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v SYSTGHATICS OF ALPHA-RADIOACTIVITY
Io Ferlman, A. Ghiorso, and G. T. Seaborg
Radiation Iaboratory and Department of Chemistry
Miversity of California, Berkeley, California
ABSTRACT |
v - Correlations of alpha-decay energies in temms of mass number and atomic

number have been made for all of the alpho-emitbing species now numbering over
100, For each element isotopes show inorease in alpha-energy with decrease in
mass number except in the region of 126 neutrons where there is an explainable

reversale This reversal has the effect of oreating a region of relatively low

.
-

alpha-energy and long half-life at low mass numbers for such elements as astatine,'
emanation; franciumy and possibly higher elements as had been noted already for
bismuth and poloniume Methods and examples of using alpha-decay data to defline
the encrpy surface in the heavy clement region are discusseds The regularities
in alpha-decay are used for predietions of nuclear properties including predictions
of the beta-sitable nuclides among the heavy elementse

The half-life vs. energy correlations show that the even-even nuclides con-
form well with existing alrha-decay theory, but all nuclear types with odd nucleons
show prohibited decay. The reason for this prohibition is not found in spin changes
in the.alpha-emission but in the assembly of the components of the alpha particle,
and this theory is discussed further in terms of obserwvations made on nuclides having two
or more alpha-groupss Using most of the even-even nuclei to define ™normal nuclear radius™
calculations are now able to show the shrinlkage in the regions of lead and of 126
neutrons o amount to about 10%e The muoh greater chenge in "effective radius" for
bismuth isotopes ean be dissociated into the effects of odd nucleons superimposed .
on the actual decrease in nuoclear radiuse The simple expression r = 1,48 Al/3°10_13
om seems to fit the data for the even-even nuclei outside of the region of 126 neutroné

» better than more complex functionse.
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SYSTEMATICS OF ALPHA-RADIOCACTIVITY
I. Perlman, A. Ghiorso and G. T. Seaborg

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

September 12, 1849

INTRODUCTION

Interest in the systematics of alpha~decay properties goes back to the early

studies of the natural radioactivities at which time it became apparent that there exists

a direct relationship between alpha-energy or velocity and decay constanﬁo(l) Since

then there have been numerous efforts to correlate alpha-decay data on an empirical

basis and, most important, the successful application of quantum mechanics to give insight

into the nature of the process,

(2)

Even in general terms the importance of correlations of alpha-decay properties

takes several forms. The discovery of artificial radioactivity and the continued develop-

ment of the means for producing unstable nuclei have made 1t possible to examine the

properties of an increasingly wide variely of nuclear species. In the case of the heavy

elements in which alpha~radioactivity is prevalent it is most important to be able to

predict, even roughly, the radioactive properties of unknown species because of the

extreme range of half-lives that may be encountered. At the present time such predictions

can be made with a fair degree of confidence and this facility has aided markedly

in the preparation and identification of new nuclear species in the heavy ¢lement,“

region. It is perhaps obvious but worth pointing out here that insofar as preparafion

and observation of new nuclides are concerned, predictions of beta=stability must be

considered along with alpha-decay. propertics.

Another major reason for interest in alpha-decay properties is the -insight which these

data afford into the nuclear structure of the heavy elements. Alpha=~decay energies

can be measured precisely and in general are thought to give unambiguous wvalues for

decay energies,

Since the heaviest elements are joined to the region around lead
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b&’eontinueus decay series it is possible to interrelate on an energy content basis
‘most nuclear speeies in this region meking use of few seriocus approximtions. In
brief, iﬁ is possible to determine regions of greater nuclear stability from neighboring
'regions in which ﬁhe nucleons are less firmly bound. Iastly, so far as this ingro-
duction iz concerned,it is possible to gain.further information on nuelsar shructure
by considering the decay constants in terms of the factors which determine decay bonstants
according to the quantum\meehanical_explanation for the alpha=-decay process and to show
to what dsgres alpha=-decay theory is adequate in interpreting 21l cof the new data.

Io the last few years the exéension of available data has besome so consider-
able es tc demand a reexemination of regularivies in alphawdecay'propertiega About
10 years ago cnly 24 alpha-emitters were kncwh and these were all members of the
naturally aéaurring radicactive femilies. 1In the next five years only five more
had beenfr%portedg one produced by artificial means and the others discovered by
mere capreful exaﬁination of the radioactivitvies occurring in nature. At the ?resent

- £
° p . @ " o o ; A
time gbout 100 alpha-decaying nuclear species have been reported,

)
—t

Most of the

large number of pew additions mey be classified in groups with regard to position
among the eiemsnts and means of formation. The work on transuranium elements at the
University of California and at the wartime Metallurgical Laboratory of the University

B - - 3
of Chicago has resulted in the discovery of 16 alpha-emitkers in this regioné(4} The

preparation of U{"E:3 in gquantity hes added 7 more alpha-emitters as members of the

(5,6)

4n + 1 radiozetive family while 4 and 18 new species, respectivdly, wers added

by the discovery of the UESO collateral series(7) and five new short-lived collateral

. 8 i . . ) .
serleso( ) Another group of 18 alpha-active species resulted from preparation of neubron

(g)

deficient isotopes of bismuth, polonium, estatine, emenation and francium.®

The additional alpha~emitters which have been characterized within the

\

past few yesrs are most importan% because they extend the nuclear types for which
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alpha=-decay is cbserved and some also fill in gaps between previously known isotopes. .

- :
The most important new regions for which data are now available are the transurenium

elements and isotopes lyireg on the neutron deficient side of beta-stability. The

band of alphawemitﬁing nuclei has therefore been extended both vertically and laterallye.
The regularities in alpha-decay properties are now sufficiently well

defined and are broad enough in their coverage to make possible meaningful Prée

dietions for all nuclides from bismuth t elements beyond curium. Most of the

available aipha-decay energies and some data of half-lives have already heen

(10)

ALPHA-DECAY ENERGIES

General Trends.~~ There are clearly a number of ways in which to correlate

alphe-~decay energiss. The most dgfinitive presentation would consist of an energy
surface from which could be measured nuclear instabi;iiy of all types. However,
there are great advantages in terms of simplicity and magnification of seale_in
plotbing alpha~decay enefgies directl&o Iﬁ diagrams of this type one arrives at

a family of surwves which take different forms depending upon what the alpha-energy
is plobted apgainst and which parameter is chosen as the basis fqr joining points.

(11)

One of the early methods of treating data was that of Fournier who plotted

khe alpha-particle velocity vs. mass number and showed thet upon joining isotopes
of each element a family of parallel straight lines resulted, a few points beﬁng
notable exceptions to the rule, Schintlmeister(lz) has made a similar diagram but

in addition has joined points of the same "meutron excess" (A-2Z). It will be recbgnized
that members of a decay series linked directly by alpha=-particle decay will all

have the same "neutron excess". DMire extensive treatment and interpretation of

)

available date was made by Berthelot<13) and more recently by Karlik(l4 using methods

somewhet similar to those mentioned.
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Anothér method of edrrelating data on alpha-decay used recently by Wapstra(ls) -
~and Gluekauf(18) consists of 'a numerical indication‘of mass defect or alpha-decay
energy at the position for theﬂappropriate nuclide on a plot of A vs., A-27 of Zvvso
A-Z. Contcurs drgwn through points of equal instabgliéy serve to map trends in this v
property.

The usefulness of any plot of alpha~decay properties may be measured by
the ascuracy with which properties of previously unobserved alpha-emitbters may be
predicted. This in turn depends upon how regularly the data fall into the adopted
scheme. There is probably little to recommend one method over another for general
purposes sinee siﬁilar‘uncertainties in extrapolation are inherent in all metheds
and simiiar deductions of.ﬁuclear properties may bé‘made from all,

At the present time there are sufficient date availéble over & range of
mass numbers for almoest every elemen% from bismuth to curium that trends in slpha-
decay propertiss show up well on a plot of alphae energy vs. mass number in which
jsotopes of the elements ate joined. Figure 1 shows such a treatment of the data
in which the ordinates give the alpha-disintegration energies* for the ground state
transiions whi@h‘&ould,include gamma ray energiss for those cases in which the most
energetic alpha particle observed is known to be followed by garma radiations. If
we confine our attention to the heaviest eleﬁenﬁs, neglecting, for the moment,
astatine and lower elements, thé most apparent characteristic of the alpha-energiss
is that the isotopes of each element may be joined by a mpderately straight line with
ineresse in energy for decrease in mass number. The trend, is roughly linear; that
it departs from=this.condi%ion is not surprising and possible reasons will he
discussed below,

Thelgenﬁral trend of increase in alpha-energy with decrease in ress
number probaﬁly_can be adequately expiained for the present by-consideriﬁé sections .

of the energy surface at constant mass number. Figure 2 shows a series of such sections

* . In thisﬁpaper the total energy of the transition between ground states will be v
termed "alpha-disintegration energy" or more simply "alpha=energy” while the kinetic
energy of the alpha particle will be explicitly designated "alpha particle energy".
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in idesalized form for A, A=2, Am4‘etco The parsbolic form of these sections at
constant A was deduwed by Bethe and Bacher(17) from their semi-empirical mass equation
and this was transfermed into a more cénvenienﬁ form ahd the parameters ev&luated by
Bohr and Wheelero<18) These Bohr-Fheeler parabolas therefore show energy relationships
between isobars. The abscissa in Figure 2 is not continuous. This was done in
order to spread tﬁe“parébolas apart and the notation of Z on each indiecates the
positions of the sama_atomic number.

Tt will be recalled that in the region from lead te uranivm there are
added on the average almost two neutrons for each proton in atbaining = comparable
sonfiguration with respect to betamstability for succeeding elements. Therefore, if
as shown in Figure 2 element Z lies at the vertex of the parabols. for mass pumber
A=2, element 2-2 will lie appréximately at the vertex of A-8. It is further assumed .
| that the change in packing ffaction is regular in this region'so that if the ordinate
of Figure 2 is a function of the mass defect or packing fraction the parabolas will
iie as shown. It is a property of identical parabolas arranged in this fashion that
the vertical projections of lines representing alpha decay drawn betweer points on
two parabolas (e.go, A,2 o A=4,Z-2) will increase as A decreases. As long as sections
of the snergy surface at constant A are roughly similar parabolas without sharp
irregularities and the slope of the surface is fairly constant, decrease in mmss
number for sach element should be accompanied by increase in alpha=snergy. Kohman(lg)
has developed an expression for alpha-energy in terms of‘the,BohrmWheeler mass equation
from which the same dedustions can be made amalytieglly as those developsd graphiecally
hsre by making equivalent assuﬁptions as to the form of the energy surface. It may
be mentioned that the section of the energy surface at constant A will be defined
by a single parabola only if A is odd but the same reasoning applies for the sondition
of "even A" in which odd-odd nuclei lie on a parabola of higher energy than even-even

nuclei since alpha-decay is a transition between the sams nuclear types.

(18

)
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The above explangtion with Figu?e 2 considers the parabolic sections of
the'energy surface to bévidentical and displaced uniformly'on the energy axis.
Obviocusiy neither assumption conforms to reality and some further deductions on the
shape of the surface may be obtained from more detailed consideration of the alpha-~
decay datz. To do this it is helpful Yo visualize which parts of the snergy surface
are under consideration. cocordingly, & schematic sketch is presented as Figure 3%
in whish the vertical dxis is some function of the mass sush as mass defeet and the
other eourdinates are the atomic numbsr and mass number as indicated. The surface
has been Idealized in that it shows none of the irregularities due to odd and even
relationships but these need nob enter into the present considera¥ions of alpha
decgay because alpha transitions occur between the nuclei of the same type. Some
csonkours of vonstant 2 and constant A have been entered as well as a few referonce
points. Some sharp irregularities are noted in the lower part Qf Figure 3 and thess
will be discussed below. For the present it is worth considering what information
mey be obtained from alpha-decay data in the region above about mass number 216.

kel Figure 3 is shown a line ab which is the contour following the botbom
of the éailey'and is sometimes called the line of beta~stability. One may also
visualize conbtours pérallel to this stability line whieh would commect muelel of
the same degree of beha-instability. From alpha-decay energies it is possible to
obtain information on the slopé of these contours and therefore of the surfaceo. The
alpha=decay énergies do not iﬁdieata the slones in the diresction of the contours
but at an angle skew to this direction somewhat as indicated in Figure 3 by the
arrow labelled "a%. Bearing im mind this limitation in interpretation it is sill
posgible te observe a definite trend in, This region which may be described as a
steep siops of the bottom of the valley ahbove mass 216, a tendency toward a platesu
between 224 and 236 followed by san increased slope at higher mass numbers. These

numbers sheuld not be taken rigidly as there are no sharp breaks in slope and there

may be superimposed other effects in a direction not parallel with the walley.

kel
* We wish to thank Mr. Robert Olson for the preparation of this sketcho.
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The manner in which these inferences were made may be clarified by reference
to Figure 4. Here are plotted the alpha-decay energies as a function of mass number,
and nuclei of consbant Z~are comectod (with light lines) as in Figure lo The
contours.s@own in heavy-lines on Figure 4 are imtended to map regions of coﬁstant
degros of beﬁa»iﬁSﬁabilityz For example, the contour XY joins points along the
stability lineféé,in Pigure 3, lower contours join points on the Bohr-Wheeler parabolas
of Z lower than the most stable value of Z and the contours above XY go through points
of higher walues of Z than the most stable. The ordinate walue, that is the alpha-
energy, for each contour is seen %o go'through 2 minimum indicating a2 minimum slope
to the enérgy surface in that region. The reason for the vertical displacement of
the conmbours in Figure 4 may best be visualized by examining the model in Figure 3.
Since alpha-decay proceeds in a direction skew to that of the valley the alpha
energies of points on the left hand slope of the valley will become progressiv§ly
greater ﬁhé further one proceeds up the slope and they will become lower the further
one proceeds up the other slope.

‘One may’also examine contours in the direction of alpha decay in which
points along an alpha decay sequence are joined. Some of these are shown as dotbted
lines in Figure 4 and again show minima. Here, however, the minima arise from at
least two effects, the first caused by the plateau in the direction of the valley and
the second effect is that of crossing from one slope of the valley to the other.

It is not~possible to attach to this plateau any precise msaning in terms
of nuclear structuré in the sense that some sharp irregularities in the region .
around lead and polonium may be interpreted (see discussion below). The existence
of this region has the practical importance of allowing & few nuclei in the région
of beta-stability to have sufficiently long alpha half lives to persist in nature.
Let us examine what would have happened if the slope Qf the energy surface were a
little stesper. Then U258 which is assumed still %o be beta=-stable might have had

& 10- or wafdld shorter half-life and would have éssentially decayed away. XNow
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U240 would have a longer alpha half-life but being beta unstable would decay to Pu240
which would again have too short an alpha half-life. It may be stated that the condi-
tions for persisting in mature is that a nuclide be the heaviest beta stable isotope
of +the elemén‘b8 that is that‘it lie on the proper side of the wvalley, and that it
lie on this plaﬁeauo Apparently only two nuclei fulfill these conditions, Th252 and
U238° The other mucleus with long half-life, UZSS, is found in nature for another
reason having to do with an abnormally long half-life for its decay energy. This
will become slearer when half-lives are discussed.

Returning to Figure 1 it is seen that the smooth trend in energy vs. mass
number between the heaviest and lightest isotopes of each elemegt from emsnation to
curium no longer applies Lo elements be low emanation and in fact even emanation and
francium now have identified isotopes which do not fall in this sequensce. Here the
trend of increase in alpha-energy with decrease in mass number is apparen% for +the
heaviest isotopeé of each element bub a point is reached at which there is a sharp
break and alpha-energy decreases with decrease in mass number. At still lower mass
numbers there is‘a minimum in the curve and the initial trend is again resumed.

Bismuth isotopes present an interesting case in that alpha-activity dis-
appears over a wide range of mss numbers and then reappears at very low masses.

The condition of increase in alpha-energy with decrease in mass number is fulfilled
from B1214 to Bizil while Bi-10 has a much lower alpha energy and Bizog (stable bismuth)
has an alpha~energy less than 4 Mev as inferred from the inability to detect its
alpha=activity. Several bismuth isotopes in the range 51292_83%%7 are knuwn(g’zo)

but none of these have detectable alphé—activity@ However, at still lower mass numbers
(Bi201 and lower) alpha=-activity again appears. The same trend but at higher energies
is noted for polonium and astatine and probably for higher elements.

This behavior may be explained by a sharp ifregularity in the energy surface

of the form indicated in the lower part of the model shown in Figure 3. It may readily

»
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bé seen that the Bohr-Wheeler "parabolas™ at constant A have a decided depression
included as an jirregularity and with this it is possible to explain the observed
inversion in alpha-energies in a manner similar to that used in Figure 2. Another method
that may be used is to consider contours of the energy surface at constant Z. This
has been done in schematic fashion in Figure 5 for Z = 84 and Z = 82. The lengths
of the errows indicate the alpha energies for the polonium isotopes of the mss
numbers indicated and the sequence showing increase in alpha energy from.Pazzo to
Pozlz followed by a sharp decreass and gradual inerease In progressing tc lower mass
numbers are indicat?d in this fashion. The exact shapes of these contours must not
be taken seriously besyond the poinﬁ that they will héve some such shape if the
irregularity in the energy swrface sets in at some line of constant neutron number
.2s shown in PFigure 3. The changes in slope of’the curves of Figure 5 are mads o
fit the oﬁserved alpha-decay data. It will be noted that the contours were drawn
through even-even nuclei only, This was done in order not %o complicate the drawing
by odd-even alternations. The meaning of the inversion in alpha energies noted in
this region is atéributable to abnormally strong nuclear binding associated with
126 neutrons and will be discussed further below.

The preceding paragraphs have dealt with the explénation,cf the general
trends in alpha desay energges; It is the purpoge here to discuss the data presented
in Figure 1 and to point out some of the deductions which can be reached ecncerning

the properties of a number of individual nuel ides.

Evaluation of Datg.~~ It is inherent in most of the methods used for determining
alphs-energies that fairly accurats values are obtained. Almost none of the energies
shown should be in error by more than 100 Kev, anl most of them are known with considerably
better accuracy. It will be seen in the final section of this paper that there is
hope of making caloula tions of nuclear radius.from élpha decay data in which uncertainties

in alpha energy of the order of bnly 10 Xev would be meaningful and undesirable. Howewer,
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for the present considerations such accuracy is not necessary to observe the general
trends and the principal uncertainbies in interpretation arise from other sources.
Thers are & cumber Of cases of uncertain asgignment of mass number and these ars
indicated in Figure 1 by superscript question marks following the mass number. In
0o csses Werevﬁhe ssaignments as indicated purely arbitrary; for example, the four
neutron deficient bismuth alpha emitbters were arranged in the order shown by excitation
function date and ths mass numbers of some were assigned by cbserving the genetic
relationship with the lead and thallium daughters arising through suecessive elestron
capburs &a@ay@(gz)

Other entries in Figure 1 are accompanied by question marks preceding the

o

symbel as in wvhe ease of Puégz indicating uncertainty of the energy walwe , due in this

instanee to *he lack of resolubion of this group from cthers formed in the same
irradistion. All ensrgies which are calculated or estimated are similarly denoted.

Beyond the uncertainties already mentioned it should be realizsd that tobal
decay energy is the property which should be compared and there has been a tacit
assumption that the alpha-energies shown represent ground state transzitions. Where this
conditicn is known not to apply, corrections have been made by addition of the ganmsa.

< U235 241 . \ , .
ray energy as in the sases of and Am (see Appendix for detailg). There is
good reason te believe that there may be many cases, as yet unproved, in which the
observed alpha particles do not correspond to the ground state transitions. As
. 239 UZSS - . oo s

exampies, Pu and s both of which would seem to be out of line in Figure 1, have
_ i s . e (B) .
associated with them considerable gamma radiation which may mean thet the alpha
groups of the ground sbtate transitions have not been observed. Further reascns lending

oredense %o %the existence of this phenomenon will be brought out in the discussion

of half-1ife vs. energy relationships;

The alphs energies for three of the entries, BiZIO(RaE)9 po**t ana Am2429

hawve been calculated from closed decay cycles since the alpha particles could not be

measured directly. In all three cases the alpha=-decay process has been evidenced
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jdentified the 4=min.

(22)

by the‘appearance of the daughter isotope. Broda and Feather
théllium as the alpha~-decay daughter of 'ReE and using its beta~decay energy, that of
RaE and the alpha=energy of Poglop it was possible to calculate the alphénenergy of
RaE, The follaﬁing diagrams designate the data used in calculating the alphaAénergies

for Pu241 and Aﬁ?éz(see Appendix for fuffher discussion)

4
Am?‘l

5.4 (calc,)

G;Y 2063 87 < 0,02 4 6.18 \
sz‘i/ P24l £, 258 o
B_SY 5@5 _ d‘g/; Fk\\\\\\\\\\ &(//////////

O \ / Toales) T B oY 1.4
o Ués7

Bismuth and Neighboring Elements, the Effect of 126 Neutrons.-~ The recently

discovered alphawfadioéctiVity of highly neutrbn deficient bismuth isotopes (Figure 1)
is of iﬁferest in marking the "reappearance" of alpha=-radioactivity in bismuth at a.
considerable departure in mass number from the alpha emitters among the natural
raaioactivitiés; A pdssible explanation has already been advanced in which the trend
in alpha energies for these light bismuth, polonium, and astatine isotopes is thought

to be a reSumption of the trend which all of the hea%y isotopes éhowg namely an increase

in alpha energy with decrease in mass number. This resumption in trend follows an in=

terruption caused by a region'of abnormally great nuclear binding.

From.fhe data at hend it is readily seen why no alpha activity has been
noted for pfeviously known iéotopes such as Bizo6 and B1204. By extrapolations of the
curves for bismuth in Figure 1 it may be estimated that these isotopes have alpha-
decay energies around or below 4 Mev. For this enérgy the alpha half-life would be

perhaps greater than 108 years and therefore alpha particles would be undetectable. As

will be discussed below, it would be illuminating'to have available the partial decay

. -
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constants for alplw-emission for these electron capturing bismuth isotopes since the
relationship between half-life and energy gives further information on nuclear binding
through the effect on nuclear radius. The 5.15-Mev alphe~emitber thought to be Bizo1
has a measured halfmlife of one hour gndveveh a orude estimate of its alpha=-decay half- -
life ﬁould set it at about 50 years illustréting the extremely low alpha-branching.
The reappearance of high alpha-ehérgies which allow alpha-emission to he
detected for the highly neutron deficient isotopes of bismuth, polonium, and astatine
giveé rise to the thought that elements of still lower atomic number might similarly

show alpha-astivity. This matber has been considered at greater length by Kbhmanglg)n

Recently in this 1aboratory(25) there has been observed a number of short-lived ‘alpha
emitters in this region following irradiations of gold with high energy deuterons and
two of these have been tentatively assigned to isotopes of gold and mercurys. On the

(24) were able to show no alpha-activity in lead. This

other hand; similar experiments
my mean Lha% the region of stability which causes a decrease in alpha~energy and
abnormpl increase in half-life in a localized region fér astatine, polonium, and bismuth
is infensified.and broadened at the position of lead and'possibly thallium so that
alpha~=activity is no longer exhibited. When this region is passed alpha-energies and
alpha=-decay constants are again sufficiently high especially for neutron deficient
isctopes.

In considering the reason for the inversion in alpha=-energies of bismuth,
polonium, and astatine it is necessary to postuiate & region of abnormally stable
nuclear binding. In proceeding from high toward low mass numbers there 1s good
evidence that this effect sets in at some constant neutron number for each element as
indicated in Figure 3. Thus the hirhest alpha-energies for bismuth and polonium oceur
for the isotopes Bi211 and P0212 and for astatine probably at At213 (see next section).

A1l of these decay by alpha-emission into nuclei with 128 neutrons and it is probable

that at this nentron number there is abrormally stable nuclear structure as compared
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(25,26) It may be worth pointing out that

with nuclei héving greater neutron nﬁmbero
insofar as alpha~-deeay energies are an index there is no sharp discontinuity in nuclear
biﬁding bélcw 126 neutrons as there is above this number.

Néiﬁhér from Figure 1 nor from the theory is there any quantitative way of
telling howrmany;elements beyond astatine this effect of 126 neutrons will make itself
felt. In Figure's the depression in the energy surface due to the 126 neutron configura=-
tion is_sh&wn o extend to element 88, radium. It my also be seen that for each :
sucoessive element, the minimum in alpha-energy caused by the depression should lie at
prpgr?ssively higher alpha-energies. Examiningvthe isotopes vaBin.Po, and At each
with7126'neuﬁrpqs, the alpha-energies are respectively ¢ 4 Mév,.S.S Mev and 5.9 Meve
Bééause thé.differences between successive eiements seem to be converging it is

2129 but a reasonable

difficult to extrapolate to the next ﬁucleus with 126 neutrons, Em
guess is that its alpha-energy will not be more than 6.4 Mev. As will be pointed out
the alpﬂﬁmdecay'for nuclei with 126 neutrons or less is highly forbidden and from the
curves of Figqrg 9 éne might expect a half-life for Em.z12 in the range several minutes'v
%o an hour, depending, of course upon its energy. Bocause of the 126 neutron configura-
bion, EmolC is possibly sufficiently stabilized to be bota-steble. As & result one
would predict that at least this light isotope of emanation should be observable. In
summary, as far as predictions are éoncernedg there is good reason fo’believe that ﬁhe

A o
curve for emangtion (element 86) in Pigure 1 will reach a maximum at Em(“14

and then at
lower mass numbers will descend into a region in which the nuclei will have.alpha-
energies in the range of about 6 Mev.

o
(°7’28)'attempts have been made to prepare

Very recently in this laboratory,
emanation and francium isotopes of low mass number by spallation of thorium with high
energy probtons. It was found that there are indeed alpha~emitters in the predicted

energy region which must be ascribed to nuclei of lower mass number for these elements

than'any'whiohvhad been heretofore examined. In particular, two of these activities
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have been assigned; a 23-min. period with particles of 6.17 lev energy, to Emzl

a 19 mine period with 6.25 lMev alvha-particle energy to rr2t2,

2, and

Aithough this same effect may exist for several higher elements it should
become less pronounced and_incqeasingly difficult to observe since not only will the
alpha half-lives Be expected to become shorter for higher elements due to larger alpha-
energies but at constant neutron number the affected nuclides will be progressively more

Highly'neutron deficient and therefore have short electron capture half-lives.

PREDICTIONS OF NUCLEAR PROPERTIES

Methods and Examples.-- It is apparent that one may use the correlations

of Figure 1 to predict the alpha-energies of many nuclides just as has been done
previougly by a number of workers without the benefit of the comprehensive data now
available as a guide. In additiohyone may use the half-life vs. energy correlations
which are taken up in a later part of this paper to predict alpha half-lives. Tﬁere
will be no attempt heré to compile a list of predicted nuclear properties of presently
unknown, species'qr modes of decay. However, there are a number of generglities of some
© importance which may be reached tlrough the use of particular data either available or
obtainable by prediction, and some of these will be examined. .One of these, having to
do with relatively long-lived alpha-activities of emanation and francium isotopes of
low mass<numbefg has already been discussed. A brief recapitulation of the premises‘
uééd and methods which are applied may be in order. -

The first consideration is that 2ll nuclides in the region under discussion
are thermodynamically aléhawunsﬁable and almost all which are either found in nature or
artificially prepared would have measurable alpha-activity if alpha;decay'were the
only type of instability in force. However, alpha-decay may not be discernable in
beta-unstable nucleil if the ratio of beba half-1ife to alpha half=life is extremely
smll. Likeﬁiseg 2 beta-unstable nuclide may not sensibly exhibit its betaminstability

if the alpha half=life is extremely shcrte
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There are a number of reasons for wishing to know whether a nucleus is

beta-stable or unstable irrespective of its alpha=decay proﬁertieso The beta-stable
ﬁuglei im this regioh are entérelyhanalogpus to the stable nuglei lower in the periodiec
table and their pattern constitutes a source of information on nuclear structure. An
;xample of this will appear in a later section in which is discussed the possibility
that astatine (element 85) has no beta-stable isotopes as is apparently the case

for two other elements technetium (element 43) and prometheum (element 61). Another,.
quite dif.’;f'rere_n_ﬂ':,J uée of the knowledge of beta—stability has to do with the preparation
of nmclear species through the beta-decay process. As an example,the wvalidity qf the
difficult measurements showing that astatine isotopes arise ffgm rare beta-branching
of the "A products™ (polonium isotopesj of the natural radioactive series must clearly
be questioned for these "A préduCts" which can be reasonably proved to he beta-stable.
All in all, the question of 5etafstability is of great importance and an attempt is
made (Table 1) to list the heavy nuclides accordinglys

Beyoﬁd predictions of bype it is also important to predict degree which, for
alphdmémissiong is the principal part of this pafer. The ‘accurate forecast of alpha
halfniife along with similar predictions with regard to beta~stability are the require-
ments in determining how best to prepare and identify unknown species of intereét.

Such predictiohs were invaluable in preparing successively the transuranium elements,

the transplutonium elements and are the guiding factors in attempting to prepare still
higher elemenfso fherefére;~in addition to alpha=-decay predictions, it is éften
important to estimate beta-decay and electron capture decay energies and through modified
Sargent diagrams, the halfwliveé.

The methods of making these predictions vﬁry in kind and reliability. Alpha-
energies may be read off a plot such as Figure 1 by igterpolation or extrapolation bearing
in mind the sharp changes which occur in the nuelei near closed shell confignrationss
For example, one may be fairly certain that the élpha—energy of Emzzx_lies between those.

of En°20 and En’° and has an energy of 6,0 & 0.1 Mev; on the other hand, it would
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. 213 214 212
undoubtedly be erroneous to assign At an alpha-energy between At and At since

. “q 4.: -
from other cerrelations we would infer that At213 has a higher energy than At21 (as shown

in Flgure 1) in an analogous fashion to the pairs B1211 Bi212 and Po 212 P0213¢
W3 th 1nformatlon on some decay energies it is often possible to calculate others

s

- making use of decay cycles the simplest type of which is showm as follows™

Yy
N A

(z-2)™

(Z-l)

ir ény thr?glmembersAare known, the fourth is uniquely determined. Some-
times approximations can be made with very little experimental information which in
turn can lead to important deductions. As an example,we may use alpha=decay energies to
deduce someﬁhing about nuclear spins near closed neutron and proton shells. The case
in point is to obbain information on the spin of szog which has one neutron beyond the

09 which has one neutrén less than 126. ZXnown information

"olosed shell® 126 and Po>
is shown on the following diagrams with broken line arrows indiecating pathé of decay

. not yet observed.

EC(?)
\ -
>
23209
\\‘ // . -
N\ EC a.” B3 0.7 Yev
N Pl
AR &’ 209
3 74205
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From the fa11ure to observe alpha activity in natural bismuth (mlnimum half-life-
"41012 yro) and making use of the half-life energy relationships considered in a

following part of this paper, it is almost certain that 31209 has an alpha=decay eﬁergy

less than 4 Mev and it could be considerably below this, say 3 Mev, Since szOS.must

) be heaviei than T1205 one can immediately decide that Pb209 is at least 1 lev heavier

+than Bizo9 and perhaps considerably heavier. In preparations of Poz09 showing considerable

0

alpha-activity the number of x—rﬁys from the electron capture process allow one to se%d
an upper llmlt of 107 for the electron capture branchlng making the mlnlmnm half—llfe

, for thls mode of decay 2000 years( )” Rgallzlng ﬁhat_thls is a m%nimum:value for the
hg;§—11£§w§pd.ﬁhatfthe:decay energy is at least 1 Mev and might be considerably
greater, the @epay process is seen to be:highly forbiddén when compared with a large

number of other cases which indicate a half-life of about 100 min. for this decay

209

energy;(zg). The spin of Bi is.known to be 9/@ and since one must postulate a large

spin change in the Pozo9 - Bizo9 transition, it is necessary to assign a small spin

number such as 1/@ to P02 90

The other isobar decay1ng o B12 09 is sz09 of the Uz33 family which has

a 3.3 hr. half-life and Qo7dev decay energy. IThis half-life and energy corresponds to

(30)

associate with & 'spin change

of -1. On this basis one would assign the huge spin number’ll/é‘td‘szognhﬁt'in any

case it must be close to that of Bizog and therefore large.'mTﬁé“poinﬁ to be made is

that szog with 127 neutrons has one neutron besyond the configuration 126 and according

an allowed %rﬁnsitioh which Feather and Richardson

‘o Nhyer(s}) the extra neutron should indeed be in the 7i level with spin term 111/2.
Turnlng ‘o Poz09 it is seen that it has 125 neutrons, oﬁe below the closed shell of
126. According to the term schemes of Mayer, the last levels %o be filled in the ﬁ
shellvhave the spin term ilS/? put as is noted for previous shells these high spin
nuMbef levels fi11 on1? in pairé and there is crossing with a level of lower spin
numberc In thls case the 125th neutron would bear the spin term 4p1/% which Mayer“

e llsts as %he closest 1evel to the flrst i levels.. It is seen that this assigniient is
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in good agreement with the electron capture decay properties of Po209 elaborated
above. It might be mentioned that pp207 should be an analogous nucleus (125 neutrons)

and Nordhelmﬁsv}n Ms r(SI} and Féenberg and Hammack(ss) assign‘the cdd neutron. to.a 4p

[

state with spin 1/2.

For further illustration of the use of alpha-decay data in predieting nuclear
properties the cases of -two astatine isotopes will be considered.-

One of these has to do with the alpha=energy of At213 indicated to be 9.2

Mev in Figure 1 although this is only a prediction. It will be noted that At214 has

212

 almost the seme alpha-energy as TaC!(Po”"“) the most energetic alpha-emitter previously

known and it Wouid be of interest to know whether AtZIS has still higher decay energy..
The point cf uncertainty is whether or ﬁotvPoglsis beta-stable and if so what the Atle
_électron capture energy is. Although this cannot be predicted for sure it is probable

that it is either ﬁf-stable or is only very slightly unstable with respeect to AtZISQ

The beta-stability of P0215 is discussed in a following section on beta-stablility,

Taking the P0213th213 beta-decay energy as zero, the total decay energy of the szog

‘beta transition as 0,70 Mev and the alpha-energy of Po213 as 8.5 Mev, then the alpha-
energy of A%ZIS is calculated to be 9.2 Meve. This energy would conform with the hypo- .

thesis thet the highest alpha-energy in this re610n will r631de for each element in

that isotope Whlch decays to a product w1ﬁh 126 neutrons, in this case A% -~> Bi 20 9

To this estimpted decay energy of At® 213 must be added the electron capture energy of

AtZIS or the pmrenefgy of Po215 must be subtracted, whichever applies.

216 (20)

At is reported by Karlik and Bernert to arise in the thorium decay
216
)

o« These authors noted a weak
220)

series through B =branching in the decay of ThA(Po
7.57~Mev alpha=group which decayed with the half=life of separated thoron (Em and

was attributed o~ 0,01% branching in ThA decay according to the following scheme:
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a (55 sec.)
a \ 8 (0.01%)
ThB(Poz}'z) , T’hA(POZI'G)
a (99.99%)
B (Pb21%)

Karlik and Bernert have pointed out a serious difficulty in this interpretation since

. ip surming the decay energies in the closed cycle it turns out that At216 (using their

value for the alpha-energy of AtZIG) is actually unstable with respeect to ThA by 0.15
Mev while the apparently observed B =branching of ThA would demand an estimated energy

of 1 Mev in the opposite direction, thus introducing a discrepancy of 1,15 Mev. They

suggest an explaﬁaﬁion retaining their assignment of the 7.57=Mev alpha-group to Atzls

212

by assuming that ThB decays only to an l.15-lev excited state of Bi” “(ThC) while the

alpha-decay of Aﬁ216 proceeds to the grouand state. This explenation seems untenabie
for & number of reasonse If ThC represents the postulated excited sfate of_Bi.z12 then
the alpha—energy of the ground state would be 1015 Mev lower than the measuréd value
(6;1HM§V)9 that is, about 5;0 Yev, From Figure 1 it is seen that wherems 6.1 Mev falls

211 213 a value of 5.0 Mev would be

di?ectly'inlline between the energies for Bi and Bi

completely out of line. In addition, the éiplanation is in conflict with the Ehﬁwn
properties of the collateral descay series(s) starting with 22-hr. Paggs because‘in

this series AfZIS arising from the alpha-decay of 7220 decays to Bi°1% identical in
propefties»with ThC, that is, the 691-Nbv.energy is noted which would not be possible

if At216 must decay to the grduhd state of an isotopé for which ThC is an excited

state. That the entire Pazzg decay series has been wrongly assigned is.highly improbable

because of the identification of RATh (Th°28) from electron-capture branching of Fazzs,
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of ThX(RaZZ4} from electron-capture branching of Ac%?® ana ThC“(POZIZ) frem the § =decay
of Thc(31212);. All in all, it appears to be highly unlikely that ThA(P0216) is 8 -unstable

and therefore the 7.57-Mev alpha-group in Tn must arise from some mechenism not involving

, - 220
2160 The 5%216 could not come from Fr220 formed by § =branching of Em.zgk since

Em220 is surely ﬁuwstableo Perhaps some such explanation as that cffered by Feather

!

Ag
(35) .
forlthe observation of'Karlik and Bernert is correcto

These exemples of the use of a%pha-deﬁay data may serve to indicate some
of the methods’which have found application while in the following are presented
somz ideas ob beta-stability, the transuranium elements and the rare earth region.

Beta&Stabiliﬁy in the Heavy Elementse== As illustrated by the discussion
18

6f whether or not Aﬁz could arise from the thorium radiocmctive family it is often
Vimpor%gn% to be able to predict beﬁawstability; Meny of the shortwlived alpha=
enﬁtterﬁ are bete~unstable but this instabﬁiity is not noted because of overwhelming
competition by alphawdecay; NeverthelessD the degree of beta=instability can often be
calcuiated by meaps of closed decay cyclés and conversely the beta-eﬁergies can serve
as importent liﬁks in ealgulating alpha=energies and in predi¢ting branched decay.
N@ atbempt will be made in this report to show the calculations of beta-decay eﬂergies
and Table 1 tells only whether or not a nuclide is known to be beta=-stable or predicted
to be ;o; Predictions are in parentheses. A recent table of Biswas and Nmkherjee(ss)
listing types of instability, differs in some instances from Table 1 and does not give
predictiéns of uncbserved modes of instabilitytor for unknown specieso

The greatest uncertainties in predictions of beta-stability invélve choosing
which isotopes, if any, of astatine and francium are beta-stable. IMeasurements in

(8) 16 gave 7,79 Mev which when used with

212

on the alrha=energy of Aﬁz
216

this laboratory

the alpha-energy of Po” " (ThA) and the decay energy of Pb“ “(ThB) allows one to calculate

216

that A% is unstable with respect to electron capture to Po216 by 004 Mev.e In a

similar fashion, meking use of the newly meaéured<8)alpha-energy of At*M%, it is
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Beta=Stability in the Heavy Elements*

* Predictions are encloted in parentheses,

Element ~ Beta=Stable EC Unstable B -Unstable  EC and B -
‘ Unsteble
' bismuth Bi209 B.l 206,(3 207) BiZlO_Bi214 (31208)
polonium 208é 210 P0211 POZOZ (P 205) Po 4 215,(P 217)
astatine AP0%_ 021 (143159 (at?159) (at2129)
(At217 At218) (At214)
(At216)
(Em215°) (216 1, (En22)
Em220 , En2 2 /
francium (Fr219?) (Fr218) (Fr221),Fr223 (Fr220
_ : Fr222)
radium 218 220 225’ (Ra2199) Ra225 Razz?
Ral22. Ra224 RaZZG R3228
actinium AOZZS (Aczzz),Aczz3 Ac226,0c227, (AcR24,
' )
thorium (mZ2d, m226) 227 (1,22%), 1,225 Th23L 233,
. Th*°", Th2 32 | Th234
protactinium fa231 (Pazzs);P3227-Pa229 Fﬁggnga2339 iﬁzggé)
Pa Pa .
urenium U230 U232 3235’ (U227),U228,0229,U231 U237,U239
(238,123
neptunium : NPZE? 231,(N 232)N ZSS_NPZSS Np238’NP239 (szsG,szs%
plutonium 236é 238_ 240’ 255; 241,(Pu243)
(Pu24 Pu244) (Pu235) Pul3
ameTicium Ang4l, Am?éz ) Am?SB_Am?QO 242,(Am.44) (Am 42)
Cm248) Cm?41 (Cm243?)
element 97 (97247)
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1
possible to show that P02“4(Ra09) is beta~stable. Under such circumstances in which

2% C
both Po216 and Po“"’.’.4 are, beta—stable it is usual that P0213 would be expected to be

beta-stable, althcugh there arc & number of cases knowm in which there are two beta-

unstable even~odd isobopes of lower mass number than the heaviest betd-stable even-even

. o .
isotope. By closing a decay cycle.involving P02159 AtZIS,_szog, and B120”9 it may be

shown. that %%513 must have an alpha-decay energy in excess of 9.20 Mev in order that.

213 be heavier +than POZléov All that can be said from extrapolation in Figure 1 is .

213

Ay

that A% eould have an alpha-decay energy this high, As a result the question as t

AL3,
whether or not Aﬁ( “is beta-stable cannot be resolved at present.

. 2915
The other most likely beta~stable isotope of astatine is At“ise Hore it

215 21

can be shown that Po is ~ 0.8 Mev heavier than At*™® but it is not at all certain .

215 215

that At is stable with respest to Em ™
Regarding this question of whether Atgls is beta=-stable with respect to
Em215 it is poséible to show that this is a borderline case insofar as the estimations

are valid just as was found for the isobars At213~P0213° The following decay cycle

may be drawn with the known values for the decay energies indicated. One may estimate

the alpha~decay energy of Em215 from Figure 1 and from this close the cycle to. determine

Emgls ' !
(7) «a (2)
Pogll t215
(AcC? .
_ ‘ ‘ a 8.15
7058 a ‘4
o - pyell
Pb207 a ~

K\\Bw . 674
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2185

whether Em ™" or At215

is heavier, or alternately, set these isobars equal and determine

the alpha=-energy which Emzls would have to have to satisfy this condition. It is found

sccordingly that if the alpha-energy of Emor® is less than 8.79 lev them Em2ie

15

is beta=
stable and Atz is_betaéunstableo In examining Figure 1 it is séen that the require-
ment falls in the range of estimation (807 = 8.9) and it may be said that there is
probably no more than 100 Kev difference betwsen Em.215 and At2150 It shouid be mentioned
that the most likely revisions that may Ee required in the measured values shown in
the above decay sequences are in the direction of making Atzls heavier.

The possible‘betawstable isotopes of astatine discussed above are Atgls

and At215; Higher isotopes of astatine such as Atzl? are clearly bete=~-unstablee

Since there is no measurable isotope of astatine which can be proved to be
beta=-stable the question arises whether such exists or whether astatine is like two of
:the other missing elements, technetium (element 43) and prometheum (eleméﬁt 61)9 which.
brobably have no beta-stable isotopes. %n considering this point there are some remark-
able anaiogies between these three elemsnts which ﬁpon examination draw attention to
8 possib%e.reason why no beta~-stable isotopes existe This has to do with fhe positions
which the elements hold with respect to positions of stable configurations orf“closed
shells" in nwlear structurs.

In the case of téehnetium it is necessary to examine the effect of neutron
number 50 which apparently promotes added sbtability in nuclei in which it appears.

It should be remembéred that in geperal pnly one isotope of an odd element has a chance
of being stable with résPect to its even-element isobars. For téchnetium one might
predict this isctope to be 7697 since it lies midway between 39Cb93 and 45Rh101;
However, T@97 has ‘two pairs of neutrons beyond the stable configuration of 50 neutrons
and sinee such neutrons may be assumed %o have ébnormally low binding energies this may

be just sufficient to cause it to be heavier than one of its isobais especially if

the added assumption is made that for an even element the "closed neutron shell® has
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o smaller effect on neutron binding energies beyond the shell., From this reasoning

all that can be said is that an 0dd element near the upper limit of elements which
have a stable isotope With the neutron number of abnormal stability should.be affected
but not enough is known abouh the fine points of nuclear binding to predict whethef
‘the affected element should be columbium (41) or technetium (43).

, Prdﬁeﬁheum (element 61) is in an analogous position with respect to meutron

. "iym
number 82. Here there is a long list of stable nuclei, namely, 54Xe1369 5G-Balas,
139 © 140 141 142 144 N
571& 9 5866 ?1? sgPr e soNd 5 628m o The remarkable stabilization of 82
139 141

neutrons allows both lLa and Pr %o be beta-stable even though they differ by just
two prdtons énd is presumbly responsible'for the absence of any stable isotope in the
next odd elemenf, prométheum, through reasoning similar to that used fBr technetiume

| The ﬁext apparent stabilizing neutron number occurs in the region of lead
and is presumagly the number 126. In the heaviest elements about two neutrons are
added for eacﬁ proton in building from element to element so it is not expected that
there should be as meny elements each with a stgble isotope with the same neutron number

as among the 1ighter elements. For neutron number 126, the known beta-stable nuclei

are 82Pb208? ssBizog, and 84P°210° The interesting possibility has already been
212

oonéideyedrthatusaEm' may be beta~stable. As is the case for neutron numbers 50 and
82 it hay be'éxpected that an odd element in this region will have no beta-stable

isotope, and it is postulated here that astatine (element 85) is that elament.

' ‘The_dhly possible beta~stable isotopes of francium are Fr219 and'Fz"zz1
223

since Fr ?3 is known to decay %to Ra (AcX)s It is not possible to say for sure

whether or not'Frglg is beta-stable although tentatively it is decided to be so.

219 219

The question %o be decided is which of the isobars.Fr and Em "~ (An) is heavier

since Raz;a is almost surely unstable toward electron capture. A cycle containing

215 15 211

these isobars and including At AcAz » AcB ; Ac0211 may be set up using values

shown in Figgfe 1 (see Table 3) for the alpha-energies and 1.40 for the disintegration

211~ 219

'energy for AcB 0 Then this is calculated it is found that Fr is beta~-stable with
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Core . .
219 (An) by about 300 Keve In view of the argiments as to the beta=instability

respect to Em

of Em.2]—'9 it is almost certain that Emzz1 is a Bp-emitter so that the consideration of

the beta-stability of Fr221 revolve around whether or not Ra221 is electron capbure

unstables Closing a cycle involving Razzl, Frzzl, Em?17, POZIS, At217 and BizlS it

221

is found that Fr221 is 100 Kev heavier than Ba s & difference which precludes a'decision

in ﬁigw of the uncertainties in some of the data. Tentatively, the only beta-stable

isotope of francium will be taken to be prot?,

B Transuranium Elementso=- .Fbr the beta=stable nuélidés and those with
neutron excess the alpha-decay energies between démparable nuclei progressively
increase above uranium. This effect has already been pointed out in the discussion
of Eigure 4, This means thatwéomparablé nuclei (in their position with regard to the
center of beta—stability.for each elemeﬁt) will show increased alpha=-energy and shorter
half=1ife iﬁ going above uranium. If one were to assume that alpha=decsy is the onl&
means by which very heavy nuclei could-8pontaneoﬁsly degrade to lighter nueclei this-'
effect éan'be deduced independently of measured alpha-energy values by the fact that
trahsuraﬁium eleﬁents have not survived through geolbgical time.

Afo illustrateiﬁhis trend the alpha-energies of analogous nﬁclei are listed
in Table 2 for this region for the -even elements. Nuclides in the same horizontal
row are considered analogous. A few values obtained by interpolation and extrapolation
are included and appear in.parentheses°
- Table 2

Trends of Alpha-Energies of "Comparable Nuclei®.
#£32 238 ' 244

- 5,40 : Pu = 5,60 Cm” ™" = 5,88
38 _ 4,89 Pu”%d . 5,24 m?®® - (5.7)
#3484 P?20 _ 5.2 24 - (5.6)
?% . 463 2% o 5,24 |
o 224l 51
% _ (4.6) 2242 | (129) | | .
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One of the uses to which these correlations may be put is the prediction

of the nuelear properties of transcurium isotopes. The lightest betaastéble isotope

248 246

o By following the trends noted 98 and

of "element 98 is 98246 or possibly 98

98248 might be predicted to have alphénéner@ies of 6.8 and 6.6 Mev, respectively. The

correlations of haifnlives of even~even isoﬁopes as shown in Figure 6 allow one to
extrapolate to element 98 and predict alpha half-lives of a few days and about one

246 248

month, respectivelys for the isotopes 98 and 98 ",

AlpﬁaQRadioactivity in the Rare Earﬁthegionown It is probably a safe assump-

»

tion to make that alph&—éétive isotopes of almost éll'elements in the upper balf of
_the periodic table may be produced by removal of a sufficient number of neutrons. A
possible pat%ern which such alphg«emi%ters would follow has been suggested by Kbhmanglg)
In the region immediately below lead the departure froﬁ the region of beta-stability

in which alphaedecay rate becomes appreciable is not so great but that the electron-
capture hglf;lives allow.oA; to observe the alpha-activity. The gq}d and mercury
alpha-emitters would féll in this category'gnd these are aiso analogous to the bismuth
alpha=-emitters around mass number éoo; In lower regions of the periodic table where
the general slope of the packing fraction curve is less favorable for alpha~emission
one might expect to find appreciable alpha=decay rates only at a sufficient degree of
insfabili%y toward electron capture or positron-decay that half-lives would be very
short and detection of alpha~decay difficult. Howe#ér, if there should be a localized
region of steep slope in packing fraction then a m@derate degree of neutron deficiency
may enhance the effect sufficiently to prdéuce readily observable alpha-emitters.

Just such & region has probably been found recéntly in this laboratory.

(23)

Thompson et al. have produced a number of alpha-active rare earths with
half-lives in the range from a few minutes to a few days and alpha-particle energies
in the range 4¢2~3.1 Mevo. Although these activities have not been positively assigned,

‘it is likely thdat they belong to neutron deficient isotopes of gadolinium, terbium,
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dysprosium, and heimium, but not samarium and lower rare earths. A most attractive
hypothesis is that these nuclei owe their high potential toward alpha-emission %o their
posibion relative to the stable configuration of 82 neutrons Just as the most energetic
alpha-partbicles in the heavy element region come from nuclei decaying bo the vicinity
of 126.neutronso The difference in the case of the rare earths is that these nuclides
will in almost all cases lie ocutside of the limits of beta-stability on the neutron
deficient side and the energies of alpha~emitters with 84 neutrons will be relatively
lower than those with 128 neutrons because of the generally lower slope of bthe packing
frac¥ion curve. In view of these considerations, it would seem likely that the currently
discovered group of alpha-emitters will include and cluster around such nuclides as

1483 Tbiégg Dyisog and H0151o Perhaps alpha=emission will not be noted for isobtopes

148 and about four mass units above HblSlo One may

Gd
— more than two mass unibts abowve Gd

turn to scme previously available data for confirmatory evidence for this picture.

146

It has long been noted that Sm™ ~, although surely beta=stable, is missing in natural

samarium and preéumed to be an alpha-emitter. This would indicate that samarium is
the only element in this region for which an isotope with high alpha~energy falls
within the limits of beta-sbability. It would also be tempting to assign the long-

lived alpha~emittér in natural samarium to Sm;47 or Sm;48 on this picture but the best

direct evidence to date places the assignment at Sm;520(37),

ALPHA~-DECAY RATE

On a simplifie& model of the alpha~decay process the alpha-particle is
considered to exist as an entity within the nucleus of its decay product and its
rate of emission is governed by the potential field of that nucleus. The factors
-Which then determine the decay constant are the atomic number, the alpha=energy or
velocity and the nuclear radius; For a particular decay energy, an increase in atomioc
number decreases the decay constant and decrease in nuclear radius decreases the decay

constant through its effect in increasing the potential barrier. The quentum mechanical
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treatment for the decay process resulted in the well-known Gamow formulacz) of which
there are a number of modifications and was remarkably suaeessful in explaining the
great sensitivity of decay constant to decay energy. The effect of atomic number is
pfediéted To be much less striking and this is borme out by observationo‘ The'nucleafib
radius cannot be independently evaluated with the accuracy required and the formulah
has been used to caleulate the ®effective radius® which therefore has become a catch-
all for any guantitative shortcomings of the theory; As it turned out, the ”effective
radius® undergoes rather large changes departing from the Al/% relationship by 25%
in some osseso. Cne recoggized factof in lengthening halfmiife which appears:in thelA.
effective radius is change in spin number in the decay process. However, it will be
seen that the present availability of much new data has shcwn up & number cof regularities
including broad classes of nuclei with abnormally long half-lives and these cénnot be
explained by spin changes; Rather, it is believed that the simplified one~body model
is ipadequate in these cases and the process of creating the alpha-particles is slower
in certain nuc lear %ypes; These nuclear tyvpes include those which have an odd number
of neutrons, protons or both and in this sense alpha~-emission is forbidden in nuclei
possessing non=zefo spin beyond and independent of any effect due to spin change in the
decay pProcess. |
References to most of the data which have been used in these correlations

(3)

willlhs found in the compilation already cited.” Table 3 shows the alpha-energies
and alpha~decay half-lives for all of the alpha=-groups used. Those which are nect
covered in reference 3 or for which additional data are available‘are discugsed in

the Agpendix; The data in Table 3 are entered on & series cof diagrams (Figures 6, 7,
89‘and 9) in which the curves drawn are taken to represent the energy vso. halfmlife;
relations for non-forbidden alphawdeéay processes. These curves, as will be explained,
are defined by the even-even nuclei. Other types are, as a rule, comparatively for-

bidden in their alpha=decay and the last column in Table 3 indicates the factor of departure

between the observed half-life and the predicted half-life if theﬁdecay~process wers.
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The Even-Even Nucleie.-«~ In Figure 6 are plotted the data for the even-even

nuclei relating the half-life and eﬁergy in which lines of constant 2 are showno
¥ith minor irregularities the points fall on a series of parallel lines. There is
still sufficient uncertainty in a few of the points which produce the irregularities
(e;go Pu2409 02?8) to allow the possibility that the definition of the curvés my
be even better when the measufemenés have been refined.

Of the known even-even nuclei only Pozlog P02089 POZOG» and P0204 fall
sharply out of line with others'and for reasons which will appear below they have been
entered on another plot (Figure 9). It is probabie that these speciss and/br their
decay products have abnormally low nuclear radii as compared with the heaviest polonium
isotopes and most isotopes of higher elementse. These are the polonium isotopes which
in Figure 1 can be seen to lie in the region following the sharp break in the méss
number vso. energy curve and as would be expected the half-life wvs. énergy'relation
:“also shows a discontinuity. However, even taking into account the decreased decay
enefgy these isotopes have abnormally long half=lives, another reflection of the shrink-
age in nuclear radius is this region. These will be discussed further below where
other isotopes with abnorma}ly long half-life are considered.

Tﬁroughout the remainder of this paper these curves for the even~even nuclides
form a baseline for comparison of the half-life energy relationships of other nuclear
fyéeso éhis family of curves, in form and without regard to nuclear typs, falls
directly out of the quantitative treatment of -the alpha=decay process in which the
parameter Z is held constant for each curve and nuclear radius is assumed %o be a
'smooﬁhly varying function of mass number. This method for treating alphe-decay date

(38) (39

has already been applied by Berthelot and Biswas

who attempted to fit all

nuclear types to the curves. In later discussions in this paper it will be seen that
rather good quantitative agreement may be brought about between these data for the

even-~even nuclides and the Gamow formula by making reasonable assumptions for nuclear
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radius. In the immediately following sections it will be seen that nuclear types
other than ewn~even do not fall on this family of curves.
The position of the curve for polonium isotopes in Figure 6 is worthy of

212 214

note sinee there is evidence from the calculations that Po and possibly Po are

showing the effect of decrease in nuclear radius which lengthens the half-~life and

. : i . 210 . v . . .
which becomes pronounced for Po and lighter polonium isotopes. To +this extent we
have been imconsistent in placing the baseline curve for polonium through these points

(P0212 214)

and Po Jo
An important part of the discussion in follcwing sections on the nuclides
with_bdd nucleons is the part which fine structure plays in the degres of prohibition
of alpha~decay; There is an important distinotion in this respect between the
even-even nuclei and all others. There are three well defined cases of fine structure
among ‘the even-even nuclides and within the degree of reliability of the experimental
data all groups fall on the curves of Figure 6, That is Yo say, the partial alpha

half-lives for the two groups of each of the nuclides Ra226, ThZSO

(Io) and Th*%® (RaTh)
are what would be expected for the respective energies of the groups. It will be seen
that for nuslides with odd nucleons there is a pabttern of prchibition of alpha~decay

in which the ground state transition is the most highly forbidden,

Bven~0dd Nucleio.-- When the points for nuclei of even Z and odd number of

neutrons ars entered on a half-life vs. energy plot it is found that almost all lie
significantly above the curves for the respective elements as determined by the
nuclei with even number of neutrons. These are shown in Figure 7 in which the even-.
odd nuclel are indicated by their symbols while the reference lines are curwves for the
even~even nuclei based.on those %n Figure.eo

; Of especial interest are a number of cases in which the even-6dd nuclei emit
two or more alpha-groups. For these the partial alpha half-lives have been calculated
(Teble 3) and plotted with the appropriate energy values. 1t will be noted that in

- such.cases one or more of the shorter range groups are less forbidden by the eriterion
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adopfed than is the alpha—group of the ground state transition. A grathic illustration
of this effect is seen in the three alpha-groups of Th229 in which comparison with thev
curve of Figure‘é for the even-even thorium isotopes shows that the 5.14 Mev group
(ground state transifion) is 350-fold forbidden while the 5.04 Mev and 4.84 lev groups
are respectively 45-fold and 3~fold forbidden. All of the other cases of fine structure

are qualifatively similar %o that of Thzg9

in the sense that the ground state transition
i& most highly forbidden and a low energy group may be relatively non-forbidden.

It is significant that all of the even-odd nuclei (that can be prepared in a
state of purity which permits examiﬂation) moy have important non-ground state transi-
tions as evidenced either by direct observation of the»alphamgroups or by the appearance
of gam@a—radiation in high abundance. The case of Thzg9 in the 4n + 1 family, for
which three alpha-groups héﬁe been measufed, has already been mentioned and in this
category of well defined multiple fine structure also lie %227@@!&@}9 PuaZZS(AcX)g
and Em° % (An) of the sctinouranium familye

Because of the abnormally long partial alpha helf-lives of the ground
state transitions of the even-odd nuclei cited it is reasonable to suppose that there
are other cases in which the groﬁnd state transitions have not beén observeds There
wes good reason to suspect thathst was an example of this behavior as a gamma-ray
of 160 Kev was found in high abundance and hence presumably'iﬁ cascade with the only
ohserved alpha-group (see Appendixz for references and detuils). We have now found a
‘group in 10 : 1% abundence correspénding to the ground state transition which in
unseparated cr partially separated Uz35 is 6bscured by the U254 alpha-particle (see
Apzendix)f A consequence of these observations is that while the 4.48 Mev transition
is somewhat greater than 10=-fold forbidden, the ground state transition (4.64 Mev) is
IOOO-féld forbidden. In view of these findings a re-evaluation of the specific activity
and half-1life of U235 is in order especially since the half=1life is involved in cal-

culations of the agé of the earth.
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With the behavior of U-0° in mind it would be interesting to examine the
relation of the gammarraéiation to the alpha-particles of other evem-odd nuclei of
which Puzsg and UZSS may serve as examples. It may be that here too the observed
alpha-particies do not correspond to the ground state transitions and that the ground
state transitions are highly forbidden. Both UZ53 and Pu239 have assoziated gamma~
radiation in mocderate abundance but it is not yet known whether such transitions are
in cascade with the observed alpha-particles., Some indirect evidence to lend further
support tc the wview that the obsarved alpha-particles do not represent ground state
transitions is ob%ained from Figures 1 and 7o From Figure 1 it may be scen that
Pu2399 Uzggg and Ra223 appear to have abnormally low alpha-~desay energies, that is,

their decay energies as shown akre little greater than their respective higher isotopes

f‘- 01—:4 4"2 B : . .
Pué4o9 Udo“g and Rg‘ 40 The inference might follow that to these energies should be
added some gamrg-ray energies as has been done for U255 and Am?4lo From Figure 7 it

may be seen that with respest to half-life vs. energy relationship the observed'?ugsg

2 =7
alpha-particle is comparable to the short range (main) group of % ana 1733 is much

like +the shortest range gréup of Th229 while the known alpha-groups of Raggé are like

the shorter range groups ofiThZZTo From these relationships of Figure 7, one might

239

=z
infer that the ground state transitions of Pu and UZUS are more highly forbidden

as are the corresponding groups of their decay products. The significanée of the
half-1ife vs. energy relationship in the case of fine structure in alpha-decay Will'be
discussed further below.

13 215

It will be noted in Figure 7 that.Poz and Po fall on the polonium

curve and hence would appear to be cases of unprohibited alpha-decay. Before accepting
these as exceptiong one must consider that the baseline in this region of the polonium
212 214

curve is defined by Po and Po and that these nuclei are themselves prohibited due

to shrinkege in nuclear radius (see section on Quantitative Treatment of Alphs Decay)e.
213 215

There is 2lso the possibility that the observed alpha-particles of Po and Po

-~

1
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do not represent ground state transitionse

Odd-Even and Odd-0dd Nucleiow= The half-lives for these types are plotted

in Figure 8 'in which the same reference lines for the even-even nuclei are shown as in
Figures é.and 7o Interpolated between +these curves are broken lines to represent the
positiohns which the isotopes of odd 2 eleﬁents would have if their alpha-decay rates,
like the even-even nuclel, were not forbidden. It is seen.that almost invariably
these types are fbrbidden and that the odd-odd species show greater deparbures from
their curves than do the odd-even ones. The quantitative,bases for these generalizations
my be found in Table 30

For the odd~even species there is reason to doubt that the departures from
the referenﬁe_cufves as ghown in Table 3 and Figlre 8 give a true piebure of the for-
bidden character of the ground state transitions since, as has already appeared for the
even~odd species, it.is not certain that the observed alphé—particles represent these
transitions. For example, the measured alpha-particle of 5.48 lev for A:m.241 almost
surely does not ccrréspond to the total decéy energy since there is found a gamma-ray
of 62 Kev in high sbundance. If, as seems likely, there should be an unobserwved alpha-
group of 5.54 Mev, then it must have a very long partial half-life and its emission is

highly forbidden., How many others of the odd-even type exhibit the same behavior as

Pt is not knownie
There are two recognized cases of fine structure in alpha-decay among the
odd=even nuclei. These are Pazgl and Fr221° In both instances the lower energy group

21 does not appear

is the less highly'forbidden; in fact, the 6,05 Mev group for Fr8
to be prdhibiﬁed;‘

Iﬁ eiaﬁiﬁing the data for the odd-even nuclei in Table 3 it may be noted
that a large fracbion of +the partial alpha half-lives are calculated fromlvery‘raré
alpha4brénching of predominant electron capture decay processes. There is considerable

uncertainty in estimmting the number of eleetron~capbure events end the experience

in this laboratory has indicated that it is most likely that they are underestimatedo
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This means that the true partial alpha half=lives are probably longer than has been

tentatively accepted.

The single example of an odd-even nucleus for which both energy and alpha
halfflife should be reliable which is no% forbidden is At217o There is no apparent
explanation for this exception to the general rule unless A%Bl? is another case in
whieh +the ground stete transition is not measured.

AI% ié apparent from the few examples of odd-=odd species that alpha-emission
in thiﬁ type is forbiddem. With the reservations necessary because of uncertainties
in'dgta as alreaéy discussed it is probable that oddmodd.nuclei are mors highly for-
bidden in their alpha=decay than are ihe evenwod& and odd-even typeso

Special Forbidden Speciese.-- The special significance of this group Plotted

in Figure 9 will be discussed below. Included are all kmown bismuth alpha=-emitters and

isotopes of francium, emanation, astatine, and polonium with 126 or fewer neutronso’

In the case of polonium this group includes several isotopes of the even-even type and
212 214 -

as elready discussed should probably include Po and Po .

Discussicn of Forbidden Alpha-Decay.-= From the data shown in Fizures
& o &

6, 7 and 8 it seems to be a general condition in alpha-radioactivity that nuclel with
an odd neutron, proton or bLoth show forbidden decay as compared with the even-even
nuclei. This is particularly true of the ground state transitions in those cases in
which more than one alpha-group has been measured. Where several alpha=-groups are
measured, the ground state transition is most highly forbidden and one or more of the
shorter range groups is much less forbidden. In contrast, the few cases of fine
structure in even-even nuclides indicate no prohibition for either group so that the
partial alpha half-lives correspond to the respective alpha-energiese.

According to the Gamow theory a factor which prohibits alpha-decay is spin
change in the transition and of course any discontinuity in nuclear radius in the
direction of abmormally low nuclear radius will appear as prohibited alpha~decay if +the

on
condition iz not recognized. There is reason to believe that Em?lzg Fr“lzg Atzllg
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polonium isotopes of_mass 214 and less, and perhaps all of the bismuth isotopes show
the effect of shrinkage of nuclear radius e However, it is unreaéonable also to atbribute
an important effect of nuclear radius to all of the heavier nuclides with odd protons
and neutrons since, if anything, these species should exhibit somewhat greater radii
than neighboring even=oven isotopes, It is also not possible %Yo explain the general
abnormal half=-lives of these types by means of spin changes.

According to the Gamow formulation the spin dependence is such that in order
~->%0 explain alpha=dgeay abnormally long by a factkor of 10 it woﬁld be necessary to
invoke a spin change of about 5 units. While such large spin chengss have been ob-
sggved‘in beta transitions in which an odd-odd nucleus decays to an evenmeven.type
it would be unreasonable to expect such large changes, particularly as a general con-
dition, in the case of alpha-decay in which parent and daughter nuclel are of the same
type; In addition, considering a decay series such as the (4n + 1) or (4n + 3)
series in which virtually all members show abnormal decay oonstants—iﬁ would be
necessary to posﬁulate glternation of large and small spin numbers differing by several
units each iﬁ‘proceeding down the decay chains. In one case of alpha-decay, namely
tha@_qf_Uzssg'ﬁhe spin numbers of the ground states have been measured. For U235 a
‘value of 5/2 (qr 7/?) was ob%ained(4o) while for Ia231 & value of 3/2 was measured<4l),
thus indicatbting a spin change of 1 or 2 units in the transition. In order to account
for prohibition of the ground state transition of U255 by spin change alone it would he
necessary that thére be a change of about 10 uanits. | |

Sineevpresen% alpha-decay theory does not explicitly account for the forbidden
transitions in all of the broad categories in which they are observed a qualitative
modification is suggested which 1s not out of harmony with the Gamow and Condon-~Gurney
‘theory; An examination of the Gamow formula shows it to consist of two partsg an
exponential term deseribing the barrier penetration and a coefficient before the

exponential term which is a slowly varying function and has been taken to be a constante
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This may be written in the form:

A= Cemf(vﬁz”r) "

Here A is the decay constant, C is the ccefficient mentioned and v, 2 snd r are the
alphgupgrticle velocity, the atomic number and the effective nuclear radius. The
constant C may be thought of as related to the frequency with which an alpha-particle
in the parent nucleus encounters the potential barrier and numerically appfoximates
_the .reciproeal of the length of time it takes the dlpha-particle to cross nuclear
dimensions. This model mkes the téciﬁ assumption that the alpha-partiscle which is
emitbed has besu formed in the nucleus and that there is no prohibition toward assemb-
ling its components in any one nucleus as compared with any other. It is here thafv
we suggest that the effect ;f an odd nucleon mskes itself feldt in slowing thg_assembly
of an alpha-particle. The odd nucleon; presumably the one in the highest quantum
state, must be a component of the emitted alpha-particle if the alpha-particle is bo
leave the nucleus with full kinetisc energy; as & result it must pair with a'lower
lying nucleon of anti-parallel spin and perhaps in addition one or more of the rerining
nuc leons may have to change quantum states. If we assume that these processes require
appreciable.ﬁime we have the basis for forbidden decay in nuclei with odd nucleons.
By the same token two odd nucleons should in gemeral prohibit alpha~decay more than
single odd nucleons end this would be borne out by comparison of the odd-odd nuclel
vwith tﬁe cdd-even or even-odd types in Table 3 and Figures 7 and 8. It would also
follow from these ideas that in all of the forbidden classes lower energy alpha-groups
might compete with or supplant the ground stabe transition since the lower lying
nuc leons are more iikely to be paired and in any case should not be so prohibited in
their asssmbly into an alpha-particle. As is observed, these groups should be less

forbidden for their energies than the grouad state transition.
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The abunormality in the half-life vs, emergy relationships for Po?l0 and all
of the naturally occurring bismuth isotopes as compared with other alpha-emitters has
been pointed out a number of times and the effect has been attributed to a sudden
shrinkage of nuclear radius in these species. It is worthwhile to attempt to correlate
such abnormalities'in huclear dimensions as eviaenced by alpha-decay propertieé with
the new ideas on stable configurations in nuclear structure.  For unambiguous inter-
pretation in a region of rapidly changing nuclear radius bridged by an alﬁha—decay
event it would be necessary to decide whether the increased barrier from a shrunken
nucleus may be asribed to the parent or daughter nucleus, In the one-body model the
alpha-particle is considered to be a body moving within the decay product nucleus and
the barrier to which it is subjected is that of the decay product, This would meéan,
as an example, that the alpha-decay of bismuth isotopes is forbidden.becausevthe
thallium decay ?roduots have abnormally low nuclear radii, It is probable that this_
model is not adeéuqte.and that the nucleus responsible for tﬁe potentiai barrier is
2 hybrid between parent and daughter nuclei.

As already mentioned all of the naturally occurring isotopes of biémuth
show very highly.fbrbiddenlalpha-decay ranéing from several hundred-fold to several
thousand-fold abéve the baseline curve, Part of this may now be attributed to odd
nucleons in bismuth isotopes, but there is still a considerable degree of prohibition
presumably due to nuclear radius effects., If we take a representative departure from
the.baseline Gurve as a factor of 500 and aftribute 10 or 20 of this to odd'ﬁucléoﬁs,
there is left é”factor of 50 or 25 for the effect of decrease in nuclear radius.
According to the Gemow formula a shrinkage of about 10% could account for a fifty-
fold increase in half-life, In the following section are discussed more fully some
of the quéntitative aspects of alpha-decay theory and here it will be seen that there

is good aéreement with the theory for even-even nuclel except the lighter even-even

isotopes of polonium, Pozlzg P021O,

and Po?98, 1In these cases we attribute the entire

prohibition of alpha-emission to nuclear radius effects since other even-even nuclides
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removed from the region of 82 protons and 126 neutrons show rather good agreement.

For PozlO and P0208’ the deéree of prohibition is such that a postulated shrinkage

of almost 10% is mecessary %o accomt for it. Since the bismuth isotopes wheﬁ divested
of the effects of odd nucleons show similar prohibition it is only necessary to
postulate nuclear shrinkage of the §ame order, namely, 10% or less.

With regard to the new highly neutron deficient bismuth alpha~emitters
it is not possible to say whether there is any trend away from that noted for the
heavy bismuth alpha—-emitters because the branching ratios between alpha—émission
and electron éapture are not known accurately and the calculated alpha half-lives
shown in Table 3 must be considered only as rough approximations. The two-minute
period assigned to Bi197Ais only about 10-fold forbidden if it decays mainly by
alpha=-emission. There is no evidence on this point, however. On the other hand

199 shows its alpha-decay to be

the best measured alpha-branching of 25-min. Bi
highly forbidden. In atbtribubing and explaining these effects for bismuth in
terms.of stébility of closed shells in nuclear structure perhaps the best that

caﬁ be done at present is to say that there is abnorﬁally strong binding energies

of one or more protons before the closed shell 82 and that for neutrons there are
high binding energies for a sizeable number before 126,

Withvthe‘marked retardation of alpha-decay for bismuth isotopes one might
expect that lead isotopes (2 = 82) would accentuate this trend. As a matber of fact
no lead alpha-activity has been observed even for highly neutron deficient species
in correéponding position to the light bismuth isotopes in which alpha=-activity
does again manifest itself. This might receive adequate explanation by assuming
low decay energy for lead isotopes but in addition there could be extremely long

half~-lives for the decay energies. It is perhaps significant of the position of

lead that Thompson et 31(23) have observed alpha-activity again when this region
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has beeﬁ crossed, that is, for highly neutron deficient species of gold (Z = 79)
and mercﬁry (2 = 80).

Beéideé the biémuth isotopes there is another class that seems to be for-
bidden in’aipha—decay for reasons of abnormel nuelear radiﬁse These are the polonium

211 and Em212° The significant point here is

isotopes .of mass 210 and lower, At
that all of these heve 126 neutrons or less. It will be noted that these are

the nuclei in Figure 1 that show a sharp departure in the mass number vs enérgy
regularities of the heavier isotopes. In this region even the even-oven nuclei -
appear to_be forbidden in their alpha-decay.

- .In Figure 3 an attempt has been made to demarcate the regions of abnormal
nuclear sfabilitye Fér this purpose use was made of two observations, namely,

that all Bismuth isotopes show a high degree of prohibition in alpha-decay and

that all nuclides with 126 or less neutrons also show this property. The implica-
tion of the abnormally 1ong:half-lives in both cases is that theré are discontinui-
ties in nuclear radius. With regard to nuclei having 126 neﬁtrons or less, it
seems fairly clear that there is a region below 126 neutrons in which nuclear
binding veries only slightly but that as this neutron number is exceeded there is

a sharp‘degrease in binding energy. This effect shows up as a maxi;ﬁﬁwélpﬁa-energy
for a nucleus with 126 neutrons which decays to one with 126'neutr§ns as is the

case for Bizll9 P0212 and p}esumably At213

and higher nueclel of the type. Likewise
nﬁcléi with 126 neutrons and less have low alpha-energy, and what is of equal
importance, the half-lives are abnormally long for the alpha-energies. If several
neutrons beyond 126 are bound relatively weakly then the alpha-decay energies of
nuclei with 12f-neutrons should be between those with 126 and 128 neutrons because
the alpha~particle héere carries off one neutron which is firmly bound end one
which is loosely bound. This would account for the observed alpha-energy of P0211

AcC?) and leads %o the prediction of that for At212 as shown in Figure 1l Another
I3 re

effect should be observed for these nuclides, nemely, the highly forbidden nature
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of alpha-decay so prominenf for nuelei with 126 and less nuclei should begin to
show upo. For Pb211 this would lead to the prediction that the half-life might be
as long as 50 milliseconds, some ten-fold greater than that predicted presumably o
from the Gelgarwﬂut %all relations., (42 >

vThis discussion of the effect of 126 neutrons on the energy surface
probably applies equally well to the proton number 82 but in this case the almost
total absence of measurable alpha-decay pobtential immediately below bismuth makes
any speculation of dubious value. However, the discussion of the effect on
alpha-decay of one nucleon beyond & closed shell as applied above with scanty data
to the neutron number 127 has more abundant examples in the prdton number 83.
All of the alpha~-energies of bismuth isotopes are sharply lower than those of
polonipm as compared with the displacement between éucceeding elements and the
decay rates show a degree of prohibition beyond that expected for nuclides with

odd nucleonsos

Quantitétive Treatment of Alpha Decay.-- From preceding discussions it

seems obvious that if there is to be quantitative agreement between experimental

data and existing theory that this agreement can onlv come for the even~even nuclides.

Preliminary calculatlons with these indicate that qgreement is 1ndeed good over |

a wide range of mass number and atomic number. Thus the shape and spacing of the

curves shown in Figure 6 are reproduced rather falthfully by the single body

theory of alpha-emission as has already been indicated by Eiswas(gg) and others .

who have in addition atbtempted to fit all nuclear types on the same curvese
Since the nuclear radius is the only parameter in the formula which is

not known it'is tempting to use curve fitting for the even-even nuclides as a

means of determining a function which will describe the nuelear radius in the

heavy element region. No comprehensive computations have ye's been made,but preliminary

attempts would indicate thet the simple function r = 1.48 Al/,°10’1? cm, will fit

* We wish to thank Mr. T. J. Ypsilantis for making most of the computations referred
to here.
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the data better than a function such as this with en additive term to express the
radius of the alpha-particle or the range of its forces as has been suggested£43’44)
One may caleulafa conﬁersely the explicit value for the nuclear radius for each
even-even ﬁucli&%'which is necessary %o give the obsérve§ value for the decay
constant and~tqféétermine the deviation of each such radius from the rule, r =
1.48 Al/3°16%1§.émc In about a dozen such calculations for nuclides from.em&ﬁation
to curium, the méan deviation encountered was about 1% which is considered good
agreement'Whenfiﬁ-is considered that often uncertainties in aipha—energy-are
reflected by greﬁter differences in nuclear radius. Refinement of energy‘measure-
ments and correlation of more extensive deta will show whether there are trends
away from this simple formulation for nuclear radius.

Calculations of nuclear radius have also been made for six of the even-
even iso%opes of polonium for which reliable decay energies and half-lives are
available. It'hasllong been apparent in the decay of PoZIO and possible all

bismuth isotopes,that a shrinkage in nuclear radius is at play inilengthening

the half-livesg}f;n the case of the bismuth isotopes we must attribute pert of

‘tﬁe prohibitiohiﬁ@‘ﬁhe general effect of odd nucleons, part possibly to spin

changes and part to nuclear radius effects. However, for the even-even polonium

isotopes any appreciable prohibition should be ascribed to the abnbrmality of
nuclear radiuso “In the single body theory of alpha-decay it is assuﬁéd that the
nuc lear radiué'in effect is that of the alpha-decay producte. 1In the case of polonium
alpha-emittefsxéne would then be "measuring" the nuclear radii of the corresponding
lead isotopeso :Whether or not there is any meaning in ascribing the parameter

of distance in aipha~decay explicity to the radius of the producﬁ nucleus, it

is almost cértain that +the binding enmergy and hence radius of the product nuqieus
is an imporﬁantvfactor in the energy vs half-life relationship; For the decayl

of polonium isofopes, one may attriﬁute prohibition of alpha~decay to shrunken
nuclear radii of the lead daughter isotopes associated with the stable cénfigura-

tion of 82 protoms. For P0212 and lighter isotopes, the decay products have 126
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or less neutrons,and this should increase further the prohibition becauée of the

+ further decrease in effective nuclear radius. Finally, if we assume that the

radius of the parent nucleus is likewise a determinative factor in the effective
radius for alphe-emission, polonium isotopes of mass number 210 and lower should

have still more highly forbidden alpha-decay since the parent nuclei also have

126 neutrons or less. It is interesting to note that the calculated radii for

the even-even polonium isotopes deviate in the mamer expected from radii deter-.
mined by the simple Al/3 function. While the‘Po218 radius is found to-be low by - .-

only 1.4% the isobones P0216, P0214, P0212, POZlO and Po200 show deviations

o]

respectively of 2.1%, 2.8%, 5.5%, 8.1% and 9.0%.

It may be menbtioned that further dissociation of factors which effect
the nuclear radius may be obtained from observations on nuclides such as Em?lz.

Here both parent and daughter nuclei have 126 or less neutrons bubt the daughters

have 84 protons rather then the 82 for the daughbers of polonium isotopes. It
sqq 4 212, . . 210
will be noted tlat, perhaps fortuitiously, Em is less forbidden than is Po

208
and Po”oe.

L S

This work was performed at the Radiation Laboratory, University of

California, Berkeley, California under the auspices of the Atomic Energy Commission.
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* Factor by which measured half-life is greater than value for same Z and Ea

off curves defined by even-even nuclides.
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Table 3
Alpha Energies and Half Lives
. - Alpha
Alpha . Abundance Measured Branching Alpha Departure*
Nucleus Energy of a Group Half-life Ratio HEalf-Life Factor
242 ' - Iven-even species
- Cm 6.18 I50 days 15C days
Cm240 6.37 26.8 days 0.8 ~ 30 days
Pu24o 5.2 ~ 6000 yrs ~ 6000 yrs
Pu238 5.60 92 yrs 92 yrs
Puz36 5.85 2.7 yrs 2.7 yrs
Pu254 6.26 8.5 hr ~ 0.03 ~10 days
#50 4.25 4.51x10% yrs 2.51x10% yrs
ﬁ_ .
UZS* 4,84 2.35%x10° yrs 2555x105 yrs
3 5040 70 yrs 70 yrs
#£50 - A
) 5.96 20,8 da:{s 20.8 doys
P28 6.83 ' 9.3 nin 0.8 12 min
1?52 4,05 1.59x10%° yrs 1.59x1010 yrs
2
Th230 0 4,68 0.30 8.0x10” yrs 1°Ox102
I 4:061 0920 4cOxlO°
Thzz8 0 5.52 0.7C 1.90 yrs 2.64
I5.43 0.28 6,79
Th226 6.41 30.9 min 30,9 min
rRa?%® 0 4.89 .91 1622 yrs 1780 ,
I 4.68 .09 1.8x10
Razz4 5.75 3.64 days 3,64 days
Eazzz 6.82 38 sec 38 sec
222 2 o \
BEm 5,59 3.83 days 3,33 days
En© 6.39 54.5 sec 54.5 seo
Em.218 7e25 0.019 sec 0.019 sec
P0218 6.12 3.05 min ~1 3,05 min
po? 16 6.29 0.158 seo 0.158 sec

talken
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Table 3 (cont.)
Alpha
Alpha Abundance Measured Branching Alpha Departure *
Nuc leus Energy of a Group Hlf-Life Ratio Half-Life Factor
P0214 7,83 1.5x10"% sec 105::10—4‘_ sec
po’ 12 8.95 3.0x10"" sec 3.0x107 " sec
Even-odd species
3 -5 5
P2l 5.1(calc.) ~10 yrs 2x10°°  5x10° yr 9
., _
Pu239 5024 2.4x107 yr 4
UZSS ‘ 8 2
4o B4 .10 7.07x10" wvr 7.1x1C@.yT 1000
4.48 0.20 T 7x1l7 yr 13
73 24,90 1.6210° yr 1.6x10° yr 2
-l
725t 5.6(est) 4.2 days =107 200 yr 40
U'229 6,53 58 min 0.2 5 hr 9
™29 0 5.14 0.1 7000 yr 7x107 yr 350
I 5.04 0.2 3.5x10° yr 45
II 4.94 0.7 10° vr 3
Th227 0 6.16 0.20 18.6 4 25 deys 300
16.13 0.0358
II1 6.10 0.25 7465 deys 100
111 6.08 0.038
IV 6.03 0.013
V 5697 0.025
Vi 5.92 0,013
VII 5.87 0.20 93 days 10
VIII 5.84 0.038
X 5.82 0,15 124 days 8
X 5.77 0.025 745 days 25
Th225 6.68 7.8 min 0.9 8.7 min 5
Ra223 0 5.82 0.55 11.2 days 20.2 days 10
I 5671 0.3€ 31 days 4
II 5.63 0.90 ~ 124 days 5
RaZZl 6.83 31l sec. 31 sec. 7
Em219 0 6.94 0.83 3.92 sec 4.7 sec 14
I 6.68 0.085 46 sec 10
IT 6.56 0.085 46 sec 3
~ -7
ol 7.88 1072 sec 107° sec ()
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Table 3 (cont.)
Alpha

Alpha Abundance Measured Branching  Alpha Departure*
Nucleus Energy of a Group Half=Life Ratio Half~-Life Faqtor
Po?Ld 7.50 1.83x107° sec ~s1(2)  1.8x107° sec 1
po2tS 8.49 24x1078 sec | 4x107% sec 1

Odd~even species

Am.z41 I 5.58 ' 490 yr 490 yr 2
% 5.7 12 hr STIREENE EX P 3(2)
Wpoo! 4.85 2.2x10° yr ' - 2.2x10% yr 4
Np2 o0 5.15 435 days 5x107°  2.5x10" yr 4(?)
wpeo 5.65 35 min 10°° 104 1.0(?)
pa?3l 05,10 0.87 3.43x10% yr 5.95x10; yr 20

I4.82 0.13 ' 2.64x10° yr 5

229 5.79 1.5 days 0.01 150 days 3(?)
227 * 6.57 38 min 0.8 50 min 6
Ao??T 5,04 21.7 yr 0.012 1810 yr 7
20?25 5,90 ’ 10.0 days 5
Ac223 6.76 - 2.2 min ~1(?) 2.2 min 7
proct 6.45 4.8 min ~1(7) 4,8 min 5
rrot® 744 0.02 sec 0.02 sec 3(2)
a7 7.15 0.021 sec ~1(7) 0.021 sec 1
at?10 8.15 107% see ~1(2) 107% sec 2(?)
0dd-odd Species | |

- ' 5.4(calo) ~ 2x10° yrs 20(2)
pa 250 5.5(est) 17.7 days 5,§x10‘5 1400 yrs 250(7)
ragzs 6,20 22 hrs ~ 0.02 ~s50 davys 150(?)
pa 226 6093 1.7 min ~1(?2) 1.7 min 6

Aczz4 .28 2.9 hrs 0.1 29 hrs 40
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Table 3 (cont.)
Alpha =

Alpha Abundance Measured Branching Alpha  Departure*
Nuc leus Energy of a Group Half-Life . Ratio Half-Life Factor
r220 6,81 27,5 sec ~1(?) 27.5 sec 13
A28 7,94 107° sec ~1(2) 107° sec 10

Specially forbidden species
(Bismuth isotopes and others with 126 neutrons or less)

% 0 5.61 0.45  19.7 min” #x10™* 76 days 400

I 5.55 0.55 63 days 150
py“L3 5,97 47 min 0.02 39 hr 350
3% 06420 0.27 60,5 min 0.357 11 hr 1000

I 6.16 0.70 4.3 hr 600

V 5670 0.011 272 hr(11.3d) 150
p3°1l 0 6.74 0.84 2.16 min 0.997 2.6 min 700

I 6.38 0.16 13.5 min 150
p3 210 4.86 5.0 days ~3x10"7 5x10% yr 10%(2)
3199 5.58 25 min ~ 231070 2 yr 3000(?)
3197 6.3 2 min ? . >2min >10(?)
Em 1 6.30 23 min ? 23 min 10
rol2 6.37 19 min .5 38 min 16 (7)
ag?tt 6.00 7.5 hr 0.40 19 hr 50
po2L0 5,40 138 days 138 days 30
po?0% - 5,02 200 yr >2.9 200 yrs 150
PozO8 5024 3 yr 3 yr 30
po2 7 502 5.7 hr ~107% 7 yr 50(?)
Poz06 563 9 days 0.1 90 days 6(?)
po20% 5.45 4 hr ~10"% 5 yrs 1000
ASE90 5.3 4.5 min 107% 1 mo. 200(?)
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APPENDIX

Hotes and Comments on Individual Activities

Most of the data used in this paper may be found in the compilation

n > 1 (3) s
Table of Tsotopes « However there are a number of new isotopes not covered
there, some of the data have been revised or amplified and scme require further

explanation in order to indicate the reliability for the purpose used here.

238
m

e as A

- 2 3 1 2 v Iy =) - z
C As llsned< ) this is an alpha-emitter of 6,50 Fev with 2.5~

hr. half=life. Tt is also swrely unstable with respect to electron capture

4

(see Table 1) and although the branching has not been determined 1t 1s probable
that the measured Im1f-1ife is essentially that of the electron capbture process.

As a result this isotope was not included in Figure 6 as part of the corrclations

241 s s o . .
Cm”~" This isctope of curium is also predicted to be unstable toward

(45)

electron capture. However, the branching for this mode of decay has been shown
to be less than 20% so that little error is introduced in plotting the measured

half-life as the alpha-decay half-1ife.

LYW
%

4
Crm This is a long- llved alpha-emitter of 5.78 Mev alpha- enervy

241 . . .
discovered by S. Go Lnunvson( 8) from the irradiation of Am™ = with 38 lfev helium

L]
. 243 244
ions. Thompson suggests albermate mass nurber assignoments, Cm and Cm ", and

244 . . . . .
the assignment to Cm” is favored here from some detailed considerations in the

|-I>

45 . . . . .
assignmment of several curium 1sotowes.( ) From yield considerations involving
considerable uncertainty, Thompson estimates the half-life es 10 years. This point

has not been used in Figure 6 although it fortuitously falls about where expected.

242 . . . . s .
Am There is considerable uncertainty in the indicated half=life of

A49. .
the ground state of Amz‘gu The alpha half~life indicated in Table 3 is based

on the szss yield from alpha=-decay assuming that Am?42 was formed in the same

yvield as the 16-hr. excited statesAmzégm, from the neubron capture by Am? l

2

There could be a substantial error from this source in either direction. The

alpha~energy was determined by closing the cycle consisting of +the beta-decay
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energies of Am?42 and Np238 and the alpha energy of dm2420 The beta-decay energy
of Am?42 used in closing the cycle is taken to be that of the bebta-particle energy

(0.6 Mev). If any of the gamma-radiation is in cascade with the beta particle the
decay cnergy would be greater and this would increase correspondingly the Am242
alpha-energy.

241

An The high abundance of soft gamma-radiation and L-x-rays led to

the belief that the main alpha=-group is in cascade with a gamma-ray. Preliminary

alpha=-gamma coincidence measurements(47) tend to confirm this assumption. The

'gamma—energy is therefore added to the energy of the alpha particle and recoil

nucleus in arriving at the decay emergy (5.64 Mev) shown in Figure 1.

239

Anm The listed(s) alpha-branching of~ 0,17 has been redetermined(48)

and a better wvalue 0.01% has been used here in determining the alpha half-life.
241

Pu"™" The alpha half-life indicated in Table 3 is based upon the Uz'?)'7
yield from alpha-decay estimating the amount of Pu241 from yield considerations.
The uncertainties are such that the alpha half-life so calculated is probably
correct within a factor of two or three. The alpha~-energy is calculated by
closing a decay cycle involving beta-disintegration energics of ? and P97 ang
alpha -disintegrat ion energy of Am® L.

Pu239 It hes been mentioned in the text that there is unassigned

electromgnetic radiation associated with Pu239 and that the possibility exists .

that the measured alpha particle is not the ground state transition. This phenomenon

would be like +that which has been established for U2g5° If this proves to he

239

the case for Pu the decay energy will be greater than that shown in Figure 1.

Puzg4 The degree of alpha-breanching of this 8-hr. period is not

accurately known because of difficulties in assessing the counting efficiency of

the radiation from the electron capbture process. The tentative branching rotio

ck

he prosent is 0,03, making the alpha half-life 1C days. The energy
(49)

oY

)

adopted

has been revised slightly %o 6.15 lev.
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The alpha-branching of this iso%ope has been estimated as 20%

2

. Pu”

rd

) :
(49) The energy

or possibly less from the alpha-activity and x-ray activity.
given .is .also only approximate since the alpha-group falls in the same energy range

with its decay product U228 which itself is not accurately known.

=4 74
NpZOS The 1isted(°) alpha~branching of ~0.1% has been revised %o a

value of ~0.0059%, 2°)

233

Ip This is a new neptunium isotope prepared by the irradiation of

7 4
UZOO and Uzsé with high energy deuterons°(51)

It decays predominantly by electron
capbure with a half-life of 35 min., but also shaws a 5.53 Mev alpha-particle in
low abundance. As is the case with all of the nuclei decaying by electroﬁ capture
without daughter activities which can be measured precisely, it is possible at
present only 4o estimate the branching and alpha half-life. The tentative wlue

1.2 ‘g "“3
for the alpha-branching is~10 “%.

4 =4
fats] o £, 2
U The main alpha group {4.396 Mev) apparently does not involve the

ground state treansition since there is found a 0,162 lev gamma ray in high
(3) 4 ' q 3 3 . +
abundance, and ‘the decay energy shown in Figure 1 includes The gamma raye.
The abundance of the ground state transition was not known precisely

since uatil recently it had not been observed. On the basis of an apparent 20%

. | o ets o o op 258(52)
discrepancy between the number of 4.396 llev particles relative to those of _
and the number +that should be present (if there were one per disintegration) accord-

(53)

ing to mass spectrographic analysis and the yield of the asctinium series products
it was suggested tentaﬁively(sz) that 207 of the transitions result in a higher
energy alpha-group which is covered up by the UZ54 alpha particles. Reéently this
laboratory obtained a sample of highly separsated U235* end we were able to resolwve

, . . s . .
a longer range alphs—group occurring in 10 = 1% abundance and at an energy which

is 160 Kev higher than the main group within the experimental uncertainty of about

* We are indebted to Dr. C, B. larson and other members of Carbon and Carbide 35
Chemicals Corporation, Oak Ridge, Tennessee for making available to us the Uz
uged in this study.
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20 Keve The ability to resclve this alphavgrcup'makes it possiblé to determine

the specific activity of U235 directly on the highly separated material and thi;

may well cause a.chadge in the accepbed half-life for U2550 However, ra%her than

to attempt to correct existing data we shall retain the old value (7907x108 yr) until
these measurements can bg made accurately.

23

U235 This nuelide like Pu 9 has associsted with it a considerable

level of electromagnetic radiation although only a single alpha—-group has been
identified. It is poséible therefore that the obserwved alpha—grbup does not
'représent the ground state transition. Since there is né direct determination
of a decay scheme, the measured alpha-energy is used for Figure‘lg

Eifi The alpha~energy of this 4.2-day electron capbure nuclide camnot

yvet be measured because it cannot be prepared free of overvhelming levels of

2 7
alpha-activity of *%0 ama #%2. However, the extent of alpha branching can be

T2
measured by iscolating the decay products Th227(RdAc) and Pa“51e The alpha half-life

was calculated from this as 200 yearso(5°) The alpha-energy was estim ted as
5.6 Mev both from Figure 1 and also by closing a decay cycle (Uzgl,Pazul, A0227,

Th227) in which the electron capture decay energy for U281 wa.s estimated as 0.5

(29)

Mev by the relation of Thompson.

Pagsl There is good evidence that the two well established groups of

" alpha particles used in this paper themselves poésess fine structure and that

(54)

the high energy group has a component of 5.04 Mev which is about 30 Kev

greater than what has been taken to be the ground state transition. This makes
little difference in the energy plot of Figure 1 but would have the impor tant

effect best visualized from Figure 8 of mell ing the ground state transition mbre
highly forbidden that as shown. Another minor consequence of this change would

231

be its effect on the U alpha-energy since it was estimated by closing a decay

. . 231
cyele which, includes Pa

alpha decay. However, other uncertainties in the
calculation overshadow the slight increase in alpha - energy for 0251 that wotild

be entailedo
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PaZSO The degree of alpha~branching of this 17-day activity has been

me{stir_zated(ss) by obtaining the r'aﬁlp‘iolit"l the UZSO and Acz26 which grow from it
assuming.’cha’c the 17-day half-life is substantially that of the electron capture
| process rather than that of B -emission. The yieids correspond. to an alpha
half-life of 1400 years which is plotted in Figure 8 against the alpha-energy

(5.5 Mev) which was interpolated from Figure 1.

Thz 30 230 )

(Io) Certain aspects of the fine structure of ionium (Th
have been worked out and warrant incorporation into these correlations. The

alpha-particle spectrum has been more caref‘ully examined and seems to consist of

at least two groups of energy 4.68 and 4.51 Mev(56) in good agréement with the

(57:58), o ratio of the 4,68 Mev o 4.61 Mev groups

(56)

known gemma ray of 68 Kev

is estimated by Feather (35) as~4:1, Rosenblum, Valadares and Vial also

obtained some evidence for a group in low abundance of energy which could corres-

pond to a transition 170 Kev above the ground state, which gamma ray has probably

(57,58)

‘been observed. However, this group is not shown in Figure 6 and Table 3

because its abundance is too poorly known.

.ﬁlzgs(RdTh) Some newer values for the abundances of the ‘two alpha—

groups have been given as 0.72 and 0.28 for the respective group energies 5.423

and 5.338£59)‘

224

Th The measured alpha-energy (7.20 Mev) is in keeping with a

short half-life but it has not vet been measured. This is also trwe of some other

short lived nuclides such as A0222, Razzog Fr218, En216 and Pozllo

AQZZB(MSThZ) A measurement of the alpha particle from rare branching

has been reported(so) giving 4.54 Yev for the alpha-particlé energy, & value which
agrees with the predictions according to Figure l. However, for this energy »
and according to Figure 8, A0228 should have an alpha halfr-vlife of 106 years or
more meking the alpha~branching only 1 in 109=, It is extremely doubtful that

such low alpha-branching could be observed in this particular case.

/
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227 .
Ac The existence of two alpha-groups one of the~ 350 Kev below

(61) (62,63)

has not been confirmed so for the present it will be

the main group
assumed that AQZZ? has a siﬁgle alpha-group of 4.95 Mev with the reservation that
finer meesurements may'show this group to have cloéely iying fine struééure;' |
The question of whether or not the alpha particle observed represents the ground
state transition reme ins at present unresolved.

' 3 rrz\
Ra226 There is a well recognized gamme ray of 23546 of about 0.19

/ _ 3
Nbv£64”65) Stahel(ss’ found the conversion electrons in abundance of about 5 per
100 alpha~disintegrations and estimated an sdditional few percent unconverted gammas.
Rosenblum and Perrin(66) observed the corresponding short range alpha-group and

remarked that the abundance was of the proper magnitude to correspond with the

(67)
(68)

measurements of Stahel, More recently Rosenblum indicated that the abundance

of the short range group is about 9% while Chang gives the abundance as 1.8%.

Because of the agreement between independent measurements of the gamma ray and

the alpha-group by Stahel and Rosenblum respectively, the higher value is. used.

Frzlz This highly nentron deficient francium isotope (predicted B-atable

L PO bt

francium is Fr219) was prepared with high energy protons on thorium by Hyde,
Ghiorso»énd Seaborgo(zg) It was isolated chemically snd shown to 1lie in the mass

218 _, . s s -
number renge well below Fr L since other heavier francium isotopes whiech could

L&)

conceivably have the obserwved alpha-energy and half-life would all give rise to

well known decay products of the matural radiocactive series. It was assigned to

Fr212 through its genetic relationship by alpha-decay with an astatine isotope

thought to be At208 and by electron capture to a new isotope of emsnation assigned

to Ernz'12 by its genetic relationship with P0208° The m asured half-life for

212 12

Fr is 19 min. and judging by the rate of growth of Emz alpha particles the

alpha-branching is about 50%. The energy of the alpha particle is 6.25 Mev.

Em.218 There is a serious discrepancy in half-life for Em218 reported

by different investigators. Studier and Hyde(7) reported a half-1ife of 19 milli-

seconds for BiZ'® arising as a product in the U200 series. Walen(®?), on the
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18 as a l.3 second activity from the rare
which itself arose from the rare B -branching of ha®18,

other hand, claims to have identified Em?

B--branching of At218

There are several reasons for accepbing the value given by Studier and Hyde, the

first of which is the greatly simpler experimental situation in their method

of production of B’ 8, Another reason is that the energy and half-life given

by Studier and Hyde fit well with the regularities of Figure 6. With regard %o
the l.3-second half-1life of Walen, this period is much too long for the energy given

by Studier and Hyde, or conversely, if we do not accept this energy but‘estimate_

18 19

it from the 1.3 second half-life then Em2 will have a lower energy than Anz'

which is elearly out of line with the regularities of Figure l.

Em.z12 This new isotope of emsnation grows from Fr212 as mentioned and

has a 6.18 Mev alpha particlee(ze) The measured half-life is 23 min.(27) and

212

since we believe that Em might be beta—stable this would also be the alpha

half-1ife.

Ahgls “In the review article(s) the energy of the alpha particle for

t218

A found by Karlik and Bernert(s*) to he 6.63 Mev was erroneously reported

as 6.72 Meve

213

At This nuclide has never been observed and we estimate an.alpha-

energy (see Figuré 1) following the resdsoning that a nucleus in this region -
with 128 neutrons will have the maximum energy of all of its isotopes. This

estimntion was made as a predioction to emphasize the belief that this is the_.

expected trend and that the alpha-energy of Atglg probably should not be obtained
by interpolating between At212 and At214o
' 212 - . A, (70)
At™"" The half~life of this nuclide has been measured as 0.25 second

and from Figure 8 we estimate that the alpha-energy is about 7.4 Mev making allowance
for nuclear fype bgth'with respect to its odd-odd composition and its decay through

126 neutrons. This energy is probably not reliable to the nearest 200 Kev at beste
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It is to be expested that the alpha-energy will lie between those of Atgll and
Atzls and to this extent the energy assignments given t both Alez and At215

are eonsis%eﬁto
210 (71

and lighter astatine isotopes -Kelley and»Segré' ) have for AtZIO

© A%

a minimum alpha~branching ratio of lOm4 which yields accordiﬁgly an alpha half-life
>10yrs., From Figure 1 we may estimate the alpha—energy of Atzlo as 5.4 Mev if it

11 aS'PbZO9 does +o P021O;

is assumed that it bears the same relation to Atz
Piacing this energy and half-life on Figure § it is seen that the alpha decay
is at 1ea§t several hundredfold forbidaen, The fact that it is so highly forbidden
is attributaﬁle paftly to its havinglless than 126 neutrbns and partly to its

odd-odd configuration. It is interesting tc note that (provided the energy has

been guessed corectly) the prchibition of alpha~decay is greater than that of

211

s
Fa

At which fact may be interpreted as Ehe effect nobted for an cdd~odd nucleus
as compared with an odd~-even ons.

Ahthough alpha-emission is again observed for aséatine below mass 210,
isotopic assignments for the several activities camnnot be made unambiguously.
All of these undoubtedly decay principally by electron capture but the degree of
branching hras not yet even been approximated. Therefore none of these nuclides
can be.used in the half-life vs energy correlations. However, certain alpha=
energies have been measured and isotopic assigmnments were made as indicatbed
in Figure l. It should be emphasizéd thaet the half-lives given here are the

-measured half=-lives and not those for al pha-emission.
The assignment of a 5.5-hr period with alpha particles of 5.65 Mev

209

energy has been tentatively made to At based upon the excitation function in

the irradiation of kismuth with helium ions and +the probable identification of

Pozo9 among, the decay products of the complex mixture of activitieso(72) Another

5,65 Mev alpha particle decaying with a half-life of 1.7 hr has heen assigned

to A-}:ZOB,J and was produced through alpha-decay of an activity thought to be
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Fr2;20(28) It was assigned %o At208 principally on the basis of the appearance of

P0208 at the rate corresponding to the decay of a 1.8 hr. parent. It may be

mentioned that by spallation reactions of bismuth another apparent astatine

parent of P0208 is produced which decays with a longer half-life than 1.8 hrs.

(72)

and has no observable alpha-radiation. It is possible that there are isomers

of At208 which show up in different abundances by the two modes of formation.

Through excitation function measurements a 5.76 Mev alpha particle

207 (72}

decaying with 1.8-hr. half-1ife has been assigned to At Two other

probable asbatine isotopes are assigned to At205 and At204 somewhat arbitrarily

although the mass number range is defined by excitation experiments. The two
‘activities are respectively 2 25 min. period of 5.9 Mev alpha=-energy and a
(72)

- 10 min. pericd with a 8.1 Mev alpha particle.

P0209 This new isotope of polonium has a 200-year half-life for

(71)

a;pha—decay estimaﬁed from yield considerations and the alpha particle énéfgy-
has been reviséd slightly as 4.90 Hbvo(73) The electron capture branching is

not known accurately but was estimated from the amount of L x-rays as e maximum of
1 in lO.(24) The electron capture half-life would be accordingly greater than
2000 yearse | |

Po205 and lighter polonium isotopes As in the case of light astatine

isotopes there is little accurate information on the alpha half-lives of these
sbecies and the isotobic assignments are not certain. The enerpgies are sufficiently
well known and the isotopic assignments are well enough defined for use in Figure

1 to show the trend expected in this region. The presently accepted decay properties

of P0205 are a measured half-life of 1.5 hr. with a 5.2 Mev alpha particle.(24)

The 5.35 lev alpha particle with 4-hour half-life(s) has been reassigned.to P0204(24)

while the 40 min., 5.56 Mev alpha—cemitber is retained at Pozog. In each case the

degree of alpha branching is not known.
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10)

a 5.0 Mev alpha partiéle

found by Howland end Perlman (unpublished) was attributed +o 812080 This alpha

?
~Bi208(') In a previous communication(

particle appeared as a very weak activity in the bismuth fraction of pile neutron

irradiated bismuth and was thought to arise from an n,2n reaction. This assignment

208

was not very attractive since we might expeet Bi to have an alpha-energy not

greater and perhaps less than that of Bizogo The interesting possibility is being

explored(74) that the 5.0 Mev alpha-group belongs to a metastable state pf BiZLQ(RaE)
highly forbidden toward isomeric transition and beta decay. Partial but incon-
clusive evidence for this assignment has been obtained.

BizOl The 60-min. activity with alpha particles of 5.15 Mev assigned

201

on the basis of its genetic relationship
(1)

to BiZOO(S) has been reassigned to Bi

to 8~hr. Pb and 72-hr TLl which are tentatively assigned to mass number 201

Bilgg This is the only one of the neutron deficient bismuth alpha-

emitters for which the alpha-branching has now been estimated. Ibts isotopic

‘assigmment has been made(ZI) by observing the growth through successive electron

199 and the 7.5-hr. T1199° The alpha~branching calculated

from the yields of %the 111%° and the observed alpha-emission rate is 1.7 x 10-3%

capture processes of Pb

which gives an alpha half-life of 3 yrs.

83197 This 2-min. activity assigned to BilD! is used in these

correlations in terms of its minimum alpha half-life by assuming that the measured

half-1ife is controlled by the alpha-decay process.

190

Au This alpha—emitter(s) has been more positively identified

as an isotope of gold and by measuring the other radiation decaying with ‘a 5-min.

: . - 2
half-1life the alpha-branching was estimted as 10 2%0( 3)
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Figure 1
Alpha=Fnergy vse Mass Number

Relationships of the Heavy Nuclides
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Figure 2
Parabolic sections of energy surface
showing increase in alpha-energy with

mass number decrease
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Figure 3
Energy Surface in the

Heavy Element Region
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Figure 4
Alpha-Energies Trends of Heavy Nuclides
(Heavy solid lines join nuclides of comparable
beta stability; broken lines join nuclides

along alpha-decay chain)
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Figure &
Schematic sections of energy surface at Z = 84 and
Z = 82 illustrating trend of alpha-energies of the
polonium isotopes (arrows drawn at polonium isotope
‘mass number; length of arrows proportional to

alpha energy)
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Figure 6
Half-life vs. Energy Relationship
for the Even-E#en Nuglides
(Roman numerals indicate short-range groups

in fine structure and "O" the ground state transition)
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Pigure 7
Half-1life vs. Bnergy Relationship of
the BEven-0dd Nuclides
(Roman numerals indicate short-range groups

in fine structure and "O" the ground state transition)
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Figure 8
Half-life vs. Energy Relationship
for the 0dd-Even and 0dd-0dd Nuclides
(Roman numerals indicate short-range groups

in fine structure and "0" the ground state transition)
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Figure 9
Half-1life vs. Energy RelationShip of
the Specially Forbidden Nuclear Types
(Roman numerals indicate short-range groups

in fine structure and "0" the ground state transition)
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