the mass was twice that of the hydrogen ion. In 1908 RUTHERFORD
and GEIGER established that the electronic charge on the alpha particle was
two units, which made the mass of the alpha particle identical with an atom
of helium.

RUTHERFORD and SODDPY suggested in 1902 that helium might prove to
be a disintegration product of radiocactive materials. Helium had been found
in the spectrum of the sun in 1868 but only in 1895 had helium been found
to exist on the earth. It was noteworthy that helium was found in consider-

able quantity in minerals containing uranium and thorium; : the presence
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of such a. light gas as helium in such minerals was an unusual fact,. particularly‘
51nce none had been. found in non-radioactive materlals '

A key experlment was carried out by RAMSAY and SODDY in 1903. These
investigators obtained direct evidence that helium was formed>in the disinte-
gration of  radium. Thirty milligrams of radium bromide. purifled three months
'previously was. dissolved in a closed system The evolved hydrogen:and oxygen
were removed by recombining them to form water. Spectrum analysis of the.
residual gas not condensed in.liquid air showed the characteristic ‘D5 line
of helium. Subsequent experiments in several laboratories verified the.
production of helium in the decay of actinium, polonium, ionium and other
alpha-emitting materials, Quantitative measurement of the small helium gas
volumes showed.that the rate of helium-production was that to be expected from
the rate.of emission of alpha particles. In 1908. RUTHERFORD and ROYD extended
these experiments“in”an important way by pumping an intense sample of radium
-emanation into a thin-walled glass tube,. and collecting and. identifying as
helium the gas which emerged through this. thin glass tube into a surrounding
evacuated space. Tests were made to prove that ordinary helium could not
diffuse through the thin wall. On. the other hand the energetic alpha. particles
could penetrate the glass. This experiment even more clearly 1dent1f1ed the
alpha particles as rapidly-moving ions of'helium‘ o ‘

| In distinction from the alpha and beta radiations: the gamma radiation
could not be deflected by electric or: magnetic fields. It was shown to be v
similar -to the x-radiation produced in vacuum tubes but of considerably shorter
wave length. | . o

A greatvdeal of attention.was devoted,to.the study-of the absorption'
and scattering of the &, B ‘and y rays. We shall not review these studies in
this historical account except to dlscuss some properties of alpha. rays Wthh.
had a very marked influence on the development of radioactivity.

Concept of AlphaaParticle Range. Let us first discuss the develop-

ment of the concept of alpha range. Mme. CURIE made measurements on thin.
samples of polonium shortly after her discovery of this element which showed
that the 1on1zat10n caused by the alpha rays ceased suddenly after traversing -
a definite thlckness of air or other absorber -This was a markedly different
behgvior from gamma radiation of x-radiation which was absorbed according to

an exponential law.
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When 1t began to be clear that alpha rays were positively charged
atoms moving with very high velocities, BRAGG put forth the view that each
alpha particle traveled in rearly a straight line, expending energy in ion-
ization until its velocity was reduced below a certain value. According to his
view each alpha particle should have a definite range of travel. Experiment
showed that each alpha emitter emitted particies with a characteristic range,
usually expresséd in centimeters of air at atmospheric pressure and lSOC° From
this time forth the determination of the range of the alpha particles emitted
by a new radioelement was an important step in deciding whether it was actually
different frbmjpreviouSly known radioelements.

When the range of the alpha particles had been measured for a large
number of radiocelements it was observed that there appeared to be a connection
between the half-life of a product and the velocity of the alpha-particles.

The shorter half-lives were associated with the more energetic alpha emitters.
This was formulated guantitatively in the relationship of GEIGER and NUTTALL
(l9ll 1912) who found that the alpha-emitters of a given series fell on a
straight line if the logarithm of the range was plotted against the logarithm
of the half-life. This relationship had a practical usefulness in makihg it
possible tc estimate the half-lives of certailn radicelements when the alpha
partlcle range was knowh,but the half-1ife could not be measured directly.

The half-1life of uranium IT (U234)
106 years ffomvthe observed range of the alpha particles. This was the only

, for example, was estimated to be about

way in which the half-life of this isotope could be estimated until A.O.
NTER measured the isotopic composition of natural uranium in 1939.

The Rutherford Nuclear Model of the Atom. Another outcome of the

study of the detailed properties of alpha particles which had the utmost
impbrtance fof the development of radiocactivity and of all nuclear physics

was the formulation of the RUTHERFORD model of the atom. GEIGER and MARSDEN
observed in 1909 that when a beam of alpha particles impinged on a thin sheet
of'mattef, mosf of the particles were scattered only a few degrees or less
from their incident direction. Some, however, changed their direction sharpiy,
in some cases'to the extent fhat they were scattered backwards from the foil.
The number which ﬁere scattered through large angles, while small, was too
large to be explained by multiple scattering or by single scattering by the
most intense electrical potential (of the order of 100,000 electron volts)
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supposed to exist within the atom according to the THOMSON model of the atom
in favor at that time. . ' | _

'To explain the anomalous. scattering RUTHERFORD proposed (1911) his
brilliant theory of the nuclear atom. In order to explain an intense
electrical field within the atom RUTHERFORD proposed that. the positive
charge was concentrated into a very small central region whiéh he termed
the nucleus and that the compensating neggtive charge is, distributed Over a
sphere whose radius 1s identifiable with the radius of an atom. Using this
atomic model RUTHERFORD calculated. quantitatively the expected distribution
of scattered alpha particles. This distribution in all its particulérs
was verified later (1913) by the meticulous experiments of GEIGER and
MARSDEN .

A few years later in a series of papers published during the period
191%-1915 NIELS BOHR used the Rutherford nuclear atom and the‘Quéntum theory
of radiation as developed by PLANCK and'EINSTEIN to develop the quantum
theory of atomic structure which came to be known as the,Bohr—Ruthérford
atom. - This model of the atom had its most sweeping success in the ex- _
planation of atomic spectra and atomic phenomena but it also had very great
importance in making-understandable many of the main features of radioactive
decay. »

- "An important element of the Rutherford‘nuclear atom was the charge
number Z to be associated with the nucleus.. The identification of this
number with atomic number was not at all clear until the work of MOSELEY
appeared during 1913-1914. MOSELEY made a systématic study of the wave
lengths of the K series and L series of x-rays which were emitted by the
elements when bombarded with cathode rays.  He noted that there was a .
regular change in the wave length.df.eachvseries when the elements were .

' arranged in the order of their position in the periodic table. The extreme
regularities which he noted could be explained only if there was a very
regular: change in some quantity within the atom in going from one element

to the: next heavier element;.he concluded that this quantity was the positive
charge on the nucleus. MOSELEY concluded that the number of unit positive
‘charges on the nucleus .is the same as the number of the place occupied by
the—element:in the periodic system; this number he called the atomlc number.
The atpmic number immediately replaced the atomic mass number as the funda-

mental quantity to be associated with any element.
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In the region of the radioactive elements it was recognized that the
atomic number of uranium was 92, of thorium 90, etc. When the atomic number
concept of MOSELEY and the Rutherford Nuclear Atom were used in connection
with the SODDY isotope conception and the displacement laws of radiocactivity
it was possible at once to write down in simple and understandable form
nearly the entire sequence of radiocactive decay for. the three naturally-
occurring series. It 1s necessary to recognize, however, that during the
first decade and a half of intensive investigation of the radiocelements
initiated by BECQUEREL'S discovery these theories were unknown. The nature
of each new radioelement had to be deduced from its chemical and physical
behavior and its genetic relationship to other radicelements. By 1913, 32
separate radiocactive species had been discovered and studied.

Energy Release and the Nature of Radioactivity. Immediatély after

the first studies of radioactivity, it was pointed out that the total energy
represented by these energetic radiations was enormously greater than for any
known chemical process. Furthermore the rate of energy emission was totally
uninfluenced by variation in- temperature, pressure, by chemical form, or by
any other physical or chemical factor which causes changes in ofdinary chemical
reactions. The first direct measurements of the heat emitted by radium,
carried out by P. CURIE:: and LABORDE in 190%, showed that one gram of radium
emits about 100 gram calories of heat per hour and that this large heat
emission apparently had continued for centuries.

The many suggestions put forward to explain this large store of
energy could. be divided into two broad groups. According to one set of
views the radiocactive elements possessed some peculdar property enabling
them to extract heat from their surroundings or from unknown radiations
impinging on all matter and to convert the energy so abstracted into the-
form of @, B and 7y rays. The second view was that radiocactivity in some
ways‘involved the breakup of the atom and the ejection of part of the atomic
system and that thig process released large amounts of potential energy
‘residing in the atom. The material nature of the @ and B rays supported
this view. It was impossible to formulate any detailed theory since at
that time nothing was known about. the structure of the atom or of a distinction
between the atomic nucleus and the extra-nuclear electrons. The picture of

the atom current at that time followed the ideas of J. J. THOMSON, (and of
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LARMOR and LORENTZ and of“KELVIN) who conceived of the atom as a sphere con-
taining positive and negative particles distributéd in some regular fashion
throughout and held in equilibrium by electrical forces. .

The Rutherford-Soddy Theory of Radiocactivity. The discovery of the

radicactive emanations and the isolation of other short-lived radicactive
elements from vessels of'from.solutidns in Which‘the long=lived radiocactive
elements such as radium had been allowed to remain provided. valuable clues
to the true nature of the radicactive transformations.. - These clues led to
the theory of radicactivity put forward by RUTHERFORD and SODDY in 1902.
The observations which were particularly illuminating were those connected
with the discovery of the substances given the names Uranium X and Thorium X.
In 1900 Sir William CROOKES showed that the source 6f the beta radi-
ation associated with uranium could be isolated from uranium in a single .
chemical operation.. If uranium were precipitated asithe carbonate and then
dissolved in an excess of ammonium carbonate, a residue of impurity elements
remained behindvahd with this residue remained all the beta activity. This
activity was called uranium X. The alpha radiation as measured by the
electrical method remained entirely with the uranium. iBECQUEREL showed. that
this uranium X activity could be removed from uranium.solution by precipitation
of barium sulfate. The inactive uranium and the active barium were laid aside.
They were re-examined a. year later and the.surfrising fact was found that the

uranium had regained its activity while the barium sulfate had become com-

pletely inactive.
Similarly in the case of thorium, RUTHERFORD and SODDY found that an

active constituent, named by them thorium X (ThX), could be found in solution
when thorium was precipitated with ammonia. .The specific activity of the
ThX WasvseVeral>thousandfold greater than that of the thorium. Within a
period of a month the thorium regained its activity while the ThX became
guite inactive. ‘
The time rate of these processés of decay and recovery of activity
was studied and curves such as that shown in Fig. 6.1 were obtained.
Consideration of these phenomena led RUTHERFORD and SODDY to formulate
their faméus theory of radiocactive decay. - According to this theory (1) there
is a constant production of fresh radiocactive matter by the decay of another

radioactive body and (2) the activity of the matter so formed decreases
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Fig. 6.1. Decay of beta-activity in ThX (3.64 day Rageu) freshly
separated from thorium and the regrowth of activity into the
thorium. v
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according to an exponential law from the moment of its formation. The
daughter radiocactive matter has chemical properties distinctly different from -
its parent and can be isolated chemically from it. When such a separation is
made the daughter activity decays in an exponential fashion with a decay con-
stant characteristic of that particular radiocactive element; the rate of this
decay is uninfluenced by any external condition. The regrowth of the daughter
activity into the separated parent also occurs at a characteristic rate un-
influenced by external conditions. In an undisturbed sample the amount of
daughter activity reaches an equilibrium amount when the rate of disintegration
of the matter already in the sample is just balanced by the matter supplied

by the production of new matter.

To expiain the differing chemical properties of the parent and
descendent radioactivities it was postulated by RUTHERFORD and SODDY in 1903 .
that radicactive decay was an atomic phenomenon. Atoms of some elements
possessca fundamental instability and on the average a constant small per-
centage of them break up every second by expelling one or more material
particles — @ or B rays — with great velocity. The part of the atom: left
behind has different chemical properties. It is possible that these new atoms
are also not permanently'stable and that a certain percentage of them will
break up each second.

According toc the RUTHERFCORD and SODDY theory i£ was 1lmportant that
the characteristic disintegration constant, A, or some quantity related to
it such as the half-1ife (T 0.693

j _ 1/2 = N
element. In the case of uranium X the half-life was easily determined to

) be determined for each radiocactive

be 24.6 days corresponding to a disintegration constant A = 0.0288 days.-l

In the case of thorium X the half-life was determined to be 3.65 days corresg-

ponding to a disintegration constant of A = 0.190 days. |
The disintegration theory was applicable to any series of genetically

related radioelements. The logarithmic law of radiocactivity is very simple

when a single activity 1s considered. However, when a series of several

genetically related radioelements is considered the changes in the amount of

an individual product or of the gross activity can be quite complex. RUTHERFORD

deduced the general mathematical expressions applicable to the major types

of decay chains observed in practice. This mathematical development was a

very powerful tool in unraveling the chain of radioactive transformations
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represented by the active deposits left by the radicactive emanations. It
was.uéed.constantly in deciding on the relationship of any newly discovered
radioactive element to those already known.

The Active Deposits. P. and Mme. CURIE in 1899 noted that any sub-

stance placed in the neighborhood of a radium preparation behaved as if its
surface were covered with an invisible deposit of intensely radiocactive
matter. This activity became known as "induced" or "excited" radioactivity.
RUTHERFORD independently.noted the same phenomenon for thorium preparations:
It soon became established that this activity was intimately related .te the
emanations of radium and thorium and that it consisted of non-gaseous radio-
active products produced by the disintegration of the gaseous emanations.
The term "induced activity" was dropped in faver of the more suitable "active
deposit.”

It was found that the active depesit could be highly concentrated
on negatively charged metal wires or surfaces placed.in closed vessels con-
taining the emanation. Such wires or foils gave convenient sources for study
of the radiations because the activity was highly concentrated and essentially
welghtless. It was found that treatment of the surface with acids would -
remove the radiocactive deposit from the wire. In this case the radiocactivity
was presented in the acid solution and its chemical properties could be
studied. ‘

The Active Deposit from Thoron. The active deposit left by:the decay

of thoron, radon, or actinon is not a simple activity but a mixture of activities.

In the case of the thoron active deposit it was ultimately determined that the

sequence of products was the following:
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Active Deposit from Thorium

Tha (Poo0) 4 B (Pb1C) - The (BiZ19)
.18 sec > | 0.6
T (66%) The'  (PooY?)
><lOv—7 sec
ThC 60.5 min 208) Stable

\\>§<3in 5 1 min
ThC" (T1208

The first product, ThA, is so short-lived that special methods are
required to measure it. MOSELEY and FAJANS first determined (1911) the half-

. life of ThA by collecting it on a rapidly-rotating, negatively-charged metal

disc as it was formed from the decay of the thoron. The activity of the
matter so deposited was examined at different angular distances from the

point of deposit. They determined in this way a half-life of 0.14 sec.,

which is quite close to the value presently accepted. MOSELEY and FAJANS
applied this same method to the first product in the active deposit of actinon
and found a half-life of .002 éecondsvfor AcA. This was the shortest half-
life known for any radioactive element at. that time.

The controlling activity in the active deposit of thoron is ThB
which decays with a half*life of 10.6 hours. Further details on the active
deposit of thoron will be presented later when the various members of"the
naturally-occurring decay chain are discussed.séparately.

The Active Deposit from Radon. The active deposit left on surfaces

exposed to radon shows a complex decay. The transformation sequence can be
divided into a preliminary sequence of rapid change involving the activities
with the designation RaA, RaB, RaC, RaC', and RaC" and a final sequence of
very slow change composed of the activities RaD, ReE and RaF. These products

will be discussed systematically in the next section.
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Main Decay Sequence of the Active Deposit of Radon

218 : o1k . B~ 214 B~ 5
<R A) 05 min o (RaB) 26.8 minE Bl (RaC) 19.7 min
1k a
Po° (RaC") 1.5x10'4 v ppt0 {RaD) ——7:———5> Bi 210(RaE)——————%>

210

P4 (RaF) ‘?EF?T%> Pb

206 (RaG) Stable.

It would take us too far afield to discuss in detail the interesting
detective work involved in unraveling the course of this decay sequence but
a few points may be mentioned. One approach to the problem was to follow the
decay of the active deposit starting immediately after removal of the eman-
ation and to deduce the half-lives of the successive froducts by the shape
of the observed curves using the mathematical relations derived by RUTHERFORD.
The analysis was difficult because the shape of the decay curve was dependent
on:the léngth of time of exposure to emanation and because the alpha emitting
products. were detected so much more efficiently than the beta emitting products.
Nevertheless it was concluded that the first three changes consisted of
Radium A decaying by alpha particle emission with a half-life of 3 minutes,
Radium B, a rayless product decaying with a half-life of 21 minutes and
Radium C, decaying with a half-life of 28 minutes and emitting o, B8 and <y
rays. The separation of Radium B from Radium C was carried out by BRONSON
(1905) by volatilizing the Radium B ( a lead isotope) from Radium C (a bis-.
muth isotope). VON LERCH (1906) showed that Radium C could be obtained in a
pure state by contacting a foil of nickel with a solution of the active
deposit.

The Recoil Collection Method. Somewhat later (1909) the recoil -

collection method for the separation of radiocactive daughter products was -
introduced by HAHIN and by RUSS and MAKOWER. The general method consists of
placing a negatively-charged collector plate guite near to'a plate covered
with active material. During radioactive decay the daughter atom is given
enough momentum to balance the momentum:of the ejected & or B ray.- This

may bé sufficient to eject it from the surface of the original active plate,
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and since the daughter atom is left positively charged during the decay
~ process it will be accelerated toward the collector plate. This prdcess can
be quite effective for the daughter products of energetic alpha emitting
parents. It is much less prominent for daughter atoms of'betaQemitting parents
because of the much smaller recoil momentum. RUTHERFORD had-preVibusly cal-
culated the recoil momenta to be expected from alpha and beta processes.
Pure sémples of 26.8-minute RaB could be obtained in high yield by

‘this method. using the 3-minute alpha-emitter RaA as the source activity.
Pure samples of RaC could be obtained from the beta-emitter RaB, but the
collection efficiency was only about 1/6000.

‘ The recoil method is of very general applicability and was an important
aid in determining the course of the decay chains. Tt helped to determine
the direct parent-daughter relationship of two activities in several in-
stances. It also aided in the discovery of quite short-lived products which
had been missed. TFor example the recoil method was instrumental in showing
that Radium C was a complex activity decaying by two paths. The work of
HAHN and MEITNER (1909) and FAJANS (1911) showed that a prbduct which they
called Radium C, (later relabeled RaC") was produced in a very small per- _

centggg_gﬁ_ﬁhg_@isintegr&tions:—-This’p?bdﬁEE’EHEGEE—E—E;lf-life of 1.38
ﬂ;;;tes. The main decay resulted in the direct production of Radium D
(actually years later it was found that the short-lived alpha emitter RaC'
occurred betweenARaC and RaD).. The discovery of Radium 02 was important
because it was the first instance in which definite evidence was presented
for branching decay. later several instances of branching decay were
verified.

The active deposit observed on bodies which have been exposed to
radon gas decreases to a very low level within a day's time after removal
of the radon but does not decrease to zero. The residual activity, known
as the active-deposit-of-slow-transformation consists of Radium-D, Radium E
and Radium F. Radium D, a slowly decaying substance emitting soft B rays,
was found to be identical with the "radio-lead" separated earlier by
HOFFMANN and STRAUSS from uranium minerals. The half-life of RaD was too
long to determine by direct counting methods and was determined .indirectly
by an application of the RUTHERFORD and SODDY disintegration hypothesis. -
RUTHERFORD in 1904 estimated a value of 40 yearéj,ST. MEYER and SCHWEIDLER
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in 1907 estimated 37. D, years. ANTONOFF in 1910 determined a value of 16 5 \
years which is rather close for such a dlfflcult measurement to the presently—
accepted value of 19.4 years. » - . v L
Radium E is a 5-day activity emitting high energy beta rays. Itican .
be separated from Radium D or Radium F by deposition on a nickel plate - 7
~Radium F was shown to be an alpha emitter identical with the element
polon;um;whlch Mme. CURIE had isolated from pitchblende. Radium F has the
important property that its transformation product shows no radicacti&ity.
Hence it was deduced that the chain of_radioective changes initiated,by
radium comes to an end at this stage. | “

The Active Deposit from Actinon. The actlve depos1t from actlnon 15‘

now known.to go,through the sequence shown here. We have mentloned how

Decay Sequence of* the Active'Deposit of Actinon.

AcA (P0215) f; —>>" AcB (Pb ll).——ii—;> AcC»(Bigll):2.16.m1n
o 1.83x10 ~ sec . - 36 min ‘
AcC' (PoStty

AcC. AcD . (Pb207) Stable

acct (11797

MOSELEY ‘and ‘FAJANS (1911) used the method based on recoil collection of AcA.
on a'rapidly revolving disc to measure the very short half-life of Actinium
A. They reported a value of .002 seconds. The course of the transformation.
of AcB'thrOugh a-series of products to the stable end-product- Actinium:D Wwas
determined thrdugh‘the'COntributionsvof'many'investigators. Analysis of -
the decay curves of thé mixture, and sepdration of-individual products: by
volatilization; by ‘electrodeposition, or by recoil collection aided in.the~

agsignments.
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Ionium. The discovery of ionium had an interesting history. It was
an cutcome of a search for a radioactive parent of the element radium. Con-
sideration of the relatively short half-life of radium and of the RUTHERFORD- :
SODDY transformation theory led to the conclusion that radium must be con-(
tintously replenished in radioactive minerals by some longer-lived precursor.
The constancy of the ratio between radium and uranium in minerals suggested
that uranium was the parent of radium. However, if this were the case, radium
should grow back at a readily detectable rate into purified uranium samples,
and experimental checks showed that the regrowth of radium was more than one
thousandfold less rapid than would be predicted. It was necessary to postulate
a relatively long-lived intermediate between uranium and radium.

BOLTWOOD (1906) proceeded to search for this missing intermediate
and during some experiments with the mineral carnotite isolated a preparation
which he at first believed to be actinium. BOLTWOOD kept his "actinium"
preparation in a sealed bulb and periodically tested it for radium content
by measuring the radon gas content. He observed that radium was growing into
his sample and concluded that actinium was the parent of radium. To confuse
the situation further RUTHERFORD obtained a sample of actinium from GIESEL,
who had discovered actinium in 1902 almost simultaneously with DEBIERNE, and
found that radium rapidly grew into this preparation.too¥ This was caused by
a considerable ionium impurity in GIESEL'S actinium sample. BOLIWOOD (1907)
re-examined his original preparation and found it was not actinium but a '
new substance which he called lonium. By separating ionium from a number of
minerals, he found that the rate of production of radium was directly pro-
portional to the amount of ionium. The experiments of BOLTWOOD, OF KEETMAN,
and of AUER V. WELSBACH showed that ionium was identical in its.:chemical
properties to thorium and could not be separated from thorium. This made it
difficult to measure the half-life of ionium by specific activity measurements
but various lines of evidence served to bracket the half-life in thé range
of 100,000 years.

Uranium 2 (Uranium II). With the discovery of ionium it was possible

about 1910 to write the uranium decay chain as follows:

Uranium ——Y  Uranium X ———> Tonium ———> Radium ———>
Radium Emanation ——» Active Deposit.
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The fact that uranium itself is not simple but must contain two alpha
emitting substances was deduced from a very simble experimental fact. In the
decay chain of uranium as understood at the time were six products which
emitted alpha particles. According to this the number of alpha particles
emitted by a thin deposit of an uranium ore. in equilbrium with its descend-
ants should be just seven times that of an equivalent amount of pure uranium. -
Instead, it was found that the mineral samples emitted Just four times the
number of alpha. particles released by uranium. It was concluded that (1)
uranium emits two alpha particles per disintegration, or (2) uranium consists
of two distinct substances in equilibrium. The first possiblility was elimin-
ated by experiments of MARSDEN and BARRATT who showed that the alpha particles
of uranium did not -occur as doubles. Range measurements did show the exis-
tence of two distinct alpha groups of range 2.5 cm and 2.9 cm of air. Using
the Geiger-Nuttall relationship a half-life of approximately 106'years was
calculated for this second component of uranium. (The preserntly accepted
value of the half-life of UQBA is 2.5 X lO5

the two radiocactive components of uranium chemically were unsuccessful.

yvears.) Attempts to separate

Following these discoveries the early part of the uranium decay chain was
written (incorrectly) in this way for some period of time: Uranium I —>
Uranium IT ———> Uranium X ———> Tonium. We shall mention a little
further on how this error came to be corrected.

Discovery of Radiothorium. Radiothorium was discovered by HAHN in

- 1905 shortly after he had joined Sir William Ramsay as a laboratory assistant.
RAMSAY had given HAHN a sample of barium containing alpha activity believed
to be radium and asked him to purify the radium according to the methods of
Mme. CURIE and of GIESEL. This "radium" sample had been isolated not from
an ordinary uranium ore but from thorianite, containing a high percentage of
thorium, obtained from Ceylon. HAHN soon found that this preparation did not.
behave as did normal radium and in his experiments succeeded in isolating a
new and very active substance which he called radiothorium. This substance
gave rise to thorium X and thorium.emanation; This made it necessary to re-
vise previous views of the relationship of thorium X to:thorium, as it had
been thought that thorium X was the direct descendant of thorium.

" Radicthorium is an isotope of thorium and it is clear in the light

of later knowledge that its presence in Hahn's radium sample is to be explained
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by the isolation of mesothorium, an isotope of radium, with the barium
carrier and by the subsequent growth of radiothorium into the sample.

Discovery of mesothorium. The discovery of mesothorium, the radium

isotope which is the direct descendant of thorium, was the result of a slight
controversy between HAHN and BOLTWOOD. HAHN had determined a value of about
two years for the half-life of his newly-discovered radiothorium. BOLTWOOD
had estimated a considerably longer half-life by an indirect method. BOLTWOOD
had found that the activity of throium oxide samples prepared from commerical
samples was in some cases only about half the activity of thorium in minerals.
This difference was attributed to the removal of radiothorium during chemical
purificatibn. If this were true, the rate of growth of activity back into

the thorium should give the half—life of radiothorium, since radiothorium was
ﬁhenvbelieved'to be the direct descendant of thorium. The growth of activity,
however, indicated a half-life of about six years, much longer than HAHN'S
value. ' '

HAHN deduced that the difference could be resolved if an unknown
.prodﬁct intervened between thorium and radiothorium. To test this hypothesis
HAHN obtained a series of thorium samples, whose dates of purification were
known, from the firm of KnBfler and Company. HAHN found (1907) that the
activity of thorium preparations was hormal immediately after separation
but gradually decreased with age to a minimum at abouf 4.6 years. After
this, however, the activity then rose slowly toward the initial normal value.
(This variation in thorium activity is Shdﬁn exactly in Fig. 6.21)_ Using
his previouély determined value of two years for the half-life of radio-
thorium, HAHN deduced from the activity measuremen%s that the intermediate
substance did not emit alpha rays and was converted to radiothorium with a
half-1ife of about 5.5 years. This new substance was called mesothorium.

Thorium———> Mesothorium ———>  Radiothorium —~—JZ——%>
.5 yrs. 2 yrs.

BOLTWOOD later found that mesothorium was easily removed from thoriuﬁ‘
by precipitation of the thorium with ammonia. The original radiothorium
remained with the thorium but new radiothorium at once commenced to grow
into the mesothorium fraction. BOLTWOOD, SODDY, and MARCKWALD in separate
investigations found that mesothorium was identical in chemical properties

with radium.
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Mesothorium 2. About one year after the discovery of mesothorium,

HAHN reported that an activity with a half-life of 6.2 hours rapidly grew
into freshly isolated samples of mesothorium. The 6.2 hour activity could
be removed from mesotherium by precipitating a little. zirconium or thorium .
with ammonia. . The radiations from this new activity were interesting because
of a prominence. of several groups  of monoenergetic electrons in contrast to
the. continuous spectrum of electron energies seen in the case of most beta
emitters. This new activity was named mesothorium 2 and mesothorium itself
was relabeled mesothorium 1.

Mesothorium was isolated in considerable quantity for commercial .
sale as.a radium substitute. The 5.5 year half=life of mesothorium 1 (now
known te be 6.7 years) was short enough to provide high specific activity
material but still long enough to give a convenient working life for. the
samples. The mesothorium 2 which quickly grew into equilibrium and was main-
tained by the longer-lived parent emitted strong beta and gamma radiations
which could be used for medical or other purposes. These commercial sources
of mesothorium or "German radium" were usually not pure becalise the monazite
sands frem which they were prepared contained some uranium as well as thorium.
Hence radium was isolated with the mesothorium. |

Actinium X and Radioactinium. Independent work by GODIEWSKI and

GIESEL (1905) showed that if actinium is precipitated with ammonia a new
substance called actinium X remains in the solution. GODLEWSKI determined

a half-life of 10.2 days for this substance. It was found to be a parent

of the actinium emanation. Actinium X has properties similar to thorium X

and to radium. HAHN (1906) found that the actinium X was not produced ‘
directly from the decay of actinium but that an intermediate alpha ray product,
radioactinium; came between actinium and actinium X. The half-life of radio-
actinium was found to be 19.5 days.

When the series of radiocactive changes in the active deposit of the
actinium emanation was worked out the decay chain for actinium ceuld be
written (1912) as follows:

Actinium —J§%> Radioactinium—lz%> Actinium X —g—%> Actinon —JZ—%>

Actinium A —%—> Actinium B ——3 Actinium C —>—> Actinium D.

Except for some later information on the actinium C branch products

and a small alpha branching of actinium itself this sequence is complete and
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correct. However, at this time there was great uncertainty as to the origin
of actinium itself.

Discovery of Uranium Y. The first crude estimate of the half-life

of actinium reported by Mme. CURIE in. 1911 gave a value. of about 30 years .and
a later measurement by HAHN and MEITNER gave about 20 years indicating that
some dthef'radioactive product in pitchblende must be.continuously replenish—
ing the actinium. The search for this parent was unavailing for many years.

- It was not possible to separate actinium completely enough from the rare
earths with which it was always mixed so that an atomic weight determination
could be made. Nor could this be done for any disintegration product of
actinium. The one fact that seemed o provide a clue was that the actinium
content of any uranium mineral always bore a constant small ratio, in terms
of disintegrations per unit time, to the amount of uranium. This led to the |
belief that actinium stood in some genetic relationship to the uranium decay
chain and that it might arise from a small branching of uranium or one of its
main-line decay products. In 1911 ANTONOFF reported his results on a new
product, designated uranium Y, which could be isolated together with uranium
X from uranium solutions by - precipitation of ferric hydroxide. The amount
of the 1.5-ddy uranium Y was small compared to uranium X. . It did not appear
to be genetiqally related to uranium X and its presence was most logically
explained as being due to a branching decay of uranium, mostzprobably at
uranium 2. The possibility that uranium Y was related to actinium and might
even be: its immedliate parent was considered. It became clear that uranium Y
could not be the immediate parent of actinium for otherwise actinium would be
observed to grow into pure uranium at a detectable rate.

Discovery of Protactinium and the Origin of Actinium. Some years

later a new search was made for the parent of actinium using the SODDY-FAJANS
displacement.rules of alpha and beta decay which we shall discuss presently.
From its chemical properties actinium clearly belbngs.in Group III of the
periodic¢ chart. If the parent of actinium were an alpha emitter it should be
placed in Group V in the eka-tantalum position. This parent must be long-lived
to explain the past difficulties in observing the growth of actinium into '
purified uranium. Following these considerations HAHN and MEITNER searched

for a long-lived alpha emitter with chemical properties of eka-tantalum in

the suitable residues from pitchblende processing. They succeeded (1918)
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in isolating a new alpha emitting activity and demonstrated the growth of
actinium into their samples. At this time they.were unable. to isolate a
quantity in sufficient purity to determine the specific activity; however,
they were able to estimate a half-life in the range 1200 to 180,000 years
using the GEIGER-NUTTALL relationship. The new isotope was named protactinium.
This was not the first isotope of the element to be discovered for FAJANS
and.GBHRING-had previously identified the isotope, UXE'

At about the same time as the work of HAHN and MEITNER independent
work by SODDY and CRANSTON had also shown the existence of protactinium which
they called ekatantalum. Their chemical separation technigue was basged |
on the known volatility of tantalum chloride at high temperatures. vThey
heated pitchblende in a stream of carbon tetrachloride and found that the
material which sublimed out gave rise to actinium.

The discovery of protactinium.made it possible to write the early

part of thé actinium chain as follows:

ranch

.
Uranium IT m————> Uranium Y — P 5 protactinium ——% > Actinium.

The correct assignment of the origin of uranium Y and a final settle-
ment of the relationship of the actinium series to the other three series were
not made for many years, but were finally achieved by the following develop-
ments.

207

(l) In 1929 ASTON found a small amount of Pb by examining the

isotopic composition of lead obtained from a uranium mineral. From the high

ratio of Pbgo7 to Pb208 in the sample it was clear that Pbgo7

could not be
present simply because of contamination with ordinary lead. RUTHERFORD
concluded from ASTON'S experiment that Pb207 must be in part due to actinium=
lead;the end product of the actinium series. Assuming this to be correct, .
one could conclude that the atomic weight of protactinium must be 231 since
s8ix alpha particles are emitted in converting protactinium into actinium

lead. ‘This in turn meant that the uranium isotope from which protactinium is
derived cannot be uranium II but must be an unknown isotope of mass 235,
termed'actinouranium. A. PICARD had hypothesized the isotope U255 as early.as
1917.

(2) Definite evidence for a uranium isotope of mass 235 was obtained

by the mass-spectrographic analysis of DEMPSTER in 1935. The first accurate
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measurement on thé isotopic composition of uranium was reported by NIER in
1939. NIER reported a value of O.72% for U235 and also for the first time
observed uranium 234, the uranium II of the uranium-radium decay chain.

(3) The atomic weight of protactinium was determined by A.V. GROSSE
in 1935 by preparing, weighing, and analyzing a pure compound of the element.
He reported a value of 230.6 * 0.5. ,

The Cohcept of Isotopes and the Displacement Laws. During the first

decade and a half of radioactivity when a large number of radioelements were
being discovered two important perplexing facts were forced on the attention
of most of the principal investigators in the field. The first was that the
number of radiocelements was much larger than the number of places available
in the periodic chart on any reasonable extension of the periodic system of
the element as 1t was 'then known. The number of different réddiocelements was
in the neighborhood of thirty and these somehow had to be fitted into the
chart in the elements between lead and uranium. Secondly, a number of the
radioelements showed a truly remarkable chemical similarity to each other or
to one of the previously known inactive elements. For example, it had been
found impossible to separate ionium from thorium,radioclead from ordinary
lead, mesothorium-1 from radium,uranium II from uranium I, etc. These per-
plexitiés were removed in 1913 by the introduction of the concept of the iso-
tope and of the so-called displacement laws. The clearest statement of the
new concepts was made by SODDY and independently by FAJANS although many
persons such as FLECK and RUSSELL shared in this important discovery. The
term "isotope" or "isotopic element" was suggested by SODDY for a group of
two or more elements of different atomic weight occupying the same place in
the periddic table and being in consequence chemically non-separable and
identical. Under this concept radiolead and ordinary lead are not elements
with remarkable chemical similarity but merely different forms of the same
element. The element thorium thus had at least six different forms of differ-
ing atomic weight, these being thorium, ionium, radiocactinium, radiothorium,
uranium Y, and uranium X. The displacement laws were formulated by SODDY as
follows: '

1. The product resulting froman alpha transition is shifted two
places in the periodic chart in the direction of diminishing mass from the

place of the original substance.
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2. The product resulting from a beta transition is shifted one place
in the direction of the higher.elements from that of the original substance.

These rules and the isotope concept assisted enormously in the place-
ment of the radioactive products of the three series and in making under-
standable the chemical behavior of the elements. Shortly after the formulation
of the displacement laws the Moseley concept of atomic number became a. corner-
stone of nuclear science and made even more explicit the meaning of the trans-
formation laws.. These new concepts assisted the séarch for new products and
the correction of errors. An interesting example of this is the placement
of uranium II in the early part of the uranium decay chain. We have reported

previously how from radiocactivity evidence the chain had been Written:
Uranium T — %%  Uranium 1T —> S Uranium X ——— Toniun —%>Radiun

Application of the displacement laws immediately showed. that this
could not be correct because uranium II should then be an isotope of thorium
and easily separable from uranium I (mass number 238). Uranium II was in

fact inseparable from uranium I. Hence the chain was rewritten as follows:

Uranium I ———> Uranium X —— Uranium II ———> Ionium ——> Radium

This scheme still had one serious flaw. 1In view of the displacement
laws, uranium X, an isotope of thorium, could not be expected to transform
itself in a single beta transition to uranium II, an isotope of uranium. To
correct this, RUSSELL and FAJANS presented the hypothesis that an unknown beta
emitter must exist between uranium X and uranium II and that this substance
should have properties similar to tantalum. FAJANS and GOHRING (1913) used
tantalum as a carrier to isolate a new radioactive element with a half-life
of 1.15 minutes. This activity was given the name UX2. This was the first
isotope to be discovered of the element which we now call protactinium. At
the time of their discovery of UX2 FAJANS and GOﬁRING suggested the name
brevium because of the short half-life. ILater when the isotope protactinium
was found by HAHN and MEITNER the name brevium was abandoned, with Fajan's
consent, in favor of protactinium as the name of the new element.

Discovery of UZ. - The First Isomer. We shall close this account .

of the early years of radiocactivity with a mention of one radioactive isotope
whose chief importance lies in the fact that it was the first instance of

isomerism to be discovered. As we have previously mentioned FAJANS and
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GaHRING found that UXE’ a 1l.15-minute isotope of element 91, was produced
by the disintegration of UX, a 2Lk.1 day isotope of thorium. Somewhat later

(1921) HAHN showed that UXl gave rise not only to UX_, but in a very small

proportion of its disintegrations to a new substanceename uranium Z. Uranium
Z has a hélf-life of 6.7 hours and emits beta rays; From its ofigin and from
its chemical properties it had to be regarded as an isotope of protactinium -
and what was more significant as an isotope identical in mass number with

UX2. This was the first instance -of a phenomenon later to be termed "iso-
merism". (STEFAN MEYER had already indicated the possibility of the existence
of such nuclear species which he had termed "isotopes of higher .order".) It
was not until the occurrence of nuclear isomers among artificially-radioactive
isotopes was shown to be a general phenomenon that the nature of UZ was com-
letely understood.

Conclusion. This account of the early period of radioactivity brings
us approximately to the year 1920 at which time the majority of products of
the naturally-occurring radioactive series had been identified. Some more
branch products were discovered later and, as we have mentioned, the important

235

isotope U was found in the late nineteen thirties. The main emphasis of
the next decade before the discovery of értificial radiocactivity was placed
on a detailed study of the radiations of the individual isotopes. Hence at
this point we shall conclude this review of the early period and turn to a
systematic review of the properties of the naturally-occurring isotopes.
The reader who is interested in more detailed information on the

early history of radiocactivity can turn to the publications' given bélow.
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6.2 THE URANIUM - RADIUM SERIES
(THE 4n + 2 SERIES)

We now proceed to a more systematic discussion of the naturally-
occurring radioactivities starting first with.the uranium-radium series.
Figure 6.2 shows this decay chain and Table 6.1 lists essential data for each
isotope. The modes of decay are listed for each isotope but the radiations
are not given in detail at thié point; Each isotope is listed according to
the standard isotopic designation and also according to the classical generic
names. Although these ciassical symbols were chosen, as we have seen, before
the isotopic identities were known, the older nomenclature still retains some
attractive features. For example, all of the A-products are the immediate
alpha-decay descendents of the noble gas isotopes in the three series so that
radium A(RaA) immediately suggests the polonium daughter of the emanation
whereas the symbol Po21 may require some reflection to associate 1t with
radium preparations. Similarly the B-products in all three series are lead
isotopes which decay to the C-products which are all bismuth isotopes. The
C—productsvin turn undergo branched decay to the C'-products (polonium iso-
topes) and the C" products (thallium isotopes).

A point of nomenclature which demands clarification is the family
name for the isotopes of element 86, the noble gas. This element is perhaps
most often termed. radon which is also the isotopic designation for radium
emanation. However, we prefer to adopt the family name emanation (Symbol Em)

which has also been used. (See for example K. Fajans, Radiocaktivit8t und die

Neueste Entwickelung der Lehre von den Chemischen Elementen, F. Vieweg et

Sohn, Braunschweig, 1919, p.9%4.

We shall also frequently refer to the uranium-radium series as the
bn + 2 series, the thorium series as the 4n series, etc., in recognition of
the fact that the mass number of all members of a single series are divisible
by four with a common remainder. This results from the fact that alpha decay
always causes a change of 4 in maS; number while beta decay proceeds without

any change in mass number.

The Uranium Isotopes in Natural Uranium. Natural uranium consists of

three alpha-emitting isotopes: U238 (Uranium I) present in 99.27 percent
238

abundance, U234 (Uranium II), and y?32 (actinouranium). U is the primary
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URANIUM (4n +2) SERIES U334 v
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Fig. 6.2.

The uranium-radium series.
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Radioelement o . Symbol N ‘ Rad-iaﬁion Half-1ife
Uranium I S U258 o - 4,507 x 107 y
la o S ‘
Uranium X, N ThEBLF B . 2k.1 4
18 o3l
L{ranium X2 Pa B 1.175 m
93.87% I.T. 0.13%
- . : - 9 |
B Uranium Z _ Pa B 6.7 h
Uranium II'/ ' UQB)+ 2.48 x 10° v
Le X
Tonium | TthO o 7.52 x 10y
Le ,_
Redium ' Ra220 o 1622 y
l a
Radon - T ool - a 3.825 4
e , v '
v 218
adium A e—— : Po o« and B 3.05 m
99-9%% 0.02%
®  Radium B i pp2LH B 26.8 m
~ Astati 218 218
l statine At 1 5 s
B 0! _
lRadiu_m C _ B]‘_2l)+ _ B and ¢ 19.7 m
99.96% 0.04 ‘
B : o : , .
Radium C' -J/ o po2lH 1.58 x 107" s
o Radium C" 71230 B 1.32 m
4 p | ,
Radium D& pp210 B 19.h y
e | o
Radium E _ p1°10 B and Q S 5.02 4
R ‘:;' (04 “-6 . . : )
~100%| ~1077% 1.8 x 10 %
P o Mercury-206 Hg206 B 8.6 m
A% .
Radium F 8" po-1° , o 138.L4 4
: A4 .
a Thallium29§ T1206 B 4.19m
v i 206 | L |
Radium G&- pp=0 stable
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source material from which all the other (secondary) members of the uranium-

238

is sufficiently long-lived to have

3k

radium series are derived since only U
existed since the formation of the elements. A small amount of U2 must be
found in every uranium sample'in which radioactive equilibrium has been es-
tablished. The ratio of atoms of U23u to U238 is simply the ratio of the
half-lives or 5.5 x 10-5. The equilibrium under discussion is given by the

chain.

- 0
UT a9 > UX; Py e —P 5 oy : >
L.5 x 107 yr. 2.1 day 1.17 min. 2.5 x 10” yr.

The U235 present in natural uranium is unrelated to the 4n + 2 series
and in the long-lived primary isotope from which ali secoﬁdary members of the
actino-uranium series are derived.

The isotopic composition of natural uranium and the half-lives of the
uranium isotopes are of quite fundamental importance for such diverse matters
as the derivation of radiocactive constants for other members of the decay
chain, the preparation of counting standards, the age of minerals and the
heat balance of the earth. Hence, we shall summarize the best values for
these quantities.

DEMPSTERl first detected U235 in natural uranium and reported an iso-
topic abundance of less than one percent. The first accurate mass-spectro-
graphic analyses were made by NIER2 who also detected U234 for the first
time.

The results obtained in NIER'S work and in several more recent studies
are given in Table 6.2. Among the best recent work on the abundance of U238

2 238 2
and U 35 is that of LOUNSBURY.,3 The half-lives of U 3 and U 3k

calculated from the mass spectrographic results and from specific activity

have been

measurements on samples of natural uranium. These calculations require a

1. A.J. Dempster, Nature 136, 180 (1935).
2. A. Nier, Phys. Rev. 55, 150 (1939).
3. M. Lounsbury, Can. J. Chemistry 34, 259 (1956).
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knowledge of the half-life of U235-which has to be determined by some inde-
2
35 to the total alpha activity

rendent method. However, the contribution of U
. 5 _
3 half-

of normal uranium is less than 5 percent, so large errors in the U
lifer are not reflected in similar errors in the calculation of the half-lives
of U23u‘and U238. '

. Since the introduction of lafge-écale plants for the gasebus diffusion
and electromagnetic separation of uranium isotopes it has beeﬁ possible to
make direct determinations of the half-lives of the uranium isotopes by spe~
cific activity measurements on samples highly enriched in U234 andvU235o

FLEMING, GHIORSO and CUNNINGHAM% have measured the half-lived of U234 and

U235 on such enriched samples-and have given a detailed and critical evaluation
of the errors involved in such determinations. Table 6.2 contains a summary
of the prinéipal half-life determinations. We adopt the '"best” valuesbselect-
ed‘by FLEMING»l+ The table also lists various determinations of the isotopic
composition of natural uranium. In Part III of Table 6.2 we quote "best'
values for the isotopic composition. To construct this table we accepted
LOUNSBURY'S U238/U235 atomic ratio of 137.8 * 0.1k and FLEMING'S "best"

values for the half-lives of the iéotopes and for the specific activity of

natural uranium.

4. EB.H. Fleming, Jr., A. Ghiorso and B.B. Cunningham, Phys. Rev. 88, 642
(1952).
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Table 6.2 Values of Radiocactivity Constants for the

Uranium Isotopes Occurring in Nature

PART I
' Specific Activity  Decay Constant Reference
Isotope Half-life (years) (disint/min. mg) A in yrs™l
U23LL (2.7 £ 0.27) x 16° (1.3 £ 0.13) x 107 1
- (2.29 £ 0.14) x 10° (1.48 £ 0.09) x 107 2
(2.35 £ 0.14) x 10° (L.44% £ 0.09) x 10" 2
(2.522 % 0.008) x 10° (1.345 * 0.00k) x 10' 3
(2.67 * 0.04) x 10° (1.27 £ 0.02) x 107 4
(2.475 £ 0.016) x 107 (1.370 % 0.009) x 10" 5
(2.48 * 0.02) x 10°  (1.37 % 0.01) x 10| 2.79 x 10'6yr' "Best Value"
' 10
u?3? - (7.06 £ 0.21) x 10° (.78 * 0.14) x 107 1
(8.8 £ 1.1) x 10° (3.82 + 0.49) x 103 3
(7.13 £ 0.16) x 108 (k.74 = 0.10) x 103 5
8.91 X 108 6
(7.53 £ 0.23) x 108 (L.48 £ 0.14) x 1o3 7
(7.13 * 0.14) x 108 (L.7h £ 0.09) x 103 9.72 x 1o'loyr'l "Best Value"
-10
U238 (4.49 £ 0.01) x 109 Th2.7 £ 1.6 3
(k.51 = 0.01) x 107 738.6 + 1.6 1.537 x 1o’loyr’l "Best Value"
1501 * 6 8
1501 £ 3 9
NATURAL 1502 * 1.5 3
URANIUM : ,
3 "Best Value"

1501

-10.
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"PART II
Composition of Natural Uranium (Literature Values)

Atom Ratio Abundance [123)1L

U238/U235 Atom % Reference
138.9 + 1.4 1 0.0059 * 0.00059 1
137.0 * 0.7 0.00555 * 0.00017 11
138.0 £ 0.3 S 11
139 0.0050% £ ,00030 2.
'137.8 | - 12
137:8.i 0;14 _———— 13

0.00557 £ 0.00006 3
138.0 & 1.4 0.00545 * 0.0000k 14
 PART ITI.
- "Best Values" Composition of Natural: Uranium

Isotope Abundance (Atom perceﬁt)

234 0.0055 # 0.0002

235 - 0.7204 % 0.0007

238. '99.2741 £ 0.0007

Atom Ratio USSO/pe3% 18,180 * 550

Atom Ratio U238/U23? 137.80 * 0.14

Specific Activity = 1501 = 3 dis/min mg total uranium

Contribution of U<3? = 33.7 £ 0.7 "

’Contribution of U238 = 733.6 £ 1.6 "

Contribution of USF = 733.6 * 1.6 z
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References to Table 6.2

1. A.0. Nier, Phys.-Rev. 55, 150, 153 (1939); U7 half-life recalculated
in accordance with the work of KOVARIK and ADAMS. ;

2. 0. Chamberlain, D. Williams and P. Yuster, Phys. Rev. 70, 580 (1946).

3. C.A. Kienberger, Phys. Rev. 76, 1561 (1949); Phys. Rev. 98, 46 (1955).

4. A.S. Goldin, G.B. Knight, P.A. Macklin and R.L. Macklin, Phys. Rev. 76,
336, (1949).

5. E.H. Fleming, A. Ghiorso and B.B. Cunningham, Phys. Rev. 88, 642 (1952).

6. Clark, Spencer-Palmer and Woodward, Imperial Chemical Industries Ltd.
Research Department, Declassified Report BR-522, unpublished (October 1944),

7. G.B. Knight, Oak Ridge National Laboratory Report K-663, unpubllshed,
(August 1950). ‘

8. A.F. Kovarik and N.I. Adems, J. Appl. Phys. 12, 296 (1941).

9. Curtiss, Stockman and Brown, National Bureau of Standards Report A—BO{
unpublished (December 1941).

10. "Best values'" taken from Fleming et'al. Ref. 5.

11. M. Fox and B Rustad, Carblde and Carbon Chemicals Corp. Report, Bd-R-88,

o unpubllshed (1946)

Az, M.G, Inghram, Naﬁlonal'Nuclear Energy Sories, Div. 11, Vol. 1k, Chapter
V, p.35 (1946). o

13. M. Lounsbury, Can. J. Chem. 34, 259 (1956).

14%. Calculated as described by Fleming et al., Ref. 5 using "best values"

235} U23h 238/U235

of specific activities of U ~and natural uranium and the U

atom ratio.. These valués constitﬁte a self-consistent set.
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One milligram of pure natural uranium emits exactly 1501 alpha parti-

238 234

cles per minute. Of these 733.6 are emitted by U , an equal number by U
2
and 33.7 are emitted by U 35.

only at a very slow rate because of the long half-life of ionium; it would

"Pure uranium grows daughter alpha-activity

take several hundred years before the alpha activity of pure natural uranium

increased by one percent. The growth curve for ionium appears in Fig. 6.4.

: ~ 8 - 234
The energy of the main group of alpha particles of U23 and U 3

measured as 4.195 £ 0.005 MeV and 4.768 = 0.003 MeV, respectively, by the
5 .

have been
gridded ion-chamber technique. In addition, each isotope has . group: of
alpha particles in about 25 percent abundance approximately 50 keV smaller
in energy and a third group approximately 160 keV lower in energy in a few
tenths of one peréent abundance. The alpha spectrum‘of U235_is complex as
described in Chapter 8 (See section 8.%.9).

Pure uranium emits no beta particles and essentlally the only gamma
radiation associated with U238 nd U 23k is 45 keV and 52 keV y-radiation,
fespectively, which is very low in abundance. vThesg transitions have been
studied chiefly through their conversion electrons.¥’8 The'growth of UXl and
UX? soon introduces hard beta and gamma radiation into uranium..This beta
activity reaches equilibrium in undisturbed samples several months after the
last purification of the uranium as shown in Fig. 6.3.

231‘.) 23&)- The growth of le into

Uranium X, (Th and Uranium X, (Pa

pure uranium is shown in Fig. 6.3. Because UX2 has a half life of only 1.17

minutes it comes to equilibrium with UXi within a few minutes. Hence, Fig. 6.3

5. B.G. Harvey, H.G. Jackson, T.A. Eastwood, G.C. Hanna, Can. J. Phys. 35,
258 (1957)

6.. G.E.- Kocharov, A.P. Komar and G.A. Korolev, Zhur. Eksptl. 1. Teoret. Fiz.
36, 68 (1959) report abundances of 23 * L percent and 0.23 * 0.07 percent
for alpha groups leading to levels in the Th234% daughter of 48 % L keV
and 160 £ 5 keV, respectively.

7. The conversion electrons of the 48 keV transition in Uz38 decay were
studied by the following workers: G. Albouy, Ann. Phys. 1, 99 (1956);
G. Albouy and J. Teillac, Compt. Rend. 234, 829 (1952); B. Zajac, Phil.
Mag. 43, 264 (1952); and D. C. Dunlavey and G.T. Seaborg, Phys. Rev. 87,
165 (1952).
234

8. The Photons and Conversion Electrons of the 52 keV Transition in U De-
cay were studied by the following authors: G. Scharff Goldhaber in Report
- BNL-103, June 1951; P-R. Bell and co-workers in ORNL- 1164, April 1952;
A.A. Vorob'’ev et al., Sov. Phys. JETP, 5, 516 (1957); and Teillac ,Compt.

Rend. 230, 1056 (1950).
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can also be used to evaluate the growth of UX2 into pure uranium. When equi-

238

librium is reached the number of disintegrations per minute of U is pre-

cisely equal to the number of disintegrations per minute of UXl and UX2.

Because of this equilibrium uranium is often employed as a standard of radio-
active intensity for calibrating the counting efficiency of radiation detec-
tion equipment. A sample of pure uranium is analyzed by igniting a suitable

compound to the oxide, U 08, and weighing the oxide, or by some other stand-

ard analytical method. %he disintegration rate is calculated, using the
value 733.6 disintegrations per minute per milligram of normal uranium. The
samplé is usually covered with a foil of sufficient thickness (about 30 mg/cm2
aluminum) to filter out the soft beta particles of UX (end point energy = 193
keV) so that only the energetic beta rays of UXZ are counted (end point energy
= 2.32 MeV). This is done so that uncertain corrections due to-absorption of
soft. electrons in the sample and in the counter window can be eliminated.

UXl-is a convenient tracer for the element thorium. It can be readily
isclated in carrier-free form from uranium using a number of chemical methods.

In the historical section we have shown how the discovery of the re-
growth of UX & UX2 beta activity into purified uranium and the decay of the
24.1 day UX activity, which had been separated from uranium by coprecipitation
on barium sulfate, was of considerable importance in calling attention of early
workers to the continuous production of radiocactive matter from the decay of a
parent_element. UX2 is of historical importance also because its discover

"

by FAJANS‘and GOHRING in 1913 constituted the first discovery of an isotope
of element 91. They called the element brevium from the short half-life of
UX2 but when.Pa231 was discovered in 1918 this name was dropped.

In the beta decay of Th23u the principal daughter product is the

1.17-minute UX
234

o However, in O.14 percent of its disinteégrations an isomeric

form of Pa with a 6.66-hour half-life is produced. This activity has the
special name of Uranium Z. It was discovered by HAHN in 1921 and constituted
the first example of nuclear isomerism.

The UX1 - UX2 - UZ mixture emits a complex mixture of beta particles,
gamma. rays and conversion electrons. "Present knowledge of these radiations
and of the decay schemes of these nuclides is summarized in Chapter 8. (Sec.

8.2.12)
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Tonium. Tonium was discovered by the American radiochemist BOLIWOOD
in 1907. It is an isotope of’thdrigm which decays by alpha emission with
the relatively long half-life of 7.52 x 104 years-9, In Table 6.3 we note
that 16 grams of ionium are to be found inan uranium ore sample containing
one metric ton of uranium. Figurelé.h shows the growth of ionium into pure
uranium starting with an equilibrium mixture of Uranium I and Uranium IT.
The rate_of grdwth is linear for many years andvamounts to 0.147 micrograms
per kilogram of uranium per year. _The growth of radium into pure ionium ié
shown in Figure 6.5. The initial rate of growth, which is iinear for 
many years, is 8,72 micrograms per year for one gram of ionium. This is
1. 85 x 1010 disintegrations per minute of Ra

It is important to realize that ilonium 1solated from uranlum ores is

232

not isotopically pure, because of the presence of Th in all uranium ores.
The amount of thorium is quite variable and in the purest uranium ores may
be quite low expressed as a ratio ofvthorium to uranium, However, the weight
ratio of Zonium to uranium is only 0.000017 so that a mere trace of thorium
in the ore will cause a cons1derable 1sotoplc dilution of the ionium isolated
therefrom. ELIZABETH RONA has studied the isotopic composition of thorium
fractions isolated from a variety of uranium ores with the results shown in
Table 6.4. From the standpoint of alpha activitj the contribution of Th232
. to the specific activity of an {onium-thorium mixture containing an appreci-
able percentage of ionium is entirely negligible. The specific activity
of one microgram of pure ilonium is b5,700‘disintegrations per minute whereas

232 i5 only 0.246 disintegra-

the specific activity of one microgram of pure Th
tions per minute.

'Ionium is an excéllent tracer for the radiochemical or fhe chemical
behavior of thorium. Ionium and ifs daughter product, radium, are found
in ocean sgdiments in amounts much greater than would be accounted for by-
the uranium content of the sediments. This is a consequence of the éelective

removal of ionium from sea water by ferric and manganic hydroxide. The

9. E.K. Hyde, National Nuclear Energy Series, Plutonlum Project Record, Vol.
" 14B, "The Transuranium Elements", Paper 19.16, p.1435, McGraw Hill Book
Co. New York (1949) reports (8.0 * 0.3) x 10% years. based on a specific
activity measurement; Attree, Cabell, Cushing and Pieroni, Can. J. Phys.
4o, 194 (1962) report (7.52 * 0.16) x 104 years based on a calorimétric
measurement.

10. E. Rona, Transactions American Geophysical Union 38, 754 October (1957).
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Table 6.3 Amount of Individual Nuclides Present in Unaltered

‘Natural Uranium Ore Bodies Containing One Metric Ton of Uranium

Nuclide

Half-1life

Amount

4238

U23u

Pa23l

230
Tho3 (Zonium)

A0227

Ra236

210
Pb (RaD)

P RaF)

4.507_x,109.years.

T7.-13 x 108 years
2.48 x 10° years
N
.3.43'x 10" years
‘ - b
T.52 x 10 years
22.0 years
1622 years
19.4 years

138.4 days

992.9 kilograms
T.11 kilograms
54 grams
334 milligrams
16 grams
0.21 milligrams
340 milligrams
3.77 milligrams

7.4 micrograms
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Table 6.4 Th252/Th250 ratio in uranium minerals (E. RONA)
232 . 232
Sample  Mineral Source gg_i_ Uranium Th 5
230 content 258
Th U
pct.
x 10
1 Pitchblende - Joachimsthal 0.00 £ 0.001 45,7 0
Czechoslovakia
2 Pitchblende Cinch Lake, Uran- 0.77 * 0.01 ———- 4.1
inite Mine, Lake
Athabaska, Sask.
Canada
3 Pitchblende Eldorado Mines, 1.55, 1.66 | 52}0 29.3
Great Bear Lake '
N.W.T., Canada 1.35, 1.37 , 2k.9
L Pitchblende Katanga 9.9, 9.50,9.72. 75 177.5
5 Pitchblende Katanga 9.27,9.40 5] 170.7
6 Fitchblende Katanga 7.60 v IP) 139.0
7 Presumably Unknown, Prob- 2.86, 2.88 ———- 51.4
Pitchblende  ably Great Bear
-Lake Region 3.0
8 Pitchblende Kirk Mine, Gilpin 27.9, 26.2 39.0 7.k
County, Colorado
9 Uraninite Wilberforce, 53 60.0 969.4
Canada
10 Carnotite Colo-Utah region 28.0 -———- 512.0
11 Samarskite Mosambigue, Fast 1300 6.2 23,790

Africa
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lonium and radium content -of ocean sediments can be used to measure the age

of sediments and to fix the dates of various geological eras. This subject
is revigwed by RANKAMAll and by PETTERSSON.:.L2
Ionium is a useful target material in many cyclotron bombardment

studies, neutron irradiation studies, etc. For these purposes, the presence

232

of - Th ¥ contamination is troublesome as it results in the production of

activities other than the ones it is desired to produce. For example, gram-

13

amounts of lonium, isolated by PEPPARD and his assoéiates at the Argonne

National Laboratory have been irradiated in high flux reactors in order to

31

. > _
-produce the valuable isotope Pa according to the following sequences of

reactions.

230 231 231
1% (0,1) M B> B

The capture cross section is 26 barns. This is a valuable procedureﬂfor the
preparation of proctactinium because the isolation of protactinium in quan=

tity from uranium ores has proved to be rather difficult. However, & diffi;

31

culty with this artificial synthesis of Pa2 arises from the presence of

Th232 in the ionium. The particular samples irradiated by PEPPARD contained
. : 2
12% ionium and 88% Th 3z by isotopic composition so that large amounts of

the 27.4-day beta-emitter Pa233 were produced according to the sequence.

233 B~

2 N\
23.5 min. 7

Th 32 (n,r)‘Th pa’33

o = T7.55 barns
233

The betakandvgamma activity of this Pa is so huge that it necessitates

the use of considerable shielding in the isolation of the protactinium;

11, K. Rankama, "Isotope Geology" McGraw Hill Book Co., New York, 1954,
pp.405-408 ' . '

12. 'H. Pettersson,‘”Radium‘and the Deep Sea'", American Scientist, 41, 245
(1953). : -

13. Peppard et al.,'isolation of Gram Quantities of Ionium from a Pitchblende
Residue," J. Am. Chem. Soc. 75, 4576 (1953).
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Furthermore even when it is isolated the protactinium has an. undesirable
specific activity for beta and gamma radiation. Consequently, the protac-
tinium must be stored for a few years to permit the decay of the Pa233°

Difficulties of this type can be reduced by the use of isotopically
enriched ionium. Some-ionium has been separated at Oak Ridge by the electro-
magnetic :process to produce ilonium enriched to greater than 90% isotopic
abundanceal

Thorium ores usually contain some uranium and therefore purified tho-
rium will contain ionium. The amount is always negligible in tems of weight
percentage but, depending on the original uranium content of the ore, may
not be negligible in terms of specific activity.

The alpha spectrum and the details of the decay scheme of ionium are
discussed in Chapter 8. (See Section 8.2.8)

_ Radium. Radium was discovered by PIERRE CURIE, MARIE CURIE and G.
BEMONT in 1898 at the Sorbonne in Paris. In 190z Mme. CURIE prepared the '
flrst pure salt of radlum after a tedious process of 1solat10n in which
several tons of pltchblende_re51dues were treated. Radium is the heav1est
menber of the alkaLiﬁe eérth group bf elements and haé chemical properties
similar to barium. Barium is frequently used as a carrier element in the}'
isolatién of radium. The name "radium" was ofiginally applied onlyvﬁo the
1622 yearrradiﬁm occurring in the uranium decay seriés bﬁt"later wés édopted
as the general name for element 88. Ra226 is the longest-lived of all the
radium isotopes and all studies of the physical and chemical properties of
the element with weighable quantities of material are carried out with it.

Ra226 is the immediate daughter of ionium in the uranium decay chain.
The ‘growth of radium into pure ionium is displayed in Fig. 6.5. The growth
of radium into an equilibrium mixture of U238 and U234 containing no ionium
or radium at zero time is shown in Fig. 6.6. Radium is present in natural
minerals only because of its constant replenishment from ionium and from its
ultimate parent, U238, and hence is found primarily in uranium oresu"Radium

salts are quite soluble in water, however, and any uranium mlnerals subJect

1k, B. Harmatz, H.C. McCurdy and F.N. Case, Oak Ridge National Laboratory
Report, ORNL-1724 (Jan. 3, 1954).
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to leaching may be deficient in radium content. Secondary minerals with a
non-equilibrium excess amount of radium may form at a new site. Because of
the leaching of radium from uranium ore bodies, small amounts of radium are
found in springs, rivers and sea water. Ocean sediments contain non-equi-
librium amounts of radium because of the adsorption of the ionium parent on
basic materials on the ocean floor. References to the literature on such
studies can be found in RANKAMA.ll

Radium and its daughter products played a prominent role in the early
history of radiocactivity as we have seen. For many years radium was of
great commercial importance as a source of penetrating radiations for médi-
cinal and radiographical purposes. For these applications it is the radi-
ations of the daughter pfoducts which are chiefly effective since Ra226 it-
self emits only alpha particles and a 188-keV gamma ray. The immediate
daughter of radium is radon (anzz) which has a half-life of 3.825 days and
also emits oﬁly alpha particles. The next series of products RaA, RaB, RaC,
RaC' and RaC" are quite short-lived and rapidly come to transient equilibrium
with the radon. A radium preparation in solid form from which the radon
does not escape, or a sealed radium preparation, comes to équilibrium with
these daughter products within a couple of weeks. The growth of radon into
pure radium is shown in Fig. 6.7. The shape of the growth curve for RaA,
RaB, RaC, RaC' and RaC" growing into pure radium is nearly identical because
their half-lives are short compared to that of radon.

The mixture of radium and its daughter products emits a very potent
complex of gamma rays especially those contributed by RaC (BiZlu); see
Table 6.12 below. '

For medical purposes a radium compound (usually radium sulfate) is
sealed in a platinum capsule which can be placed near the tissue to be
irradiated. The walls of the capsule absorb the alpha rays completely but
the penetrating gamma radiation is absorbed only slightly. Alternatively
the radium source can be used simply as a source of radon which is periodi-
cally removed and compressed into a small glass capillary. This radon
sample (plus products) is then used for application to the tissue. Radium
is used primarily for treatment of cancer. In some applications (in parti-
cular, cancer of the cervix uteri) the use of radium therapy is routine and

is successful in a high percentage of cases. In a good many other applications
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the success of radium therapy is limited. The availability of radioactive
isotopes from nuclear reactors or accelerators, or the use of high voltage
x-ray machines, bevatrons, etc. has lessened the need for radium for medicinal
purposes. This is also true for industrial radiography and other commercial
application of radium.

Radium has been used widely in physical laboratories to prepare labora-
tory neutron sources. An intimate mixture of a radium salt and some light
element such as beryllium will emit neutrons because of (Q,n) reactions which

occur in the mixture. This is discussed in Sec. 5.5.4 of Chapter 5.

DECAY SCHEME OF RADIUM

The alpha decay of radium is summarized in Fig. 6.8. Several measure-

ments have been made of the energy of the main group in magnetic spectrometei‘s..15—17
For several vears the best value was 4.777 MeV but a mOré recent and careful
determinationl8 resulted in the value 4.782. This shift in energy was caused
chiefly by a shift in the accepted value of the alpha energy of the alpha
particles of Po214 which was used as an energy standard. A second alpha group

19, 20

in 6 percent intensity was reported from two laboratories. This group

15. G. Bastin-Scoffier, Compt. rend. 233, 945 (1951).
16. G. Bastin-Scoffier and J. Santana-Dionisio, Compt. rend. 236, 1016 (1953).

17. 8. Rosenblum, M. Perey, M. Valadares, and M. Guillot, private communi-
cation (Oct. 1952) quoted by Hollander, Perlman and Seaborg, Rev. Mod.
Physics 25, 469 (1953).

18. R.J. Walen and G. Bastin, Comptes riendus Du Congres International de
Physique, Paris, p. 910, July 1958.

19. Rosenblum, Guillot, Bastin-Scoffier, Compt. rend. 229, 191 (1949); S.
Rosenblum, Compt. rend. 195, 317 (1932).

20. F. Asaro and I. Perlman, Phys. Rev. 88, 129 (1952).
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and two additional groups of much lower intensity were dlscovered by WALEN
and BASTINl in some experiments which exploited new technigues for redu01ng
background -effects in alpha spectroscopy. The results of this study are”
quoted in the table and summarized in Fig. 6.8.

The most prominent gamma radiation is the 186 keV transition which de-
excites the first excited state. HAHN and.-MEITNERZl reported this transition
in 192k4. CORK22 measured the conversion electrons. ROY and GOES23 charac-
terized the radiation as E2 by measurement of the:.K-conversion coefficient
and the subshell conversion ratios. These results were confirmed by JURIC
and STANOJEVIC.ZA The E2 assignment was strengthened by the O-y coincidence
experiments of MILTON and FRAZER. -

Very careful experimental technique is required to detect other gamma
transitions because of theilr low intensity. ,STEPHENSZ6 reported a 260 keV
gamma ray with an intensity only 1/400 of the 187 keV gamma ray and found it
to be in coincildence with the:l87 keV gamméArayo .HARBOTTLE, - McKEOWN and
SCH-ARFF-GOLDHABER27 also reported these results. - In order to study a gamma
ray of this low inténsity in Ra226 it is necessary to remove radon continuously
from the sample under investigation in order to avoid interference from gamma-.
emitters further down the decay chain..STEPHENSZ6 furthér reports a very low
intensity 420 keV gamma ray, in coincidencé with the 187 keV transitions, and
a gamma ray of ~610 keV. - The intensity of the known gamma rays per disinte-
gration of Ra226 is the following: 187 keV (0.057); 260 keV (7 x 10'5); 420
keV (2 x 10’6); 610 kev (2 x 10"6); There is a strong possibility that the
610 keV gamma ray originates at the level labeled 599 keV in the flgure, the

discrepancy in energy may be ascrlbed to experimental error.

21l. Hahn and Meitner, Z. Physik 26, 161 (192k4).
22. J..M. Cork et al. Phys. Rev.:83, 681 (1951).
23. R.R. Roy and M.L. Goes, Compt. rend.?238, 469,581 (1954).

24. M.K. Juric and D. M. Stanojevic, Bull. Inst. Nucl. Sci. Boris Kidrich
5, (1955)-

25. J.C.D. Milton and J.S. Fraser, Phys. Rev. 95, 628A (1954):"
26. F.S5. Stephens, F. Asaro and I. Perlman, priv. communications (March 1957).
27. G. Harbottle, M. McKeown and G..Scharff-Goldhaber, Phys. Rev. 103, 1776 (1956).
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Table 6.5 Alpha Particles of Ra226
- Q-Particle Energy AR Energy of Intensity
(MeV) ' Excited State % :

4.782 0 0- k.6

4.5994 £ .0005 182.6 186 5.4

4.340 " £..001 hhl.s hhg (5.1 = 0.3) x 10~
4.19% £ .00k 588 599% (5% 4) x 107

R.S. Walen and G. Bastin, Comptes rendus du Congres International de Physiqﬁe,
Paris, July, 1958. Energies were measured relative to Po 1

E, = 6.002 MeV.

* : -
F. Stephens reports a 610 keV gamma ray in 2 x 10 h% intensity which pro-
Hence the true state energy may lie between

bably de-excites this state.
599 and 610 keV.

3
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’

The energy level system of anzz observed in the decay of Ra226 is of
some theoretical interest. The two 2+ states are believed to be guantum
states of collective excitation of a nucleus which is spherical in its
ground state but soft toward harmonic oscillations around the favored spherical
shape. This matter is discussed more fully in 8ec. 3.2 of Chapter 3. The
1- state at 610 (or 599) keV is also believed to be a state of collective
excitation related to general occurrence of negative parity states in even-
even nuclei of the heavy elements. This class of nuclear excitation is dis-
cﬁsséd in Sec. 3.5.3 of Chapter 3.

Measurements of the Half-life of Radium. The practical unit of radio-

activity, known as the Curie, was originally based upon the specific activity
of radium and was defined as £he number of disintegratidns per second occur-
ring in a gram of radium exclusive of its decay products. Hence it was of
considerable importance to determine a precise value for the specific activity
of radium. Thié.turned out to be a problem of considerable difficulty be-
cause of the complications of daughter activity. A variety of methods gave
values clustering around 3.7 x lOlO disintegrations per second per . gram for
the specific activity and 1600 years for the half-life. Table 6.6 summarizes
the principal aeterminations which have been made. In 1931 an international
committee of distinguished workers in the field of radioactivity28 reviewed
the experimental determinations up to that time and chose 1590 years as the
best value. KOHMAN, AMES and SEI}LET29 devoted considerable attention to

this problem in 1945 and reported the value 1622 * 13 years which value will
be adopted in this book. A Russian redetermination by a calorimetric method
as reported in the year 1958 gave a value of (3.71 £ 0.02) x 10%° disintegra-
tions sec:—l g__v,ra.m-'l corresponding to a half-life of 1577 * 9 yearso3o MARTIN
and TUCK31 in 1959 critically evaluated all published information on disinte-

28. M. Curie, A. Debierne, A.S. Eve, H. Geiger, O. Hahn, S.C. Lind, St.
Meyer, E. Rutherford and E. Schweidler, Rev. Mod. Phys. 3, 427 (1931)-

29. T.P. Kohman,.D.P. Ames and J. Sedlet, Paper 2260, "The Specific Activity
of Radium," NNES Vol. 14B, "The Transuranium Elements", Seaborg, Katz
and Manning, Editors, McGraw Hill Book Co., 1949.

30. G.V. Gorshkov et al. Zhu. Expl. Theor. Fiz. 34, 756 (1958).

31. G-.R. Martin and D.G. Tuck, Intern. J. Appl. Radiation and Isotopes ),
141 (1959).
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Table 6.6. Summary of Experimental Determinations of the Specific Alpha Activity of Redium up to the year 19%49.

Method

Experimenters and reference

Visual counting of galvanometer -deflections
from RaC & particles in proportional

counter
Growth rate of* Ra in Io

Rate of He evolution by Ra

Rate of He evolution by Ra

Rate of He evolution by Ra

EHeat generation by Ra @ particles

Electric charge of o particles from
Rn and descendants

Growth rate of Ra in Io

Growth rate of Ra in Io

Visuel counting of gelvanometer
deflections from ReC @ particles

in proportiomal counter
Photographic oseillogrephic counting

-of RaC @ particles proportional counter

Visual counting of scintillations

from Rn and descendants by two observers
Pressure end volume meesurements of Rn

Electric charge of ¢ particles from
RaB + C deposit

Heat generation by O particles from
Fn + RaA + B + C, RaB + C, end
RaC

Comparison of fonization of single

RaC @ particles with grose ionizetion

from RaC deposit
Electric charge of & particles from
RaB + C deposit

Photographic oscillographic counting

of RaB + C @ particlee in lonization

chamber
Heat on by Po ed

egainst Re by ionization measurements

Growth rete of Ra in Io

Electric charge of @ particles from
Po standardized against Ra by
lonization measurements

Growth rate of Ra in Io

Rate of He evolution by Ra

Electrical counting of O particles
from weighed and purified Ra in
ionizetion chamber

2]

]

w

=

[

e

ot

o

I3

at

=

- Rutherford and H. Geiger, Proec.
Roy. Soc. London, AB1:141 (1908)

. B. Boltwood, Am. J. Sci., (&) 25:
493 {1908}

. Dewar, Proc. Roy. Soc. London,
AB1: 280 (1908)

. Dewar, Proc. Roy. Soc. lLondon,

A83: ok (1910)

B. Boltwood and E. Rutherford,

Phil. Mag., (6) 22: 586 (1911)

. F. Hess, Wien. Ber., (ITa) 121:
1419 (1912)

. Danysz end W. Duane, Am. J. Sei.,
(&) 35: 295 (1913)

. Gleditsch, Am. J. Sci., (4) b1:
112 (1916)

« Meyer and R. W. Lawson, Wien.
Ber., (IIa) 125: 723 (1916)

. F. Hess and R. W. Lawson, Wien.
Ber., (IIa) 127: 405 (1918)

« W. Iawson and V. P. Hess, Wien.
Ber., (IIa) 127: k61 (1918)

. Gelger and A. Verner, 2.

Physik, 21: 187 (1924)

. Wertenstein, Phil. Mag., (7) 6: 17
(1928)

. Jedrzejowski, Compt. rend., 184:
1551 (1927); Ann. phys., (10)

9: 128 (1928)

. W. Watson and M. C. Henderson,
Proc. Roy. Soc. london, A118:
318 (1928)

« Ziegert, Z. Physik, 46: 668 (1928)

J. J. Braddick and H. M. Cave,
Proc. Roy. Bec. London, A 121;
367 (1928)

. A. B, Ward, C. E. Wynn-Williams,
and R. M. Cave, Proc. Roy. Boc.
London, A125:713 (1929)

» Meltner and W. Orthmamn, Z.
Physik, 60: 143 (1930)

.+ Gleditsch and E. Foyn, Am. J.
Sci., (5) 2b: 387 (1932)

. Grégotre, Ann. phys., (11) 2: 161

(1934)

. Gleditsch and E. Foyn, Am. J.
sei., (5) 29: 255 (1935)

. Guenther, Z. physik. Chem.,
M85: 367 (1939)

. P. Kohran, D. P. Ames, and
J. Sedlet, this paper (1947)

3.22
3.158
3.53°

3.4

3.7

3.40

- 3.62

3.60°
3.50
3.488

3.72
3.657

3.68
3.69°
3.678
3.66
3.68

3.47°

5.68
5.656%

3.47
3.67

3.61

This table prepared by Kohman, Ames and Sedlet, 1649

©1n untts 10° o particles per second per gram.

b(.‘ox‘re(:ted to International Radium Stendard (E. Rutherford, J. Chadwick, and’ C. D. Ellis "Radiations from
Radicactive Substances,” p. 60, Cambridge University Press, Londom, 1930).

®Calculated from disintegration constant given using currently accepted value of Avogadro number.
dCalculated from rate of helium evolution given using currently accepted value of Loschmidt number.

®Corrected according to following paper.

fCalt:ul&xted from heat generation rate glven using currently accepted value of O disintegration energy.

8Recalenlated using currently accepted value of electronic charge.

Precalculated using currently accepted value of Loschmidt mumber.

1Recalv:ulat:ed using currently accepted values of 0 disintegration energies.

Jeorrected by authors elsevhere.
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gration energies in the radium series and combined them with the calorimetric

32

measurements of MANN for the heating effects of several national primary
standards to derive a specific activity for radium of 3.655 x lOlo disinte~
grations per second per gram corresponding to a half-life of 1602 years.

It can be seen from these values, even the most recent ones, that
the disintegration rate of radium is still uncertain to a few percent. In
recent years the attempt to identify the Curie unit. of activity with the
specific activity of radium was abandoned. The Curie has been redefined as
3.700 x lOlO disintegrations per second° Nonetheless, it would be desirable
and is within the reach of present techniques to reduce the uncertainty in
the radium half-life to less than one percent.

Assay Methods for Radium. The accurate measurement of gquantities

of radium is important in experimental research, in radium therapy, and in
commercial applications and can be done by several essentially different
methods. These methods are outlined below. More detailed information can
be found in the references listed in Table 6.7.

1. Radium Analysis by Measurement of Radium Alpha Particles. For-

small samples the disintegration rate can be determined by counting the alpha
particles from the samples or from an accurately measured aliquot. The con-
tribution of radon and other daughter products to the counting rate cannot
be calculated because of the variable retention of radon in the sample, but
can be determined by alpha spectrum analysis. In this method, a sample of
radiocactivity (thin compared to the range of the alpha parficles) is placed
in an ionization chanber of sufficient: size that the alpha particles expend
their entire range in the chamber, and the pulse developed from the chargé
collected on the positive electrode is subjected to pulse height analysis.
From the pulse height spectrum and the known energies and abundances of the
alpha particle groups from radium and its daughters the disintegration rate
of the Ra22 in the sample can be determined. This method is accurate to a

few percent. It is used chiefly for small samples in research studies. Solid

32, W.B. Mann, J. Research Natl. Bur. Standards 53, 277 (195k4).
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Table 6.7 Bibliography on Techniques for Estimation of Radium Content.

10.

S.C. Brown, L.G. Elliott and R.D Evans, "Detection of Radon by Means °
of a Proportional Counter"; Rev. Sci. Inst. 13, 147 (19k2).

J.H.J. Poole, Sci. Proc. Roy. Dublin Soc. 21, 595, 609 {1938).

L.F. Curtiss and F.J. Davis, J. Research Natl: Bur..Standards 31, 181
(1943); Davis, Ibid. 39, 545 (1947), A Counting Method for the Deter-
mination of Small Amounts of Radium and of Radon. '

P. Fineman et al., "An Emanation Method for Radium Analysis", Paper

16.7 Vol. 14B, The Transuranium Elements, National Nuclear Energy Series,

McGraw-Hill Book Co., 1949.

. . E. Rutherford, J. Chadwick and‘C.D. Ellis, "Radiations from Radiocactive
Substances", Canbridge University Press, 1930.
-T.H. Oddie, "The Gamma Ray Measurement of Radium", Proceedings Phys.

. Soc. London 51, 58 (1939). ' '

T.P. Loftus et al. "Comparison of National Radium Standards", J. Research
Natl. Bur. Standards 58, 169 (1957).

.R.D. Evans, "Apparatus for the Determination: of Minute Quantities of

- Radium, . Radon and Thoron in Solids, -Liquids and Gases", Rev. Sci. Inst.

6, 99 (1935).

G.V. Gorshkov and N.S..Shimanskaya, '"Galorimetric Measurements on Pre-
parations of Naturally Radioactive Families of Elements', Soviet Journal
of Atomic Energy (in English translation) No. 5, p.761 (1956). See also
Atomnaya Energ. 6, 474 (1959) in Russian.

'K.W.F. Kohbrausch, "Radioaktivitit", Vol. XV of Handbuch der experimental

Physik, Wien-Harms Leipzig, 1928. See pp. 684-728.
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state.counters may be substituted for the ionization chamber.

2. The Gamma-ray Method of Radium Analysis. A radium salt

sealed in a tube so that no radon can escape will be in equilibrium after
about one month (see Fig. 6.7) with radon and-its short-lived descendents

and will therefore emit energetic gamma—rays,(particularly those from RaC)
with an intensity proportional to the amount of radium present. The inten-
sity of the gamma-radiation from the preparation to be tested is compared
with that due to a standard sample containing a known guantity of radium.

The gamma-radiation is measured with some sort of electroscgpe,ionization
chamber. or other radiation detector. The contribution from beta activity

is removed by absorbers or by using sufficiently fhick-walledvdetecting
instruments. When properly used, this method is accurate to about one-half
of a percent but the accuracy which is ordinarily achieved may be only 1-5
percent. The accuracy can be improved by using the detection instrument as

a null instrument. For example, RUTHERFORD and CHADWICK33 devised a balance
method in which the ionization current caused in a lead iohization chamber
by the gamma radiation from a sample is balanced against an equal and opposite
ionization current supplied by some constant source of radiation such as
uranium oxide in another ionization chamber. The balance distances are
determined for the unknown sample and for the standard radium sample with
which it is to be compared. The accuracy of this method appféaches a quarter
of one percent. ‘

The' 'gamma ray method has the advantage that the radium itself is
undisturbed within its seaied tube. It is well sulted for quantities ranging
from 10 microgrgms to one gram. . It is.not applicable to radium samples con-
taining appreciable amounts (by activity) of mesothorium because of the hard
gamma, radiation»qf mesothorium. .

‘The Radioactivify Sectiogﬂof the Natiéﬁai Bureéu of Standards, Wash-
ington, D.C. offers for sale a series of radium gamma-ray standards consist-
ing of 5 ml of radium solution sealed in glass ampoules. These have a rad-

ium content varying from O.1 to 100 micrograms.

33. E. Rutherford and J. Chadwick, Proc. Phys. Soc. 24, 1kl (1912).
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3. The Emanation Method of Radium Assay. An extremely: sensitive

method for the measurement of low intensity samples is the emanation method.
In this method the gaseous radon in equilibrium with a radium sample is re-
moved and placed inside an ionization chamber as part of the gas filling.
The alpha particles of radon and of its short~lived alpha emitting- daughters
RaA, and RaC' are heavily ionizing and a small number of disintegrations per
minute cause a readily detectable effect. The radon from 10-9 grams of =
radium can be measured with ease; with care the radon from 10_11 grams of
radium can be measuréd. If the individual alpha particles are counted, as
little as lO-lugnams of ‘radium can be so detected.

The slightly=-acidic radium solution to be assayed is.bolled. for sev-
eral minﬁtes to expel radon and is then sealed for one month to allow radon
to come to equilibrium. The solution is then boiled to expel radon;- the
radon is collected and passed into the ion chamber or electroscope. The
rate of leakage of the electroscope is compared with that caused by the radon
from a standard solution of radium. . This standard solution.can be made by
taking a very small aliquot of a solution of a radium salt originally stan-
dardized by the gamma-ray method. Another type of standard which can be used
is a sample of pitchblende with an accurately known content of uranium.

* The emanation method can also be used to assay samples for ThX or
RATh content. In this case the thoron daughter is removed and counted. The
method must be modified suitably because of the 51 second half-life of the
thoron. | " '

4. The Calorimetric Method of Radium Assay. The amount of radium

Ain a’sam?le may be determined by measuring the heat released by the absorption
of the energetic 'radiations within a suitable calorimeter. This is an absol~ ~
ute method and often has several advantages over the gamma-ray comparison
method. The @,B and y radiations of radium and its daughters are sufficiently
'well khown that this heat release can be calculated to better than 0.5 per-
cent. Most of the energy is in the form of the kinetic energy of the alpha
particles and the recoil energy from the alpha emission process. This energy
is precisely known and is completely released within the calorimeter. The

beta particles and conversion electrons are absonbed nearly completely in

the calorimeter. The absorption of gamma-radiation is not so eaéy to compute

but since it contributes only about 9 percent to the total heat effect an
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error of a few percent in estimating its heat contribution does not affect
the overall result to this extent. The ﬁncertainty in the gamma-contribution
can be reduced by using a so-called B-calorimeter i.e., & thin-walled calori-
meter in which -y-absorption is slight. Table 6.8 taken from a paper by
GORSHKOV and SHIMANSKAYABLL

6
disintegration of Ra22 in equilibrium with its decay products through RaC,

lists the total energy release from an average

RaC' and RaC". A radium sample which is 0ld enough to have appreciable
amounts of 19.2 year RaD (plus RaE and RaF) will have an additional heat con-
tribution from these nuclides. The calorimetric assay method is also useful
for mesothorium, radiothorium and actinium as indicated in the table. It is
perhaps particularly important for actinium because the weak radiations of
A-c227 make 1t particularly difficult to assay by other metheods.
‘International Radium Standards. In 1910 the Congress of Radiology

and Electricity appointed a committee to make arrangements for the preparation
of an International Radium Standard. Mme. CURIE prepared a sample of 21.99
milligrams of pure radium chloride (August 1911) which was accepted as this
standard and arranged that it be located in the Bureau International des

Poids et Mesures at Sevre, near Paris. This sample was carefully compared

by the gamma-ray balance methods with similar standards prepared by HéNIGSCHMID
for his atomic weight determinations. One of H5NIGSCHMID’S preparations,
containing at that time 31.7 milligrams of radium chloride, was selected by

the Vienna Academy of Sciences ag a secondary standard. Duplicate standards
have been prepared by comparison with the Vienna and Paris standards using

the gamma-ray method. In the use of such standards it is necessary to allow
for the decay of the radium which occurs at the rate of.0.0h5 percent per

year. , _ v
Radon. Radium emanation was discovered by E. DORN in 1900. The

name radon, first suggested by C. SCHMIDT, was originally applied only to the
emanation of the radium decay chain. Later the name radon came to be used for
element 86 and all of its isotopes. An alternate name for the &lement is

emanation, symbol Em.

3L. See reference 9 in Table 6.7.
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Table 6.8 Average Radiation Energies Emitted in Single Disintegrations by
Equilibrium Preparations of Radium, Mesothorium;Radiothorium and Actinium
and the Heat Effects, q, of the Corresponding Sources with Activities of
one Curie. ‘ .

* .
Prepar= - Byp Bopry ' o Y% Yoy
ation e n : n
. keV/disintegration - cal/hr. curie
" Ra¥* : ’25,350" 27,140 - 129.3 ' '138,4'
MsTh : .33,920 36,510 173.0 . 186.2
RATh - 33,390 35,060 . - . 170.3  178.8
Ac 33,69 34,210 172.0 17k

Ffom G.V. Gorshkov and N.S. Shimanskaya, Soviet Journal of Atomic Energy,
1956. These authors later revised the radium figures slightly to 138.9 % 0.7
cal/hr. See Atomnaya Energ. 6, 474 (1959) or Soviet J. Atom. Energ. 6, 339
(1960). ' : B

* ' -
The value E includes the energy of the recoil atoms, the conversion
otp . ‘ :
electrons and the x-radiation. :
*% ' :
No allowance 1s made for RaDEF which would be present in aged radium sam-
- ples. - o
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The growth of radon into an initially-pure sample of radium is shown
above in Fig. 6.7. ‘ ' o

Some recent determinations of the half-life of radon are the follow-

ing:
Je ROBERTS? 3.825 £ 0.004 days
J. TOBAILEM36 3.825 = b.oos days
P.C. MARIN37 3.8229 t* 0.0027 days

The energy of the principal-alpha particle group of radon was reported as
5.486 MeV by BRIGGS38 in 1936. In 1953 BASTIN-SCOFFIER and SANT'ANA-DIONISIOl6
reported the slightly lower value of 5.482 MeV based on a value of 7.685 MeV
for the alpha particle of POZlu. WALEN and BASTINl8 recomputed this result:
using WHITE'S39 value of 5.3054 MeV for'PoElO and using slightly different -
corrections fdr absorption in the source. They report a corrected result of
5.490 MéV.' WALEN and BASTIN18 applied advanced techniques of low background
alpha.spectroscopy to detect complex structure in the spectrum of radoﬁ.
Their results are summarized in the table. The second of these groups had
been predicted by the gamma ray measurements of MADANSKY and RASETTIMO who
had found a 510 keV gamma ray in 0.07 percent intensity.

Alpha Groups of Radon

Particle  Energy of
Energy Excited Intensity Hindrance
(Mev) - : State’ % . Factor
{keV)
5. 490 0 ~100 0.95
-2
4,987 £ .001 512 7.8 x 10 0.46
4.827 £ .00k 675" ~5 X 1o'u ~0.03
18

From Walen and Bastin

35. J. Robert, J. Phys. Radium 17, 605 (1956).

36. J. Tobailem, Compt. rend. 233, 1360, (1951); Ann. Phys. 10, 783 (1955).
37. P.C. Marin, Brit. J. Appl. Phys. 7, 188 (1956).

38. G.H. Briggs, Proc. Roy. Soc. (London) 157A, 183 (1936).

39. F.A. White et al., Phys. Rev. 109, 437 (1958).

4L0. L. Medansky and F. Rasetti, Phys. Rev. 102, 46k {1956).
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THE ACTIVE DEPOSIT OF RAPID CHANGE

General Comments. Any surface exposed to radon gas becomes coated

with an invisible deposit of radicactive matter known as the active deposit.

It is convenient to discuss seaprately the active-deposit-of-rapid change.

consisting of the products RaA, RaB, RaC,.RaC' and RaC", of which the longest-

lived is 26.8 minute RaB, and the active-deposit-of-slow-change consisting of

2z2-year RaD and its descendents RaE and RaF. The active-deposit-of-rapid-
change is diagrammed in Fig. 6.9;

To: prepare: a . sample of the active deposit it is necessary only to
expose a disc or wire to radon in a suitable vessel. Exposures of a few
seconds or minutes duration yield pure Radium A while exposures of 4.5 hours
or ;onger give the equilibrium mixture of products. When the radon gas is
pumped away small traces of radon may still be occluded on the surface. The
active disc can be washed in alcohol and heated lightly to remove this 6cclﬁded
radon. The RaA daughter prcduct is positively chargéd at the instant of dis~
integration of the pérent radon atom and can be attracted preferentially to
a negatively-charged wire or surface. This technique allows the pfeparatién.
of highly concentrated and localized sources of the active deposit. It is |
also possible to freeze radon on a codléd surface upon which it is desired
to locate the active deposit. The active deposit may also be prepared by
compressing radon into a tube of small volume; later when the radon has been
‘pumped away the deposited activity can be removed from the walls of the tube
by rinsing them with hydrochloric.acid. -

The rate of growth and decay of the various.components of the active
deposit for different times of exposure to‘radon is of some importance,‘Quah—
titative information is presented in Figs. 6.10, 6.11 and 6.12. Detailed
information on the~rédiations of the individual members of the active deposit
is summarized in the discussion below. References to research papers published.
before 1958 containing more detailed data can be found in the data compilation

L1
of STROMINGER, HOLIANDER and SEABORG.

41. D. Strominger, J.M. Hollander and G.T Seaborg, "Table of Isotopes'",
Rev. Modern Phys. 30, 2, Pt. 2, 585-904 (1958).
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2

26.8-min RaB(Pb

l.3-min Ra C”(Tl2IO

MU-22593

Fig.. 6.9. Deéay scheme of the active deposit of rapid change.
Details of the complex radiations are not shown. The total
disintegration energy of each mode of decay is gilven in MeV.
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Fig. 6.10. Activity changes in ReA sample prepared by briefly
exposing a surface to radon and quickly removing radon;
i.e., initial s le is essentially pure Raﬁl. Growth and o1l
decay of RaA (Pofi8), RaB (Pb2"), RaC(Bi2l*) and RaC' (Po™ ).
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MINUTES

MU- 1 igpg

Fig. 6.12. Activity changes in active deposit prepared by ex- ‘
posing a surface to radon for a sufficient time (~ 4.5 hours
~ or longer) to achieve equilibrium, and then removing radon.
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The active deposit can be chemically fractionated so that the
individual activities can be separately studied. Separation of RaB and RaC
and examination of the radiations and decay characteristics of the separated
samples played a prominent role in the original determination of the course
of the decay chain. Pure samples of 26.8-minute RaB (szlu) may readily be
prepared by recoil from RaA. A negatively-charged plate is placed above a

~sample of RaA, preferably in a vacuum. A considerable fraction of the RaB
atoms are ejected from the source plate during the energetic alpha decay of
RaA and are collected. RaC grows into such samples but.the radiations of
RaB predominate for some‘minutes and can be clearly distinguished.

Pure samples of RaC (BiZlu) can be prepared by the recoil technique
using as a source the RaB present in the active deposit from radon after the
RaA has completely decayed. However, the yield is quite low because RaB is
a beta emitter and the recoil energy is small. However, by various chemical
techniques RaC can be separated cleanly from RaB. Samples of RaC do not re-

21k

), grows into equi-

main pure because the principal decay product, RaC' (Po
, 210)

librium virtually instantaneously; also the branch product RaC" (Tl grows
into equilibrium within 10 minutes.
The half-live of RaC" (TlZlO) is very short but by working quickly
with intense sources of active deposit is is possible to isolate pure samples
for study of the radiations. It is possible to isolate RaC" by alpha reccil
from samples of RaC. In spite of the small alpha branching of RaC (0.04%) it
is possible to prepare pure samples because the main-line decay product, RaC',
is collected with very low efficiency and furthermore decays completely within
one second. HAHN and MEITNER (1909) and FAJANS (1911) first studied samples
of RaC" prepared by the recoil method and established the existence of the
branching decay of RaC. This was the first case of branching decay to be
established clearly.
Radium A and Its Rare Branch Product, At218° Radium A decays more

2 -
than 99% by the emission of 6.002 MeV alpha particlesoh )43 In 10 3

percent

k2. G.H. Briggs, Proc. Roy. Soc. (London) 157A, 183 (1936); M.G. Halloway
and M.S. Livingston, Phys. Rev. 54, 18 (1938). The alpha particle energy
quoted in these earlier references is 5.998 MeV.

4L3. R.J. Walen and G. Bastin, Comptes rendus du Congrés International de
Physique Nucleaire, Dunod, Paris (1959) p. 910.
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of the alpha disintegrations a lower energy group with energy 5.182 MeV is

218
43 In addition, Radium A is unstable with respect to At L by about

emitted.
0.4 MeV so that some branching decay by beta emission might be expected. With
this decay energy and the most favorable beta transition (allowed, log ft = 5)
the beta branchihg could be as large as one percent.

KARLIK and BERNERTLm proved the existence of this branching decay. By
examining the alpha particle groups emitted from freshly-deposited radium
active deposit, they were able to observe alpha particles of 6.72 MeV energy.
These were observed to grow into the RaA sample with a half-life of a few
seconds. From the later work of WALENgS'and of HIESSBERGER and KARLIK46 the
best value for the half-life of At218 is about 2 seconds and the branching
ratio of RaA is 2.1 x lO—uo In all cases the alpha energy measurements were
made with an ionization chamber. These results have been confirmed very
satisfactorily by the beautiful alpha spectra obtained by WALEN and BASTIN-43
These workers remeasured the alpha spectra of radium and its alpha-emitting
daughters by new techniques of low-background alpha spectroscqpy in a magnetic
spectrometer of high precision. In their spectra they were able to resolve
clearly the main alpha group of At218 for which they determined the energy
6.6975 * ,003 MeV. A tentative assignment was made of a second group with
energy 6.653 £ .005 MeV in one-sixteenth the intensity of the main group.*
The branching of RaA to produce At218 was set at 1.85 x 10-4 in excellent
agreement with the previous work. The decay scheme of At218 is further dis-
cussed by WALEN and BASTIN-SCOFFTER."’

The Decay of Radium B. This nuclide decays 100 percent by P emission.

The P and y spectra are complex and the decay scheme is not completely fixed

or interpreted. A partial decay scheme is shown in Fig. 6.13 based largely

#In Table 4.1 of Chapter 4 the alpha energies of the At 218 groups are listed
12 keV lower because in that table the Briggs value of 6.775 MeV for the Po
ThA) alpha standard is used whereas Walen and Bastin used the value 6.787

eV for Pocl

L., B. Karlik and T. Bernert, Naturwiss 31, 298 (1943); Zeit. Flir Phys. 123,
51 (19kk).

45, ?.J. Walen, J. Phys. et la Rad. VII/X, 95 (1949); Compt.rend. 227, 1090
1948).

" 46. F. Hiessberger and B. Karlik, Sitzungsberichte 6st Akad der Wissenschaften
161, 51 (1952).

4L7. R.J. Walen and G. Bastin-Scoffier, Nuclear Physics, 16, 246 (1960).

216
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Energy
( kev )

534

352

295
259

RaC ( Bi2!%)

MU-21810

Fig. 6.13. Partial decay scheme of Radium B (Pbelu).
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%9 WALEN and

on the work of NIELSEN, NIELSEN and WAGGONER48 and of KAGEYAMA.
BASTIN-SCOFFIERl+7 also comment of the decay scheme of PbZlu. Table 6.9 lists
several determinations of the gamma rays of Radium B. The beta spectrum has
50

been resolved into several components. BERLOVICH reports“aJmain group with
0.73 MeV endpoint energy and a second at 0.67 MeV with relative intensities

: L
100 to 33. KAGEYAMA 7 resolves out one component at 0.59 MeV and a second at

0.65 MeV with 56 and 44 relasive intensities. DANIEL’™

resolves a ground

state beta transition with energy 1.03 MeV in 6 percent intensity.

Long ‘Range Alpha Particles of Radium C'. Two modern measurements of
- the short half-life of Pozlu (RaC') by the delayed coincidence technique gave
- - 2
the results 1.64 x 10 4 and 1.58 x 10 = seconds, respectively.5 »23 Poloniuleu

decays entirely by alpha particle emission. More than 99 percent of the de-
cays are ground-sitate-to-ground-state transitions with an energy given as
7.680 MeV in the classic work of BRIG’GSlL2 and as 7.683, 7.685 or 7.687 MeV in

5k, 43,558 A second group at 6.905 MeV in the
L3

more recent determinations.
low intensity of lO_2 percent has also been reported.
The alpha spectrum of RaC is characterized by the presence of low-in -
tensity alpha particles  of very long range which originate in the following
way. The beta branching decay of RaC is complex and results in the production
of RaC' daughter atoms in a large number of excited states. These excited
levels de-excite‘to the ground state of RaC' by gamma-ray emission or by a
gamma-ray cascade. However, in an appreciable fraction of cases these excited
levels are partially de-excited by alpha-particleremission to the ground
state of PbZlO. The alpha-particles are greater in energy than the ground-

state-to-ground-state transition energy. This phenomenon of observable alpha

48. K.O. Nielsen, O.B. Nielsen and M.A. Waggoner, Ngqlear_Ehys._g, 476 (1957).
49. S. Kageyama, J. Phys. Soc., Japan, 8, 689 (1953). '

50. E.E. Berlovich, Izvest. Akad. Nauk SSSR, Ser Fiz 16, 31k (1952).

51. H. Daniel, Z. Naturforsch, 114, 759 (1956).

52: G. von Dardell, Phys. Rev. 79, 734 (1950); see also T. Dobrowolski and
J. Young, Proc. Phys. Soc. (London) 77, 1219 (1961).

53. R. Ballini, Ann. Phys. 8, 44l (1953).
5%. W.J. Sturm and V. Johnson, Phys. Rev. 83, 5k2 (1951).
55a. A. Rytz, Helv. Phys. Acta 34, 240 (1961).
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"Ref 1 Ref 2

Ref 3

52.23 53
196 (weak)
206
241.92 (20) 242 (6.7)
| 259
272 (weak)
275 .
279 (weak)
295.22 (55) 295 (15.9)
352.0 (100) : 352 (31.6)
L81
53k
549 (weak)
177

- 93-2

241.9“Ml

258.9

295.2 M1

352.0 ML

Relative intensities are given in parentheses.

Ref. 1° Muller, Hoyt, Klein and DuMond, Phys. Rev._§§, 775 (1952). These pre-

cise values were measured in a crystal spectrometer.

Ref. 2 Nielsen, Nielsen and Waggoner, Nuclear Physics. 2, 476 (1957).

Ref. 3 M. Mladjenovic and H. Sl8tis, Arkiv Fysik 8, 65 (1954).

NOTE: In the classical literature a special nomenclature was used for the
Y-transitions of the active deposit. In Ellis' notation (Proc. Roy.
Soc. 143A, 350 (1933) the 242, 295 and 352 keV transitions were called

F, G and H.
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branching of an excited level in competition with gamma emission is a very
rare occurrence. Among the naturally occurring activities.only ThC' shows
similar long-range alpha particles. Tﬁe reason such branching appears in’
these particular instances is that the alpha decay energy available is so
very great. _ _ | |
Table 6.10 lists twelve long-range alpha groups assignable to RaC'.
A large nunmber of gamma-rays are observed in the decay of RaC and manyiof these
correspond to transitions between the energy levels from which alpha decay is
occurring. See discussion below.

Decay of Radium C. The 0.021 percent alpha branching of Radium

C will be mentioned first as our knowledge of this decay can be more quickly
summarized.: The most complete study of the alpha spectrum was made by WALEN
and BASTiN—SCOFFIER55 with the results summarized in Table66.ll.

>

The beta decay energy of Radium C is 3.26 MeV and the number of
energetic beta and gamme rays emitted in the course of the decay is quite
large. Sixty gamma rays have been reported and more than forty of these are
above 1 MeV in energy. About ten percent of the beta transitions lead to
levels in POZlu lying 2.4 MeV or higher in energy so that the intensity of
many of the high energy gamma rays is high. Most of the high energy radiation
associated with radium and radium preparation is attributable to the radium

C present‘in these preparations.

These radiations have been studied by a variety of experimental
techniques, but it would require too much space to summarize the numerous
published works in any detail. MAYER-B'(')RICKE57 has published a very extensive
paper which summarizes his own findings and those of most other authors in
publication by 1959. We reproduce here a long table (see Table 6.12) from

this article which summarizes published information on the gamma transition

55. R.J. Walen and G. Bastin-Scoffier, Nuclear Physics, 16, 246 (1960).
56. H. Daniel and R. Nierhaus, Z. Naturforsch 11A, 212 (1956).

57. C. Mayer-BYricke, Z. Flir Naturforschung, 1lia, 609 (1959); for an exten-
sion of this study see references 57a and S57b.
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Table 6.10 Long Range Alpha Groups from.RaC' from (W.B. Lewis and B.V.

Bowden, Proc. Roy Soc. (London)

Phys. 26, 1 (1954).).

1454, 235 (1934); G.H. Briggs, Rev. Modern

Energy of Energy of Difference of Energy Relative
alpha particle disintegration of disintegration from number of
(MeV) (MeV) main group (MeV) alpha-particles
Main Group*
7.680 7.829 0 106
Long Rahge Grbups
8.277 8.437 0.608 0.43
8.938 9.112 1.283 0.45
9.065 9.241 1.412 22
9.313 9.493 1.663 0.38
9.489 9.673 1.84k 1.35
9.657 9. 84k 2.015 0.35
9-779 9.968 2.138 1.06
9.905 1&097 2.268 0.36
10.07h4 10.269 2.439 1.67
10.146 10.342 . 2.513 0.38
10.326 10.526 2.697 1.12
10.506 10.709 - 2.880 0.23

1.
The energy of the main group has been redetermined as 7.685 MeV by
and Bastin¥*3 (1958); as 7.687 by Rytz558 and as 7.683 by Sturm and

Walen
Johnson. 5%
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Table 6.11 Alpha Spectrum of Radium- c (Bl h

Walen and Bastin-Scoffier, Nuc. ‘Phys 16, 246 (1960)

Ehergy*- o :‘ _ o Rélafive- . " Energy of
(Mev) - : Intensity = - - Excited State

of Daughter

D e e
Csas 539 6
Csee8 o os8 o ag
_ 5518h :r | ,';..v .‘f,0{6 . __  o 336
Csoe3 e
Chohy   »v' i . :' “  '30;253 _  .‘_j' B 581 |

210
(

‘Measured relatlve to B, ) = 5 304 MEV




Teble 6.12. Cemme Transitions in the Decay of Fadium c(812l%) ‘Reproduced from C. Mayer-BBricke, Z.f. Raturforsehung 140, 609 1959.

No. 1 2 3 4 5 6 7 8 9 10 1 12 13 hre 15 16 17 18 19 20 21 22 23 24 25 26 7" 28 29 30 31
Ref. E(MeV) 0,426 o0,b50 oLk 0,609 0,652 0,661 0,703 0,769 0,787 0,806 0,821 0,935 1,20 1,15 1,207 1,238 1,280 1,32k 1,378 1,385 1,391 1,3%6 L,k02. 1,508 1,b16 1,438 1,483 1,509 1,583 1,620 1,880
I 0,426 0,498 0,607 0,766 0,933 1,120 . La3 1,379 1,414
u 0,606 0,766 0,933 1,120 1,23 1,290 . 1,370 1,814 1,50 1,620 1,600
2,41 £ 0,5 Ok H 1,19 N 0,54 0;40
II1 0,606 0,766 0,933 1,120 “T 1,238 1,379 1,b14
4 0,609 0,769 0,935 1,122 T oa,eh1 1419
v 0,6093 0,7687 0,9348 1,120h 1,155% © 11,2383 1,2813 1,3782 1,5159 1,5093 .
v (0,769) 0,807 (0,933) (1,120) (1,155) (1,238) -
Vi1 0,612 0,773 0,941 1,130 1,248 . TL3% .
8,9 0,68 0,91 2,78 0,85 ' 0,87 {
vIIT 0,426 o,k50 0,496 0,607 0,781 1,12 1,22 : 1,40 N
0,% 0,16 0,5% 2,9 0,52 0,367 ;, 0:% 0,92
= - B
X 0,452 0,500 0,607 0,783 0,860 0,932 1,123 " 1,2% . i 1,400 LS )
XI » i [0 ]
X1 ?
XIIT 0,61 0,9 1,12 1,20 : 1,39 1,55
555 0,67 1,75 142 1,5 L 08
xv s
xv 1,100 h 1,210 1,290 1,390 1,520 T 1,620 1,69
1,76 fo0kl 0,5 f .
) 1,32
XvI {0,606) (0,766} (0,933) (1,120) . (1,238} . (y319) 1,50
9 1,3 1,17 26 gL 0,9 0,7 _
xvIL 0,605 0,699 0,770 0,907 (1,12) T A toLm - 1,621 1,679
XVIIL (0,609) (0,769) (0,935) (1,120) <1 (2,228) ©{1,378) T (1,509) i
,10 1,10 0,5h 3,9 1,42 1,66 0,56
. . :
XIX (0,6093) 0,652 0,6609" 0,7032" (0,7687) 0,7871" 0,8063" 0,8213" (0,9348) (1,1204)(1,1553) "1,2071 (1,2383)(1,2813) (2,3782) 1,3853" 1,3910" 1,3965% 1,4017" 1,4080 1,4380° (1,5093) 1,5829" 1,6052"
L,eh ———— 0,19 0,70 0,17 0,17 0,13 0,52 2,06 0,40 0,19, 0,88 0,26 0,72 _ . 0% 0,21 0,07,
0,38 ! 0,73
XX ) .
XXt 0,61 0,76 0,95 LM 1,151 1,205 (1,238) 1,282 1,32k 1,579 1,342 1,407 1,637 1,483 1,521 1,58 1,63 L6838
0,4 0,1g- 0,84 0, ©,10 1,02 0,5 <0,08 ~0,12 0,3 0,25 . 0,18, 0,10
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Table 6.12 (Gont'd)

No. 32 35 £ 35 36 37 38 39 ho n /o one u3 iy us 16 iz 18 19 51 52 55 ]
Ref. E(MeV) 1,728 1,76+ 1,78 1,793 1,838 1,862 1,95 1,970 2,007 2,051 2,085 2,117 2,160 2,204 2,234 2,212 2,335 2,k30 2,?335 2,620 2,700 2,712 2,377 2,329 5,%5 ),]5-""2 5;2521 Method
I 1,761 2,198 ce” s(ph)
T 1,761 1,820 2,000 2,200 2,420 ee
2,k oiul 0137 1100 0,50 (c:;tfzm = (s)
Iir 1,761 2,200 ce” sT {gm)
v 1,766 ce pe” S
v 1,7283 1,764 1,8485 2,0167 2,1170 2,2042 ce” sn (ph)
ce” sl
VII 1,778 2,21 “ce”
3,49 . b peTce o
VIII 1,77 2,21 2,40 -
&0 1,00 ’ re 81
X 2,208 2,h52 2,607 pe” 81
1,00 0,4—0,35
X 1,750 1,800 2,192 pe” 51
XI 1,76 2.20 2.k2 . 11
3,22 1,00 S8 pe scin
XI1 2,438 2,6 2,700 2,775 2,886 3,0463 Dy
(0,41) < 0,0075 0,0242 0,013 0,0093 0,012
XIII 1,77 2,22 2,5 t e
2,66 ~ 1,00 ~0,58 e -
XIV 2,20 2,45 2,72 2,89 3,03 Cpt e” sl
1,00 0,41 0,026 0,005 0,013
xv 1,75 1,820 2,090 2,200 2,420 -1
25 0;52 R o Frn e (o)
s
I (1,761) 1,820 2,090 (2,200) 2,420 t-Li
352 e ’ s o Gt-lin  em (gm)
XVII 1,727 (1,76} 1,832 2,116 (2,19) 2,420 Cpt-Lin smJ2(gn)
XVIII (1,764) (1,848) (2,016) (2,117) (2,204) (2,432) Cpt-Lin s142 (gn)
3,14 0,33 1,00 0,36
XX (1,7283){2,76%) 1,7838% 1,7007%(1,8485) 1,8625° 1,900 (2,0167) 2,085 (2,1170) (2,2082) 2,200 2,340 (2,432) Cpt-Lin st {gn)
0,29 2.52 0,4k 0,1k 0,28 0,22 0,19 0,06 0,09 0,23 1,00 0,07 0,04 0,41
XX 2,450 2,468 2,768 2,893 2,9% 3,070 Cpt-Lin sm {
(0)51) 0,000 0,0082 0,009 0,0082 0,007 o)
I 1,728 (1,764) 1,795 1,852 1,905 11,9702 2,010 2,051 2,082 2,115 2,160 (2,204) 2,234 2,227 2,335 2,400 2,435 2,620 2,703 2,772 2,877 2,959 3,045 3,042 3,821  scin pr
0,29 2,84 <0,17 0,50 0,07 €0,05 €0,06 0,0+ 0,06 <0,20° 0,21 1,00 0,15 <0,05 0,0b 0,35 0,34 0,0077 0,065 0,0161 0,043 0,012 -0,008 < 0,00195 0,0025 ccin

Notes_on Table

Energies are given in MeV. If the intensity of the gamma ray was reported in the clted article it is given directly underneath the energy value; the numbers are relative to the 2.204% MeV line. Energy values in parentheses were taken over
from other authors.

—'208-
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Table 6.12 (Cont'd)

KEY TO Methods used:

8 Magnetic spectrometer

s magnetic 180° spectrometer

sﬂ"fé magnetic double focusing spectrometer

sl magnetic

ph photographic recording

gm Geiger-Miller counter recording

scin pr scintillation pair spectrometer

scin single crystal scintillation spectrometer
Dvyp measurement through photoorotons from deuterium
pe- photoelectrons (external conversion)

ce- conversion electrons

cet? conversion electron pairs

Cpt-Lin Compton Line spectrometer

Cpt e~ measurement based on Compton electrons

The chief methods employed in the cited publications were the following:
conversion electrons I-VI; external conversion VII - XI, photoproton energy
in deuterium-filled counter XII, Compton’'distributions XIIT-XIV; Compton
line method XV-XX and scintillation pair spectrometer XXT.

-q08-
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Publications Cited in Table 6.12
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ITT
v

VI

VII
VIII
X

XI
XII
XIIT
XIV

XVIiI
XVIII
XIX

XXI

M.
K.

C. D. Ellis, Proc. Roy. Soc., London, 143A, 350 (1934).
G. D. latyshev, Rev. Mod. Phys. 19, 132 (1947).

M.

J. M. Cork-et al., Phys. Rev. 83, 681 (1951).

Miwa and S. Kageyama, J. Phys. Soc. Japen, 5, 416 (1950).

Mladjenovic and H. Sl#tis, Ark. Fysik 8, 65 (1954).
Q. Nielsen, O. B. Nielsen and M. A. Waggoner, Nuclear Physics, 2,

L76 (1957).

2 B o g

C
K
J
R
G.
U
J
H
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. Ellis and G. H. Aston, Proc; Roy. Soc. ILond, 1294, 180 (1930).
Mann and M. J. Ozeroff, Can. J. Res. A27, 164 (1949).
Wolfson, Phys. Rev. 78, 176 (1950). '

Pearce and K. C. Mann, Can. J. Phys. 31, 592 (i943).
Backenstoss and K. Wohlleben, Z. Naturforsch, 10A 384 (1955).

. Hauser Dissertation, Heidelberg, 1957 and Z. Phys. 150, 593, 599 (1958).
. Ttoh and Y. Watase, Proc. Phys. Math. Soc. Japan, 23, 142 (1941).

. Daniel, Z. Naturforgch, 12a, 19% (1957).

. D. latyshev, A. F. Kompaneetz, N. P. Borisov and J. H. Gucak, J. Phys.

USSR 3, 251 (1940).

S. Kageyama, J. Phys. Soc. Japan, 7, 93 (1952).

M. Mladjenovie and A. Hedgran, Physica 18, 12L2 (1952).
M.
B
B

Mladjenovic and A. Hedgran, Ark. Fysik, 8, 49 (1954).

. S. Dzelepov and S. A. Sestopalova, Nuovo Cim. 3, Supple. 1, 54 (1956).
. 8. Dzelepov, S. Sestopalova and I. Uchevatkin, Nucl. Phys. 5, 415,

(1958) .

C.

Mayer-B8ricke, Z. fllr Naurforsch, 144, 609 (1959).
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57-69

energies and intensities. Oﬁer the years many authors have constructed
partial decay schemes showing the placement of the most intense radiations.
Some of the older versions of the decay scheme have had to be discarded be-
cause of inéompatibility with later measurements of 7762’6u’65 or By cas-
ca,des.63’67 We reproduce here as Fig. 6.1k the decay scheme published by
LUHRS and BORICKE.’ >

this scheme we wish to call attention to a few important considerations in its

Without going through the detailed justification of

construction.

Firstly, the numerous long-range alpha particles of Radium C'
(summarized in Table 6.10 above) are extremely helpful in constructing a
level skeleton. Under the assumption that each of these long-range groups
goes to the ground state of PbZlo one deduces a set of levels in Bi21 which
are identical with those listed in the third column of Tablé 6.10. This
assumption turns out to be correct for all but three of the long-range alphas;
in the case of alpha particles with 9.313, 9.779 and 9.905 MeV energy HAUSER69
has presented arguments proving that these events must terminate in excited
levels in szlo at 0.778 or 1.077 MeV.

The fact that most of the long-range alpha transitions do terminate

in the O+ ground state of PbZlO helps to fix the spin and parity of the RaC'

5Ta. G. Lbhrs and C. Mayer-Bbricke, Z. flir Naturforsch. 15a,, 939 (1960).

5Tb. C. Mayer-Bbricke and G. Lithrs, Z. flir Naturforsch. 1l5a, 103 (1960).

58. Rutherford, Lewis, Bowden, Proc. Roy. Soc. (London) Alk2, 347 (1933).
59. C.D. Ellis and N.F. Mott, Proc. Roy. Soc. (London) Alkl, 502 (1933).

60. C.D. Ellis, Int. Conf. on Physics. London, (1934),

61. J. Surugue, J. Phys. rad. T, 145 (1946).

62. F. Demichelis, R. Malvano, Nuovo Cim. 12, 358 (195k4).

63. R. A. Ricci and G. Trivero, Nuovo Cim. 2, T45 (1955).

6L. S.A.E. Johansson, Ark. Fys. 9, 561 (1955).

65. R.E. Rowland, Phys. Rev. 99, 757 (1955).

66. N. Feather in Siegbahn "B and y Spectroscopy”, North Holland Pub. Co.,
Amsterdam (1955).

67. Nierhaus and Daniel, Z. Naturf. 1l2a, 1 (1957).
68. G.R. Bishop, Nucl. Phys. 5, 358 (1958).
69. V. Hauser, dissertation Hiedelberg 1957; Z. Phys. 150, 593,599 (1958).
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Fig. 6.14 Decay Scheme of Radium C as drawn by Luhrs and May‘er—BSricke. >7a

Energies of B groups are given in MeV, the y -energies in keV. The long
range alpha groups originating from the excited levels of Radium C' are

shown as slanting arrows at the left end of the levels. yy coincidence
measurements are indicated by dots at the tips of the arrows which indicate
the y -transition to the RaC' level common to the two coincident y -transitions.
Figure reproduced from Z.f, Naturforsch, Ej}, 939 (1959).
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levels. Since alpha transitions can remove only even units of angular mom-
entum in combination with positive parity or odd units of angular momentum '
in combination with odd parity, the Radium C' levels are restricted to O+, 1-,
2+, 3-, 4+.... From the y-transition data and from the alpha decay probabilities
the range of possible assignments can be further reduced to O+, 1- or z+.
Multipolarity assignments of ML or EZ have been made to several of
the prominent transitions chiefly by measurement of conversion electron ratios.
See particularly the work of NIELSEN, NIELSEN and WAGGONER7O and of L%HRS and
MAYER-BURICKE. * 1>

ments of several levels. One important transition with 1.416 MeV energy is

These assignments help in fixing the spin and parity assign-

identified with certainty as an EO transition by the prominence of its con-
version electrons and absence of gamme ray photons; +this fixes the spin of
the 1.416 level as O+. TUTTER'® has measured the half-life of this level
as 2.3 x lO_lO seconds. There is evidence57 for an additional EO transition
in the decay of the level at 2.510 MeV to ground so this level also is desig-
nated O+. All the other levels from which long-range alpha particles are
emitted also are de-excitedto the ground stafe of RaC' by the emission of
gamma ray photons; this fact eliminates O+ as a possible assignment and fixes
the assignments as either 1- or 2+. ‘

A number of the prominent levels below 2.5 MeV are placed with the
help of yy and By coincidence results of several workers;62_65’67 some of
these measurements are summarized in the decay scheme by the dots, as explained
in the figure caption. #Above 2.5 MeV the level scheme is based chiefly on two

69

types of evidence. The first is an analysis by HAUSER of the pattern of

alpha emission of the longest-range alpha particles. The second is the measure-

o7

ment of many new energétic gamma rays lying above 2.6 MeV. Since the total
decay energy is 3.26 MeV and the first excited state is 0.609 MeV the most
energetic gamma rays cannot be in coincidence with any of the gamma rays of
lower energy and hence must represent direct transitions to ground. ' This fixes

the ﬁositions of a number of the highest-lying levels.

70. K.0. Nielsen, 0.B. Nielsen and M.A. Waggoner, Nuclear Phys. 2, 476 (1957).
fOa. B.S. Dzelepov and S.A. Sestopalova, Nuovo Cim. 3, Supple. 54 (1956).
71. M. Tuttery,. Z. Phys. 155, 368(1959).
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Many authors have published analyses of the complex beta spectrum

49,56,63,65,67,72-16 analysis by DANIEL
57

but these reports are discordant.
6

and NIERHAUS”" was used by MAYER-BORICKE

The possibility that the beta rays groups are still incompletely resolved is

in the construction of Fig. 6.1k.

recognized and is represented in the figure by brackets which group the
levels which may be fed by each partially resolved beta group.

There exists no theoretical interpretation of the complex level scheme

21k 57,5To

of Po“ 7. MAYER-BORICKE

of excitation may represent collective quadrupole vibrations of the entire

discusses the possibility that the lowest levels

even-even POZlu nucleus about its spherical equilibrium shape. The pattern
of the gamma ray de-excitation characteristics follows closely the pattern
for such collective vibrations first pointed out by SCHARFF-GOLDHABER and
WENESERa77 These vibrations are discussed in Chapter 3. The characteristic
features are a first excited 2+ state de-excited by an EZ transition with
greatly enhanced transition probability and a second excited state lying at
~z.2 times the energy of the first; this second excited state has 2+ char-
acter (although according to some theories it may have O+;2+,4+ triplet
character), an enhanced E2 transition probability for a transition to the
first excited state, and negligible probability for a direct transition to
ground. In the case of P0214 the 2+ level at 609 keV and the 2+ level at 4
1.378 MeV seem to fit these characteristics. LUHRS and MAYER-BéRICKE57b
measured the K/L ratios of the 609 and 769 keV radiations and characterized
them as very pure EZ2 radiations. They discussed the level system of POZJ‘Lr in
terms of the theoretical model of WILETS and JEAN,77a

Decay of Radium C" (Thallium-210). This rare branch product has a

half-life of 1.3 minutes for beta decay. From a closed decay-energy cycle

2
the decay energy of T1 10 is estimated to be 5.47 * 0.04 MeV. The end point

T72. G.R. Bishop and F. Demichelis, Nuovo Cim. L4, 1599 (1956).

73. W. Bothe and H. Maier-Leibnitz, Z. Phys. 104, 60k (1937).

T4. B.W. Sargent, Proc. Roy. Soc. (Londor) A139, 659 (1933).

75. A.A. Constantinov and G.D. Latyshev, J. Phys. USSR 5, 239 (1941).
T6. A.H. Wapstra, Physica 18, 1247 (1952).

T7. G. Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212 (1955).
T7a. L. Wilets and M. Jean, Phys. Rev. 102, 788 (1956).
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energy of the beta particles is 1.96 MeV showing that the beta decay selects
a very high-lying level (~3.5 MeV) in the PbZlo daughter nucleus. Good
agreement on the beta energy has been obtained by several authors using dif-
ferent techniques: LECOIN78 reports 1.95 MeV based on a cloud chamber method;
DEVONS and NEARY79 find 1.95 % 0.15 MeV by an absorption technique; MAYER—
KUCKUK™ obtains 1.96 * 0.1 MeV and STETTER ®“obtains 1.97 * 0.05 MeV by
scintillation spectrometer measurements.

I@e most detailed study of the radiations of Radium ¢" was made by
STETTERJggaﬂ The short half-life and, in particular, the slight alpha branch-
ing of Radium C make it almost impossible to prepare intense sources. Hence
the radiations had to be studied with scintillation counters of high efficiency
but low resolution. By pushing scintillation techniques to the limit and
overcoming many experimental difficulties in sample preparation STETTER .
succeeded in resolving the many gamma rays listed in the accompanying table.
By and vy coincidence results helped him to formulate the decay scheme shown
in the figure. '

It is seen that nearly all beta transitions populate a few levels
above 3.5 MeV which are de-excited through a series of parallel y-ray cas-
cades, all of which funnel through a 2+ level lying at 790 keV of excitation.
The total decay energy is 5.5 MeV.

210
It is of interest to compare the experimental level scheme of Pb

seen in the decay of 'I'l210 with the predictions of shell model theories.
lead-210 has Jjust 2 neutrons more than the closed shell nucleus Pb208 so that
it is a very favorable case for a shell model calculation of the level system.
In principle one starts with the neutron wave functions predicted by theory
for N > 126 and the energies of neutrons in these states as observed in the
szo9 nucleus. One considers all possible combinations of 2 neutrons in the

available states and computes the energy of these combinations from the sum

78. M. Lecoin, J. Phys. Rad. (7) 9, 81 (1938).
79. S. Devons and G, J. Neary, Proc. Camb. Phil. Soc. 33, 154 (1937);
80. T. Mayer-Kuckuk, Z. f. Naturforsch, lla, 627 (1956).

80a. G. :Stetter; unpublished report of work at Physical Insititute of the
University of Vienna, TID-14880 (1961).
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of the energies of the individual orbitals reduced by the energy of the re-
sidual interaction between the two neutrons. PRYCE,8l MAYER-KUCKUKSO and
STETTERthf have outlined how such a calculation is carried out and have
shown what form the theoretical spectrum might take. The weak point in these
tentative calculations- 1s the uncertainty of the shell model assignment of
the neutron levels of PbZO9

MUKHERJEE and COHEN. L%

, particularly in view of the later work of

210
The shell model interpretation of the T1 nucleus is an sl/2

proton hole state combined with 3 neutrons in g states—all coupled to
L+ or 5+.

The decay of RaC" has the interesting feature that the total beta-

9/2

decay energy (5.4 MeV) to produce 20 g greater than the neutron binding
energy (4.81 MeV) of PbZlO, KINSEY, BARTHOLOMEW and WALKER82 pointed out
that this suggests the possibility that neutrons may be emitted in the dis-
integration of RaC" provided some of the beta transitions lead to excited
states above the neutron binding energy. These authors looked for such
neutrons from commercial sources of radium in equilibrium with their products
and were unable to detect any neutrons other than those to be expected from
(a,n) reactions on light element impurities in the container or the sample.
On the other hand KOGAN and RUSINGV83’8A

on the active deposit of radium emanation which indicates rather clearly

have obtained neutron counting data

that neutrons are indeed emitted in the decay of radium C". They estimate

the number as 2 x lO—4 per disintegration. STETTERBOam confirms this by

direct measurement of neutrons from a radium C" sample.

8l. M.L.H. Pryce, Proc. Phys. Soc.(London),A65, 773 (1952).

8la. P. MukheTjee and B.L. Cohen, Phys. Rev. 127, 1284 (1962).
82. B.B- Kinsey, G.A. Bartholomew and W.H. Walker, Phys. Rev. 82, 386 (1951).
83. A.V. Kogan, Soviet Phys. Doklady 1, 372 (1957).

84k. A.V. Kogan and L.I. Rusinov, Soviet Phys. JETP 5, 365 (1957).
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Figure showing decay scheme of Radium C" as formulated by Stettler. This
is a tentative scheme as there is not clear experimental proof of the
placement of some of the gamma rays.
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Gamma Rays Emitted in the Decay of Radium - C" (Thallium-210)

Investi- Mayer- P. Weinzierl Stetter:
gator Kuckuk
Energy Energy Intensity Energy Intensity
{keV) (keV) % (keV) %

1 | 93 L

2 297 298 7L 286 80

3 372 L

L 425

p. 480

6 783 800 100 o4 100

7 911 8

8 1070 1100 10 1054 12

9 1100 1119 7
10 1198 17
11 1300 1340 9 1302 21
1z 1398 P
13 1479 2
14 1550 2
15 1590 2
16 1670 2
17 2000 12 1995 7
18 209q} 2101 5
19 2285 3
20 2360 2350 18 2365 8
21 246Qg 2450 9

Th. Mayer-Kuckuk, Zeit. f. Naturfor. 1lla, 627 (1956).
P. Weinzierl, Sitz.d.Oster. Akad. d. Wiss. ITa, 166, 139 (1957).
G. Stetter;, TID-14880 (1961).
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THE ACTIVE DEPOSIT OF SLOW CHANGE

General Comments. When radon samples or high-intensity samples of the

active deposit are permitted to decay there always remains a residual long-
lived activity after the radon and the active-deposit-of-rapid-change has de-
creased below the detectable limit. This residual activity is the radium

D-E-F Complex, at one time referred to as the active-deposit-of-slow-change.

RaD(Pb2¥O)i§§%EE¢%> RaﬁéBizlofﬁ;f§;f5> RaF(P0210y7E§§E§>RaG(Pb206)STABLE
Radium D is identical with the radiolead first reported by HOFFMANN and
STRAUSS in 1901. Radium F is identical with the radioelement, polonium, -
found by the CURIES in 1898. We summarize recent determinations of the pro-
perties of these important nuclides in the following paragraphs. Numerous. .
references to older measurements of these radiations are cited in the compil-
ation of STROMINGER, HOLIANDER and SEABORG.85

Radium D (PbZlO). Modern determinations of the Radium D half-life

86
include those of TOBAILEM (measurement of decay over 4 month period by dual
8
ion-chamber technique leading to the result 19.4 * 0.35 years), of HARBOTTLE l

(measurement of decay over 280 day period by dual ion-chamber technique lead-

88
ing to the result 20.4 * 0.3 years) and of ECKELMANN, BROECKER and KULP ~ (a

geological method consisting of the isolation of léad;ffoﬁ an undisturbed

210 210
uranium mineral. and the determination of the Pb + content from Po L in
> .
equilibrium with it, leading to a Pb 10 half-life of 21l.4 * 0.5 years).

The beta particles of Radium D are very weak and consist of two

89,90

groups. The weaker group is in 15 percent intensity and has an end point

85. D. Strominger, J.M. Hollander and G.T. Seaborg, Rev. Mod. Phys. 30, 585
(1958). :

86. J. Tobailem. J. Phys. et. radium ;@, 235 (1955).

87. G. Harbottle, J. Inorg. Nucl. Chenm. 12, 6 (1959).

88. W.R. Eckelmann, W.S. Broecker, J.L. Kulp, Phys. Rev. 118, 698.(1960);
89. W. Stanners and M.A.S. Ross, Proc. Phys. Soc. (London) 694, 837 (1956).
90. J. Tousset and A. Moussa, Compt. .rend 245, 1617 (1957).



-90- UCRL-10612

energy of 64 keV; it represents the ground state transition. The stronger
group is in 85 percent intensity and has an end point energy of only 17 keV.
Careful techniques of sample preparation and counting are required to detect
these low-energy beta particles. This beta group is followed by an ML gamma
transition of 46.7 keV energy which is almost completely converted. No other
gamma rays are presentn91

For many years it was suspected that Radium D must emit alpha particles
in a small fraction of its disintegrations. But because of the slight magni-
tude of this branching and the unknown properties of the Hg206 daughter it was
difficult to obtain evidence for this mode of decay. This evidence was even-
tually obtained by the Finnish scientists, NURMIA and CO-WORKERS9la who
measured alpha particles of approximately 3.7 MeV and isolated and identified-
the Hg206 daughter, which proved to bean 8.6 minute betawemitter. The alpha
branching is only 1.8 x 10_8 corresponding to a partial alpha half-life of <
109 years.

Radium E (Bi
of Radium E. yielded the wvalue 5.013 * 0.005 daysa92 Among the most careful

work on the beta spectrum is that of PLASSMANN and LANGER93

2 :
lO)° A recent careful redetermination of the half-life

who report the
value 1.155 MeV for the maximum energy. The beta decay goes directly to the

ground state of Radium F and no gamma radiation is detected. Radium E also

206 -
decays to Tl ~~ by alpha emission but the alpha branching is only 5 x 10 >

ol

percent. This alpha branching is discussed in detail below in connection

with the discussion of the isomeric forms of BiZlO.

91. A discussion of all measurements of the gamma radiations in the decay of
radium D and radium E is given by Fink, Warren, Edwards and Danon, Phys.

Rev. 103, 651 (1956).

9la. M. Nurmia, P. Kauranen, et al., Nature 190, 427 (1961); P. Kauranen, Ann.
Acad. Scien. Fenn. Series A VI Physica No. 96 Helsinki (1962).

92. J. Robert and J. Tobailem, J. Phys. Radium 17, 440 (1956).
93. E.A. Plassmann and L.M. Langer, Phys. Rev. 96, 1593 (195k).
94. E. Broda and N. Feather, Proc. Roy. Soc. (London), 190A, 20 (1947).
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2
Radium F (Po lQ). Two modern determinations of the Radium F half-life
are those of CUR‘I‘1895 and of EICHELBERGER, JORDAN, ORR and PARKS9
ported 138.37 % 0.03 days and 138.4005 % 0.0058 days, respectively.

who re-

Polonium 210 is a pure alpha emitter whose alpha spectrum contains a
single alpha group which populates directly the ground state of Pb206 eo that
no gamma radiation accompanies the decay. This statement must be gqualified
slightly because 803 keV gamme radiation does occur in a intensity of (1.06
* 0.02) per 105 disintegrations.98 .This observation indicates a very slight
alpha_branchiﬁg to an 803 keV level in Pb206 which decays by emission of
electric quadupole radiation. |

FENYESg6a has made a direct measurement of the energy of this wegk
alpha group in a magnetic spectrometer whose alpha detector was gated with
pulses from a gamma detector placed back of the source. He reports an energy
of Lk.525 * 0.0S MeV corresponding to an energy of 795;615 keV for the excited
state of PboO0; o

Poionium 210 is widely used for a variety of purposes for which a
long-lived alpha emitter, unaccompanied by gamma radiation, is needed. It
is also widely used as a standard in alpha particle spectroscopy so that the
value of its alpha particle energy is a matter of considerable imertancé.

The energy of the POZlO alpha particle has often been measured re-

97

lative to the main alpha group of RaC' for which BRIGGS”' has measured an

97a

absolute value with great accuracy. LEWIS and BOWDEN calculate en absolute
value of 5.299 MeV for PoZlo from a consideration of several measurements of
the RaF to RaC' energy ratio. Many published alpha particle energies in the
translead region are based directly or indirectly on this value of the POZlO
alpha particle as a standard. Some recent direct determinations of the POZIO

alpha particle energy have given values a few kilovolts higher. These newer

95. M.L. Curtis, Phys. Rev. 92, 1489 (1953).

96. J.F. Eichelberger, K.C. Jordan, S.R. Orr and J.R. Parks, Phys. Rev. 96,
719 (195k).

96a. T. Fenyes, Nuclear Physics 16, 529 (1960).

97. G.H. Briggs, Proc. Roy. Soc. (London) 157A, 183 (1936).

97a. W.B. Lewis and B.V. Bowden, Proc. Roy. Soc. (London) 1k45A, 235 (1934)
Summary.

98. Rojo et al. Phys. Rev. 99, 1629A (1955); Hay:ard et al. J. Research Nat.
But. Stand. 54, 47 (1955); Shimanskaia et al. Sov. Phys. JETP L, 165
(1957); Ascoli et al. Nuovo Cim. 4, 946 (1956); G. Bastin-Scoffier and
R.J. Walen, Compt. rend. 247, 2333 (1958).
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Recent Absolute Measurements of the Polonium 210 Alpha Particle Energy

(Table prepared by F. Asaro¥)

Value Author
© 5.3048 £ 0.0006 Rytz, Compt. rendu 250,
3156 (1960) and Helv. Phys.
Acta 34, 240 (1961).
5.3054% * 0.0010 White et al., Phys. Rev.
109, 437 (1958).
5.3043 £ 0.0029 Collins, McKenzie and Ramm,
‘ Proc. Roy. Soc. (London)
216A, 219 (1953).
5.3086 * 0.003 Browne, Galey, Erskine and
Warsh, Phys. Rev. 120, 905
(1960).
5.3028 * 0.0010 Wapstra®
5.3025 * 0.0015 Beckner, Bramblett, Phillips,
_ and Eastwood, Phys. Rev.
123, 2100 (1961).
*
Proceedings of the International Conference on Nuclidic Masses, McMaster

University,

Canada, September (1960).
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Computation of absolute energy of PoZlo alpha particle from Experimental

210

Measurement of Ratio of Po and RaC' alpha energies and from Brigg's

value of T7.6804 MeV for the main RaC' alpha particle.

Energy (MeV) Author
. ) .
2.3003 - Rytz, Compt. rend. 250, 3156
: (1960). , ,
5.2995 | Collins, McKenzie and Ramm,

Proc. Roy. Soc. (London)
216A, 219 (1953).

5.2988 Lewis and Bowden, Proc. Roy.
Soc. (London), 145A, 235
(1934).

-5-2978 | Agapkin and Gol'din, Izvest.

Akad. Nauk., SSSR, Ser Fiz
21, 909 (1957)-

5.2985 ' C.P. Browne, Phys. Rev. 126,
o 1139 (1962).
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determinations are summarized in the table. On the other hand, if recent
determinations of the ratio of the Pozlo alpha particle energy to the RaC’
alpha particle energy are combined with the accepted Brigg's value for the
RaC' alpha particle one cobtains the élternate set of values summarized in
the second table. These values cluster strongly around the old value 5.299
MeV. This strongly suggests that the energy of the RaC' alpha particles as
well_as the POZlO alpha particle need to be raised a few kilovolts from their
formerly-accepted values. An excellent discussion of remaining difficulties
in the selection of an absolute energy standard is given by G. C. HANNA.98a
" Radium D-E-F Radioactivity Standards. A sample of Radium D-E-F makes

a convenient beta-ray standard. The alpha disintegration rate of Radium F
can easily be determined in a suitable alpha counter to an accuracy of 99
percent or better and at equilibrium,the alpha-disintegration rate of Radium
F is equivalent to the beta disintegration rate of Radium E. If the Radium
D-E-F sﬁandard,is covered wifh approximately 11 milligrams per squére centi-
meter of aluminum absorber the activity detected in a Geiger tube, proportional
counter, or -other beta-ray detector is due solely to RaE; the alpha particles
of RaF and the soft beta-particles from RaD are completely absorbed by the ..
aluminum. The counting rate of such a standard descreases with the 19040-year
half-life of RaD. Hence with such a standard one has the advantage of the
energetic electrons of the 5-day RaE, uncomplicated by conversion electrons,
gamma radiation, or lower energy beta groups, coupled with the long half-life
of RaD. Such standards are easily made.

The Radicactivity Section of the National Bureau of Standards, Wash-
Ington, D.C. offers RaE standards for sale. These standards consist of an
electrolytdc deposit of lead containing RaD in the form of PbO2 on the palla-
dium surface of a palladium-clad silver disk. The lead is separated quanti-
tatively from a high grade pitchblende ore and the RaD activity is calculated
from measurement of the radon in eguilibrium with Razz in the ore.

In connection with the preparation of standards or for other reasons
it is useful to know the growth curves for RaE and RaF into pure RaD. These

6
are shown in Figs. 6.15 and 6.16. The growth of RaD into pure Razz is

98a. G.C. Hanna in "Experimental Nuclear Physics", Vol. III, E Segfé, editor,
John Wiley and Sons, Inc., New York 1959, pp 219-225-
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shown in Fig. 6.17.
Theoretical Interest in the Beta decay of Radium E. The shape of

the beta spectrum of RaE has been of great interest to beta decay theorists
for many years and so has been studied and restudied carefully by many ex-
perimentalists. It was the first beta spectrum definitely proved to have a
shape differing markedly from the shape characteristic of allowed beta tran-
sitions. The spectral shape appeared to correspond to that expected for a
twice-forbidden (AT =-2, no change of parity) beta transition. Since RaE
decays into the ground state of an even-even nucleus which must have spin O+,
the spin of RaE was assigned the value 2+. When the shell model of the nuce
leus was developed it became clear that RaE could not have even parity. (The
0dd, 83rd, proton in BiZlO.has available to it only the negative parity states
h9/2, f7/2 and p3/2; the odd, 127th neutron can only be in the positive parity
Hence RaE must have odd parity). At a later

states 1 or d

11/2’ 89/z °F ¢ 5/2°
date the spin of RaE was definitely determined to be 1 by the atomic beam
experiments of K. SMITH.99 Hence the theoretical problem became how to
account for the non-typical spectrum shape for a transition of the type,

1l- —>0+. A satisfactory but not completely convincing fit was obtained
by invoking different mixtures of the five fundamental beta coupling compon-
ents: S,V,T,A and P. The status of the“%heoretical interpretations of the
RaE beta spectrum shortly before the parity conservation law for weak inter-

actions was shown to be invalid is well reviewed by PLASSMANN and LANGER:LOO

and by C.S. WUolOl The theoretical interpretation of the RaE spectrum under-
went further changes as theoretical ideas on beta decay interactions were
revised subsequent to the discovery of the non-conservation of parity. We
shall not review this matter here. _
NEWBY and KONOPINSKIlOZ carried through an interesting shell model
analysis of the character of the ground state of RaE. This analysis is

important for the interpretation of the beta decay in that it shows that the

99. K.F. Smith, as quoted by G.S, Wu in reference 10l.
100. E.A. Plassmann and L.M. langer, Phys. Rev. 96, 1593 (195k).

101. C.S. Wu in Chapter 000 of "Beta and Gamma Ray Spectroscopy", by K.
Siegbahn, ed., Interscience Publishers, New York, 1955.

102. N. Newby and E.J. Konopinski, Phys. Rev. 115, 434 (1959).
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P transforming neutron of RaE most probably has i character despite a

ok

g9/2 character of the ground state neutron in Fb The calculation is

also important in that it reveals the resemblance of the proton-neutron inter-
action for two nucleons beyond the double closed shell at Pb208 to the putual
interaction of a free neutron and proton. These calculations represent an
extension of the calculations of PRYCE and of TRUE and FORD on the level
schemes of Pb206, which are reviewed at length in Chapter 10, and which show
that the interaction of two neutrons (in this case neutron hole states) in

a heavy nucleus can be characterized by a force close to that observed for
free neutrons. Other shell model theoretical analyses of the levels of BiZlO
are given by SLIV, SOGOMONOVA and KHARITONOV}ll3a by ZBH and MANGle? and by
‘KIM and RASMUSSEN%OZ%he calculations of the last set of authors is parti-
cularly successful in accounting for the 1- character of the radium E ground
state whereaS it might be expected that the O- state would be lowest. As
suggested by Newby and Konopihski and confirmed in the calculations of KIM
and RASMUSSEN, it is the action of tensor forces between the odd neutron

and the odd proton which account for the strong depression of the 1- state
below its expected position.

The £ spectrum of RaE is also of importance ih a practical sense in
connection with the so-called FEATHER analytical method103 for determinating
the ranges of beta emitters. Frequently, it is desired to determine the
maximum range (hence energy) of an unknown beta emitter or mixture of beta-
emitters by noting the reduction in counting rate in a geiger counter or
similar detector when various thicknesses of absorber are placed between the
sample and the detector. The "visual end-point" is easily determined for a
simple beta emitter uncomplicated by gamma radiation, but is hard to estimate
with confidence when a mixture of beta emitters or considerable gamma radi-
ation is present. In such cases, a comparison of the shape of the absorption

curve of the unknown sample with that of standard substance according to the

FEATHER method will reveal the beta rgnge or ranges with more certainty.

102a. H. Zeh and H. Mang, Nuclear Physics 29, 529 (1962).
102b. Y.E. Kim and J.O. Rasmussen, unpublished results (1962).
103. N. Feather, Proc. Cambridge Phil. Soc. 34, 599 (1938).
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RaE has frequently been used as the standard substance because it has only
a single beta group and no gamma radiation. Details on the application'of

the Feather method which has been: much used inbthe past, may be found else-

where_.lol{"lo5

Isomerism in BiZlO° Studies ob bismuth isotopes produced artificially

have shown the existence of a form of BiZlO isomeric with RaE. It will be

convenlent to discuss this isomerism here.

NEUMANN, HOWLAND and PERLMANlO6 found that neutron irradiation of

: ' .20 . .
bismuth (100% Bi 9) in a high neutron flux produced a new bismuth alpha-

emitter of low activity which could best be assigned to Bizlo, This work

107

was exXtended by LEVY and PERIMAN-. The evidence for the mass assignment

is very strong and consists of the following.

209

1. The new radioactivity is produced by irradiation of Bi with

neutrons.

2. The alpha particle energy, 4.935 * .020 MeV (total minimum disinte-
gration energy 5.031 MeV) corresponds to that expected for BiZlO and Egz’to
that for Bi208 or Bizll, the only other bismuth isotopes which conceivably

could be formed.

3. Daughter activity agreeing in properties with the 4.2 £ 0.5 min.

. 206
beta emitter, Tl » could be isolated in about the correct amount.

L. When a sample of bismuth containing the new alpha emitter was
subjects to calutron isotope separation the alpha activity was found to

concentrate in the mass 210 fraction.

108,10
5. The neutron absorption cross-section » 109

09

of B12 as determined

by activation of RaR is 19 £ 2 millibarns whereas the total absorption cross
section is 33 * 2 millibarns. The difference of 14 * 3 millibarns is attri-

210
buted to the formation of the long-lived isomer of Bi .

104. L.E. Glendening,Nucleonics 2, No. 1, 12 (1948).

105. G.B. Cook and J.F. Duncan, "Modern Radiochemical Practice", Oxford
Univ. Press, 1952, pp 98-107.

106. H.M. Neumann, J.J Howland, Jr., and I. Perlman, Phys. Rev. 77, 720
(1950). '

107. H.B. Levy and I. Perlman, Phys. Rev. 94, 152 (1954).

108. D. Hughes and H. Palevsky, Phys. Rev. 92, 1206 (1953).

109. D.J. Littler and E.E. Lockett, Proc. Phys. Soc. (London) A66, 700
(1953).
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210 .
6. Po alpha activity has been observed to grow into bismuth samples

- . 210 . 0
containing Bi (long-lived) long after the RaRE had completely decayed.,l 7

' 210 '
The half-life of Bi (long-lived) was calculated by HUGHES and
108 6
PALEVSKY ~~ to be (2.6 * 0.8) x 10 .years assuming 14 millibarns for the
. . . . 209
neutron activation cross section of Bi

data of NEUMANN, HOWLAND and PERLMAN106 on the specific alpha activity of

2
to produce Bi 10 (long) and using

the purified bismuth. The integrated flux was determined from the amount
of POZlO produced and the 19 millibarns activation cross section for RaE

from which_the.POZlo was derived. This half-life is thus calculated in a
very indirect fashion and may be considered an upper limit.

From the information available in 1954 LEVY and PERLMAN '

constructed
a decay scheme for the isomers which was consistent with all the then known
properties. This decay scheme indicated that the energy difference between
the two isomers was only a few kilovolts and that Radium E probably was
slightly higher in energy than Bi210 (long). This decay scheme assumed
that the observed alpha group of 4.935 MeV energy represented the ground
state transition and was crucially dependent on an O- shell model assign-
ment for Radium E. When the'spin of Radium E was determined to be 1 by the
atomic beam method,99 and when further information was obtained on the
alpha particles of both isomers this decay scheme had to be abandoned. We
turn now to a discussion of later data on the alpha spectra. |

BRODA and FEA’I‘HER91‘L established the existence of a slight branching
decay of Radium E by alpha emission. They did this by isolating the daughter
product T1206 and established a branch decay of (1.2 to 10) x 1077, FINK
et alello confirmed this. WALEN and BASTINlll carried this work further
and measured the energies of the alpha particle groups. The results of
this study are given in Table 6.13.

GOLENETSKII, RUSINOV and FILIMONOVllz pyoqured;a sample of the long-
lived isomer with the higher specific activity of 14,000 alpha disintegrations

per minute per milligram.: With this sample they were able to measure the

110. R. Fink et al., Bull. Amer. Phys. Soc. II, 171 (1956).
111. R.J. Walen and C. Bastin, J. Phys. et Rad. 20, 589 (1959).

112. S.V. Golenetskii, L.T. Rusinov and I.I. Filimonov, Sov. Phys. JETP,
8, 917 (1959) and 10, 395 (1960).
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Table 6.13 Alpha Groups of Radium E

Ea Intensity per
(MeV) Diéintegration
-6
4.686 0.5 x 10
-6
L.64k9 0.75 x 10

Walen and Bastin, J. Phys. et Rad. 20, 589 (1959). On the energy scale
used by these authors the Po2l0 alpha particles is 5.305 MeV.
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complex spectrum reported in Table 6.1k by an ionization chamber technique.
These workers in collaboration with ANDREEV Arid KISLOVll studied the gamma
ray photons and conversion electrons emitted by the sample° -They found -
photons of.262 + 10, 301 * 10, 3%0 £ 15 and 620 * 20 keV and conversion |
electrons of 262 * 5 and 301 * 5 keV transitions. Some crucial information
for construction of the decay scheme was obtained by alpha-electron and
alpha-gamma coincildence experiments.

Particularly important was the finding that the most energetic alpha
group was in coincidence with 262 keV photons. These new results are in- ‘
corporated into the decay scheme shown here as Figs. 6.18 and 6.19. The
half-lives of the T1206 levels at 262 and 301 keV were determined to be 1.2

- - 210
x 10 9 seconds and 3.2 x 10 ? seconds, respectively. A small amount of Po

alpha activity, which did not decay with the POZlO half-life, was found in
the alpha spectrum. This indicates the existence of a slight y-decay of
B1210M L form RaE. Based on a 2.6 x 100 year half-life for Bi- " the
partlal half life of the isomeric transition 1s ~5 x lOlo years.
ThlS Russian work clearly establishes that the long-1ived 1somer of
BiZlo iles approximately 250 keV above Radium E in mass. A reasonable spln

assignment for the isomer is 9- based on a g heutron_and an hé/2<prqtoq:‘

with spins aligned in the same direction. Tgézlarge spin difference of 8
then accounts for the long half-life for the isomeric transition. '

The level systems of BiZlo and of T1206 are gquite interesting from
the shell model point of view as both nuclides aresbut one proton and one
neutron removed from closed shells. The possible shell model wave.functions
available to these Particles are known from data on neighboring odd—A nucleil
and the residual forces between the odd-proton and the odd-neutron can be
estimated. NEWBY and KONOPINSKIlO2 have discussed the levels of BlZlo
SLIV, SOGOMONOVA and KHARITONOV ~>%

a théoretical standpoint. WALEN and BASTIN-SCOFFIER

2 L 206
have discussed both Bi 10 and Tl 20 from

11k
113 and ZEH and MANG

1l12a. L.I. Rusinov, Yu. N. Andreev, S.V. Golenetskii, M.I. Kislov and Yu.
I. Filimonov, Sov. Physics JETP 13, 707 (1961).

113. R.J. Walen and G. Bastin-Scoffier, Nuc. Phys. 16, 246 (1960).
113a. Sliv, Sogomonova and Kharitonov, Sov. Phys. JETP 13, 661 (1961).
11%.  H.D. Zeh and H.J. Mang, Nuclear Physics 29, 529 (1962).
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Table 6.1k Alpha Groups of Y R (long)

Alpha B Relative Energy of

Groups (MZV) Tntensity Exci?ziv?tates
ao not detected 0
Cog 4.93 £ 0.01 60 262
%y 4.89 * 0.01 3l 300
%10 k.59 £ 0.01 5 610
%o 4.48 £ 0.015 ~0.5 720

Golenetskii, Rusinov and Filimanov, Sov. Phys. JETP, 10, 395 (1960) and
Ruéinov, Andreev, Golenetskii, Kislov and Filimonov, Sov. Phys. JETP 13,

707 (1961). Energies are relative to Th23o(§) = 4.682 MeV), U233(%1 = 4.816
Mev),s9u239(Ea»= 5.147 MeV) and Amzul(qx = 5.480 MeV). ”
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Bi2'° (long)
~ 250 kev

3
B(99+%)

O+
Po2'0(1384d)

Pb298 (stable)

MU=-22600

Fig. 6.18. Overall decay scheme of Radium DEF complex and of
the Bi®l0 isomers. See also Fig.6.19.
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and
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kev.
2-or 3 - 720
3-or2- 610
| -1 300
2- 262
MlE 2
0- 0
T|206

MU-22358

Fig. 6.19. Detailed decay scheme of Biglo isomers. The shell
model assignments give the proton assignment first.
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have also discussed the decay schemes of the BiZlo isomers in the light of
the shell model.

It would be desirable to have a redetermination of the alpha half-
life of BiE;O (long) by a more direct method. To secure agreement with the
expected decay rate estimated from decay rates of nearby nucleil one would
need a half-life of about 5 x 105 years. ZEH and I\/JANGllL‘L have made éalculations
of the alpha spectrum of Radium E by a method in which the alpha particle Wayé
functioﬁ is projected out of the shell model wave functions of individual
particles. This calculation is a sensitive test of the shell mecdel wave
functions contributing to parent and daughter levels. |

Radium G = (Uranium lead). The stable end4product of the uranium

radium decay chain is Pb2667known as RaG or uranium-leads The isotopic
abundance of Pb206 compared to the other uranium isotopes had considerable
importance historically in the understanding of natural radioactivity and
continues to have great significance for dating of minerals, etc. These

matters are discussed in Sec. 6.5 of this chapter.
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6.3 THE THORTUM (4n) SERIES

' The second of the three naturally-occurring series of radioactive
elements which we discuss in this chapter is the thorium series. This series
N 2
originates with Th 32
LT . 208
stable nuclide, Pb
and Table 6.15. g

which is the primary activity and terminates with the

. The course of the decay chain is shown in Fig. 6320°

The thorium series could be extended indefinitely to elements above
thorium as follows: .
Ly 40 o 236 .«

emer % sy #0223y > Th
17.9 years 6580 years 2.39 x 107 yr

23z

It is-quite possible that several of these higher members of the series were.
present:.at the time the elements were formed, but in the long period which
has elapsed since (more than 4.5 billion years) these precursors of thorium
have completely decayed to the much longer-lived thorium.

| Thorium. BERZELIUS discovered thorium in 1828 in a Norwegilan
mineral, but the fact that thorium was radiocactive was not discovered until
the independent experimemts of Mme. CURIE and G.C. SCHMIDT in 1898. Before
the discovery of nuclear fission, the principal interest in thorium, aside
from its radiocactive propertiés, resided in the fact that thorium was a very
superior material for the preparation of incandescent gas mantles. This
discovery of AUER VON WELSBACH gave rise to a thriving industry until the
more efficient electric incandescent lamp industry was well—establishedo
Thereafter, interest in thorium chemistry, minerology and metallurgy declined
until the discovery of nuclear fission and the successful release of nuclear
energy. Thorium itself does not fission upon capture of slow neutrons, but
it can be converted into the fissile nuclide U233

was first demonstrated by SEABORG, GOFMAN and STOUGHTON.

by neutron irradiation, as
115

115. G.T. Seaborg, J.W. Gofman and R.W. Stoughton, Phys. Rev. 71, 378
(1947) (Submitted April 13, 1942).
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THORIUM (4n) SERIES
. Th?%%aty  THZETH)
190 y. 1.39 x 10'%
Ac?28msThy)
6.13 h. “
Ol o X 1Th) RaZZ8msTh,)
6.7 y.
EmZZO(Thoron)
515 s.
Po? ’2(rhc’) P02/6( ThA)
304 x /0‘75. 0.158 s.
66.3 %
/ ?éi "he)
PbZ%mho) / PbZ"4ThE)
STABLE 37% 10.64 h.
7129 1hc"
3/m.
126 130 134 138 142
A-2

11908

The thorium (4n) decay series.
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Table 6.15 Principal Decay Characteristics of the Thorium Decay Series

Radioelement . Symbol Radiation Half-1life
Thorium R 232 a(p” stable) 1.39 x 10 y

l 228
Mesothorium 1 Ra ~ B~ 6.7y
Mesothorium 2 A0228 B~ 6.13 h

N 228 '
Radoithorium Th a(f stable) 1.91 y
Thorium X Ra224 a{p” stable) 3.64 &
Thoron En> 20 a(B~ stable) 51.5 s

b 216
Thorium A Po a(B stable) 0.158 s

N 212 '
Thorium B Pb B~ 10.64 h
Thorium C i &e B (64%) 60.5 m
66.3%  33.7% a  (36%)
Thorium C' po“Le a(B stable) 3.04 x 10775
. 4 " 208 -

l Thorium C T1 B 3.1 m
! 208

Thorium D o stable
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233 _ B \p®33_ B 5233
23.3 min | 27.4 days

‘1‘1’1232(1’1,7‘)'1'1&

g = 7.5 barns

This reaction provides a means by which the world's total supply of nuclear

fuel can be increased manyfold. To do this it would be necessary to build

"breeder" or "converter' reactors in which excess fission neutrons were ab-

sorbed in thorium to produce U233
Thorium is widely distributed in the earth's crust. It is estimated

that the average thorium content of the outermost layer of the earth is 12

parts per million or approximately three times greater than uranium. The

most important commercial source of thorium is monazite,>whiéh is a rare-

earth orthophosphate in which thorium occurs as a minor constituent. Large

deposits are found in Brazil, India, Ceylon and Australia. Thorium exists

in a great variety of minerals as a minor constituent and only in a. very few .

as a major component; none of these latter have the commercial importance

of monazite. The half-life of thorium was reported to be 1.31 x lOlO years

by GEIGER and RUTHERFORDll6 in the year 1910. This value was based upon the

determination of the number of alpha particles emitted per gram of thorium

in equilibrimmm with all its daughters and the knowledge that 6ralpha particles

wefe emitted during the total transformation sequence. This early half-1ife

determination is very close to the redeterminations cited in Table 6.16

carried out at a much later date. 1In this book we accept the value of 1.39

X lOlQ found by'KOVARIK and ADAMS in 1938. The total specificfalphavactivity

of pure thorium may vary considerably depending upon the:amount of radio-

thorium present in the sample; this in turn depends upon the history of the

sample. The reasons for this may be visualized by consulting Fig. 6.20.

When thorium is purified the equilibrium amount of radiothorium will remain

with the thorium since radiothorium is an isotope of thorium. In a matter

of days (See Fig. 6.26 below) the remainder of the series below radiothorium

will grow back into equilibrium with the radiothorium. The total alpha

116. H. Geiger and E. Rutherford, Phil Mag. 20, 691 (1910).
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Table 6.16 Determinations of the Half-Life of Thorium

Kovarik and Adams

10
Phys. Rev. 54, 413 (1938) 1.39 x 107 years
Picciotto and Wilgain 10
. 1.39 x 10 years
Nuovo Cim. L, 1525 (1956) S
Macklin and Pomerance 10
. 1.45 x 107~ years
J. Nuclear Energy 2, 243 (1956)
Senftle, Farley and Lazar 10
A 1.42 x 1077 years#
Phys. Rev. 104, 1629 (1956) ‘s
T.A. Farley
Can. J. Phys. 38, 1059 (1960) 1.4 x 100 years
1%
" 1 lO
Adopted "best” value 1.39 x 10 years
Decay Constant A = 4.98 x 10-9 years

Specific activity =

246 dis/min'l

-1
mg

This value was determined by determining an absolute gamma-disintegration

208 -
rate for Tl (RaC") in equilibrium with aged thorium salts.
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32

activity will then be six times the activity of Th2 alone. However, the
radiothorium and its decay products will begin to decay with the 1,9 year
half-life of radiothorium because the 6.7 year radium isotope, mesothorium-1,
was removed during the chemical purification. Over a period of years the
mesothorium will grow back into the thorium provided the thorium is not sub-
Jected to further chemical purification. The net result is that the amount

of radiothorium and the total alpha activity declines to a minimum at 5 years
and then slowly rises again until complete edquilbrium with Th232 is once more
established. These specific activity changes in thorium are quite appreci-
able over normal periods of storage and use in commerce or in the laboratory.
In this respect pure thorium is quite unlike pure natural uranium which

would have to be stored for 2000 years before the specific alpha activity~
increased by as much as one percent. The specific activity changes in thorium
are shown quantitatively in Fig. 6.21. Another effect which can contribute

to the specific alpha activity of thorium is ionium contamination. If thorium
is isolated from an ore containing appreciable amounts of uranium, the ionium
will add appreciably to the specific activity even though the contamination
on an atom basis 1s miniscule.

The long half-life of thorium makes it somewhat difficult to measure
the. specific activity or to measure the alpha particle energy because of
self-absorption effects. Some careful measurements in a gridded ionization
chamber have shown the alpha particle energy of the main albpha particle group

11T

to be 4.007 MeV. A smaller peak appears in the pulse spectrum from the

ion chamber corresponding to an alpha particle group of about 55 keV less

117,118 -
energy. I Several investigators119 121

have confirmed the presence of
this lower energy group by impregnating nuclear emulsions with thorium salts
and observing electron tracks from the conversion of a 55-60 keV gamma transi-

tion emanating from the same point as many of the alpha tracks. The

117. B.G. Harvey, H.G, Jackson, T.A. Eastwood and G.C. Hanna, Can. J. Phys.
35, 258 (1957). | |

118. G.E. Kocharov, A.P. Komar, G.A. Korolev, Zhur. Eksptl. i Teoret. Fiz.
36, 68 (1959).

119. S.W. Peat and M.A.S. Ross, Proc. Phys. Soc. (London) 684, 923 (1955).

120. G. Albouy, J. Phys. et radium 13, 309 (1952). Ann. Phys. 1, 99 (1956).

121. D.C, Dunlavey and G.T..Seaborg, Phys. Rev. 87, 165 (1952).
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> = -
= Tofal alpha activity
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}-—- —
= [
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= 6 2.0
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< _ o030 ~fofal Th
% 0 The%%/ |
< regrowth of ThZ28
into Tha32
0 decay of initial ThEZ8
o = 20 ~ 40 60

YEARS

MU- 11996

Pig. 6.21. Change in amount of radiothorium (Th228) and change in

the total alpha activity to be found in Th252 starting with pure
thorium freshly isolated from an undisturbed ore sample. The
decay of RATh initially present and the regrowth of RATh into the
sample via the decay seguence below are shown separately: ‘
2302 o p- B- a
Th T > MsTh,y > MsTh, > RiTh —>
1.39 x 107" yrs. 6.7 yrs 6.13 hrs. 1.90 yrs.

The uppermost curve is the total specific alpha activity of the
thorium; this consists of a constant activity = 1 contributed by
Th232 and the variable contribution of RATh plus the 4 short lived
alpha-emitting descendants of RATh. The relative value 1 on the
ordinate scale is equivalent on an absolute scale to 246 dis-

integrations per minute for one milligram of thorium.



-115- UCRL-10612

intensities of the main alpha. particle group and the lower energy group are
76 percent and 24 percent, respectively. A third alpha group has been ob-
sefvédll8 in 0.2 percent intensity at an energy 185 keV below the main group:
It is likely that other alpha particle groups and gamma rays are present in
the.decay'of thorium but in very low,abﬁndance. ‘ »
Normal thorium is essentially monisotopic on an atom percent basis

28

because the only other thorium isotope in the decay series, RdTh2 s 1s pre;

sent only to the extent of 5 parts in lOlO. This made it possible to deter-
mine the atomic mass number of thorium rather early in the histdry of radio-
activify. This was important as it made it possible to assign correct mass
numbers to all radioelements which could be related to thorium by a series of
& and B tranéformations. Very precise measurements of the atomic'wéigﬁf of
thoriun were published by HONIGSCHMID in 1916, his preferred value being..
‘232.12. Since that time the mass spectrometric method has replaced chemical
weighing.methods for atomic weight determination. STANFORD, DUCKWORTH, HOGG
and GEIGER122 in 1952 reported a value of 232.1093 + 0.0010 atomic mass units.
Other redeterminations are listed in Table 2.4 in Chapter 2.

Thorium in equilibrium with all its raddoactive descendénts contains
on a weight basis, the very small amounts of thé products listed in Table
6.17.

Mesothorium I (Ra228) and Mesothorium 2 (A0228

product of Th23

).  The immediate

2 decay is the 6.7 year beta-emitter MsTh,, an isotope of
radium. Since the total decay energy is only 55 keV the radiations of MsThl
are extremely weak and are difficult to detect and measure accurately because
of self absorption and window absorption effects. Literature reports on its
radiations are not in complete agreement. Among recent reporits, careful
study by GOETZE'Z3 revealed a single ground-state-to-ground-state beta transi-
tion with 55 * 3 keV energy (log ft = 5.6). .He found no conversion electrons,

123a

x-rays or gamma ray photons. On the other hand TOUSSET saw low energy

electrons interpreted as the conversion electrons of a 10.5 keV transition

lz2. G.S. Stanford; H.E. Duckworth, B.G. Hogg and J.S. Gelger, Phys. Rev.
85, 1039 (1952). )
123. G. Goetzé, Z. Physik 158, 347 (1960).

123a. J. Tousset, J. Phys. radium 21, 461 (1960); J. Tousset and A. Moussa,
J. Phys. radium 22, 683 (1961).
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Table 6.17 Amount of Individual Thorium Decay Products in Ore

Relative to the Amount of Thorium

Isotope Half-1life Relative Amount
‘ by Weight
7232 1.39 x 100 y 1.0
228 -10
Ra (MsThl) 6.7y L.7h x 10
228 -10
Th (RATh) 1.91 y 1.34% x 10

Ra”"" (ThX) 3.6k a 7 x 10713
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occurring in 25 percent of the disintegrations. One of the great difficulties
ina study of this nuclide is that after NBThl is purified, daughter activity
of the 6.13 hour MsThZ, an isotope of actinium, quickly grows in. This iso-
tope has a total beta decay energy of 2.18 MeV and decays with the emission
of a complex mixture of electrons and gamma rays. Six groups of beta rays
have been identified ranging in energy from 450 keV to 2.18 MeV. A number
of gamma rays ranging in energy from.58 keV to 1640 keV have been reported.
The radiations of'Ms’I‘h2 are discussed in some detail in the negt subsection.
The combination of MsThl and MsTh2 is a favorable one for many medi-
cal or industrial uses involving a need for an intense source of high energy

gamma radiation since the MsTh gives the combination a conveniently long

half-live. For some years mesithorium sources were sold in competition with
Ra226 sources. In recent years mesothorium has been repléced"in many instances
by radiocactive 1sotopes prepared in nuclear reactors.

The gammavactivity of a mesothorium sample does not decay with a
simple 6.7 year half-life because of the growth of radiothorium (plus its
short-lived daughters) into the mesothorium. This growth is shown gquanti-
tatively in Fig. 6.23. Some of the shorter-lived descendents of radiothorium,
particularly ThC, have hard gamma radiation. Hence a mesothorium preparation
will have variable total hard gamma radiation rising to a maximum in about
five years. f

Mesothorium isolated from thorium which is both chemically and iéotopically
pure will be pure on both an atom basis and an activity basis (after allowing
a few weeks for decay of ThX). The amounts which can be prepared is some-
what limited as can be seen from Fig. 6.22. Larger amounts are readily pre-
pared by isolating a radium fraction from thorium ores. Such samples contain
a variable amount of Ra226 depending on the ratio of thorium to uranium in
the ore. .Similarly-Ra226 samples isolated from uranium ores may contain
some mesothorium contamination because of thorium present in the uraniuﬁ
ore. A convenient way to analyze for the amounts of these two radium iso-
topes in an aged radium preparation 1s to remove the gaseous emanation
fraction and to measure the amount of 54.5 second thoron and 3.825 day radon.

Mesothorium is used in the preparation of photoneutron sources. (See Sec.

5.5.4 and Table 5.21 in Chapter 5). The usefulness of mesothorium depends
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upon the growth of ThC and ThC" which have high energy high intensity gamma
rays. The 2.62 MeV gamma ray in the decay of ThC" is particularly effective.

The Radiations of MsTh2 (A0228)° Several sets of measurements of

the numerous conversion electrons and photons emitted in the decay of meso-

thorium-2 are summarized in the accompanying tablesolzu-lz9

hensive study is that of BJORNHOLM, NATHAN, NIELSEN and SHELINE12

The most compre~
7 from which
we chiefly quote here in discussing the decay scheme. The precise values for
transition energies and the multipolarity assignments of the most prominent
gamma. rays form the most important basis for the construction of a decay
scheme, but very important contributory evidence comes from coincidence experi-
ments of the electron-electron, electron-gamma, beta-gamma, and gamma-gamma
types.

The daughter product is the even-even nucleus Th228. The observed
levels of excitation resemble those known to occur systematically throughout
the heavy element group of nuclides; namely levels of cocllective rotation
and vibration of a deformed nucleus. Thorium 228 is also the product of the

232

228
alpha decay of U and the electron capture decay of Pa , both of which

have been thoroughly studied, so that many features of the level schemes of

228

Th are firmly fixed by a consideration of three independent decay schemes.
The most extensive information comes from a studyl3o of the electron capture
32 228

2
decay of Pa and consequently a more comprehensive discussion of the Th
level scheme is given in Chapter 8 where the decay of Pa228 is discussed.
(Sec. 8.3.4).

. 228 , 228
The low-lying levels of Th seen in the decay of Ac are shown

in Fig. 6.2k. The O+, 2+, L+ levels at O, 58 and 157 keV, respectively,

12k. D.H. Black, Proc. Roy. Soc. (London) Al06, 632 (1924).
125. J. Thibaud, Ann. Phys. 5, 73 (1926).

126. J. Kyles, C.G. Campbell and W.G. Henderson, Proc. Phys. Soc. (London)
A66 , 519 (1953).

127. W.D. Brodie, Proc. Phys. Soc. (London) A67, 265 (1954).
128. H.C. Box and G.S. Klaiber, Phys. Soc. 95, 1247 (1954).

129. 8. Bjﬁrnholm, 0. Nathan, 0.B. Nielsen and R.K. Sheline, Nuclear Phys.
b, 313 (1957)-
130. E. Arbman, S. Bjprnholm and 0.B. Nielsen, Nuclear Phys., 21, 406 {1960}
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228

Table 6.18 Gamma Transitions of Ac

Gamma - Energies from Conversion Electron Measurements . Nal Crystal

(Energy in keV) ' Measurements
ek moven® Wi SR T 26
Energy |
Energy ~Energy ‘Bnergy (keV)

58 -- 56+ 75 57.0 --

80 -- 78.05 78.1 --

-- -- 9777 - 9T.h 98

- -- 113.0 -- --
129 -- 127.5 127.5 127

-- -- 179.0 -- 155
184 -- 184.2 183.7 --

-- -- - -- 220

250 - 2322 -- 278_

338 333 336.0 -~ 336

-- - 410.1 -- 410
462 L62.. 457.6 -- 458

-- -- -- -- 790

91k 913 907.1 -- S
969 %68 %k.s -- 935 (complex)
- - 1035 - --

- - 1095 - --

-- -- 1587 -- 1587

- -- 1640 - --
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228
Table 6.19 Gammae Transitions of Ac Conversion Electron Studies of

Bjgrnholm and co—workers.lz9’l3o

ET (kev) : : Transition Intensity

575 70
99. 4
129.1 10.5
137.
178.
18L4.
209.
270.
282.
327.
338.
409.
4h3
463.3
473
L84
510
555
573
619
49
756.2
T69
773
782.
795.
836.
912.
92k
970.
966.0 19
1464

1593

-1 V1 v O O g1 O @
I_l

N F o O WU
N
=
w
S—

o

130

Energies from Arbman, Bjérnholm and Nielsen. Intensities from Bjérnholm,

Nathan, Nielsen and Sheline.129
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constitute the familiar rotational band of levels for an axially-symmetric
but non-spherical nuclear ground state. The 58 keV transition is.thofoughly
characterized as E2 by‘its L-subshell conversion ratiosi .This trénsition is
almost completely converted (aL = 1hk) so that no photons are observed. The
lifetime of the 58 keV level was found to be (4.0 * 0.3) x lO—lo seconds.* 135
The corresponding EZ2 transition probability is more than ZOO times the.éingle
particle transition value which confirms theycollective nature of the state.
The 127.5 keV transition connecting the 4+ and 2+ levels is also an electric
quadrupole transition as deduced from the K/L conversion ratio and the pro-
minent‘conversionainlthehLIi?§nd”L ... .subshells.. .These two radiations are

0 IIIL232.(133)

also prominent in the alpha decay of U
A prominent 184-keV transition seen in the decay of Ac228

~ has thé
K/L ratio.and the high LI/LII‘+ LIII sus;gell conversion ratiolzgpected.of
an ML transition. KYLES and CO-WORKERS and BOX and KLATIBER regarded
this gamma ray as a crossover transition from a 184-keV i+ level in paraliel
with a 127.5 —57 keV cascade. TIn view of the'spin assignments and the
rotational band interpretation of the low-lying levels given here and in
view of the non-observance of this gamma ray in U232 133 this

postulate is untenable. BJﬁRNHOLM and CO—WORKERS129 found that the 18L-keV

alpha decay

transition is coincident with gamma rays de-exciting a level at 966 KeV and
interpret it as a transition connecting levels at 1050 and 966 keV.

BJPRNHOLM, NATHAN, NIELSEN and SHEEINE'Z7.found an’endipoint energy of
2100 keV for the most energetic beta group and further found that this beta
group was strongly coincident with low energy electrons but with ndﬂ gamma
rays. 1t is thus confirmed thét this beta group excites the 58 keV level.

The beta intensity is 12%.

X .
In earlier literature reports surprisingly long half-lives of >0.0l1 sec-

onds, 126,131 and >0.5 secondsl32 were reported for this transition. These
reports were not confirmed by later studiesl33’13 made specifically to
check then, nar by the study quoted here.129

131.. M. Lecoin, M.vPerey and J. Teillac. J. Phys. radiuﬂ 10, 33 (1949).
132. F. Suzor and G. Charpak, J. Phys. radium ;g; 682 (195&).

133. F. Asaro and I. Perlman, Phys. Rev. 99, 37 (1955).

134. G. Scharff-Goldhaber et al., Phys. Rev. 99, 180 (1955).

135. R.E. Bell, S. Bjérnholm, and J.C. Severiens, Mat. Fys. Medd..Dan Vid
Selsk, 32, No. 12 (1960).
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In Fig. 6.24 occur a pair of levels at 328 keV and 396 keV which are
given assignments of 1- and 3-, respectively. This pair of levels is inter-
preted as the beginning of a rotational band based on a 1- state which ;0
represents the excitation of an octupole (pear-shaped) deformation of the
nucleus. Collective levels of this type are seen systematically in the heavy
element group of nuclides. The pattern of gamma ray de-excitation seen in
the Th228 is similar to that observed before and predicted by theory. The 1-
level de-excites by a pair of El transitions to the O+ and 2+ members of the
ground state rotational band. The 3- level de-excites by a pair of El1 transi-
tibns to the 2+ and 4+ members of that band. According to theory the relative
transition probabilities of the y-transitions in these two pairs of El
transitions after the energy dependence has been factored out (i.e., the
ratios of the reduced transition probabilities) should be given by Clebsch-
Gordon coefficient ratios. The observed ratios in the two cases are in agree-

133,134,129

ment with theory for the K and I quantum number assignments
given to the levels in Fig.. 6.2k.

Above the negative parity rotational band there is a gap until a
pair of levels at 966 and 1018 keV is reached. The 966 keV level is de-excited
by electric quadrupole transitions toc the O+ and 2+ levels of the ground
state rotational band. This fixes the spin of the 966 keV level as 2+. It
is suggested that this level represents the first quantum state of a quadru-
pole vibration around the equilibrium spheroidal shape of the nucleus. Further,
this vibraticnal excitation is believed to be of the y-vibrational type dis-
cussed in Chapter 3. The quantum numbers K, I and = for this state are 2,2
and +, respectively.  The level at 1018 has the spacing above the 966 keV
level and the gamma fay de-excitation pattern expected for the first (3+)
rotational level based on the 2+ vibrational state. Its position is also
well-established by coincidence experiments.

A number of other higher-lying levels have been identified as shown
in Fig. 6.25. The existence of these levels is confirmed by the study of the
orbital electron decay of Pa228. In addition, a number of other levels are
observed by the study of the Pa228 radiations which may also occur in the
beta decay of Ac228. Further remarks concerning the interpretation of these

upper levels is made in Sec. 8.3.4% of Chapter 8. Figure 6.25 does not



-125- UCRL-10612

‘\@% Log rt keV K I 7
\\\ 18 (2 2 -)
AN
35\ 1018 2 3 +
\¢3 ' %66 2 2 +
o 6 nf5 25 S0856 $16
I | |
\,2 (E2) E2 E2
N\ — 39 0 3 -
T‘izl 92 ‘i‘ 3260 1 -
33 31 £1 £
\ ] i 187 0 4 +
o 105E1 Ef
\_52 1 :
1] 5802 +

70 E2

7'/7 228

000 +

MU ~-21957

Pig. 6.2%. Low-1lying levels of Th228 seen in the decay of
Ace2O From Bjprnholm et al.129 The numbers associated
with the vertical arrows are transition intensities.
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Bg)drnholm Nathan, Nielgen. Comparé with decay scheme
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associated with the vertical arrows are transition
intensities.
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include many of the lower intensity gamma transitions listed in the tables.
The continuous beta spectrum Qf-Ac228 was .resolved into the six groups

shown in Table 6.20 by KYLES, CAMPBELL and” HENDERSON. It was suggested by

them that the most energetic component excites the 58 keV level in'Th228.

This was confirmed by BIPRNHOIM ET AL, %27

the most energetic beta particles with low energy electrons but with no y-rays.

‘who found a strong‘coincidence of .

These authors deduced the values of beta group intensities and log ft values
summarized in Table 6.20 (b), basing their calculations chiefly on gamma
transition intensity balances. '

The levels most heavily populated by the beta decay of‘Ac228 have-
spin 2 and 3 which suggests a spin value I = K = 2 or 3 for Acz»28 with 3 the
more probable. The low intensity for the B-decay to the two lowest rotational
bands relative to the transitions to high energy levels is thus probably
caused by K-forbiddeness. This effect may also explain the fact that an ex-
cited B-vibrational band with K = 0 and I = O+, 2+, 4+ ... has not-been ob-

served. The I = O+ level of such a band might be expected at about 650 keV in
228

Th .

8
)

22
Radiothorium (Th . We have already seen in Figs.6.21 and 6.23 how

the amount of the alpha-emitter, radiothorium, varies with time in an initially

pure sample of thorium or mesothorium. It is clear that a pure sample of

radiothorium cannot be isolated directly from thorium ores since at equilibrium,

' -10
when the RdTh/Th232 activity ratio is unity, the atom ratio is only 1.4 x 10

Small samples of isotopically pure RATh can be isolated from mesothorium sam-
ples after a few years storage. y
A process similar to this sometimes occurs in nature. Water-leaching
of a thorium ore may cause the selective removal of the more soluble radium
isotope MsThl to some location removed from the thorium ore and the subsequent
formation of the radiothorium in the new location. Hence it 1s possible~to

32

isolate from nature small samples of radiothorium with a smaller 'I‘h-2 dilution

than that corresponding to the equilibrium value.
Radiothorium can be made artificially by irradiating radium or actinium

in a high flux reactor, as has been discussed by KIRBY, GROVE and ‘I‘IMMA.136

136. H.W. Kirby, G.R, Grove and D.L. Timma, Phys. Rev. 102, 1140 (1956).
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Table 6.20 Beta Groups of Ac228 (MsThz)
Kyles, Campbell and Henderson126

Energy Abundance Log ft.
(MeV) . %

2.18 . 10.1 _ _ - 8.9
1.85 9.6 o 8.7
1.70 6.7 8.6
1.11 : 53, 7 7.1
0.64 oo 7.6 ' 7.2

0.45 13.0 | 6.k
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Table 6.20 (b) Beta Groups of c228 (MsTﬂé)
Bjgrnholm and co-workers. 277130
Energy of | K,I,n
Daughter level for B-intensity log ft.
(kev) _ level
0 ‘, | . 0,0,+ , v ” . ' ~8.8"
57.5% . 0,2 + 2 88
327.5" 0,1~ ' - 295
395.8 0,3- BEEE | 85
969.5 . 2,2+ | 3 13
1023.2 2,3 + - - S 38.0
1123.4 2,2 - 6 8.0
1154.0 3,3 + 7T 7.7
1432.8 2,4+ | >8.0
1451.0 2,3+ | 28.3
1532.2 | b+ | o 6 7.1

1650.0 o 2,3 + L o 6.8

The energy of the beta group populating this level was reported as 2100 keV.




-130- UCRL-10612

Ra226(n,y) Ra"e’ Ra’cl —EI_S%H%> ac22T
g = 18 barns _
pc227 (n,7) Ac228 | Ac228 .1? — S Thzgs

c = 495 varns

The radiothorium isolated from neutron-irradiated radium or actinium is con-

taminated with 18 day Th227 (Radioactinium) which comes from the beta decay

227

of Ac The amount of this contamination depends on the integrated flux

and on the time elapsed since the actinium-thorium separation was made.
Radiothorium may also be isolated as the decay product of U252. If

232
the U > is mixed with U255

year Th229 daughter product of U

there will be some contamination with the 7340

233

The alpha spectrum of radiothorium has been investigated by ASARO,
STEPHENS and PERLMAN137 who reported the following groups:

5.421 Mev 71 percent
5.338 MeV 28 percent
5.208 MeV 0.4 percent
5.173 MeV 0.2 percent
5.137 MeV 0.03 percent

A1l energies relative to EdOjRégész 5.681 MeV

The alpha particles reveal excited states at 84 keV (2+), 253 keV (L+),
at 217 keV (1-) and at 289 (3-); these levels are de-excited by gamma rays of
8L keV, 169 keV, 137 keV and 212 keV. Further details on the characterization
of these radiations and on the construction and interpretation of the decay
scheme of the Th228 are given in Sec. 8.2.6 of Chapter 8. |

L. METTNERI2C reported the half-life value of 1.907 years in 1918 with
an uncertainty of one percent. KIRBY, GROVE and TIMMA156 found 1.910 * 0.002
years in their 1955 redetermination.

Thorium X (Razgu). Pure samples of 3.6L4 day ThX may be isolated from

thorium. To do this, it is necessary first to separate the thorium cleanly

from MsTh, and then allow a pericd of two weeks for the ThX to grow into the

137. F. Asaro, F. Stephens, Jr., and I. Perlman, Phys. Rev. 92, 1495 (1953).
138. L. Meitner, Physik. Z. 19, 257 (1918).
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sample from the radiothorium remaining with the thorium. A radium fraction
which is then removed from the thorium consists of pure thorium X. Alternatively,
one may isolate ThX from & pure sample of RATh after a suitable growth period.
The growth of ThX into pure RdTh is shown in Fig. 6.26.

i Thorium X is an alpha emitter with two prominent alpha particle groups.
ROSENBLUM and CO-WORKERSl39
percent abundance and a second group at 5.448 MeV in 4.6 percent abundance.
ASARO, STEPHENS and PERLMAN137
95 percent and 5.445 MeV, 4.9 percent). They were unable to detect (upper
limit 0.1 percent) a third group at 5.194% MeV which ROSENBLUM->7 had reported
to be in O.4 percent abundance.WALEngan@.BASTINl%O restandarized the energy

report a main group with energy 5.681 MeV in 95

obtained closely-similar vdlues (5.681 MeV,

of thé main group at the slightly higher value of 5.686 MeV. Gamma ray studies
and gamma-gamma coincildence measurements of STEPHENS, ASARO and’PERLMANlul
indicate that 5.15 MeV and 5.04 MeV alpha groups must be present in about :
0.009 and 0.012 percent abundance; respectively. WALEN and BASTIN-SCOFFIERlu3a“
confirmed these alpha groups in a careful redetermination of the spectrum;
their results include the following groups: 5.684 MeV (9% percent), 5.4u4T
(5.5 percent), 5.159 MeV (7.3 x 1075 percent), 5.049 MeV (7.2 x 1075
and 5.032 MeV (3.1 x 1073
The decay scheme of Razgk"is shown in Fig. 6.27. The most prominent
gamma radiation is the 241l.1 keV transition which ROSENBLUM, VALADARES and
GUILLOT142 have characterized in detail. The photon intensity is 3.7 percent,
the X conversion coefficient is 0.13 and the KI/LII/LIII
0.46/0.3/0.28. The multipolarity of the radiation is electric quadrupole (E2).

- MULLER and CO-WORKERSM-3

3

percent),

percent).

conversion ratio is

used a crystal spectrometer to determine a very

139. S. Rosenblum, M. Valadares, M. Perey and J. Vial, Compt. rend. 229,
1009 (1949).

140. R.J. Walen and G. Bastin, Comptes rend. Congres International de
Physique, Paris, 1958. ,

141. F.. Stephens,Jr., F. Asaro and I. Perlman, Phys. Rev. 119, 796 (1960).

142. S. Rosenblum, M. Valadares and M. Guillot, J. Phys. et.radium 15, 129
(1954). '

143.  D.E. Muller, H.C. Hoyt,.D.J..Klein and J.W.M. DuMond, Phys. Rev. §§,
775 (1952)-

143a. R.J. Walen and G. Bastin-Scoffier, unpublished results; communicated to
author by -R.J. Walen in 1962.
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precise value of 240.98 keV for the energy of the photon. '‘STEPHENS, ASARO
and PERLMANl)1Ll used a scintillation spectrometer to find additional gamma rays
with the following energies and abundances: 290 keV (~8 x 10-3%), 410 keVv

(~h x 10_3%), 650 keV (~9 x 10-3%). The 241 keV gamma ray was observed to be
in coincidence with the 290 and 410 keV transitions. These authors have in-
terpreted the level scheme of Fig. 6.27 in the following way. The thoron
nucleus is below the mass region where nucleil are stabilized in a non-spheri-
cal shape (see Chapter 3), but it lies well beyond the closed shell region
and among a group of nuclel which can be deformed rather easily from the
spherical ground state. The excited states in Fig. 6.27 are not single
particle quantum states representing different intrinsic particle excitation;
rather they are quantum states arising from collective motions. The levels

at 241 and at 530 keV respectively are simple collective vibrations about the
spherical equilibrium state. The absence of a crossover gamma ray from the
530 keV (2+) level to the ground state is strong eviderice for this interpre-
tation. (See Sec. 3.3 of Chapter 3.,) The level at 650 keV is de-excited by E1
transitions to the ground state and to the first 2+ state. This identifies
the 650 keV level as a l-state. Negative parity states in heavy element even-
even nuclei are believed to be the result of collective octupole vibrational
motions. T@is phenomenon is discussed in Chapter 3 (see Sections 3.4k and
3.5.3).

220 216 .
Thoron (Em ) and ThA (Po . ). Thoron has a half-life of Sk.4 sec-

onds and hence comes to equilibrium with its parent, thorium X within a few
minutes. Thorium A, the daughter of thoron,has a half-life of only 0.158
seconds so that ThA alpha activity and thoron alpha activity are virtually
inseparable. Thoron emits alpha particles of 6.296 MeV (~100% abundance) and

5.761 (~0.3% abundance) and ThA emits alpha particles with an energy of 6.777

MeV;lu3a 3

ThA emits a small-intensity group of 5.984 MeV particles in 2.1 x 10~
143a

percent intensity. A gamma ray of 542 keV energy appears in ~0.03 per-
cent abundance in thoron decay, corresponding to the difference in energy of
the alpha particle groups.

Analysis for thoron is a very sensitive test for the presence of any
of the members of the thorium series which lie above it in the decay sequence.
The substance to be analyzed can be pyt into solution and the thoron removed

by bubbling a carrier gas through the solution and into an ionization chamber
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Fig. 6.27. Decay scheme of Thorium X (Ra224

i. The alpha data
are taken from Bastin-Scoffier and Walen. L3a
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or electrometer. The energetic alpha particles of thoron and ThA are readily
detected and a half-life determination identifies the activity conclusively.

For special studies it is.possible to collect ThA activity by the re-
coil collection method on a rapidly-revolving electrically-charged disc.
'MOSELY and FAJANS (1911) introduced this method of separation of ThA from
thoron and used it to determine the half-life of ThA. Their value was 0.1k
seconds. A‘morecprecise value of 0.158 seconds was measured in 1942 by A.G.
WARD. . , .

A word should be.said concerning the beta branching of ThA which has
been reported by KARLIK and BERNERT.144 These workers observed T-57 MeV alpha
particles in a fresh sample of thoron decaying with the 54 second half-life
of thoron and ascribed them to.At216 arising from a 1.35 x lO_2 percent beta
branching of ThA. Because of the short half-life of ThA thére was no..chance
to observe the growth of these new alpha particles into the fresh thoron.sam-

ple. This interpretation is open to serious gquestion upon energetic grounds

145 \

as was recognized by the authors themselves, by FEATHER, '
146 1h

"KREBS, 4» and by PERLMAN.ET AL. 7 and will here be considered untenable. The

difficulty is readily understood when the following closed decay-energy cycle

is considered.

The (Bi212) , a At216
e T.94 MeV
B | 0.58 Mev E.C. 0.45 MeV (calculated)
ThB (szlz) & ThA (P0216)

6.91 MeV

The total decay énergy of ThA and ThB are known from experimental measurements.

216 2
The decay energy of At L is known from measurements of At 16 present in the

14k. B..Karlik and T. Bernert, Naturwiss 31, 492 (1943); Z.f. Physik 123,
: 51 (1944).

145. N. Feather, Nucleonics 5, 22 (1949).
146. Flligge and Krebs, Naturwissenschaften 32, 71 (194k4).
147. I. Perlman, A. Ghiorso and G.T. Seaborg, Phys. Rev. 77, 26 (1950).

by FLUGGE and = o
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decay chain of the artificially-=produced isotope, Pa228. Since the energy
changes around the closed cycle must sum to zero, At216 is actually unstable
with respect to ThA by 0.45 MeV and B~ decay of ThA is impossible. For beta
decay of ThA to proceed to the extent reported it would be necessary for ThA
to be unstable with respect to At216 by >1.0 MeV.

KARLIK and BERNERTlM# suggested an explanation which retained their
assignment of the 7.57 MeV alpha groups to At216 by assuming that ThB decays
only to a 1.15 MeV excited state of Bile, this excited state having the pro-
perties associated with ThC, while the alpha-decay of At216 proceeds to the
ground state. This explanation seems untenable for a number of reasons. If

ThC represents the postulated excited state of B1212 then the alpha decay

energy from the ground state of Bi212 would be 1.15 MeV lower than the measured
value of ThC (6.2 MeV), that is, about 5.0 MeV. But from the regularities of

alpha decay energies we know that the ground state alpha decay energy cf Bi212

must fall between the values for Bile and BiZl3. The value 6.2 MeV fits this
requirement whereas 5.0 MeV is completely out of line. In addition, the ex-
planation is in conflict with the known properties of the collateral decay
series starting with 22 hour P3228 because in this series At216, arising from
the alpha decay of Frzzo, decays to Bi212 identical in properties.with ThC.
(See discussion of Pa228 series in Chapter 7.) All in all, it appears to be‘
highly unlikely that ThA is B unstable and therefore the 7.57 MeV low-inten-
sity alpha groups found by KARLIK and BERNERT must arise from some isotope
other than At216. Confirmatory evidence for this point of view comes from
the work of BASTIN-SCOFFIER and WALENll+3a who reinvestigated the alpha spectrum
of ThA and found no alphé particles in the energy range 6.800 - 8.600 MeV
above an intensity limit of 5 x lO_lL percent.

The Thorium Active Deposit - General Comments. The active deposit

left upon the decay of thoron consists of Thorium B,C,C' and C". Thorium A
decays so rapidly thaf in no practical sense is it useful to regard it as a
real: member of the thorium active deposit even though it is the direct des-
cendent of thoron. Samples of Thorium B can be collected by letting a sample
of thoron decay in a capillary tube or in some suitable vessel. All surfaces
exposed to the gas will be coated with an invisible deposit of ThB. Alterna-
tively, the non?gaseous_products of thoron decay can be collected on a charged

wire or metal surface. The electrical collection method makes it possible to
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localize the active deposit.which i1s important in the preparation of beta ray
spectrometer sources.

The initial activity of the active debosit consists of nearly=pure
10.6 hour ThB because the growth of the remainder of the decay chain is slowed
down by the comparatively long half-life of the 60.5 minute ThC. .Pure samples
of thorium B can alsc be isclated chemically from a solution of the active de-
posit or from a solution of ThX or of radiothorium. The growth of ThB into
radiothorium is very nearly the same (on an activity basis) as the growth of
ThX shown in Fig. 6.26. The growth of ThB and ThC into ThX is shown by Fig.
6.28. The growth of ThC into ThB is shown in Fig. 6.29.

The electron spectrum of ThB in equilibrium with ThC and ThC" is char-
acterized by a large number of conversion electrons. .Since the energies of
many of these conversion electrons have been very carefully measured, Th(B-C-C™)
sources are valuable for calibration of electron spectrometers. An excellent
detailed summary of these electrons and examples of the spectrum observed on
high resolution permanent magnet spectrographs and semi~-circular beta spectro-
meter are given by K. SIEGBAHN and T.R..GERHOLM.148 Energies of some of the
principal lines are summarized in Table 6.21.

An overall view of the complex nature of the thorium B active deposit
can be obtained from Fig. 6.30. Note the complexity of the B decay of ThB,
ThC and ThC"; note the long-range alpha particles originating from the excited
levels of ThC'; note the prominent gamma ray with the very high energy of 2.62
MeV which occurs in 100% of the disintegrations of ThC"; and note the branch-
ing decay of ThC.

.We wish to discuss this decay sequence in more detail in the following
pages, but we shall limit our remarks to those features which are definitely
established and not try to review all the extensive literature on these nuc-
lides. Not all the radiations are definitely assigned and there are conflict-
ing reports concerning the existence or abundance of certain low intensity

gamma rays and beta ray groups. Reference to a large number of research papers

148. K. Siegbahn and T.R. Gerholm, Appendix VII Beta and Gamma Ray Spectros-
copy, K. Siegbahn,editor, Interscience Publisher, New York, (1955).
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Fig. 6.29. The growth of ThC (Bile) into pure ThB (PbZl )3
B —P 5 ThC __£1ﬂi__5
10.6 hours 60.5 min.

The growth curve for ThC' is identical in shape but rises only
to 64% the activity of ThC because of the branching decay of ThE.
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Table 6.21 Energies of Prominent Conversion Electrons
' 1
in Th(B+C+C") Spectrum. K. Siegbahn and T.R. Gerholm

Line Electron Energy Conversion Origin Relative
keV Shell Intensity
A 2k.509 LI ThC___ThC" 6
B 36.150 MI ThC___ ThC" L
F 148.108 X ThB  ThC 200
I 222.22 LT ThB___ ThC 22
Ta 222.90 LTT ThB__ ThC 1.4
J 234.61 MI or LI ThB__ ThC 6.0
L 422.84 K ThC"  ThD 1.4
-X 2526.3 K ThC" ThD 0.1
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Th B(pb?'3)
10.6 hr % _ThCsi?"?)

B = ThC'tre22)

0.57 Mev
60.5min
65%3 ~
2+
2.25 Mev 7%7
- o+
IO7sec
35% Q
Eo= 6.20.Mev
VA
ThG (1i?%, a
Eo= 8.95 Mev
4+
3.1 min N S+
B Th D (pPb2°8)
6_
2-
I -
83°
3_
Total l
decay 2615
energy £3
500 Mev
O+
Stable
MU.25389
Fig. 6.30. Decay schemes for the principal transitions in the

"thorium active deposit' ThB 8 The — &3 5 ,.. Notice that

the short-range O rays of ThC are O transitions to excited
levels, while the long-range O rays of ThC' are O transitions
from excited levels. Notice the origin of the very important
and useful 2.62-MeV y ray, which is in cascade with a preced-

ing 0.58-MeV y ray and the B transition. When all @, B and Y-
ray energlies are summed, the total disintegration energy is the
same (11.19 MeV) in the two competing branches ThC __B sThc' Q&
ThD and ThC-—2%—5 ThC"——L 5ThD. The angular momentum and parity
assignments in ThD are as determined by Elliott and coworkers.
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published before 1958 can be found in the data compilation of 'STROMINGER,
149a

11
HOLLANDER and SEABORC—,llL9 or in the LANDOLT-BORNSTEIN Tables, or in the

Nuclear Data Sheets published by the National Research Council.
Since 1956 a series of pa.pe:r‘slSO_157 by Russian authors reporting
from the Leningrad Institute of Railroad Engineering have given much valuable
new information on the electron spectra of the thorium active deppsit and has
cleared up many of the discrepancies in the older literature. This work was
supplemented by a careful study of external conversion lines made by EMERY
and KANE158 and by a series of photon measurements and Q-7 coincidence measure-
ments by SCHUPP ET AI5158a and by V. HAUSER and W. KERLER.158b

| The Decay of Thorium B (PbZlZ).

Thorium B is shown in Fig. 6.31. This scheme, which follows closely that

The rather simple decay scheme of

149. See Table of Isotopes by D. Strominger, J.M. Hollander, and G.T. Seaborg,
Rev. Mod. Phys. (1958).

149a. Landolt-B8rnstein Tables, New Series, Group I, Vol. I, "Energy Levels
of Nuclei: A = 5 to A = 257} Springer-Verlag, Berlin (1961).

150. E.M. Krisyuk et al., Izvest. Akad. Nauk SSSR, Ser. Fiz. 20, 363 (1956);
[translation: Bull. Acad. Sci. USSR 20, 322 (1956)] E.M. Krisyuk at al.,
Izvest. Akad. Nauk SSSR Ser. Fiz. 297~883 (1956); [translation: Bull.
Acad. Sci. USSR 20, 803 (1956)].

151. E.M. Krisyuk, G.D. Latyshev and A.G. Sergeev, Izvest. Akad. Nauk. SSSR,
Ser. Fiz. 20, 367 (1956); [translation: Bull. Acad. Sci. USSR 20, 335

(1956)]1.

152. E.M. Krisyuk et al., Izvest, Akad. Nauk. SSSR, Ser. Fiz. 20, 877 (1956);
[translation: Bull. Acad. Sci. USSR, 20, 797 (1956)]; V.D. Vorobev et
al., Izvest. Akad. Nauk. SSSR, Ser. Fiz. 21, 954 (1957); [translation
Bull. Acad. Sci. USSR 21, 956 (1957)].

153. A.I. Zhernovoi et al., Zhur. Eksp. i Teoret. Fiz. 32, 682 (1957);
[translation: Soviet Phys. JETP 5, 563 (1958)].

154. E.M. Krisyuk et al., Nucl. Phys. 4, 579 (1957).

155. E.M. Krisyuk et al., Zhur Eksp i Teoret. Fiz. 33, 1144 (1957); [trans-
lation: Soviet Phys. JETP 6, (33), 880 (1958)].

156. A.G. Sergeev et al., Zhur. Eksp. i Teoret. Fiz. 33, 11ko (1957); [trans-
lation: Soviet Phys. JETP 6, (33) 878 (1958)].

157. A.G. Sergeev et al., Izvest. Akad. Nauk SSSR, Ser. Fiz. 22, 785 (1958);
[translation: Bull. Acad. Sci. USSR 22, 779 (1958)].

158. G.T. Emery and W.R. Kane, Phys. Rev. 118, 755 (1960); see also G.T.
" Emery, Atomic Energy Commission document, AECU-4169 (1958).

158a. G. Schupp, H. Daniel, G.W. Eakins and E.N. Jensen, Phys. Rev. 120, 189
(1960).

158b. V. Hauser and W. Kerler, Z. Physik 158, 405 (1960).
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Fig. 6.31. Eecay scheme of Thorium B (Pble) as drawn by KRUSYOUK
et al.1> The gamma transitions are labeled by the classieal

nomenclature of Ellis. The spins of the upper two levels are
those suggested by ROETLING et al.158a
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given by ELLIS in 1934, is taken from the work of KRISYUK, SERGEYEV, LATYSHEV
and. VOROBYOV1511L except for the spin assignment of the upper two levels for

8
which the yy angular correlation experiments of ROETLING, GANLEY and KLAIBER15 ©

specify spins at variance with those given by KRISYUK ET AL. This scheme
includes all the gamma rays known with certainty to occur in the decay of Pble.
The level at 415.3 keV decays by a direct gamma transition to ground and also
by two gamma ray cascades; the energy sums of the cascades are equal to the
energy of the ground state transition to well within the small experimental
error.

The spin assignment of 1 with negative parity to the ground state of
Bi212 comes from the work of HORTON159 who measured the Oy angular correlation
in B1212 O~decay and analyzed the log ft data in Bi212 B-decay. The spin
assignments of the upper states come from the multipolarity determinations of
the gamma rays and from arguments based on log ft values and yy angular corre-
lations.

Bi212 has one proton and three neutrons beyond closed shell configura-
tions and one might expect the shell model to provide an explanation of the
spin sequence observed in the level system and of the intensity pattern in
the gamma rays. KRISYUK and CO—WORKERSl54 and WALEN and BASTIN16O speculate
on the shell model interpretation but arrive at somewhat different conclusions.

-Direct measurement and resolution of the beta spectrum of Pb212 was
carried out by MARTIN and RICHARDSONl6l who reported groups at 331 and 569 keV
and by FEATHER, KYLES and PRINGLE162 who reported the values 355 and 589 keV.
The gamma ray studies indicate that lower-energy beta groups must be present
in lower intensity as is indicated in the figure.

The Decay of Thorium C (Bile), Thorium C resembles radium C of the

uranium series and actinium C of the actinouranium series by decaying partially

by alpha emission and partially by beta emission. In the case of thorium C

158c. P.G. Roetling, W.P. Ganley and G.S. Klaiber, Nucl. Phys. 20, 347 (1960).
159. J.W. Horton, Phys. Rev. 101, 717 (1956).
160. R.J. Walen and G. Bastin, Nuclear Physics 16, 246 (1960).

161. D.G.E. Martin and H.O.W. Richardson, Proc. Roy. Soc. (London) 195A, 287
(19u48).

162. N. Feather, J. Kyles and R.W. Pringle, Proc. Phys. Soc. (London) 61 466
(1948).



~1hse UCRL-10612

the élpha branching is 36 percent. The alpha branch of the thorium C decay
scheme is shown in Fig. 6.31. The alpha particle energies and abundances are
taken from the work of RYTZl63 and of WALEN and BASTIN16O and of LEANG.,l63a
Some evidence obtained by alpha-gamma coincidence measurements are supplied

_ 166
by BERTOLINI and CO-WORKERS. c6a Gamma rays with the energies 40, 1Lk, 164

288, 328, 432, 352, 472 MeV and others have been reported by SURUGUE164 and by
others. The most prominent gamma transition is the 40 keV transition dropping
2
from the first excited state of Tl 0 . The energy of this transition has been
151,153,165 .
as 39.85 keV. From the L, LII’ LIII conversion

ratios it is clear that this transition is magnetic dipole radiation (M1).

precisely measured

NIELSEN'Sl66 measurements on the other gamma rays shown in Fig. 6.32 prove
that they also are magnetic dipole in character. The daughter nucleus 81T1208
is but one proton and one neutron removed from a double closed shell so that
theoretical prediction of the low lying levels should be possible from shell
model theory. PRYCE167 proposed the spin assignments 5+ and 4+ for the ground
state and first excited state. These assignments are supported by the alpha-

159

gamma angular correlation studies and analysis of HORTON, at least as far
as the spin and parity are concerned. PRYCE suggests that the next four lev-

els are a quartet arising from the (d -1 .. configuration and having
€9/2'n

3/2)p ] |
3-, 6-, ke and 5- ascending in that order. NIELSEN'S results are consistent
with PRYCE'S spin predictions for the 327 and 471 keV levels but are inconsis-
tent with the prediction of spin 6 for the 492 keV level. The alpha decay of
Bi212 is hindered by a factor of about 3 x 10+g for decay to the ground state
and to the first excited state when compared to decay rates observed in even-
even nuclei. HORTON{S159 results on the a-40 keV y anisotropy indicate that
the alpha wave leading to the first excited state is a pure L = 3 wave or a

nearly pure L =5 wave. These results support the spin and parity assignments

163. A. Rytz, Compt. rendu. 233, 790 (1951).

163a. Leang Chin-Fan, Thesis, Paris 1962 as reported to the author by R.J. Walen.
164. J. Surugue, Ann. Phys. 8, 484 (1937); J. Phys. et radium 7, 145 (1946).
165. D.I. Meyer and F.H. Schmidt, Phys. Rev. 94, 927 (1959).

166. 0.B. Nielsen, Kgl. Danske Videnskab. Selskab Mat. Fys. Medd. 30, No. 11
(1955).

166a. G. Bertolini, et al, Nuclear Physics 30, 599 (1962).
167. M.H.L. Pryce, Proc. Roy. Soc. (London) A65, 773 962 (1952).
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Fig. 6.32. Alpha branch decay scheme of ThC (Bi212). ThC decays

36 percent by alpha emission. The alpha energies and intensity
figures are taken from Walen and Bastin and Leang Chin-Fan
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and help to explain the large hindrance factors. See the discussion of HORTON159

and of PERLMAN and RASMUSSEN. 00

Further discussion of the difficulties of providing a shell model in-
terpretation of the energy levels and of the alpha intensity pattern is given
by WALEN and BASTIN.-C° |

We not turn to a consideration of the beta»branching decay of thorium
C. The complex gamma spectrum accompanying this decay has been studied by

151-158, 166a, 169-T5, 176abed but unfortunately the published re-

many authors,
ports contain many contradictory data. It seems clear that in some cases
gamma rays belonging to other members of the thorium active deposit or to
members of the radium decay chain, present as an impurity in the samples under
study, were falsely assigned to thorium C. In the summary presented here the
conclusions of EMERY and kANE"" and of SERGEEV and co-orkERs 0
These are re-énforced, except for one spin assignment, bby the work of SCHUPP
ET AL.,lSSa of HAUSER and KERLERls8b or GIANNINT, PROSPERI and ACIUTI176a and .
of GANGRSKII, GUSINSKII and LEMBERG. ‘

are followed.

176b

168. I. Perlman and J.0. Rasmussen, "Alpha Radioactivity", Handbuch der
Physik, Vol, 42, Springer-Verlag, Berlin, 1957, Section 51.

169. G.D. Latsyshev, Rev. Mod. Phys. 19, 132 (1947).

170. A. Johansson, Arkiv F. Mat. Astr. Fysik A3k, 9 (1947).

171. D.G.E. Martin and H.O.W. Richardson, Proc. Phys. Soc. 634, 223 (1950).
172. D.G.E. Martin and G. Parry, Proc. Phys. Soc. 684, 1177 (1955).

173. B. Chinaglen and F. Demichelis, Nuovo Cimento 4, 1160 (1956).

174, A.I. Alichanian and V.P. Dzelepov, Compt. rend. Acad. Soc. USSR 20, 115
(1938).

175. S.C. Currano, P.I. Dee and J.E. Strothers, Proc. Roy. Soc. (London)
Al7h, S46. (1940).

176. J. Itoh and Y. Watase, Proc. Phys. Math. Soc. (Japan) 23, 142 (1941).

176a. M. Giannini, D. Prosperi and S. Sciuti, Nucl. Phys. 19, 380 (1960);
Nuovo Cimento (10) 22, 31 (1961).

176b. Yu. P. Gangrskii, G.M. Gusinskii and I. Kh. Lemberg, Bull. Acad. Sci.,
Physical Ser., USSR 2k, 1443 (1960) Columbia Technical Translation.

176c. F.C. Flack and J.E. Johnson, Proc. Phys. Soc. (London) 79, 10 (1962).
176d. Schupp,  -Daniel, Eakins and Jensen, Phys. Rev. 120, 189 (1960).
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212
The electromagnetic transitions occurring between levels of the Po

nucleus are summarized in Table 6.22. In order to place -these transitions in
a decay scheme one can first construct a skeleton level system from the data

on the long-range alpha particles of Radium C'. Our knowledge of these comes
from the careful work of LEWIS and BOWDEN177 and of RYTZ163
BRIGGS. *T°

. 212 .
keV in Po ., It is possible to fit six of the observed gamma rays into the

as reviewed by

The three long-range Q-groups define levels at 727, 1680, and 1800

decay scheme as transitions between these levels or between one of those levels
and the ground state. The other y-transitions indicate a need to postulate
levels at 1620 and 1513 kev,l56

shown in Fig. 6.23. The beta intensity figures given in this figure are those

The decay scheme constructed in this way is

estimated by EMERY and KANE from a consideration of the gamma ray intensities°
-The beta groups and the corresponding log ft values are,summarized in Table 6.22.
The log ft are all consistent with first forbidden transitions, as they must
be 1if fhe spin assignments are correct.

EMERY and KANE158

21
Po & bears a close similarity to the lower levels of POZlu as displayed in
214

call attention to the fact that -the level‘scheme.of
Fig. 6.14. In the discussion of the decay scheme of radium C' (Bi )Happéar—
ing earlier in this chapter, it is mentioned that the first excited 2+ level
and a second 2+ level lyiﬁg‘at little more than twice the energy of the first
2+ state may constitute a one phonon‘and two phdnon excitation of -a collective
quadrupole vibrational motion about an equilibrium spherical shape. One impor-
tant characteristic of such a series of levels 1s that the second 2+ state
de-excites by a cascade of two B2 transitions and does not de-execite by a
direct EZ transition to the ground state. Such a pattern of decay appears.
here in the Po212 level system.

A more correct interpretation oflfhe low-1lying levels of Po212 may be
the one provided by. the calculations of BAND, KHARITONOV, and SLIV178a and of

1784
GLENDENNING. [ . These authors consider the possible shell model wave func-

tions for the two protons and the two neutrons which are added to the Pb208

[ 212 v
closed shell core to construct the Po 1 nucleus. The residual forces working

177. W.B. Lewis and B,V; Bowden; Proc. Roy. Soc. (London) A1LS, 235 (1935).
178. G.H. Briggs, Rev. Mod. Phys. 26, 1 (195L).
178a. I.M. Band, Yu. I. Kharitonov and L.A. Sliv, Nuclear Physics 35, 136 (1962).
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Part I

Table 6.22 Electromagnetic Transitions in poLe

Table reproduced from Emery and Kane, Phys. Rev. 118, 755 (1960).

Gamma® E T (%)° I (%) € Multi-
(keV) k ¥ k polarity

0 2T 0.106 10.1%0.6 0.0105%0.008 E2
Oa . 785 0.051 1.5%0.3 0.034: ' £0.008 ML
Pa 893 0.01k 0.6%0.3 0.023 %0.012 ML

. Pa2a 953 ‘ 0.010 < 0.8 2 0.009 (ML + E2)
R 107k 0.006 - _(Ez)
Ra 1078 0.014 1.0%0.2 - -—
--- 1350 --- < 0.33 --- ---
S 1513 0.008 < 0.7 > 0.008 ?
Sa 1620 0.013 2.6%0.4 0.0050%0.0015 ML
- 1680 = < 0.k - -—-
Sb 1800 ' 0.007 < 0.4 > 0.012 EO¢
- 2200 - < 0.27 - --2

' 2 212
Intensities are given in percent of the decays of Bi21 to Po .

ek is the K-conversion coefficient

aThe letter designations follow the classical nomenclature.

156

b'I‘hese figures come from the Russian literature.

°Schupp, Daniel, Eakins and Jensen (Phys. Rev. 120, 189 (1960)) present a
table with values in rather good agreement with Emery and Kane, but there is
a major discrepancy in the multipolarity assignment of the 1800 keV gamma.
In an Oy coincidence experiment Schupp et al. saw photons of 1800 keV energy
and assigned a multipolarity of E2 to the transition.  Their result is con-
firmed by Hauser and Kerler, Z. Physik 158, 405 (1960) and others.
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Part II

Table 6.22 Beta Transitions from Bi212 to Po

212

UCRL-10612

Energy of Excited Maximum Energy Intensity in log ft
State (MeV) of betas (MeV) percent
0 2.25 86 7.3
0.727 1.52 7 7.7
1.513 0.7k ~2 ~T7.1
1.620 0.63 ~3.2 ~6.6
1.680 0.57 <l.2 >7.0
1.800 0.45 ~1.2 ~6.T7

The branch intensities are derived from the gamma-ray intensities.

From G.T. Emery and W.R. Kane, Phys. Rev. 118, 755 (1960);for another slightly
different ggt of intensities and ft values see Gangrskii, Gusinskil and

Lemberg.l7
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between nn, pp and pn pairs strongly influence the properties of the levels.
The interaction of the four external particles with surface oscillations also
influence the results somewhat but these collective oscillations are not a
dominant feature of the lowest levels. Thé theoretical spectrum can account
for the spin and parity assignments of the chief levels seen in the decay of
ThC and for the characteristics of the y~rays de-exciting these levels.

The most prominent gamma ray in the beta decay of thorium B is the
727 keV transition from the first excited state at 2+ to the ground state.
This is thoroughly characterized as electric quadrupole by its K/L conversion
ratio and its total conversion coefficient. The Ten-fold increase of the: re-
duced transition: probability B(E2) over the "single proton" value has been
citedl58 as evidence of the collective nature of this transition, but the
wave functions of BAND, KHARITONOV and SLIV178a also account fof the enhance-
ment in rate while assigning a completely different nature to the 727 keV 2+
level.

212)» ThC' (POZlZ) decays with the emission

7

The Decay of Thorium .C' (Po
of 8.780 MeV alpha particles. The half-life of 3.0k x 10~

seconds has been
measured by delayed coincidence methods. The alpha particles of ThC' are the
most energetic among the naturally occurring isotopes (except for low inten-
sity long-range alphas of ThC' and RaC') and the alpha particle energy has

178,178b

been measured with great accuracy. It is currently used as one of the
absolute alpha standards in the calibration of magnetic spectrometers.

The decay scheme of ThC' is characterized by the appearance of long-
range alpha groups whose origin is best understood by reference to Fig. 6.33.
-Excited levels in ThC' de-excite by alpha emission to the ground state of“ThD.
_Alpha emission from an excited state is a very rare occurrence and among all
the naturally occurring radiocelements the only other isotope in which it is
observed is RaC'. Usually gamme émission to the ground state occurs so much
more readily that alpha emission, a relatively slow process, cannot compete.

In ThC' and RaC', however, the alpha disintegration energy is so large that

the alpha decay half-life becomes short enough to compete with gamma emission

178b. Unfortunately more recent determinations have been about 5.5 keV higher
in energy so that there remains some doubt about the correct energy of
this important standard; Collins et al., Proc. Roy..Soc. (London) A216,
219 (1953) give 8.7857 * 0.004 while Rytz, Helv. Phys. Acta. 34, 240
(1961) gives 8.785k * 0.008. T
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E2 E2 MI

Long-range @ groups
9.492 Mev 0.004 %
(0422 Mev 0.002%

Main Q group
8780 Mev
(99.9+% )
10.543 Mev0.018%

ThD (P208)

MU=22359

212
Fig. 6.33. Beta branch decay scheme of ThC (Bi ). The ThC decays

64 percent by beta emission. The level scheme of Po2l2 is that
published by Russian authors. The beta group intensities are
those deduced by Emergy and Kane from their y-intensity figures.
The data on long range alphas come from the work of Lewls and
Bowden and of Rytz. According to Schupp, Daniel, Eakins and
Jensen the 1800 keV level is 2+ and the 1800 keV transition is
E2. Additional gamma rays are reported by Giannini, Prosperi
and Sciuti. o
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and the excited states show branching decay by alpha emission to a significant
degree. For every 10,000 alpha particles representing decay from the ground
state of ThC' there are 230 long-range alpha particles representing decay from
excited states.

Isomeric form of POle. By reactions of artificial transmutation

PERIMAN, ASARO,GHIORSO, LARSH and LATIMERlYSC

have prepared and identified an
isomeric form of ThC' with exceedingly interesting properties. This isomer .
does not occur in natural radioactivity, but we find it convenient to discuss
it here. -

The isomer is most conveniently prepared by helium ion bombardments
of bismuth but it was first discovered in‘irradiations of bismuth and lead tar-

gets with more complex particles such as accelerated ions of 012’ Blo and. Ol6.

. The most prominent radiation emitted by the isomer is an alpha particle group
with the large energy of 11.65 %+ 0.02 MeV and a half-life of 45 seconds. Two
other Q-groups were identified: 9.08 £ 0.015 MeV (1% intensity) and 8.52 % 0.015
MeV (2.05 £ 0.09% intensity). These energies aié all relative to Aot and
Pole standards taken as 5.862 MeV and 8.780 MeV, respectively. By alpha -
gamma coincidence measurements the presence of a 0.57 MeV gamma ray in ~ 2
percent intensity and a 2.61 MeV gamma ray in 2.6 percent intensity was estab-

lished. These results led to the decay scheme shown in the figure. It is

seen that excited levels of Pb208 are populated at 2.61 and 3.19 MeV. These
208,
b4

. . . o . . . ‘s 212
see Fig. 6.34. No radiations indicating an isomeric transition of Po Lem to

levels are known to exist from previous work on the decay of Th¢" (Tl

the ground state were observed.
This is an extraordinary instance of alpha decay because a half-life

of 45 seconds for an 11.65 MeV alpha groups implies a hindrance in the alpha
13

emission process by a factor of 107~. This implies an unusual structure and

2
high angular momentum for Po Lem and a severe restriction on the possible ex-

2
cited states of Po 2 which lie between Polem and the ground state. Po212 is
an even-even nucleus with 2 protons and 2 neutrons beyond P0208, which has a
particularly stable configuration. In the P0212 ground state the 2 neutrons

and. 2 protons are paired Off to a net spin of zero. 1In its. excited states,

178c. I. Perlman, F. Asaro, A. Ghiorso, A. Larsh and R.M. Latimer, "An Iso-
meric State of Po2lZ", Phys. Rev. 127, 917 (1962).
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however, these four nucleons, which individually have high intrinsic spin, can
recouple in various ways to gilve very high resultant spin. In order to pre-
dict the spectrum of levels expected from this recoupling one must assume
some definite form for the residual interaction between the nucleons and carry
through a detailed calculation. This has been done by GLENDENNINGl78d who
concludes that the most important particle configuration is (hg/zgg/z) and
that the sequence of levels in order of energy is O+, 2+, 4+, 6+, 8+, 10+,
18+, 16+, etc. .The isomerism is identified with the 18+ state which has a
"spin gap" of 8 between itself and the state of highest spin lying beneath it.
The" (T1208). The decay of 3.1 minute ThC" is shown in Fig. 6.3%.

One of the features of principal interest is the very high energy gamma ray

of 2.615 MeV which occurs in 100 percent abundance. This is the most energe-
tic gamma ray to be found among the natural radioactivities. It is commonly
used as a standard to calibrate gamma ray or electron spectrometers. The
photons can be used to calibrate a scintillation spectrometer and since the K
conversion coefficient is 0.0018 an appreciable number of mono-energetic elec-
trons of 2.526 MeV energy are available for calibration of electron spectro-
meters. For this purpose one prepares an intense source of the thorium active
deposit.

Several investigations which led to the decay scheme shown in Fig. 6.34
may be mentioned. MARTIN and RICHARDSON,]'79’180 made an analysis of the ener-
giles and intensities of the gamma ray and beta particles and established the
existence of excited levels at 2.62, 3.20, 3.48 and 3.71 MeV. There was con-
siderable uncertainty about the spin and parity assignments of these levels
until definite choices were made by ELLIOTT, GRAHAM, WAIKER and WOLFSONl8l on
the basis of gamma-gamma angular correlation expefiments and conversion co-
efficients. The unique shape of the correlation between the prominent 583
keV and 2.615 MeV gamma rays is quite strong evidence for the 5 - 3 - O sequence;
in particular, the 4 - 2 - O sequence which one might have expected is definitely

8
ruled out. Additional gamma rays reported by ELLIOTT.ET AL.l L and confirmed

178d. N.K. Glendenning, Phys. Rev. 127, 923 (1962).
179.  H.O0.W Richardson, Nature 161, 516 (1948).
180.  D.G.E. Martin and H.O.W. Richardson, Proc. Phys. Soc. 60, 466 (1948).

181. L.G. Elliott, R.L. Graham, J. Walker and J.L. Wolfson, Phys. Rev. 93,
356 (1954) prelim. note; Proc. Roy. Soc. Canada 48 124 (1954).
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by KRISYUX ET AL-155 establish the existence of a further level at 3.961 which
most probably has the spin 6. EMERY and KANE158 measured the intensify of the
photons emitted in the decay of thorium C" by an extenal conversion technique
and combined their results with the internal conversion measurements of
KRISYUK ET AL. 155 to arrive at the intensity flgures summarlzed in Table 6.23.
They used these gamme ray intensity figures to compute the beta ray spectrum
and lot ft values summarized in Table 6.24. SCHUPP, DANIEL, EAKINS and
JENSENlS8b have made a similar analys1s based on their B-y coincidence and
yY-intensity data. WOOD and JASTRAN} reinvestigated the spin and parity
assignments of the levels by means of a combination of polarization-correla-
tion and directional-correlation measurements.

159,155,167 have chosen 5 as the most likely spin for

Several authors
the ground state of thorium C".

The level scheme of Pb208 is anomalous for an even-even nucleus and
has excited the interest of the theoristsof nuclear structure. A discussion

of the possible interpretations 'is given in Sec. 10.2.2 of Chapter 10.

180a. G.T. Wood and P.S. Jastram, Nuclear Physics 32, k11 (1962).
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Table 6.23 Electromagnetic Transitons in Pb208 from Decay‘of.T1208
fampe. . Blke) ?iizzzziy iﬁi:izity x Multl-
1, ()2 I, (#)P Pl
E_ 211 $0.15 - RN (1)
E, 233 0.13 | e e , _ (Ml)v
R 252 0.37 1.5%0.7 0.25%0.15 o)
¢ 277 o 6.9%1.2 0.35%0.06 ML
J T u86v 0.01 A ——— e | (E2)
L 511 - 1.7 23.0%2.0 0.074*0.007  ML+E2S
M 583 .- 86.4%5.6 0.0156° E2
02 763 0.058 1.9 0.5 0.031%0.008 ‘.Ml
P 860 - 0.27 11.4%1.2 0.024%0.003 ML
X 2614 0.17 (100) (0.0017)** %% g3

Intensities are given in percent of T1208 decays. The classical letter des-
ignations are given in the first column.aek is the K-conversion coefficient.
& Krisyuk'?’ et al.

b 158

Emery and Kane

© Elliott et al.lCl.

Alichanian and Nikitin, Phys. Rev. 53, 767 (1938).

Various authors have given differing values of the multipole mixing of the
511 keV transition: Elliott et al. reported the intensity ratio of EZ to

ML as 1.7*0.3 and later as 1.0%0.4; Wood and Jastron (Nucle%r Physics 32,
411 (1962)) reported a ratio 0.18%0.03 and Emery and Kanel®© give 0.18%0.15.
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Table 6.2k Beta Transitions from Thallium-208 to Lead-208

Energy of Maximum Emery and Kanel58_ Schupp et al.lSBb
Excited Energy of Intensity in log £t Intensity in ILog ft
State (MeV) Betas (MeV) Percent Percent
2.62 2.38 7 ~0.030 0 9.3 <0.5 >8.1
3.20 , 1.80 51.3 5.6 48.8 5.7
3.48 1.52 20.6 .597 Co22.7 - 5.7
3.71 1.28 2k.3 _ '5.4} ' 23.9 5.3

3.9 1.03 3.6. 5.8 4.6 5.8

* . ! .
This figure comes from unpublished work of Elliott and co-workers.
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6.4 THE ACTINIUM (4n+3) SERIES

We have discussed the urahium-radium and the thorium series in the‘”
preceding sectlons of this chapter and now turn to a consideration of the
third family of heavy élemeht:radioactive elements, the series known as the
actinium series or, alternatively, as'the actinouranium series.

The actinium decay chain is summarized in Fig. 6.35 and in Table 6.25.

Uranium-235. The primary activity from which all the other (secondary)

235

activities in the actinium series are derived is U It is entirely pos-

239

sible that higher-mass nuclides in the hn+3 family - nuclides such as Pu 5

szug) Am243’ 2k

Bk , etc - were also present when the elements were first

35

. 2 . S
formed, but only U of all the nuclides of the 4n+3 mass type above the

element lead, -is sufficiently long-lived to have persisted throughout geo-

| _ ! ;
logic time. The half-life of U235 is 7.13 x 10 years. Any sample of natural

235

uranium no matter what its source contains U in a constant amount, namely
0.720 atom percent or 0.711 weight percent. We have discussed natural uranium
and the determination of the specific activity of uranium isotopes in Sec. 6.2.
See particularly Table 6.2.

35

Because of the constant amount of U2 in natural uranium the amount
of protactinium, actinium, etc. found in uranium minerals bears a constant
ratio to the total uranium content and to the members of the uranium-radium
decay chain as we have seen in Table 6.3. This fact was noted early in the
study of the natural radiocactivities and led to some confusion. For many
years it was believed that actinium must be a member of the uranium-radium
decay series as a results of a branching decay somewhere near the beginning
of this series, perhaps at Uranium I or Uranium II. This confusion was under-

235

standable because U was not discovered until the mass-spectrographic work
of DEMPSTER in 1935 and because no member of the actinium series could be
isolated in sufficient amount and isotopic purity for an accurate atomic
weight determination. It was not until 1935 that A.V. GROSSE measured the
atomic weight of protactinium by weighing a pure compound of known composition.
Uranium-235 is an alpha emitter with a complex alpha spectrum and a
complex gamma spectrum. These radiations and the decay scheme are thoroughly

discussed in Sec. 8.4.8 of Chapter 8.
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Table 6.25 The Actinium Series

Radiocelement Symbol Radiation Half-1life
Actinouranium U235 a 7-13 x 108 y
Uranium Y 'I'hz31 B . 25.64 h
Protactinium Pa23l o 3.48 x 104 v
Actinium Ac227 B and O 22.0 y
98. 8% 1.2%

v . 227
Radioactinium Th a 18.17 4

l *¥Actinium K Frz23 B8 2l m
Acﬁihium X Ra®?3 o ' 11.68 4
Actinon Em219 a 3.92 s
Actinium A PotL? o : 1.83 x 1073 s
Actinium B pp oL B 36.1 m
Actinium C it , B and o 2.16 m

0.32% "~ 99.68%
NS

Actinium C* Pole o .52 s
‘ Actinium Cj leo7 B .79 m
Actinium D Pb207 stable

- .
.004% a-branching of AcK not shown; see Fig. 6.35.
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. ATOMIC
ELEMENT \umBER
Uranium 92 ACTINIUM (4n + 3) SERIES e
' 7.13x10%,

Protactinium 91 Pa?3lpg ‘ /
348100%

Thorium 90 y L Y. - Th o) I Blyy)

18.17 4. 8% 5_54;.
Actinium 89 Ac?2%ay
220y.
Radium 88 ’ mzf"(m
. '\22
Francium = 87 Fre3ack)
2im.
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N e
' At
_ Astatine 85 A
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; 21, 215
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20 2!
P
Lead s2  Fb (AC%.G,{‘Q’JA.:B)
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i TI""tacc
Thallium 81 "9”{ i
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A-2Z

MU-12001

Fig. 6.35. The actinium (4n+3) series.
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235

The fissionability of U and the characteristics of the fission pro-

cess are described in detail in Chapter 11.

231, 35

is 25.6 hour

uranium-Y, an isotope of thorium. Uranium-Y is a beta emitter with a complex

2
Uranium-Y (Th The immediate decay product of U

decay scheme which is thoroughly discussed in Sec. 8.2.10 of Chapter 8. The

most energetic beta group:ihas an energy of 300 keV and the total decay energy
is 383 kevV. )

Uranium-Y can be isolated from isotopically-pure U235 after a few days
growth period. If it is necessary to prepare UY samples from natural uranium;
the samples will be contaminated with UXl and UX2 since inieach milligram of
natural uranium there are 733.6 disintegrations per minute of UXl and UXé and .
"33.7 disintegrations per minute of UY. This ratio can be improved somewhat
in favor of UY by purifying the uranium from thorium, waiting a few hours or
a day and then isolating a UY fraction before much UX has had a chance to grow
in. To prepare samples for beta spectrometric studies a better approach is to
231

82 1
prepare Th artificially by neutron bombardment of ioniuml or of thorium.

% (n,y) m®*

o = 26 barns

232 231

Th (n,2n) Th

Protactinium. Protactinium was discovered by HAHN and MEITNER in

1918 and almost simultaneously by SODDY and CRANSTON. A.V. GROSSE, who made
many early contributions to the chemistry of this element, prepared the first
pure compound in 1927.

| Protactinium is an alpha emitter with a half-life of 34,800 years as
determined by specific activity measurements on a weighed sample of pure igni-
ted protactinium oxide. The value of 34,300 * 300 years quoted by VAN WINKLE,

184

LARSON and KATZIN is based on the formula Pa205. Using later information

182. A.H. Jaffey and E.K. Hyde, report ANL-4249 (1949) unpublished.
183. Nishina, Yasaki, Kimura and Ikawa, Nature 142, 874 (1938).

184. Q. Van Winkle, R.G. Larson and L.I. Katzin, J. Am. Chem. Soc. 71, 2585
(1949). .
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that the ignited oxide corresponds more closely to PaO2 o5 ELSONl85 recalcul-

ated the value 34,800 * 300 years. Protactinium-231 is the longest-lived of
the isotopes of element 91 and the only isotope suitable for the isolation of
the element in weighable guantities. The name protactinium was given to Pa25l
by HAHN and MEITNER because it was the long-sought-for progenitor of actinium.
The name has since been taken over as the name of the élement and all its iso-

topes. An earlier spelling, protoactinium, has been shortened to protactinium.

235

Because of its origin as a decay product of U , protactinium is found
only in uranium ores where its equilibrium concentration is only 343 milligrams
per metric ton of natural uranium or almost exactly the same concentration as
that of the rare element, radium. TIf one starts with a pure sample of U255,,
protactinium will grow in at the rate shown in Fig. 6.36. Samples of protact-
inium ranging in size from milligrams to grams have been isolated from uranium
ores but the chemical properties of protactinium are such that its isolation
is a matter of considerable difficulty. In 1961 it was revealed by English
government authorities that English scientists and engineers had succeeded in
isolating the large quantity of 150 grams of protactinium from 60 tons of
raffinate wastes of a uranium solvent extraction process.,185a It is also
possible to synthesize protactinium by the neutron irradiation of ionium as
is described earlier in this chapter in the ionium part of Sec. 6.2.

The alpha and gamma spectra of pfotactinium, in common with that of
‘most of the alpha emitters in the actinium series, are gquite complex. These
spectra and the decay scheme of Pa251
of Chapter 8. '

Barly Difficulties in the Study of Actinium. From the historical

are thoroughly discussed in Sec. 8.3.7.

standpoint- actinium is the most important member of the n+3 series. The dis-
covery and the early study of actinium were greatly hampered by difficulties
arising from the‘following unfortunate circumstances.

(1) The equilibrium amount of actinium is uranium ores is very small;

9.

; the amount of

the ratio of Ac®2! to normal uranium is 0.21 x 10~

Ac227 in pitchblende is only .625 x lO-'5 of the amount of Ra226 present

185. R. Elson, Chapter 5. "The Actinide Elements™, J.J. Katz and G.T. Seaborg,
eds. National Nuclear Energy Series, Vol. 1MA, McGraw-Hill Book Co., New
York (195k).

18%a. Chem. and Eng. News. p.48, August 7, 1961.
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(2) Actinium resembles the rare-earth elements closely in its chemical
properties and is separated with difficulty from them. Uranium ores
almost invariably contain considerable :quantities of rare-earth im-
purities which are concentrated with the actinium.

(3) Actinium itself has very weak radiations and, in fact, for some
years it was thought that actinium was "rayless". After 1911 it was
recognized from the "displacement laws" that actinium must be a beta
emitter, but it was not until 1935 that HULL,LIBBY and LATIMER186 de-
tected electrons emitted by actinium. Even then, in view of knowledge
obtained later on the alpha branching of actinium to AcK; it seems
probable that these investigators may have been observing the beta

22
particles of AcK. The end point energy of the Ac 7

beta particles

is only 45 keV. The most energetic beta rays are stopped completely

in an absorber of three milligrams per cm2 and the majority of the

electrons in the spectrum are stopped by less matter than that. When
actinium is mixed with rare earth or other carrier material, the beta
particles are almost completely absorbed within the sample itself.

The difficulties (1), (2) and (3) listed above still apply today and
have hindered the detailed study of the properties of this interesting element.
During the first years in which actinium was studied, the confusion was nat-
urally greater because the daughter products were not known. .The direct ‘de-
cay products, radioactinium and acfinium-X, were first discovéred with certainty
6 and 7 years, respectively, after the discovery of actinium. Furthermore,
ionium was not discovered until 1907 and it was frequently a contaminant of
actinium preparations because of the similar behavior of actinium and ionium
in many chemical separations. This contamination had a curious result in the
period 1905-1907 when actinium received consideration as the possible missing
parent of the element radium. Proof of the formation of radium from actinium
preparation was sought and was in fact found. Later, however, it became
apparent that the radium formation was caused by ionium contamination in the
actinium. .

DEBIERNE in 1899 found that after the complete removal of uranium,

186. D.E. Hull, W.F. Libby and W.M. Latimer, J. Am. Chem. Soc. 57, 593, 1650
(1935)-
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polonium, and radium from pitchblende solutions it was possible to precipitate
a mixed hydroxide fraction with ammonia and to find radiocactivity which could
not be assigned to these elements. The new activity appeared to follow thorium
in many chemical steps. DEBIERNE gave the name actinium after the Greek word,
Aktis;o, méaning-ray, to this strange activity. His samples of actinium were,
in fact, quite impure. GIESEL contributed greatly to the early studies of
actinium. During the course of studies of pitchblende residues GIESEL isolated
rare-earth fractions which had radioactive propertieé different from radium
and polonium and, from what was known at the time, from DEBIERNE'S actinium.

In particular, GIESEL noted that his preparations gave rise to an active gas
(actinon) similar to radium emanation or thorium emanation but of much shorter
period. Surfaces exposed to this emanation became strongly radiocactive.

GIESEL gave the name "emanium' or emanation body to the substance isolated
with the rare earths which appeared to be the source of the radiocactive gas.

He withdrew this name when it later became evident that his "emanium" and
DEBIERNE'S actinium were actually the same substance. GIESEL'S contribution
was to show the close similarity of actinium to the rare earths rather than

to thorium, as DEBIERNE had reported, and to call attention to the actinium

emanation.
. - . 235 231 .,
The rate at which actinium grows into pure U or pure Pa is
shown in Figs. 6.36 and 6.37, respectively.
The Beta Decay of Actinium. The half-life of actinium is of consid-

erable importance. For some years the value 13.5 year was accepted, but CURIE

and BOUISSIERES187 reported a value of 21.7 year in 1944. Three subsequent in-

189 and 21.6 year,l89a

vestigations have given the values 22.0‘yéay,¥ 21.6 year,
respectively, very close to CURIE and BOUISSIERES' value. The measurement of
a half-life in this range requires a precise technique,because the'activity
changes are slight within a convenient period of measurement (i.e., a few
months to a year). The double ionization chamber method in which the ion

current from one chamber is nearly balanced by the ion current from a second

187. I. Curie and G. Bouissieres, Cahiers Phys. 26, 1 (1944).

188. J.M. Hollander and R.F. Leininger, Phys. Rev. 80, 915 (1950).
189. J. Tobailem, J. Phys. radium 16, 48 (1955).

189a. J. Robert, Ann. Phys. 4, 89 (1959).
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chamber in which a long-lived radium sample of nearly equivalent activity is
placed 1s well-suited for this purpose. A measurement by the coulometric

190

technique gave a value of 21.2 * 0.8 years in'good agreement withvthe bal-
anced chamber technique. .

The end jpoint of the beta spectrum of actinium was reported to be
only. 40 keV in an unpublished study by FRIEDMAN and CO-WORKERS.19
study by BECKMANN and HUSTER192

evidence of a second component. NOVIKOVA and CO-WORKERS
' 194

A careful
showed an energy of 45.5 * 1.0 keV with no

193 placed the end :
point between 42 and 45 keV. French authors reported the presence bf 37
keV radiation in the beta decay of actinium but laterl95 showed that this
radiation was actually fluorescent K x-radiation of lanthanum excited in the
rare earth impurity in the sample by higher energy radiation. The most com;
plete study of the gamma transitions was ‘made by NOVIKOVA, VOLKOVA, GOLDIN
and TRE'I‘YAKOV193

gamma transitions with the energies 9.3 * 0.1, 15.2 * 0. l and 24.5 £ 0.2 keV.

who measured the M, N and O shell convers1on electrons of

From the conversion ratios in the NfsubshelLs it was concluded that all three'
transitions were mixed EZ2 + ML in multipolarity, although the more energetic
two were > 99 percent ML. The 9.3 and 15.2 keV transitiohs add to 2k.5 so it
is believed that they repfesent a cascade de-exciting a level at 24,5 keV. The
gamma intensities imply a composité beta spectrum.
The Alpha Branching of Ac227
In 1914 MEYER, HESS and PANETH19645bserved a group of low-intensity alpha

particles in a pure actinium preparation in addition to alpha groups ascribed

and the Decay Properties of Actinium K.

to unremoved traces of AcX. These new alpha particles of 3.56 cm range in

227

air were ascribed to branch decay in Ac - This observation: was subject to

190. N.S. Shlmanskaya and E.A. Yashuglna, Sov1et Journal of Atomic Energy,
(in English translation) No. 5, 817 (1956).

191. M. Freedman, J. May, R. Pairs, W. Ramler and M;»Rusnak,'Reported in
Argonne National Laboratery Classified Report ANL-4380 (March 1950).

192. W. Beckmann and E. Huster, Z. Naturf. 10a, 86 (1955);Z. Physik 142, 585
(1955).

193. G.I. Nov1kova, E.A. Volkova, L.L. Gol' dln, D.M. Ziv and E.F. Tretyakov,
Soviet Phys. JETP, 37, 10 No. 4, 663 (1960).

194, Lecoin, Perey, Riou, Teillac, J. Phys. radium 11, 227 (1950).
195. Bouchez, Michalowicz, Riou and Teillac, J. Phys. radium 16, 34k (1955).

196. S.J. Meyer, V.F. Hess and F. Paneth, Sitzber. Aka. Wiss. Wien, Math.
Naturw. Kl. Abt. IIa 123, 1473 (191k4).
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considerable doubt over the next two decades since it seemed possible that the
new alpha particles could be ascribed to traces of protactinium or of actinium
daughters. Mlle. PEREY197 settled the doubts conclusively In 1939 by chemi-
cally isolating from pure actinium preparation a 21 min. beta emitter which
had the expected properties of the ekacesium isotope which the alpha decay of
actinium should produce. The‘beta¥emitting ekacesium was named Actinium K.
PEREY established that the alpha branching in A0227 was 1.2%. Since AcK was
the first isotope of element 87 ever to be established, Mme. PEREY is credited
with the discovery of this element. For the name of the element; she chose
francium (symbol Fr). The isotopes of francium are reviewed in Sec. 10.6 of
Chapter 10 where it is shown that AcK is the longest-lived form of this ele-

ment.

98 227

An energy of L4.942 MeV was reportedl for the alpha particles of Ac
in 1952. These alpha particles were later given a careful restudy by
NOVIKOVA, VOILKOVA, GOLDIN, ZIV and TRETYAKOV193 who found the complex spectrum
summarized in Table 6.26. They also studied the conversion electrons emitted

2
during the alpha decay of Ac 27.

This study is difficult to carry out because
of the low alpha branching and because of the electron lines contributed by
daughter activities which grow into the sample. Most of the difficulties

were circumvented by electron-alpha coincidence techniques. Evidence for
transitions of the following energy was found: 12.7, T70.4, 84.5, 101, 166 and
190 keV. These gamma rays could be fitted naturally into the level scheme

22
of Fr 3 revealed by the alpha groups, as shown in Fig. 6.38.

These Russian authors discuss a possible interpretation of the Fr223
level scheme in terms of the collective model of the nucleus. According to
this interpretation the levels at 0, 12.7, 166 and 193 keV are the I = 3/2,
1/2, 7/2 and 5/2 members of a rotatiocnal band based'on a K = 1/2 ground state
assignment. This is an "anomalous" rotational band in which the I-spin order-
ing of the levels is reversed for the 1/2, 3/2 and 5/2, 7/2vpairs- NOVIKOVA
ET AL. call attention to the fact that a similar set of levels occur in the

22
nucleus, Fr l. One interesting consequence of this interpretation is that

it indicates that nuclei as light as 223 and 221 are deformed in the ground

197. M. Perey, J. Phys. radium (7) 10, 435 (1939); Compt rend. 208, 97 (1939)-

198. S. Roserblum, M. Perey, M. Valadares and M. Guillot, private communication,
{Oct. 1952) quoted by Strominger, Hollander and Seaborg, Rev.’Mod. Phys.

30, 79% (1958). |
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Alpha Alpha Energy Alpha Hind-
group - Particle of Transition rance
Energy Daughter Intensity Factor
(keV) Level (keV)
a hohg + 2 0 48.7 1'3 67
%, 4936.5 = 3 12.7 36.1 £ 3 8
Oy, 4866 * 3 8h.5 . 6.9 1 14
% 62 484g £ 3 102 5?5.¢ 1 14
%6 4786 £ 5 166 1.0 £ 0.5 40
al93 4759 = 5 193 1.8 + 0.5 17
azzs' 4728 £ 8 225 ~0.1 -—
a250 hok £ 8 - 250 O.4 = 0.2 38
4516 £ 10 Lho ~0.2 ——-
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state, at least if the mass number is odd.
We turn now to a discussion of the decay characteristics of actinium
K. The endpoint energy of the beta particles of AcK is 1.2 MeV.197 The gamma
rays have been studied by LECOIN ET AL.199 and by HYDEoZOO In the work of the
latter it was found that photons of a 49.8 keV gamma ray appear in 40% of the
beta disintegrations and that photons of an 80 keV gamma ray appear in 24% of
the disintegrations. Additional low-intensity gamma rays appear at 215- and
310-keV. A complete decay scheme has not beennestablished°
Ffom considerations of the systematics of alpha decay which are thor-
oughly discussed in Chapters 2 and 4, it was later deduced that AcK, which
227

, must in turn show a small, but

measureable, alpha branching. HYDE and GHIORSOZOl established the correctness

19

arises from a small alpha branching of Ac

of this prediction by isolating the Atz daughter from a purified sample. of

19

daughter was isolated
2 in AcK. The

AcK. Figure 6.39 summarizes their findings. The At2
in an amount corresponding to an alpha branching of only 4 x 10~
At219 product has a half-life of 0.9 min. and shows an . observable alpha branch-
ing of about 97% to produce the previously-unreported isotope, BiZlS. These
experiments of HYDE and GHIORSO201 have the additional interest that they re-
present the first chemical isolation of astatine from a natural source. The

alpha particle energy of AcK itself has been measured by photographic emulsion

studies of freshly purified AcK samplés by ADLOFFQ202 He found a value of
5.34 £ 0.08 for the alpha particles of AcK and an alpha branching of 0.6 x 10-4;
PEREYZO2a has published an excellént and authoritative short review

of the physical and chemical properties of Actinium K.

Analysis of Actinium. Methods for the detection and analysis of

actinium may be summarized as follows:

199. M. Lecoin, M. Perey, M. Riou and J. Teillac, J. Phys, et radium 11, 227
- (1950). .

200. E.K. Hyde, Phys. Rev. Ok, 1221 (1954).

201. E.K. Hyde and A. Ghiorso, Phys. Rev. 90, 267 (1953).

202. J.P. Adloff, Compt. rend. 240, 1421 (1955). See also M. Perey and M.J.
Adloff, J. Phys. et radium 17, 545 (1956).

202a. M. Perey, "Francium' in Volume III, Nouveau Traite de Chimie Minerale,
Masson et Cie, Paris, 1957.



Ac 227

Rd Ac(Th?27)

-174-

18.17 d

21.6 yr.
Q 223
o - ACX(RG )
12% ® 11684
AcK(Fr223) a
21 Min.
[
|
a 219
2o, | P An (Rn%'?)
5xI073%) © 7 392 sec.
Yok
[_ ATZlQ -(,b a
| 08 min|
T
a | 215
° - ACA(PO )
97% | ® _ 7li8axi03sec.
v -
TEE T
|_8Min. |

Fig. 6.39.

products.

AcB(Pb2'")
36 Min.

UCRL-10612

ACTINIUM
DECAY
CHAIN

AcClpo?')
052 Sec.

%/
o\o
>

AcC(si®'") a
216 Min.

AcD(Pb??)
Stable

AcC(T1297)

479 Min.

MU-18331

Decay of actinium and its daughters showing branch.
The main path of the decay is shown in bold arrows.

Actinium K and its rare branch prdducts are shown at the left.



-175- UCRL-10612

(1) Measurement of total alpha activity. The disintegration rate of

a sample of pure actinium can be determined by measuring the total
alpha activity of the daﬁghfers after these have come to equilibrium.
Alternatively one can measure the growth of the alpha activity over

the first few weeks and compare this with the theoretical growth curve
of Fig. 6.40. Any extraneous alpha'activity such as ionium impurity
will give an erroneous result. It is therefore desirable to check the
identity of the daughter alpha activity by alpha spectrum analysis
using an iconization chamber or solid state detector coupled to a pulse-
height analyzer.

(2) Measurement of total beta activity. Two beta-emitters appear in

the decay chain of actinium; these are AcB and AcC". When actinium
comes to equilibrium with 1ts daughters a measurement of the beta
radiation indicates the amount of actinium. This growth of hard beta
radiation into purified actinium is shown by Curve D of Fig. 6.40. The
sample is usually covered to prevent the escape of actinon. Some
absorber must be placed over the sample to filter out the alpha parti-
cles when thin window beta-counters are used. Any beta-emitting im-
purities in the sample will cause erroneous results. A modification
of this methodzo3 consists . of the chemical isolation of AcB (Pble)
by coprecipitation with added lead carrier precipitated as lead sul-
fide. The radioactivity of the 36 minute AcB in equilibrium with its
AcC daughter is then followed in a suitably calibrated counter. This
method is very sensitive and can be applied to samples containing as
little as 10-2 microcuries of actinium provided the actinium is in
equilibrium with all its deécendents. This method can be applied to
an actinium sample diluted with inert rare earth or other contaminants.
Also, the actinium sample can be contaminated with beta emitting nuc-
lides provided they do not coprecipitate with lead sulfide from acid
solution. It cannot be applied to actinium samples contaminated with
radium or thorium.

(3) Measurement of total gamma activity. When the source strength is

of the order of a millicurile or greater a suitable method of measure-

203.

M. Perey and A. Hettler, Comptes .rendu. 242, 2552 (1956).
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Fig. 6.40.  Growth of alpha activity of 18.17 day radioactiniuu
(Th227) (Curve A) and 11.68 day actinium -X (Ra223) (Curve B)
into pure actinium. Curve C is the total alpha activity in
the sample and includes contributions from the short-lived
descendents actinon (3.92 sec Em?19), actinium-A (1.83 x 10°
sec Po2l2), and actinium-C (2.16 m Bi%ll) which are in equil-
ibrium with the actinium-X. Curve C is based on the assumption
that no actinon is lost. Growth of hard beta activity into
actinium (Curve D); this curve represents the activity of AcB
(36.1 m Po21ll) and AcC (%.79 m T1207) whose growth into pure
actinium is controlled by the growtﬁ of AcX.
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ment is the determination of the gamma activity of the equilibrium
mixture of activities.aolL The sample is sealed in a glass-tube and
lead absorbers 1 cm in thickness are used to cut out beta particles
and low-energy gamma rays. The gamma‘éctivity registered in an ion
chamber can be compared to a standard radium sample. This determin-
ation can be made to‘an accuracy of about 3% and sample size can be
as low as 1 microcurie. The sensitivity of this method can be raised
by use of an end-window counter to measure the radiations emitted from
a standard volume.of solution containing actinium in equilibrium with
its descendents,z-05 Samples as small as 0.003 microcuries can be
assayed. No chemical operations are neceséary.

(4) Calorimetric measurement. The amount of actinium in a sample can

be determined by direct measurement of the heat liberated by a source
204,206, 207

in a calorimeter. The principal energy is derived from
absorption of the alpha particles and the alpha-recoil products. The
energy of each successive alpha disintegration can be accurately cal-
culated taking into account branching and complex structure. (See
Table 6.8 in radium section.) The partial absorption of beta and
gamma radiations contributes 10% as much energy as do the alpha parti-

207

cles plusirecoils. From the inner wall thickness of the calori-
meter and the absorption curve of the beta-gamma radiation, one can
calculated the total heat liberated per hour by a curie of actinium.
The calorimetric measurement can be made with an accuracy of 1 to 2%.

(5) Separation and measurement of actinon. A sensitive test for the

presence of actinium or of radioactiﬁium or of actinium-X in a radio-
active sample is the removal of the gaseous emanation, actinon, from
the éample. The actinon may be swept from a solution in a stream of
alr and carried directly into a counter. "It is also possible to col-
lect the active deposit from the air stream on a negatively=-charged

plate and count it separately. The actinon method does not lend itself

20k,
205.
206.
207.

M. Lecoin, M. Perey and A. Pompei, J. Chem. Phys. 46, 158 (1949).
M. Perey, Comptes rendu. 243, 1411 (1956).
A.S. Sanielevici, J. Chem. Phys. 33, 785 (1936).

G.V. Gorshkov and N.S. Shimanskaya, Sov. Journal of Atomic Energy
(in English translation) No. 5, 161, 761 (1956).
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to-an accurate analysis because of the 3"92vsec. half-life_of_actinon
but it serves as a very sens1t1ve method of detectiono In the case of
recently purified actinium it is necessary to wait until RdAc and AcX
have grown into the sample before actinon is founda .

(6) Separation of actinium- X and the measurement of 1ts activ1ty by

208

subsequent separation and counting of actinium—B‘ In this method,

actinium-X is separated by coprec1p1tation on barium sulfate The
sulfate is converted to the carbonate and then to the soluble chloride,
then the separated actinium-X is again in solution 1ts daughter product
actinium-B, the 36 minute PbZIl 1sotope, is removed by coprec:.pitation203
.on lead sulfide and the beta decay of AcB and its short-lived.AcC
daughter are followed in a suitably calibrated counter” With a slight
_modification this can be applied to samples contaminated with the rad-
ium or the thorium series activities. It can be applied to insoluble
or partially soluble solid samples and is particularly suited to the
assay of actiniferous minerals. In the case of insoluble samples such
- as minerals, a fusion vith the bisulfate of potassium in the presence
f lOO milligrams of barium chloride is carried.out The barium sul-
fate formed in this step removes the actinium- X, plus all other iso-
topes of radium,lead or bismuath in the sample. The barium sulfate is
metathesized successivelyito the carbonate and the chloride.
The chloride is putvinto solution andbemanation isotopes are removed
by boiling. A.scavenger.precipitate of lead sulfide removes a mixture
of the lead and bismuth.activities of all three naturalhradioactive
series. The activities constituting the_active deposit ofvthe actinium
series re-establish equilibrium much more‘quicklyithan the correspond-~
ing activ1t1es in the decay chains of radium and thorium. Hence a
second lead sulfide precipitate removed 30 minutes later w1ll carry
down only AcBav _ o ) ,
(7) By isolation of AcK daughter productt Methods (1) throuéh (6)
depend upon the growth of 18.17 day RdAc and 11. 68 day AcX into the

actinium and hence all suffer from the serious disadvantage that many

weeks must elapse before an accurate‘analysis is possible. There are

208. M. Perey and A. Hettler, Comptes rendu, 243, 1520.(1956).
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two alternative methods to which this disadvantage does not apply.

One of these is discussed in (8) below. The other method is based on

223,

the isolation and measurement of AcK (Fr

product of A0227. As is discussed above, Ae

,» the alpha decay branch
ezt undergoes alpha decay
in 1.2% of its disintegrations. The alpha-decay product is the 21

227

min. beta emitter AcK which comes to equilibrium with Ac within two

209

hours. Perey, who proposed this rapid method, recommended the

following procedure:
Sodium carbonate is added to the actinium solution to precipitate
actinium and rare earths leaving AcK in solution. Barium chromate
is then precipitated to remove AcX and AcC" and lanthanum hydroxide
is precipitated to carry out any traces of actinium which may re-
main. The filtered solution is then evaporated rapidly to dry-
ness and the beta activity is measured. From the decay curve of
the 21 min. activity the amount of AcK present at the time of
removal of the carbonate precipitate is determined by back-extra-
polation. From this the amount of actinium can be calculated
after allowing for the alpha branching of 1.2%. With suitable
counting techniques the range of applicability of this method is
1 microgram to 100 millicuries of actinium.

HydeZlo has proposed a modified version of the AcK procedure based on

the coprecipitation of AcK on free silicotungstic acid (which is in-

soluble in. concentrated hydrochloric acid.)

azf

2
(8) By measurement of alpha particles of Ac” &t

If a sample of Ac

is thoroughly decontaminated from all daughter activity and then im-

~ mediately inserted in anualpha counter the observed alpha activity

corresponds to the 1.2% alpha branching of Ac227. To insure that the

227

alpha particles detected are in fact due to Ac and not to unsepar-

ated daughtef activity (RdAc béing the most difficult to separate) it

209. M. Perey, Comptes riendys,21l4, 797 (1942); M. Perey, J. Chem. Phys. 43,
269 (1946); Comptes rendus, 241, 953 (1955).

210. E.K. Hyde, J. Am. Chem. Soc. T4; 4181 (1952); see also monograph NAS-NS
- 3003 entitled, "Radiochemistry of Francium" by E.K. Hyde, issued by
National Academy of Sciences and available from Office of Tech. Serv.
-Dept. of Commerce, Washington, D.C.
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" is desirable to submit the sample to alpha spectrum analysis using an
ionization chamber (or solid state detector) and pulse-height analysis,
PEPPARDle has discussed this method of'actininm'aSSay. "It Has also
been studied by GLOVER, BEADLE and ROGERS212 who report that with pro-
per sample preparation and proper analysis of the alpha spectrum the
A0227 alpha particles can be measured even in the presence of unsep-
‘arated daughter activity. ’

Artificial Synthesis of Actinium. In modern times the availability

of high neutron fluxes in nuclear reactors has made it possible to synthesize

227

weighable quantities of Ac by means of the reactions:

227 : 227 .. B rcZET

226 5 5
#  11.2 min.

Ra (n,y) Ra

o = 15 barns

PETERSON 13 in 1945 first demonstrated thls synthe51s by 1rrad1atlon of 1 milli-
gram of radlum Later HAGEMANNZlu irrediated a series of one gram samples of
radium and isolated milligram quantities of actinium. This_was the first iso-
lation of‘chemically-pure aotinium on the.milligram scaie; previous to this,

the best preparations of actinium contained only;a’fewbpercent‘of actinium.

The synthetic approach has two pronounced advantages: (l)yrhe‘material which
needslto be isolated.from radioactive ores is radium which occurs in‘much

higher concentration and is relatively easy to obtain in tne pure state, and

(2) contamination with the difficulﬂy=separable rareuearthsjs completely avoided.
227); ‘The immediate decay product of the beta degig

Radioactinium (Th
227 | 227 . . . . . ‘
of Ac is Th ~ which is an alpha emitter with a half-life of 18.17 days.

This isotope, also.called radioactinium, has been fheRsubject of considerable

2l11. D.F. Peppard, G.W. Mason, P. R, Gray and J F. Mech, Je Am. Chem. Soc.
T4, 6081 (1952).

2l2. K M. Glover, A.B. Beadle and F.J.G. Rogers, Atomic Energy Research Estab-

213, S Peterson, Paper 19 9 "The Transuranlum Elements s National‘Nuelear
. Energy Series, New York: MeGraw-Hill Book Co., 1949

214k. F. Hagemann, J. Am.’ Chem. Soc. 72, 768 (1950). _
215. G.R. Hagee, M:L. Curtis and G: R Grove, Phys. Rev 96 817A (1954 ).
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interest because of the extraordinary complexiﬁy of its alpha and gamma spec-
tra. A detailed account of these radiations is given in Sec. 8.2.5 of Chapter
8. |

By standard radiochemical methods radiothorium can easily be separated
from its actihium paren£ and from its daughter products. Its immediate daugh-
ter, actinium-X, has a half-life of 11.68 days so that contaminating daughter-
product activity grows in only at a moderate rate. This growth is shown gquan-
titatively in Fig. 6.41. The growth of radioactinium into an initially pure
sample of actinium 1s shown in Fig. 6.40.

22390

Actinium-X (Ra The independent discovery of actinium-X by

Godlewski (1905) and Giesel (1904) is mentioned in the historical introduction,

Sec. 6.1. This nuclide is an alpha emitter whose half-life has recently been
redetermined as 11.68 £ 0.06 da.ys,215 and as 11.22 * 0.05 days.216 It can be
separated from actinium or from radiocactinium after a suitable growth period,
which can be determined from Fig. 6.40 or 6.41. Samples of actinium-X are
never pure from the radfoactivity standpoint because actinon and AcA daughters
re-establish their equilibrium value within a minute of the purification of

211, .
) but even this product

actinium-X. The longest-lived daughter is AcB (FPb
comes to equilibrium within a few hours. Figure 6.42 shows the growth of
daughters into actinium-X.

Actinium-X is an alpha emitter resembling its parent, radiocactinium,
in the complexity of its alpha and gamma ray spectrum. ROSENBLUM, PEREY,
VALADARES and GUILLO'I‘,217 ASARO;2L8 ‘PILGER,219 RYTZ,219a and WALEN,

NEDOVESSOV  and BASTIN-SCOFFIERZZ?b have studied the alpha spectrum of AcX.

i

216. J. Robert, Ann. Phys. &, 89 (1959).

217. Rosenblum, Perey, Valadares and Guillot, as quoted by'Hollandér,
Perlman and Seaborg in Rev. Mod. Phys. 25, 600 (1953).

218. F.Asaro, Thesis, University of California Radiation Labordtory Report
UCRL-2180 (1953).

>219. R.C. Pilger, Jr., F. Asaro and I. Perlman, unpublished results; see
R.G. Pilger, Jr., Thesis, University of California Radiation Laboratery
Report UCRL~ 3877 (July 1957).

219a. A Rytz, Helv. Phys. Acta 34, 240 (1961).
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Fig. 6.41. Curve A - regrowth of 11.68 day AcX (Ra223) alpha
activity into purified 18.17 day RdAc (Th227). Curve B - de-
‘cay of alpha activity of RdAc. Curve C - total alpha activity
in initially pure RdAc sample including contributions from
RdAc, AcX, actinon, AcA and AcC.
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Fig. 6.42. Variation with time of total alpha activity in an
initially pure sample of 11.7 day AcX (Ra223) Curve A shows
AcX itself. After a few seconds, Curve A also represents
3.92 sec. actinon (Em2l9) and 0.00183 sec. AcA (Po?l5). Curve
B shows 36.1 min. beta-emitter AcB (Fo2ll). Curve C represents
2.16 min. AcC (Bi21l) which is an alpha emitter. Curve D is the
total alpha activity including AcX, An, AcA, and AcC. When tran-
sient equilibrium is reached all activities decay with the con-
trolling half-life of 11.7 days.
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The gamma and conversion electron spectra have been meausred by several
groups,219-226 and partial decay schemes have been constructed by several
authors. The study of’PILGER'S219 was particularly thorough in its experi-
mental analysis of the alpha spectrum; the gamma spectrum and the conversion
electron spectrum and we quote here the principal findings of his report. He
studied.the alpha spectrum in a homogeneous-field magnetic spectrograph of
high resolution and also in a double-focusing magnetic spectrometer of high
resolution and transmission and obtained the results summarized in Table 6,27n
With a sodium ilodide crystal spectrometer he was able to resolve a few of the
prominent gamma rays from the complex gamma spectrum in spite of serious inter-
ference from the gamma radiation of the daughter products. He performed some
gamma~-gamma coincidence studies. More significantly, he was able to employ
the double-focusing alphe spectrometer in an alpha-gamme coincidence arrange-
ment in which the gamma spectrum in coincidence with alpha particles of a
particular energy could be measured. This coincldence technique is a very
powerful method for testing the placement of gamms rays in the decay scheme
of an alpha emitter. bThe results arevsummarized‘in Table 6.28. The angular
correlation of the 270 keV photons with respect to the alpha particles leading
to the 270 keV level in the daughter nucleus was measured and shown to agree
with the spin and multipolarity assignments of the proposed decay scheme.
PIIGER found some difficulty in studying the conversion electrons of
AcX in a standard permanent-magnet electron spectrograph because the actinon
diffused out of the necessarily-thin source plate, spread throughout the
spectrograph chamber, and fogged the emulsion. This difficulty was not so
marked in his double-focusing variable~field beta spectrometer and he was able

to measure many of the conversion electrons from the numerous gamma transitions

220. M. Frilley, J. Phys. et radium 1, 34 (1940).

221. O. Hahn and L. Meitner, Z. Physik 34, 795 (1925).

222. J. Surugue, Ann. Phys. 8, 484 (1937).

223. B.F. Bayman and M.A.S. Ross, Proc. Roy. Soc (London) 684, 110 (1955).

224. B. Karlik and T. Matitsch,; Osterr. Akad. Wiss., Math. Naturw. Kl. Sitzbe.
10, 164-168 (1955). '

225. C. Matiassek, Sitsber Akad. Wiss. Wien, Abt. 164, 161 (1955).
226. H. Paul and H. Warhanek, Helv. Phys. Acta 30, 272 (1957).
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Table 6.27 Alpha Groups of Ra’?3

Data of Walen, Nedovessov and Bastin-Scoffier Data of Pilgera

‘Energy Intensity Energy of Log ‘Energy Intensity Energy of
(MeV) (%) ‘Daughter Hindrance (MEV) (%) Daughter

State (keV) Factor State (keV)

5.8696 0.87 0 3.46 5.870 0.96 0

5.8654  <.02 (k.31 >5.1 5.8657 [4.8]

5.8555  0.32 T 1h.35 3.82 5.856 0.3 1h.h

5.7454° 9.1 126.4 1.84 5.745  10.5. 127.0

5.7141b 53,7 158.3 0.91 5.715 50. k. 158.9

5.6051P 26 ©269.3 0.67 5.605 23.6 (269.6)

5.5376° 9.1 338.1 0.77 5.537 10.3 338.5

5.4996. 0.8 378.9 1.63 5.500 0.86 376.5

5.4792  ~8x1073 397.5  3.51

5.4316 2.3 446 © 0.80 5.432 2.4 4hs5.6

5.3636 0.11 515 1.80 5.363 0.20 . 515.6

5.3367 0.10 542.6 © 1,64 5.337 0.07 541.8

5.2853 0.13 595 1.24 5.282 0.3 589.6

5.2808 0.095 600 1.33"

5.2568 0.043 62k ~1.55

5.2343  0.0k42 647 1.43

5.2096 0.0054 67é 2.18

5.1708 0.026 712 1.27

5.1498 0.021 733 1.24

5.1328 ~1.7x1073 48 2.2k4

5.1104 ~6 x107% 773 2.57

5.0842 ~3 xlo'1+ 800 2.71

5.0540  ~2 w107 830 2.69

5.0340  ~k x10™ 851 2.25

5.0235  ~6 «0™t g6l 1.99

5.0124 ~l xlo"lL 873 ‘2.07

aPilger's energy values were recalculated on the basis of the energy standards
used by Walen et al.

b
Rytz gives the values 5.7455, 5.7143, 5.6053 and 5.5371 MeV, respectively,
for the four main groups.
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Table 6.28 Summary of Ra a~y Coincidence Study
Alpha Observed. Intensityl . a
Group Radiation (keV) photons/alpha K
% 57 K x-ray 0.68
122 0.19 3.6
a158 K 0.5kL
14k 0.082
154 0.11
a27o K 0.41
270 0.43 0.95
0 2
a338 K 0.25
145-155 ~0.05
180 ¢.05
270 0.017
338 0.49 0.33
a376 K 0.31
376 0.45 0.71
ahhS K 0.3% ,
L5 0.48

0.71

1 . . . . . .
K x-ray intensity in vacan01es/alpha; 1.e.; the Auger effect correction has

been made.

2 . . . q s . . .
A possible cascade was not distinguished with certainty from Compton distri-

bution and backscatter peak.
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in the decay of AcX. His deductions on the energies, intensities and multi-
polarities of the gamma transitions are summarized in Table 6.29.

From consideration of all his data, PILGER was able to formulate the
223

principal features of the decay scheme of Ra with reasonable certainty and

to draw the decay scheme shown in Fig. 6..43. Our'knowledge'of the intrinsic
quantum states and of collective modes of excitation are in an elementary and
developing stage for nuclei in—this range of atomic masses so that no detailed

interpretation of this decay .scheme is given.

- 2
Later work by WALEN, NEDOVESSOV and BAS‘I‘Il\I-SCOl’*“FIER*27b on the alpha’

spectrum showed 14 additional low-intensity groups beyond those observed by

Pilger. These are listed in Table 6.27. Drawing on their own results and on

226a. .
some results of BRAGANQA--GIL226a and of PETII: these authors draw tentative

conclusions about the intrinsic and collective nature of several of the An219

levels; because of the necessarily-tentative nature of these conclusions we
do not reproduce them here. ‘ .

Actinon. The gaseous emanation in the actlnlum series 1s the 3.92

219

second nuclide, An - The alpha spectrum of actinon has been 1nvest1gated

22
in magnetic spectrographs by ROSENBLUM, GUILLOT and PEREY, 7 by PILGER,219

by RYTZ219a and by WALEN, NEDOVESSOV"and'BASTIN—SCOFFIERzz?b with results
shown in Table 6.30. PILGER:did not observe the groupﬂ at 6.197 MeV reported
by ROSENBLUM ET AL.

There is difficulty in the precise measurement of the alpha energies

21
of Em 9. Because of the short half-life the spectrum has to be studied in

223

s amples of Ra with whlch the emanation is in equlllbrlum° - Since the pro-
duct nuclei recoil wlth cons1derable kinetie energy after alpha emission they
are expelled from the source plate or imbedded in it. " Those expelled are no
longer in focus in the spectrograph; the aipha spectrum obtained from those:re-
maining in the plate shows significant line-broadening due to energy loss in
the mass of source plate covering the now-imbedded atoms of daughter activity.

Gamma rays of 270 and 400 keV have:been observed by sodium lodide
crystal spectrometer examlnatlon of gaseous actinon and the conversion

al9

electrons’ of these same tran51tlons of ‘actinon were observed by PILGER in

226a. F. Braganca Gil, These, Paris 1961; G.Y. Petit, Thése, Paris (1959)
F. Braganga Gil, R. Foucher and G.Y. Petit, J. Phys. Rad. 22 289 (1961).

227. Rosenblum, Guillot and Perey, Compt. rend 202, 1274 (1936).
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This fig-

ure does not show the 13 low intensity alpha transitions to An
levels above 595 keV reported by Walen et al.227b
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223

Table 6.29 Internal Transitions in Decay of Ra

'.Eﬁergy‘ ' .Intensity  Multipolarity
(keV) . , (%) o
31.2 1.4 oM
68. 4 0.34
122.2 1 T M-E2
143.0 ' | ~1 » (ML ?)
k.1 | | 19 ML (Some E2?2)
154.1 ‘ | 28 ML
158.3 : 3.2 ML
179.6 | 1.1 ML
269.6 | 21.4 ML
323.8 k.o ML
- 338.0 | 4.2 ML
371.1 0.7 M2
44o0.6 0.6 M2
1445.6 | 1.4 M2
580.4 ~0.4
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 Table 6.30 Alpha Groups. of Actinon

Group : Particle Abundance Excited State

Energy (MeV) - (%) Energy (keV)

Rosenblum ‘ ‘

o, . 6.807% 69 (0)

a27o :.542 15 270

: . 2

%397 ' T ot | 297

%z G ' 2
Pilger

o, 6.813 ¢ 0.002° 82 (0)

a27l ; 6.547 13 ., 271.6

%, 01 6.419 5 Iu01
Rytz .

o, 6.8176 * 0.0010° (0)

oy 6.5509 ‘ 271.6

o, 6.4239 4oi.

Walen, Nedovessov, and Bastin-Scoffier

L8175 81 0

o 6

oy 6.5513 | llf? o 271.2
o, 6.5275 0.12 295
a3 6.4232 7.5 401.6
o, 6.3103 0.054 516.6
o 6.2221 2.6 x 1073 606. 4
0 6.1571 1.74 x 1072 672.6
a, ~6.1462 ~2.6 x 1073 683.7
Qg 6.1005 3 x 1073 730.3
ay 5.9993 bb x 1073 833.4

®Recalculated by BRIGGS.
bRelative to . of szhz taken as 6.110 MeV.

0
®Relative to POE;Q E, = 5.3048.
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his study. of Ra2.25

the decay. of An219
Actinium-A (Bo®?). AchA (Po°™”) decays with a half-life of 0.00183

227¢

samples BRAGANCA GIL and PETIT have also 1nvest1gated

"by alpha-gamma c01n01dence technlques

seconds. It emits alphafpartlcles the energy of whlch have been given as
7.8 Mev,227% 7 36 uev?r? and 7.38L Mev. 21 |
very low intensity have been reported}gg?c 6.954 MeV(~5.ﬁ x 10—2%) and
6.948 MevV(~2.2 x 10'2%).

Some evidence for a possible B~ branching of AcA to prqduce At

been presented. KARLIK and BERNERT228 examined the alpha activity. in:a weak

235

Two additional alpha groups of

215

has
sample of the 3. 92 second actinon activity from the U series and found a.
small number of previously unreported 8.4 MeV alpha-particles. These were

215 resulting from a 5 x 10~ % B~ branch-

ascribed to an extremely short-lived At
ing in AcA. As originally reported these results were open to obgectlons on
energetic ground as discussed by FEA HER. 229 The work was repeated by

AVIGNON25O

same results except that the alpha-particle energy was determined. to be 8.0k

in France on a considerably larger sample with substantially the

MeV. This revision of the alpha-energy removes. cne main objection to the

assignment, (i.e., the non-equivalence of the AcA - At215

- AcC energy sum

and the AcA - AcB - AcC energy sum) and makes it possible to 1dent1fy this

Atgl5 ‘with the At 15 discovered by MEINKE 231 in the Pa227 collateral series
produced by cyclotron bombardments. Nevertheless, more conclusive evidence
is desirable on this question. |

The Active Deposit of Actinon. The gas, actinon, deposits an in-

visible film of radioactive daughter products upon any surface exposed to it
and by collection-ofuthe charged daughter products on an electrically-charged

wire or surface the deposit caﬁ be highly localized. Since the immediate

227a. G.H. Briggs, Rev. Mod. Phys. 26, 1 (1959).

227o. ? Walen, V. Nedovessov and G. Bastin-Scoffier, Nucl. Phys. 35, 232
1962).

227c. F.B. Gil and G.Y. Petit, J. Phys. rad. 22, 680 (1961).

228.  B. Karlik and T. Bernert, Z. Physik 123, 51 (l94h);'Naﬁurwissénschaften
32, b (1943). B

229. N. Feather, Nucleonics 5, 22 (1949).
230. P. Avignon, J. Phys. radium 11, 521 (1950).
231. W.W. Meinke, A. Ghiorso and G.T. Seaborg, Phys. Rev. 81, 782 (1951).
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daughtervpfoduct of actinon is the 0.00183 second AcA thé’activé‘deposit’of
actinon is normally considéfed to consist of AcB and its‘daughteriproducts
whicﬁqare iisted in Table 6.31. The decay schemes and genetic relationships
of the mémbers of the active deposit of actinon are displayed in Fig. 6.4kh.
The activityvchanges in é sample of active deposit~ as a function of time are
plotted in Fig. 6.45. |

Rather pure samples of AcC can be obtained by the‘simple teéﬁnique of
heating the plate on which the active deposit - is located, since bismuth is
less volatile than lead or thallium. AcB, AcC or AcC" can also be pre-
pared'in.a'pure state by electrodeposition or by chemical separation methods.

AcC undergoes ‘branching decay in 0.32% of its disintegrations to pro-
 duce AcC' (POEll). For many years the value of the half-life of PooT vas
listed as 5 x lO-5 seconds. This value had not been obtained experimentally,
but by an estimate based on the Geiger-Nuttall energy-versus-half-life re-
latibnShip,'which unfortunately, gives erroneous results for the low-mass
polonium isotopes. LEINIGHER, SEGRE and SPIESS--2’° determined this half-
life experimehtally and obtained a value of 0.52 secon@s.

' It has been shown by experiments of artificial transmutation that
Po211 exists in two isomeric forms. The ground state is the 0.52-second
alphé emitter which appears as AcC' in the active deposit of the actinium
series, as the electron capture decay product of the artificially prepared

215

isotope Atgll, and as the alpha-decay: product of Em , also an artificially

prepared isotope. sPTESS??D found that helium ion bombardment of Pb200 pro-
duces the 0.52-second Po2 l, and in addition, a 25-second isomeric form emit-
ting 7.14 MeV alpha particles. JENTSCHKE and CO-WORKERSQBA and PERIMAN and
CO-WORKERSEEua»extended this investigaﬁion and constructed the decay scheme
shown in Fig. 6.46. This is one of the most unusual cases of isomerism known.
The failure to see any transition from:the 25-second level in Po211 to the

O.52¥seCond level means that these two levels differing in energy by 1.27 MeV

2%2. R.F. Lelnlnger, E. Segre, and F.N. Spiess, Phys. Rev. 82, 33LA (1951);
See also Spiess. )

233. F.N. Speiss, Phys. Rev. 9k, 1292 (1954).
234, W. Jentschke, A.C. Juveland, and G.H. Kinsey, Phys. Rev 96, 23] (195&).

‘254a. I. Perlman, F. Asaro, A. Ghiorso, A Larsh and R. Latlmer, Phys. Rev.
127, 917 (1962). |
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of levels and Q values are given in MeV.

rays in the decay of AcB to AcC are given in percent by numbers

at the tips of the arrows. Intensities of B and O transitions
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Intensities of gamma
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Fig. 6.45. Activity changes in actinon active deposit. Curve A

shows decay of AcB beta activity or AcC alpha activity for a
sample of active deposit prepared by a long exposure to acti-
non. Curve B shows growth of AcC alpha activity into an
initially-pure sample of AcB prepared by a short exposure to
actinon. Curve C illustrates the growth of AcC" beta activity
into a sample of active deposit prepared by a short exposure

to actinon.
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Fig. 6.46. Decay schemes of the Po211 isomers and of Bi .
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Table 6.31 The Actinium Series Active Deposit

Nuclide Type of Energy and Abundance Reference
Radiation
AcB (Pbgll) B~ 1.39 MeV(~80%) ~0.5(20%) 1
36.1 min. 0.065, 0.08%, 0.hok, 0.L25 2
B_l R4 0.487, 0.764k, 0.829
AcC (Biall) a 6.617(83%) 6.273(17%) 3,4,5,6,11,12
2.16 min. B Energy unknown Q,._ = 0.61 calc.
B \Q-52% Y 0.351 M1 (with a? ha branch) 1,3,13
a{99.68% \, . P 277
AcC' (P @ 7.434(99%) 6.895(0.50%) 7,8,9,
0.52 sec. vy 0.562, 0.88 10
" 207
AcC" (T1°7") 5" 1.47 1
4,76 min. v 0.870 (~0.5%) 2
.

AcD (pbOTy
Stable

10.
11.

12.

13.

B.W. Sargent, Can. J. Research 17A, 82 (19%5); Phys. Rev. 54, 232 (1938).

%. iurugue, Compt. rend. 212, 337 (1941); See also J. Phys. et rad. 7, 145
1946).

‘R.C. Pilger,Jr., Ph.D. Thesis, Univ. of Calif. Rad. Lab. Report UCRL-3877

(July 1957).
M.G. Holloway and M.S. Livingston, Phys. Rev. 54, 18 (1938); Summarizes
work of various investigators.

E. Rutherford, C.E. Wynn-Williams and W.B. Lewis, Proc. Roy. Soc. (London)
1334, 351 (1931).
G. Vieires and L. Salgueiro, Compt. rend.234, 1765 (1952).

W.B. Lewis and B.V. Bowden, Proc. Roy. Soc. (London) 145A, 235 (1935);
Summarizes the results of various investigators.

G.H. Briggs, Rev. Mod. Phys. gé, 1 (1954) compilation.
R.W. Hoff, Univ. of Calif. Rad. Lab. Report UCRL-2325 (Sept. 1953).
J.W. Mihelich, A.W. Schardt and E. Segfé, Phys. Rev. 95, 1508 (l95h).

The highly-hindered alpha decay of B:'L2ll is discussed by Perlman and
Rasmussen, p. 185, "Alpha Radioactivity" in Vol. XLII, Hanbuch der Physik,
Springer-Verlag, Berlin 1957.

A. Rytz, Helv. Phys. Acta 3L, 240 (1961) reports the values of 6.622 and
6.277 for the Biell alpha groups based on Po210 Eq = 5.3048; see also
Walen, Nedovessov, and Bastin-Scoffier, Nucl. Phys. 35, 232 (1962).

Detailed investigations of the 351 keV <y in the Q-branch decay of AcC have
been reported by G.Y. Petit, Thesis, Paris (1954); S. Gorodetzki et al.,
Compt. rendu Acad. Sci., Paris 237, 245 (1953); F.B. Gil and G.Y. Petit,
J. Phys. rad. 22, 680 (1961); and S. Gorodetzki et al., unpublished re-
sults, Strasbourg, 1961).
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must have a spin difference of 5 or more.
The shell model provides a reasonable explanation for this decay

o7

scheme. The levels of sz are known quite well from a study of the decay
of Bi207 (see Chapter 10) and the spin and parity assignments correspond to
those expected of a nucleus with one neutron less than a closed shell of 126.
These single particle (hole) assignments are given in Fig. 63146. The ground

state of Pole (the 0.52-second isomer) may be expected to have the spin value

2
9/2 resulting from a configuration with two protons beyond Pb208 as (h9/2)

paired to a resultant J = O and an odd neutron as g The 25-sécond isomer

of POle must have a spin > 19/2 according to the aiéﬁments advanced by
JENTSCHKE, JUVELAND and KINSEY-234 One cannot acbount_for a spin value of
this magnitude by the angular momentum of the odd neutron alone. It is nec-’
egssary to consider the excitation of the 2 protons as wall as the single
neutron beyond the Pb208 core. When this possibility is included it is pos~
sible to write down several configurations of the available shell-model states
which couple to a total angular momentum greater than 19/2.

MANG235 has made a highly interesting theoretical study of the alpha
decay of the 0.52-second isomer of Pozll. The usual one-body treatment of
alpha decay contains an unrealistic assumption of a preformed alpha particle
moving freely within the nuclear interior and prevented from escapefonly by

235

the potential barrier at the nuclear edge. MANG replaced this picture with
a much more realistic model in which the particles within the nucleus are con-
sidered as individual shell model particles. Alpha emission is presumed to
occur when the wave functions of 2 neutrons and 2 protons overlap at the
nuciear edge within a nuclear volume corresponding to the dimensions of an
alpha particle. By inserting into his theoretical equations shell model os-

207

cillator wave functions chosen to agree with experimental Po energy levels
and spin assignments,Mang was able to predict a correct value for the alpha
decay constant and for the relative intensities to the ground, and the first
two excited states of Pb207. He was also able to specify the mixture of
alpha waves of various angular momentum values leading to the excited states.

The agreement of theoretical and experimental values for these gquantities is

235. H.J. Mang, z,)f Physik 148, 582 (1957) and Phys. Rev. 119, 1069 (1960).
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2
excellent. MANG 352 assigned to Po 1m the configuration
9/2 8 9/2 I = 25/2
. : - . . 207
Actinium~-D. The stable end-product of the actinium series is Pb

known as AcD or actinium-lead. AcD has undetectable alpha activity. Lead
of mass 207 was first found by ASTON in lead isolated from a uranium mineral.

' 208
RUTHERFORD concluded from the high ratio of Pb207 to Pb 0 that Pb207

must be
identical with actinium-lead. This observation helped to clear up some of
the confusion surrounding the origin of the actinium series and of the mass
numbers of the members of the series.

The ratio of szo? to U235 in a uranium mineral which contains no
primary lead and which has remained unaltered since its formation is a direct
measure of the age of the mineral through straightforward application of the
laws of radioactive decay. Another widely used dating method is the Pb207/
szo ratio method. These methods are described in the following main section

of this chapter.

23%5a. H.J. Mang, University of California Lawrence Radiation Laboratory
Report UCRL-8931, (October 1959); H. D. Zeh and H.J. Mang, Nucl.Phys.
29, 529 (1962).
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6.5 THE ISOTOPES OF LEAD AND THEIR IMPORTANCE IN GEOCHRONOLOGY

General Classification of Lead Samples. Any sample of” terrestrial
lead consists of a mixture of the four stable isotopes; szou, Pb206, szoj
and Pb208° “Lead differes ffom'the great majority of elements in that the
proportions of the various isotopes vary markedly from sample to sample. This
result can be attributed to the steady production of the isotopes Pb206 (RaG),
20T (AcD) and Pb208 (ThD) from the decay of uranium and thorium widely dis-
tributed in the rocks of the earth's crust. Several types of lead mixtures
have been distinguished:

Primeval (or primordial or original) lead is that mixture of lead

isotopes which existed at the time of the completion of the element forming
process which produced the matter of which the solar system is composed.” Tt
is not known with certainty what this isotopic mixture was. One can set upper
limits to the contents of'Pb206, szo7
zing many lead samples with particular attention to samples with a high con-

204 ' 2
tent of Pb oga Since Fo Ok is not formed in any decay process occurring in

and Pb208 in primordial lead by analy-

the natural radioactivities, primeval lead must have a szo11L content at least
as great as that of any single analyzed sample. Among many hundreds of
terrestrial lead samples, one taken from the Rosetta Mine, South Africa, has
shown the highest content of'PbZOA, the complete analysis being given in
Table 6.32. In 1953 an important paper by PATTERSON, BROWN, TILTON and
INGHRAM23 reported an anlaysis of meteoritic lead samples in which the re-
lative content of szou was considerably higher than the Rosetta Mine sample.
In particular, the troilite phase of the Cahon Diablo Meteorite had the cbm—
position given in Table 6.32.

A chemical analysis of the lead and uranium content of the troilite
phase gave 18 ppm»Pb!and 0,009 ppm U. .The significance of this is that radio-
genic lead could not have formed in appreciable quantity after the separation
of the troilite phase so that this meteoritic lead may be representative of
the composition of primeval lead in the solar system. This conclusion depends
on the assumption that meteoritic matter is a true sample of solar material

and that the solidification of meteoritic material into separate phases

236. C. Patterson, H. Brown, G. Tilton, and M. Inghram, Phys. Rev. 92, 1234
(1953)-
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Table 6.32 Relative Atomic Abundances of Lead Fraction of Important

Terrestrial and Meteoritic Samples

Sampile Relative Abundances

Rosetta Mine, South Africa szo11L Pb206 szo7 szog

(Collins, Russell and Farquhar 1 12.65 .27 32.78
1953)

Canon Diablo Meteorite 1 9.41 10.27 29.16

Troilite Phase
(Patterson, Brown, Tilton
and Inghram 1953)
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occurred after element formation in a time short compared to the total time
which has elapsed since. Many experimental facts have been cited to substan-
tiate these assumptions.

Radiogenic lead. Any lead formed as the stable end product of the de-

cay of uranium or thorium is referred to as radiogenic lead.

Common (or ordinary) lead. This is lead obtained from non-radioactive

lead minerals or from rock-making minerals which accommodate lead in their
structures. The constituents of common lead are original lead and va;yigg
small amounts of radiogenic lead. In the beginning, all lead was primeval
lead. But later Radiogenic lead formed from the decay of uranium and thofium
and at various times and by various geologic processes, not understood in_any
-clear detail, the lead fractlons from various portions of the crust were mixed
and redepositéd in minerals to give common leads of varying isotopic content,

Primary lead. This is the lead present in a particular mineral at the

time of its formation. If the mineral contains appreciable amounts of uranium
or thorium, the isotopic composition of this lead will change with time, due
to the steady addition of radiogenic lead.

‘The Chemical Lead-Uranium Method of Mineral Dating. The ultimate pro-

ducts of the decay of natural uranium and thorium are helium and lead as given

by the equations

U238 > 8 Heu + Pb206
: 4 207
235 T He + Bb :
u > 4 208
Th232 _ 5 6 He + Pb (1)

Because of the finite half-lives-of the intermediate products, it takes some

years before the uranium-lead -equilibrium 1s established; namely ~10 years,
2 ' o

~105 years and ~10 years, respectively, for the three series.

After this length of time, the time variation in the relative amounts

of parent and daughter atoms may be expressed as

(Lead daughter) = (Parent) (e%t-l) (2)

Now Now

where A is the decay'constant of the parent in years_l°

This relatiohship was first proposed as a means of calculating the ages
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of minerals .bearing uranium or thorium by the American radiochemist, Bertram
Boltwood,working in Lord Rutherford's laboratory. The first minerals were
dated by this method in the first decade of this century.z37

' In an isolated chemical system such as a mineral, a determination of
the amounts of parent and daughter and a knowledge of the rate of decay A of
the parent leads to a solution for the age, t, of the system. In a uranium
mineral to which nothing has been added and nothing removed and in which no
lead was present when the system originally formed, an age can be found by
analyzing for lead ‘and uranium {or thorium) and solving for t. - The technique
isusually referred to. as the chemical lead-uranium (or lead-thorium) method.
The word, chemical, in this title means that the amount of lead in the mineral
is determined by a chemical analytical technique, but that an isotopic analysis
is not pérformedo Many hundreds of mineral specimens have been dated by this
method but a large fraction of these dates are questionable because it has
been found that the premises on which the method rests are not valid for most
minerals. We consider briefly some of the difficulties and possible sources
of error.

(1) Most minerals contain a mixture of uranium and thorium so that
both elements have to be analyzed gquantitatively, since the two elements pro-
duce lead at different rates. (The fact that U235 is always present in natural
uranium does not cause trouble since the isotopic percentage is so low and
does not vary from sample to sample). (2) Leéad must be isolated quantitatively
and lead contamination from laboratory air, reagents, etc. must be rigorously
excluded. (3) The method assumes that the mineral contained no lead at the
time of its formation (primary lead); frequently, however, uranium and thorium
minerals do contain primary lead so that the apparent age.of the mineral is
too high. 1In the evolution of the lead-uranium method, an attempt was made
to correct for primary lead by determination of the atdomic weight of the lead
fractioh; since the atomic weight of RaG is 206.04 while that of common lead
is 207.2, 1t 1s possible by very accurate measurement of the atomic weight
to estimate the relative amounts of radiogenic and primary lead in the sample. -
Even with this method, however, the.correction is only approximate since the

composition of the primary lead 1s a variable quantity depending on unknown

237. B.B. Boltwood, Amer. J. Sei. 23, 77 (1907).
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factors. A further disadvantage is that the method is limited to minerals
from which enough lead can be isolated for the atomic weight determinations.
The atomic weight determination has been repolaced by the more accurate mass
spectrometric method to. be described below.

(4) The method assumes no alteration of the mineral during the geologic
period since its formation. Selective leaching of uranium thorium and lead
has been noted in many samples. Later addition of lead from other sources can
also give erroneous results. It is quite important that the form of the min-
eral and geologic sétting of the specimen be known and considered.

(5) It is necessary to consider the possible loss by diffusion of
the emanation isotope in the radicactive chain. This is not a serious problem

4235

in the decay chain or in the thorium series since the half-life of the
gaseous actinon and thoron are only 3.9 seconds and 52 seconds, respectively.
But anz2 has a half-life of 3.8 days; hence, if the structure of the uranium-
bearing mineral is such that an appreciable amount of the gaseous product
could have diffused away during a period of a few days, there might have been
an appreciable reduction in the amount of Pb206 produced in the mineral.

Because of these difficulties; the chemical lead-uranium method has
had limited success and is in disrepute. The essential simplicity of the
method is appealing and some modern workers have found it to be reliable when
applied to a few fairly common minerals (zircon, zenotime and some monazites)
which are resistant to chemical change and which were nearly completely free
of lead content at the time of their formation.

The Mass Spectrometric Lead-Isotope and Lead-lead Methods of Mineral

Dating. Determination of the isotopic composition of the lead daughter
fraction is now considered essential. This determination can be made by
atomic welght measurements or by hyperfine structure methods, but more usually
is made with the mass spectrometer. The isotopic analysis plus a quantitative
analysis for lead, throium and uranium makes it possible in principle to cal-
culate the age of the mineral in the four different ways summarized in the

following equations:

_ A238t
Npp- 206 = Ny238 (e -1) (32)

. A235% ‘
Npp-207 = Ny pos (e -1) (30)
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A232t
Npp-208 Ny g3z (@ -1) (3¢)
i 238t
Npp- 206 = Ny pog (e 1) (3)
Npy-207 My-235 (eM237%.1)

The symbol N refers to the number of atoms of the indicated nuclides

present at the time of ahalysis. “The number of atoms of the lead isotopes °

must be corrected for primeval lead before the calculation is made. The re-
quired decay contants A are tabulated in Table 6.33.

The first three equations represent the three lead-isotope methods,
whereas the fourth constitutes the basis of the lead-lead method. The lead-~
lead calculation is not independent of the other three. The lead-lead method
is based on the fact that U238 and U235 decay at rates differing by a factor

6
207/Pb20 varies sys-

of 6.3 so that the ratio of their stable end-products Pb
tematically with the age of the radiocactive mineral. See Fig. 6.A7L In the
application of equation (3d),it is not necessary to determine the ratio
NU238/NU235’ since this ié simply the abundance ratio of natural uranium which
is constant for all uranium sgmples (139 as determined by Nier in 1939, or
138 as determined by Lounsbury in 1956). Nor is it necessary to determine the
quantity of lead accurately since only the ratio of the lead isotopes appears
in the equation. Hence, the lead-lead method is one of extreme simplicity;
However, the lead-lead methéd can give erroneous results if the cor-
rection for primary lead is incorrectly made or if alteration effects have™
occurred in the mineral being dated. For example, appreciable loss of radon

06 and hence a high

from the mineral would cause imcomplete deposition of sz
apparent age. Therefore, it is desirable to crosscheck the age by'.an inde-
pendent determination made by one or more of the other equations (3a) through
(3c) or by the Rb87 - Sr87 or'KuO - Aruo methods discussed below. If the
results agree one can be more confident of the result; if they do not agree,
the pattern of disagreement may help to locate the cause of the disagreement.
The use of the lead isotopevmethods requires quantitative analysis for lead

and uranium and thorium. The chemical recovery factor for lead fractions can

be determinted mass spectrometrically by the isotope dilution method. For
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Table 6.33 Decay Constants Required in Age Calculations

Nuclide Half-Life Disintegration constant, A
238 -10 -
U 3 4.51 x 109 years - 1.537 x 10 years_l
U335_ T.13 x 108 years 9.72 x lO-lO yea.rs-l
'I'hz32 1.39 x lOlO-years ' h.99 x lO-ll years-l
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some reasons, not clearly understood,.thebe?98 - thorium method seldom gives

results in agreement with the other methods and hence cannot be relied on.
There is some evidence that Pb208 is more readily leached from the mineral
crystal sites prev1ously occupled by the thorlum parent, thus leading to too
low ages. It should also be noted that the determination of Pb 208 often in-
volves a correction for primary Pb 208 which often amounts to ten percent of
the total. ' '

The mass spectrographic analysis of the lead fraction puts the'correc#.
tion for primary lead on a more secure basis because the abundance of non- |
radiogenic PbZOh can be used as a gulide to the primary lead content. When the
PbgolL content is negligible, no correction need be made to the lead isotope
ratio and the calculated age is subject to error only from alteration effects.
When the szou content is appreciable, its abundance 1s used together with an
estimate of the common lead composition for lead in igneous rocks of that
particular age in that particular part of the earth's crust.

Figure 6.47 shows the variation in the isotope ratios as a function
of age for the three most used methods.

The lead isotope and lead-lead methods received their first real im-
petus from the splendid mass spectrographic exploratory work of NIER at the
end of the 1930's. The method underwent rapid development in the early 1950's
when advances in chemical techniques and extension of mass spectrometer sensi-
tivity by orders of magnitude made it possible to apply the method to a very
wide range of igneous rocks. By 1960 it had become clear that one class of
uranium minerals, namely the uraninites, most often gives concordanﬁ ages
when determined by two or more methods. Hence, for uraninites the lead-iso-
tope methods are of éertified reliability. For a wide variety of other
uranium-bearing minerals the wide distribution of age measurements achieved
by two or more methods has been discouraging. However, even in these cases
the direction of the discordance may give interesting hints on the geological
alteration of minerals since their time of formation.

For a fuller account of these methods and their application to geo-
physical problems consult the references given in the bibliography at the end
of this section.

The Pb-210 Method of Mineral Dating. The age of an uranium-bearing

mineral can be determined by the ratio of any one of the members of the decay
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Fig. 6-#5- Curves showing the atomic ratios Ebzo7/U235, Pb206/U238,
Pb20 /Th232 and Pb20 /Pb207 in minerals which have been undisturbed
for the number of years given by the abscissa and which contained
no primary lead. It is important to note that both the numerator
and the denominator in all ratios refer to the species present at
the time of the analysis.
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series to the stable lead end-product provided the series is in equilibrium.
The E%206/U238

Equally good, theoretically, would be such ratios as Fb

206, 21k 206,_ 210
Pb /Po or Fo /Pb . However, the evaluation of each ratio involves

20 23¢
and Pb 7/U 35 methods Jjust discussed may be taken as examples.
206, 226 206, 2
/Ra , Pb /Io 30,

practical difficulties; the half-lives may be inconvenilently short or the
chemical purification may be troublesome. The Pb206/Pb210 (RaD) method, first
suggested by HOUTERMANS,238 and first tested by BEGEMANN and CO-WORKERS,239

is uniquely satisfactory for several reasons.

(1) It is not necessary to carry out a quantitative analysis for
uranium or lead.

(2) The radioactivity measurement is straightforward.

(3) It is unlikely that the lead fraction will be contaminated with
other radiocactive members of the series since any uranium series member. which
is not-quantitatively removed has elther such a short half-life that it will
decay before the samﬁle is counted or such a long half-life that thé activity
will be negligible. -

(4) The half-life of pp o0 is 22 years.

(5) The Pb206/Pb210

. . . al . Lo
in the history of the mineral because Pb 0 should be in equilibrium with

age is not badly affected by uranium leaching late

the 80,000 year ionium long after an appreciable amount of uranium has been
leached out.

(6) The chemical steps are not complicated and chemical handling is
minimal since the spectrometer analysis and the radiation counting can be
done on the same 'sample.

(7) The szlo age is independent of radon leakage if radon loss has

210

. . - 206
been constant, since the yield of Fb and Pb 0 are reduced proportionately.

The amount of PbZlO is a monitor of the amount of uranium in the min-

eral via the equilibrium . expressicn,

238. F.G. Houtermans, Sitzber. Heidelberg, Akad. Wiss. Math. naturwiss, Kl.
123 (1951).

239. F. Begemann, H.V. Buttlar, F.G. Houtermans, N. Isaac, E. Piccilotto,
Bull. Contre Phys. Nucleaire Univ. libre Bruxelles, No. 37 (1952).
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(Mg, 210 - (A

U-238
where N refers to the number of atoms and A to the decay constant.
The counting of the disintegrations of szlo requires consideration

of the sequence:

2 2 21
210 22 years - 10 5 days 5 p, 0 138 days

7
(RaD)  weak B~ (RaE) 1 MeV B~ (RaF) o (RaG)

The weak beta particles of RaD cannot be counted, but if the sample
is set aside for a few weeks until RaE is in equilibrium, the strong beta
particles of RaE are easily counted. Alternatively, the alpha particles of
polonium can be observed to grow in and the growth can be compared with stand-
ard growth curves. The properties of a RaDEF mixture are discussed in Sec.
6.2 of this chapter.

If no common lead and no appreciable amount of thorium is present in
the mineral, the fraction of Pb206 may be estimated to a few percent without
mass analysis for comparatively young samples. In most cases, however, these
uncertainties are much too large so that mass spectrometric measurement of the
isotopic composition is imperative to bbtain reliable results.

The Pb-210 method is a useful alternative or supplement to the lead-
uranium or lead-lead methods. KOHMAN and SAITO240 review published applica-
tions of the method.

The lead fraction from a uranium core also contains Pble (AcB) when

first isolated and, if the ore also contains thorium, the lead fraction will

238
also contain Pb212 (ThB). Hence, in principle, as HOUTERMANS 3 pointed out,.
one can consider a Pb207 and Pb208 ratio for age determinations. The half-
. AcB ThB
life of AcB is only 36 minutes and that of ThB is only 10.6 hours which makes
206 ,__ 210

these methods much less attractive than the Fo°  /Fb method although some

application of these alternative methods may prove useful.

24k0. T. Kohman and N. Saito, Ann. Rev. of Nuc. Sci. L, 418 (1954).
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Holmes Computation of the Age of the Farth. In 1946 HOLMESzul pro-

posed an ingenious method for the estimationof the age of the earth's crust
based on the anlaysis of many lead minerals carried out by NIER.ZA2 This
method is based on the following model for the formation of lead minerals.

(1) Primeval lead had a uniform composition throughout the earth up
to the time the crust was formed.

(2) When the crust was formed the Pb/U and Fb/Th ratios in different
areas varied slightly, were frozen at a particular value for any
one region, and did not subsequently vary through any geologic
process from that time until the present, except for radiocactive
decay.

(3) Each lead ore has been derived from one such area and has not been
mixed with lead from any other sourcé. At the time of the forma-

" tion of the lead mineral no uranium or thorium was deposited with
the lead so that no radiogenic lead has been added since the
formation of the mineral. Hence, the isotopic analysis should
serve as a record of the isotopic composition of the common lead
in the magma of that region at the time of formation of the lead
mineral.

(4) The age of the lead mineral can be determined by stratigraphic
correlations or by dating nearby uranium-bearing minerals.

We let xp and y be the abundance of Pb206 and Pb207

, respectively,
relative to szo4 in the mineral sample today and X, and Y, be the same quan-
tities at the time, t , when the earth's crust was formed. We d.efine‘Vm as

the ratio of atoms of U235 relative to szolL in the sample today. This is not
an universal constant for the entire crust but applies to the isolated geologic
region within which a particular lead mineral was formed. The quantity O is

defined as the ratio of U238 to U235

at the present time; & is 139. The time
elapsed since formation of the earth's crust is represented as to and the time
‘of deposition (dating backward from the present) of the lead ore is taken as

tm° With these definitions and the above assumptions the laws of radiocactive

241. A. Holmes, Nature 157, 680 (1946); 159, 127 (1947); 163, 453 (1949).

242. A. Nier, J.Am. Chem. Soc. 60, 1571 (1938); Nier, Thompson and Murphey,
Phys. Rev. 60, 112 (1941). '
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decay lead directly to the following equations:

"
I

x ta Vm(ex238t0 - e%238ﬁm) (5a)

o
I

v, Vméexiz35t0 - e%235tm)’ (5b)

Equations 5a and 5b give in an o, X v diagram the "lines of the lead develop-
ment" for constant values of Vm as a function of time. Dividing the two - .

equations we get:

-x _ a(e’238% - eMe3stmy (50)

Y~ Yo (eM235% .« oM235%m)

This equation yields a family of straight:lines‘(isochrones) corres-
ponding to different values of to. These lines intersect at the point X Yy
corresponding to the isotopic composition: of primeval lesad.

Several authors have used NIER'Szuz data on the isdtopic composition
and age of formation of lead minerals to calculate an age of fhe earth and
~the composition of primeval lead. The calculation is made graphically or by
least squares fit to equation (5). Some results are summarized in Table 6. 3k4.

For many years the value (3.3 * 0.3)x 107 years, obtained by this
method was generally accepted as the age of the earth's crust. It was also
considered an approximate measure of the time since the formation of the ele-
ments, since there was some reason to believe that the time elapsed from
nucleogenesis to the formation of the earth was short compared to 3;3 billion
years. However, the figure arrived at by this method has never been accepted
without reservations since the assumptions upon which it is based are unproved
and the extrapolations involved are extreme. Particularly disturbing is the
fact that not allithe mass spectrographic data on the lead minerals is in-
cluded in the calculations, about one third of the data being rejected as
anomalous. The values listed in Table 6a3h could be regarded as medningful
as long as no lead mineral‘had values of Xm and ym less than the Xo and yo

values in this table. When the meteoritic lead abundances listed in Table
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Table 6.34 Estimates of Age of Earth's Crust (Lithosphere) by HOLMES' method

Primeval Lead Abundances

Author to % = Pb206 y = Pb207 y = Pb208
0" piOk S—ze 0 520k
HOLMES 1947 3.35 x 10° years 10.95 13.51 -
| HOULTERMANS 1947 2.9 x 107 years 11.52 14.03 31.6
BULLAR and STANIEY 3.29 x 109 years 11.86 13.86 -
1949
COLLINS, RUSSELL . 3.5 x 10° years 11.33 13.55 31.10

FARQUHAR* 1953

*
In addition to NIER'S 1940 data COLLINS, RUSSELL and FARQUHAR considered new
data of their own on lead minerals.
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' 236 :
were reported by PATTERSON, BROWN, TILTON and INGHRAM-3 in 1953 it became

almost certain that the age calculated by the HOLMES method was too low.
Because of the uncertainties in the HOLMES assumptions, certain authors

"have preferred fo use a somewhat similar calculation based on the NIER data

to calculate only a maximum age of the elements. In this approach one calcu*

lates backwards in time to determine at what time the amount of one of the

three isotopes Pb206 Pb 20T or Pb208 drops to zero since obviously a negative

quantity (negative value of X, or ¥, ) is physically inadmissable. ALPHER and

HERMANzu3 using NIER' S211L2 data, calculate that the Pb 206 ratio drops to zero

9 _ Aﬁa ahly |
years. COLLINS, RUSSELL and F. UHAR using more exten-
207Pb20h} and

at a time ~5.3 x 10
sive data calculate that the first ratio to drop to zero is Pb
calculate a maximum age of 5.5 x‘lO9 years.

Calculation of the Age of the Earth. (From ILead Data on Meteoritic

)ZMB BROWNau proposed that lead isolated from

and Terrestrial Lead Samples

meteorities might be used as a measure of the isotopic composition of lead at
the time of formation of the solar system. The data of PATTERSON ET AL236
meteoritic leads probably reveals the true composition of primeval lead. See
Table 6.32. We can use these data to calculate the age of the earth as follows.
Let us define X and v, as the ‘ratios Pb206/ 20k and PbZOY/PbZOM
. respectively, in primeval lead and set them equal to the lead ratios found in
the troilite phase of the Caflon Diablo Meteorite. (Table 6.32) Let us further
define Xm and ym as the corresponding ratios for recent common>leads isolated
from the surface of the earth. The com tant @ is taken equal to 139 and is

238 235

the ratio of U atoms to U atoms in present day uranium. We can then

write.

*n ~ % = a(e%238to-l) (6)
Ym = Yo (eM238%0.1)

243. R.A. Alpher and R.C Herman, Phys. Rev. 84, 1111 (1951).
2kl. C.B. Collins, R.D. Russell and R.M..Farquhar, Can. J. Phys. 31, 402 (1953).

24k5. For a discussion of this topic see PATTERSON, TILTON ahd INGHRAM, Science
121, 69 (1955) and HOUTERMANS, Nuovo Cimento, Vol. 10, No. 12, 1623 (1953).

246. H. Brown, Phys. Rev. 72, 348 (1947).
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we can solve this equation forvto, the age of the earth, if we have a reliable
value for x and y . Equation (6) is very similar ;2 equation (5c) if one
notes that tm in the present case i1s zero so that e m = 1.

Nearly all analyzed terrestrial lead samples (except those from uranium
minerals) that have been isolated from their uranium environments since tertiary
times (& 30 million years ago) have xm and Y values which fall within the

rangess

>
it

18.07 - 18.95 (1)

15.40 - 15.76

e
i

Substitution of these values into equation (6) leads to a value of approximately
k.5 x 109 years for to. A very useful type of lead sample is that found in
deep sea sediments particularly in the sediments known as manganese: nodules.
These nodules grows at a very slow rate and the lead deposited in them must
constitute a reliable sampling of the lead eroded from enormous masses of con-
tinental rock and washed ultimately into the sea from enormous volumes of sur-
face drainage waters. Table 6.35 lists the composition of present day common
lead as determined from such deep sea samples. These values of Xm and ym
again lead to an age of the earth of 4.5 x 109 years. This calculation assumes
that earth matter came from the same source as did that of the meteorites.
Another calculation based on equation (6) can be made from the lead
isotope data obtained from a variety of meteorites. If we make the assump-
tion that all meteorites were condensed at about the same time from matter
which had a uniform isotopic composition of lead then all present-day lead-
isotope ratios should fit equation (6) with a constant value for t o The lead
isotope ratios in different meteorites may be greatly different because of
their differing content of uranium,‘but the ratios should differ in a systema-
tic way. Figure 6.48 illustrates this. This figure shows that a P'b206-Pb207
"isochron" with a t value of 4.61 x 10° years fits a wide wvariety of data

from meteorites as well as terrestrial oceanic lead.

246a. C.C. Patterson, Geochim. et Cosmochim. Acta 10, 230 (1956).
24k7. R.R. Marshall and D.C. Hess, J. Chem. Phys. 28, 1258 (1958).
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Table 6.35 Composition of Present Day Common Lead as Determined in Lead

Isolated from Deep Sea Sediments (Manganese Nodules)¥

x = Pb206 v - Pb207 2 - Pb208
szo’l szoll - 20k
18.91 15.69 38.68

*
C. Patterson, E. Goldberg, M. Inghram, Bull Ged. Soc. Amer. 6k, 1387 (1953).
Slightly different values are reported by T.S..Chow and C.C. Patterson in
Geochim. et Cosmochim. Acta 26, 263-308 (1962).
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6.48. A plot of the lead isotope ratios observed in terrestrial

oceanlg le
- Po207 isochrone with a t, value of 4.6 x 109 years.
ure prepared by J.H. Reynolds from data of Patterson et al. 236, 242
of Marshall and Hess,247 and others. In the terminology of equation
(6), the abscissa and ordinate are xy and yp, respectively. The
agreement of the data with the straight line suggests that all
meteorites and the earth belong to a common "array" of bodies which
were separated out from matter containing a common primordial lead
composition about 4.6 x 109 years ago.

ad and in a variety of meteorites, showing agreement with
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An excellent check on this age figure for meteorites has been .obtained

ko ko 81 . 87

by dating meteorites by the K~ - A and the Rb Sr methods described

below. Results in the range 4.3 to 4.8 billions years have been obtained on
several meteorites.248

At the present time it is a widely held view that meteorites and the
earth's crust (lithosphere) condensed out of the same "batch" of elementary
material and that both formed condensed phases at about the same time, namely
about 4.5 billion years ago. This age is not identical with the age of the
elements since nucleogenesis may have been completed at a_significantly earlier
time than that of the formation of the lithosphere. - Furthermore, pucleogenesis
itself may have required a quite significant period of time. The latter is a
strong function of the cosmological model of nucleogenesis which is adopted
and we shall not discuss these models here other than to call attention to the
fact that some modern models suggest a period of the order of lOlO years for
the duration of the element-forming process. The time elapsed since the end
of the element forming process and the condensation of matter in our solér
system can be estimated experimentally by an interesting method which we can

24 9=
discuss briefly. This method depends upon the discovery by REYNOLDS #9-251

129

of a great excess of Xe in the Xenon fraction isoclated from the chrondritic
(stone) meteorite, Richardton, and later from the enstatite chrondrite,

Indarch.251 This excess Xe129 129

is believed to be the decay product of I
originally present in the meteorite but now completely extinct because of its
relatively short 1.7 x lO7 year half-life. The presence of the excess Xé129
in itself indicates that the condensation of the meteoritic mass to a condition
which could retain xenon must have occurred in a time roughly of the order of

magnitude of'lO7

years after the last element forming process had cccurred.
In order to measure this period more definitely the following quantitative

information is required.

248. J. Geiss and D.C. Hess, Astrophys. J. 127, 224 (1958).

249. J.H- Reynolds, Phys. Rev. Letters 4, 8 (1960); for important comments
on this paper see Wasserburg, Fowler and Hoyle, Phys. Rev. Letters E,
112 (1960).

250. J.H. Reynolds, Phys. Rev. Letters k4, 351 (1960).
251. P.M. Jeffery;and J.H. Reynolds, J.. Geophys. Res. 66,. 3582 (1961).

300
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. . .
(1) The ratio of stable Xel 9 to stable 1127 in the meteorite plus

129

the assurance or assumption that no Xe has been lost during the 4.5 billion

year lifetime of the meteorite. This ratio was measured by Reynolds by quan-
titative neutron activation analysis and mass spectrometry.

(2) The ratio of radioactive 1129 to stable 1127 at the end of nucleo-
genesis. This ratio cannot be ébtained directly and must be estimated by an
examination of systematic trends in the isotopic abundance figures and a con-
sideration of possible nuclear models. If nucleogenesis tcok a short time
29 half-life, the ratio (1129/1127)

compared to the Il 5 was probably about 1.

129

ifvﬂUCleogenesis-took a long time compared to 10 years the primordial I

stock would have leveled off while the 1127 content would have continued to
rise. '

In this case (1129/1127)0 might have attained the value equal to the
mean life of I divided by the duration of nucleosynthesis. Following a

2 0
0% REYNOLDS chose the effective value of 2 X lOl years

suggestion of CAMERON,
and arrived at a value for (1129/1127)0 = 0.00125.
The time period whose calculation we are now discussing is given by

the expression

129)

- Tiy2l 12Ty 129 129,127
o lo? 93 Pn (T /% )meteorite * o (17771 %J (8)

We note that an error of a factor of 10 in either ratio leads to only a 16
percent error in At.

-Reynolds has calculated preliminary values of 120 million years for
At from the data taken on the Richardton meteorite and 86 million years for
data from the meteorite, Indarch. The exact meaning of this time interval

measured by the Xe129

excess is given different interpretations by the dif-
ferent experts who have discussed it. It is beyond the scope of our interest
to pursue the matter further here or to enter into the large question of the
course and duration of the”element‘formatibn process. .~ ILdeas about cos-

mology and nucleosynthesis are undergoing many changes at the present time.

252. A.G.W. Cameron, private communication to J.R. Reynolds.
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Dating Methods Based on the Radioactivity of Rubidium .add Potassium.

In this chapter we are concerned chiefly with the heavy element series of .
natural radioactivities and their use in dating of minerals. No summary of

dating methods for older minerals would be complete, however,without a mention -

40 40 87 _ Sr87

of the K~ - A  and Rb methods. We shall not review Clu dating

which applies to quite recent dates, comparatively speaking, i.e., up to
30,000 years.

8 8
The isotope, Rb 7 decays by beta emission to stable Sr,7

with a half-
. 10 ll -1 . .
life of 5.0 x 10 years (decay constant = 1.39 x yr ~ ). The isotopic
content of Rb 7 in natural rubidium is 27.8 peréent. The principle of mineral
: 8 8 _
dating by the Rb 7-'Sr ! method 1s very simple; one merely determines the

total amount of rubidium and the total amount of Sr 7 in the mineral, and
applies the law of radicactive decay. For the success of the method it is
necessary to establish that no selective elution of rubidium or strontium
occurred since the formation of the mineral. It is also neceséary that the
amount of non-radiogenic strontium in the mineral be low and it is essential .
that the half-life of Rb87 be known accurately. The soft beta particle emit-
ted by Rb87 seriously delayed the determination of an accurate decay constant
and reduced the reliability of the method until recent years. A detailed re-
view of this point is given by ALDRICH and WETHERILL-253

HAHN, STRASSMAN and WALLING254 first found radicgenic strontium in
bepidolite, the mineral with the highest rubidium concentration and HAHN and
WALLING255 made the first age determinations by this method in 1938. The
method was placed on a much firmer basis in 1953 by thé introduction of the

isotopic dilution mass spectrometric procedﬁre.z56_257 All modern Rb - Sr -

¥ We quote here the value chosen by Aldrich and Wether111253 after a consid-
eration of all determinations publlshed up to 1958 more recent determin-
ations include those of W. Rausch (4.72 *0.08 x 10i published in a
thesis study and of Egelkraut and Leutz (5.82 #0.1 x lOl yrs) published
in Z. Physik 161, 13 (1961).

253. L.T. Aldrich and G.W. Wetherill, Ann. Review Nucl. 801. 8, 257 (1958)
25&- 0. Hahn, F. Strassmann and E. Walling, Naturwiss 25, 189 (1937).

255. 0. Hahn and E. Walling, Chem. Z. 67, 55 (1938). '

256. G.L. Davis and L.T. Aldrich, Bull. Geol. Soc. Amer. 64, 379 (1953).
257. R.H. Tomlinson and A.K. Das Gupta, Can. J. Chem. 31, 909 (1953).
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age determinations include isotopic analysis of the strontium and correction
for non-radiogenic sr87.

The second method we are discussing is based on the decay scheme of
Kho which is shown in Fig. 6.49. Potassium 40 is a rare isotope of potassium
which occurs in natural potassium only to the extent of 0.0119 percent. It
decays 11 percent by electron capture to form Aruo. One of the attractions
of the KMO - Aruo methods is that argon can be easily studied in a mass spectro-
meter.

Because of the branching decay the mathematical expression which is

used to compute the age of the mineral is somewhat more complicated than in

8 8
the Rb [ Sr ! case. This expression may be written as follows
' o)
+
TSR {1+ Nec BoA (9)
¢ ec K

where % and A, are the respective decay constants for electron capture and

P
beta decay, and AMO ko is the atom ratio of the nuclides in the mineral.
Lo 0 ' . .
The K - Aru method developed slowly because of certain experimental

difficulties and because of the great difficulties involved in an exact deter-
mination of the decay constants. These have been largely overcome and the
method has recently taken its place as one of the most reliable and generally
useful of the dating methods. A good review of the measurements of the KhO
radiations is given by ALDRICH and Y/JETHERILL.,Z53 The principal remaining un-
certainty is whether there 1s a slight unobserved electron capture decay
directly to the ground stater:of Aruq.

The dating method consists in determining = gquantitatively the potas-
sium content and argon content of a potassium-bearing mineral. The argon
content must be corrected for non-radiogenic argon. It is assumed that argon
diffusion is insignificant, an assumption which has been checked by dating
potassium minerals associated with other minerals which were independently
dated by the lead methods. Results show that argon retention is gquantitative
in micas but often incomplete in feldspars. It is not surprising that argon
diffusion loss is low since recoil effects are insignificant and, although
argon 1is a large atom, 1t presumably occupies a site previously occupied by

+ [e) ) :
the large K (1.33 A ) and hence, does not cause undue strain in the structure,
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40

l9K

T= 1.30x10%r
2

Qg c. 149t.07
Mev

QE .~ .49 07 Mev QIB-=|-34‘30-7 Mev

Ag c=585x107yr™h X B-=47.2x|o-"yr-'

MU=-22005

Fig. 6.49. Decay scheme of potassium 40.
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particularly as the ratio of argon to potassium atoms is never large.
The first argon age determinations were reported by SMITS and GEN‘I‘NER258
in 1950. The method was improved by introduction of the isotobic—dilution mass
spectrometric technique by WASSERBURG and HAYDEN-259 The argon method appears
capable of wide application for dating igneous rock. It can be applied to
micas and feldspars which are ubiquitous minerals. It has been applied also
to the dating of meteorites, as was mentioned above. Results indicate an age
of 4.3 to 4.S8billion years in excellent agreement with the lead-lead ages of
2

meteorites.

The Helium Age Methods. Helium was first identified in the sun's

spectrum and was first discovered iﬁ tefrestrial materials in 1895 when
RAMSAY identified helium gas in uranium and thorium-bearing minerals. The
constant association of helium with radiocactive minerals helped later to con-
firm the identification of alpha particles with ionized rafidly-moving helium.
- RUTHERFORD suggested that the amount of helium in radicactive minerals might
be a means of measuring geologic time and LORD RAYLEIGH soon afterwards began
research on the content of helium in pitchblende and thorilanite.

Since those early years(there has been a continuing interest in the
helium content of minerals and a formidable numbervof_gam?les have been analy-
zed in many laboratories. Unfortunately, the helium age method frequently
gives low results. when checked against other dating methods, mainly because
of loss of helium. The causes of this helium loss are'complex and a major
rart of the helium analysis work has been devoted to study of helium migration
and loss in various types of minerals.

We shall not discuss the helium age measurements further in this book.

The interested reader is referred to an extensive review by HURLEY{26O

258. F. Smits and W. Gentner, Geochem. et Cosmochim. Acta, 1, 22 (1950).
259. G.J. Wasserburg and R.J. Hayden, Geochim et Cosmochim. Acta, 7, (1955).

260. P.M. Hurley, "The Helium Age Method and the Distribution and Migration
of Helium in Rocks", pp. 301-329 in Nuclear Geology, ed. by H. Faul,
Wiley, 195k.
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Bibliography on Nuclear Geology. The entire subject of nucléar geo-

logy is a fascinating subject now under very rapid development. The heavy
elements play an important role in this research field. The dating of minerals
by lead isotope methods and the stﬁdy of ionium and radium content in ocean
sediments are some examples of the applications. It is beyond the scope of
this book to discuss all applications of heavy element studies to geology.

The appended bibliography may serve as a guide.to. further reading.
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G.R. Tilton and G.L. Davis, "Frontiers in Geochemistry", P.H. Abelson,
editor, John Wily, New York, 1958. ’

Knopf, Schuchert, Kovarik, Holmes and Brown, "The Age of the Earth",
National Academy of Sci..(U.S.) - National Research Council, pp. 487
(1931). A review of the early period.

W.A. Fowler, "Rutherford and Nuclear Cosmochronology",.Proc..Rutherford
Jubllee International Conference, Manchester, England, Heywood and Co.,
Ltd. 1962.

E. Anders, "Meteorite Ages", Reviews of Modern Physics 34, 287 (1962).
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6.6 THE NATURAL OCCURRENCE OF TRANSURANIUM
ELEMENTS IN TRACE AMOUNT :

239 239

has a half-life of 24,000 years so that any -
235

primordial plutonium would long since‘have deéayed to form U . However,

in Nature. Pu

in uranium-bearing minerals the action of natural neutrons may cause the forma-

tion of small quantities of plutonium via the sequence

2 ' 2
NSNS = SR - N 39

238 4 n 5?39, B39 Pu“>7.

)

This was first proven experimentally in 1942 by G.T. SEABORG and M.L.
PERLMAN261 who chemically separated the plutonium from a sample of Canadian
pitchblende concentrate and conservatively estimated the plutonium content of
the ore to be roughly one part in lOllL by weight. From considerations of
rossible methods of formation of plutonium it was assumed that the plutonium
was Pu239. Similarly, GARNER, BONNER and SEABORG262 searched in 1942 for
naturally occurring plutonium in carnotite, hatchettolite and fergﬁsoniteo

They found Pu239 4

present in carnotite to the extent of about one part in lOl
and were able to set an upper limit for the amount of plutonium in fergusonite
of one part in 109.

Iater when the chemical properties of plutonium and the instrumental
techniques for alpha activity detection and analysis were better understood,
LEVINE and SEABORG263 studied this problem more thoroughly. Plutonium was
separated in known yield from the uranium minerals listed in Table 6.36 and
identified by alpha spectrum analysis as Pu37,

PEPPARD and hig C-O—WORKERSZ64 isolated microgram guantities of pluto-

nium from the aqueous wastes left in the processing of ton quantities of

261. G.T. Seaborg and M.L. Perlman, Paper 1.3 Natural Nuclear Energy Series.
Vol. 14B, "The Transuranium Elements', Seaborg, Katz and Manning, editors,
New York, McGraw=Hill Book Co., 1949.

262. C.S. Garner, N.A. Bonner and G.T. Seaborg, Paper 1.10, same volume as
Ref. 261.

263. C.A. Levine and G.T. Seaborg, J. Am. Chem. Soc. 73, 3278 (1951).

26k. D.F Peppard, M.H. Studier, M.V. Gergel, G.W. Mason, J.W. Sullivan, and
J.F. Mech, J. Am. Chém. Soc. T3, 2529 (1951).
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Table 6.36 Plutonium Occurring in Radioactive Minerals

Levine and Seaborg263
’ 2 2
. © Uranium Ratio Pu 39 Ratio Pu 39
Mineral content to ore to U
% (by weight)
. . i -13 -12
Canadian pitchblende 13.5 9.1 x 10 7.1 x 10
. . -12 -1l2
Belgian Congo pitchblende 38 4.8 x 10 12 x 10
Belgian Congo pitchblendells5.3 7.0 x 107 1° 15 x 107 %¢
v 12 ]
Colorado pitchblende 50 3.8 x 107+ 7.7 x 10712
- -12
Brazilian monazite 0.2k 2.1 x 10 1k 83 x 10 L
. - -12
N. Carolina monazite 1.64 5.9 x 10 1k 3.6 x 10 L
Colorado fergusonite 0.25 <1 x lO-lu_ <4 x 10712
Colorado carnotite 10 <4 x 10_14 <0.4 x ]_'O-l-2
T
26k.

Peppard et al., Ref.
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2 11
Belgian Congo pitchblende. They found one part Pu 39 per 1.4 x 107 parts of
the pitchblende concentrate (45:3% uranium).. This plutoniim was analyzed care-
fully by differential pulse height'analysis of the alpha spectrum, by neutron

irradiation studies and by masé spectrometry, and no plutonium isotope other

239

Possible sources of neutrons to account for this natural production

than Pu was found.
of plufonium include:

(1) the spontaneous fission of uranium »

(2) (@n) reactions caused by the action of alpha particles from the
heavy elements on the nuclei of-light elements in the ore o

(3) cosmic rays u

(4) induced fission of y432, ‘

In the case of pitchblende ores the first two sources are of comparable
importénce. In thorium ores neutrons from (C,n) reactions are probably domi-
nant. Cosmic rays appear to contribute a negligible number of neutrons by
comparison.

LEVINE and SEABORG263have estimated the relative importance of these
neutron sources very crudely in the following way. ‘

"Assuming an average of two neutrons per fission, and a spontaneous

38

fission decay contant of 1.1 x 10 per year for U2 ; we calculate that
about 1.1 neutrons per gram of uranium are emitted per minute duvue to spontan-
eous fission. A 100-g. sample of ore contaiﬂingl3.5% uranium will emit about
15 neutrons per minute by this means.

265

As suggested previously there 1s another source of neutrons to be
considered. One gram of uranium and the decay products in equilibrium with it
emit about 6 x 106 alpha particles per minute whose maximum energies range
from 4.2 to 7.68 MeV. These alpha particles, impinging on the nuclei of the
light elements present, cause reactions whereby neutrons are emitted (Q,n
reactions). ROBERTS266 has reported on t he number of neutrons emitted when

thick samples of the light elements are bombarded with 5.3 MeV alpha particles.

265. G.T. Seaborg, Chem. Eng. News 25, 358 (1947).

266. J.H. Roberts, U.S. Atomic Energy Commission Declassified Document
MDDC-371 (January, 1947).
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STUHLINGER267 has given the excitation functions for the neutron emitting
reactians involving alpha particles on boron and beryllium with alpha particle.:
.energies up to 8.8 MeV. With these data and those of others ,268 et the
number of neutrons emitted per alpha particle (of a given energy) impinging
on a target of a light element can be estimated. Using the chemical anhalysis
of a sample of Canadian pitchblende reported by MARBLE,273 it can be calculated
that in a 100-g. sample of ore containing 13.5% uranium, fifteen to twenty
neutrons per minute will be formed due to the action of alpha particles on
the nuclei of the light elements in the ore (Q,n reactions). However, if, for
example, as much as l% of beryllium, boron, or lithium is present in the ore
in addition to the elements reported in the analysis, the additional neutron
yields. due to (@,n) reactions in such a 100-g. sample would be about 100, 40
and 10 neutrons per minute, respectively.

MONTGOMERY and MONTGOMERY27J+

2
sea level in the cosmic radiation to be about 0.l neutron per cm per minute.

have estimated the neutron intensity at

Although the actual cosmic ray neutron intensity in the ores may be somewhat
higher than this (due to the action of other types of cosmic rays on the ore),
the neutron contribution from cosmic rays to the total neutron flux in the
ores seems small.

For a typical 100-g. sample of pitchblende ore containing 13.5% uran-
ium, then, somewhat more than some thirty neutrons per minute are available
from the sources mentioned above. Simple calculations show that the U238
this sample must capture some ten to fifteen neutrons per minute, or something
less than about 30 to 50% of those avallable, in order to account for an equi-

239

librium concentration of one part Pu per l.4 x lOll parts uranium. A

267. E. Stuhlinger, Z. Physik 114, 185 (1939).

268. -E.‘Segfé and C. Wiegand, U.S. Atomic :Energy Commission Declassified
Document MBDC-185 (1949).

269. R.L. Walker, U.S. Atomic Energy‘Commission‘Declassified Docunment AECD-
2883 (1948).

270. I.H. Halpern, Phys. Rev. T4, 1234 (1948).
271. L.N..Ridenour and W.J. Henderson, Ibid., 889 (1937).

272. H.L. Anderson, U.S. Atomic Energy Commission Unclassified Document NP-

851 (1943).
273. J.P. Marble, Am. Mineral 24, 272 (1939).
274. C.S. Montgomery and D.D. Montgomery, Phys. Rev. 56, 10 (1939)
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consideration of the neutron absorption cross sections of the elements in the
ore, together with their abundances from the above mentioned analysis, indi-
cates that absorption of this fraction of the neutrons by the uranium is re-
sonable.

It should be emphasized that these estimations of the neutron flux
are necessarily quite approximate. Thus, values for the spontaneous fission

38

2
decay constant of U s varying. from about half to twice the wvalue guoted and

avo-a77

used -above, have been reported. Similarly, the estimation of the
neutron flux from the (,n) reactions is subject to error due to the uncer-
tainty of the composition of the ores and the lack of precise knowledge for
the yields of the (&,n) reactions; the estimation of the numbers of neutrons
from this source could be in error by a factor of two or possibly even more..
Therefore, the relative importance of these two major sources for the neu-
trons may differ somewhat from that suggested in this discussion.

A situation similar to the Canadian pitchblende exists in the cases
of the other pitchblende ores having a greater uranium content. More neutrons
are available from" spontaneous fission of the uranium and the {Q,n) reactions,
but the high uranium content of the ore absorbs them, so the plutonium to
uranium ratic remains essentially constant. It should be mentioned that when
an appreciable fraction of the neutrons is absorbed by uranium, the additional

235

neutrons which result from the fission of U

239,

contribute significantly to the
production of Pu
Somewhat different considerations seem to apply in the cases of the
monazite ores. In view of the smaller concentration of uranium in monazite,
the ratio of'Pu239 to uranium in monazite might be expected to be definitely
smaller than the ratio in pitchblende if a major source of neutrons were still

238

the spontanious fission of U , since the relatively large amounts of elements

other than uranium in the ore would capture neutrons, leaving a smaller pro-
. . 238 :

portion of neutrons available for capture by the U 3 .  Neutrons due to the

spontaneous fission of thorium would not compensate for this effect since the

spontaneous fission rate of thorium 1s smaller than that of uranium by a

275. N.A. Perfilov, J. Physiol. (U.S.S.R.) 11, No. 3 (1947).
276. H. Yagoda and N. Kaplan, Phys. Rev. 76, 702 (1949).
277. W. Maurer and H. Pose, Z. Physik 121, 285 (1943).
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factor of 10° or more. However, the contribution of neutrons from (X,n) reac-
tions i1s relatively more important. The & particles emitted in the decay of
thorium and its daughters will give rise to (@,n) reactions with nuclei of the
light elements in the same manner as the O particles from the uranium decay
chains.. One gram of thorium and its decay products will produce 1.5 X 106 o
particles per minute capable of producing neutrons in this manner. Thus, for
example, a 100-g. sample of a typical monazite which contains 6.5% thorium,
1.6% uranium and light elements in about the same abundance as in the pitch-
blende used din the previous example, will emit about two neutrons per minute
due to spontaneous fission and about five or ten neutrons per minute due to

239

(a,n) reactions. In order to maintain the Pu to uranium ratio seen in
North Carolina monazite, about O.4 neutrons per minute must be captured by the
uranium. If just the uranium and thorium competed for the neutron capture,
the uranium in the ore wquld capture somewhat less than half of those avail-
able. Monazite ore, however, contains an appreciable amount of the rare
eafth elenments, which capture neutrons with agpreciable cross sections, so
that the low fraction of the available neutrons captured by the uranium is
reasonable. As the ratio of uranium to thorium in the thorium ores decreases,
the number of neutrons obtained from (O,n) reactions becomes even more an
important factor. Thus the number of neutrons produced in the ore per gram
of uranium is greater in the case of the monazite ores than in the cases of
the pitchblende ores, this effect somewhat compensating for the number of

38

neutrons captured by nuclei other than U2 in the monazite ores.

| Since these explanations for the source of the plutonium in ores
suggest that the presence of large amounts of neutrons absorbing impurities,
together with small amounts of uranium (or thorium), should reduce the ratio
of Pu239 to uranium, the fergusonite and carnotite oreé were ilnvestigated in
order to test these suggestions further. Carnotite is a potassium uranyl
vanadate, while fergusonite is a niobate and tantalate of the rare earth ele-
ments with a small amount of uranium. In carnotite, the large amounts of
potassium and vanadium would be expected to capture most of the available
neutrons. Tantalum, having a high neutron absorption cross section, would
be expected to capture most of the neutrons available in fergusonite. 1In the

239

case of the carnotite ore, the ratio of Pu to uranium present was set at

L A=l2
0.4 x 10 and this should probably be considered to be an upper limit.
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This 1s a factor of ten to thirty below the ratio found in the pitchblendes
. 262

and monazites. GARNER, BONNER and SEABORG working with a five-kilogram

sample of ore, reported one part Pu239 per 1014 parts carnotite ore. On the

assumption of the same uranium content, this puts the value of the ratio of

Pu239 to uranium in carnotite below the value of the ratios in pitchblende

and monazite by a factor of forty to one hundred. Thus it can be seen that

the presence in the ore of elements with high neutron absorption cross sections

239

tends to decrease the amount of Pu present relative to the uranium content.

0f the neutrons available in the ore, a smaller fraction can be utilized for

239

In the case of the fergusonite ore, less than 0.0l
239

the production of Pu

O particle per minute due to was seen, this being the lower limit of

detection in this experiment. Unfortunately, this lower 1limit corresponds to

239

the same order of magnitude as the Pu contents of the pitchblende and mona-

zite ores investigated. With larger samples of fergusonite, a better limit
could be set." This concludes our guotation from LEVINE and SEABORG.
237 233

The 4n+l Series in Nature. Except for minute traces of Np and U

produced continuously by reactions of natural neutrons the 4n+l radioactive -
series i1s missing in nature and our knowledge of the properties of the iso-
topes making up the series is derived from studies of artificially sunthe-

sized materials, as is discussed in Chapter 7.
It was pointed out by SEABORG that uranium-bearing ores should contain
237formed by the U238 (n,2n)U2376————:>Np237

. 262
and it has been suggested by GARNER, BONNER and SEABORG 6 that uranium-bear-

trace quantities of Np reaction;

ing ores containing an appreciable relative quantity of thorium should contain

[
233 325,y 33 s 4233

. 2
some long-lived U formed as the result of the Th

reaction.

| 2
PEPPARD and CO—WORKERS278 have isolated minute amounts of Np 37

from
aqueous waste concentrates from the processing of many tons of Belgian Congo
pitchblende. This neptunium was identified chemically and by determination

of its alpha particle energy. These workers alsc established that the thorium

229

in minute amount. This thorium

9

fraction from this concentrate contained Th
. 230 232 22
fraction was 10.6% Io and 89.4% Th™~". The amount of Th
2 -11
3¢ vas (4.0 £ 0.6)x 10 so that this very small

found in this

sample relative to ‘I‘h2

278. D.F Peppard, G.W. Mason, P.R. Gray and J.F. Mech, J. Am. Chem. Soc.
Th, 6081 (1952).
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amount could be detected and measured only by isolation and identification of

2 .
25 daughter. It can be assumed that the Th229

233

the 10-day Ac present in the

thorium was derived from U in the original pitchblende, the decay sequence

being the following:

5233 . 0! - N 1, 229 o N Ap225 o
1.6 x 10 yr 7340 yr ' 10.0 days

N
7

The calculated ratio of»U233 to U238 in the pitchblende is (1.3 * 0.2)x 10_13.

PEPPARD and CO-WORKERSN8 believe that most of this U233
> -

the Th 32(n,Y)Th233 —B7 5 %33 route and that only a small fraction is de-

et produced via the U238(n, 2n)U237’ B )sz37

route. If all the U233 is, in fact, derived from Np237 decay then one can
237 to U238

was contributed by
rived from the decay of Np

set an upper limit of (1.8 % 0.4)x 10712 for the Np mass ratio in

237

the pitchblende deposit. The amount of Np is considerably less than the

2 .
39 in the same mineral. The neutrons necessary for the produc-

37 o 233

amount of Pu

; 2 . . . .
tion of Np in minersal samples are derived from the same reactions

discussed above in accounting for the natural occurrence of plutonium.

PEPPARD ET Al. examined thorium obtained from monazite for evidence

13 for the

233

22 -
of_Th 9. They found none and could set an upper limit of 7 x 10
U233 to ‘I‘h232

content of the monazite ore be so much.less than the pitChblehdedsince the

mass ratio in the monazite ore. It is reasonable that the U

uranium content of the former (0.1%) is so much lower than the latter (45.3%).

Other Induced Natural Activities. No other transuranium element iso-

topes have been observed in nature although it is apparent that other sub-
stances which can be formed through a neutron-induced reaction in uranium and
thorium minerals can be found by sufficientiy diligent search. Similarly,
préducts of the spontaneous fission process can and have been found. The
stable end products of the fission producﬂ decay chains are particularly like-
ly candidates for detection since these have been accumulating since the ore
was laid down. The identification of such spontaneous fission products in
urénium minerals 1s discussed in Chapter 11.

Unlikelihood of the Existence on Earth of Traces of a Primorddial

Stock of any Transuranium Element. Consideration has been given to the pos-

sibilify that the half-lives of some of the transuranium nuclides might be

[
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Just long enough that a diligént search in the proper minerals might reveal
the present day existence of slight traces of a primordial stock of these
nuclides. Howéver, as ﬁhe chart of the nuclidés has been filled in and as
more accurate information has been obtained on the half-lives of the border-
line cases 1t has become clear that there is very little likelihood that any
such traées will ever: be found. From an examiﬁation of all the half—life
measurements and nuclear stability trends which are reviewed in Chapter 9, we
reach the conclusion that Puzm1L and sz47
uranium nuclides. But DIAMOND and BARNES

2
X lO7 years for the half-life of Puzuh. If the primeval abundance of.Pu

are -the longest-lived of the trans- .

219 report a value of only (7.6 % 0.2)

B

was equivalent to that of Th232, and if the elements were formed only 5.5

232 to PuZAA in thorium ores

billion years ago, the present day ratio of Th
must be 1022° If more reasonable choices of the relative primeval abundances
and of the date of the last element forming process. are taken, the ratio of
Th232 to Puzuu is orders of magnitude greatéro Hence, it does not seem pos-
sible that present day amounts of.Pu244 exceed thé limits of detectability.
A lower limit of k x 107 years has been set for the half-life of Cm

by DIAMOND, FRIEDMAN, GINDLER and BARNES=28O These authors calculate that

p

247

if the limit of detection of curium in nature is one atom per lOl atoms of

247

rare earth, and if the abundance of Cm at a time about five billion years

ago was one atom per 1000 atoms of rare earth atoms,then sz47 could not be
5 .
detected if its half-life is less than 1.3 x 108 years. Because Cm ol pro-
235

duces U in the course of its chain of descendent activities 1t is possible

2h7

that evidence for the past. terrestrial existence of Cm might be revealed

2
by an abnormal»U235/U 38 ratio in certain minerals.ZBO If the time between

27

the formation of Cm and the separation of curium and uranium into separable

. 2 .
mineral phases were. less than seven time the Cm W7 half-life, an identifiable
. , 2 238 . '
increase (2%) in the U 35/U 3 ratio would be found in rare earth minerals

having a rare earth to uranium ratio of 1000 or more.

279. H. Diamond and R.F. Barnes, Phys. Rev. 101, 1064 (1956); see also the
paper of J.P. Butler and co-workers, Phys. Rev. 103, 634 (1956).

280. H. Diamond, A.M. Friedman, J.E. Gindler and P.R. Fields, Phys. Rev. 105,
679 (1957).
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KOHMAN281 uses the term extinct natural radioactivity to refer to

nuclides whose half-lives are too short for the nuclides to have survived in
detectable amount, but nevertheless long enough for their decay to have pro-

duced effects in nature which can be identified at the present time. He has

2l 247

written an extensive review of this topic. The nuclides, Pu and Cnm

may fall into this category.

279, 280, 282

There has been some speculation in the literature that the

236’ Puzhu 247

extinct activities U and Cm have contributed importantly to the
radioactive heating of the earth and other objects during the early history
of the solar system. It requires a detailed consideration of the possible
element forming processes, the time scale for element formation, the time
scale for the condensation of matter into sizeable objects and of other ¢os-
mological questions before a proper evaluation of this suggestion can be made.
We refer the reader to an article by KOHMAN283
likely that U236, PuZhh or szll'7 ever contributed importantly to the treating

238 2
of the earth compared to U 3 » U235 Th23 and KMOO

who concludes that it is un-

)

281. T.P. Kohman, "Extinct Natural Radioactivity", New York Academy of
Sciences 62, 503 (1956).

282. D.B. Rosenblatt, Phys. Rev. 91, 1L7hk (1953).
283. T.P. Kohman, J. Chem. Educ. 38, 73 (1961).
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