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SYSTIMATICS OF ALPHA-RADIOACTIVITY
I, FPerlmar, A. Ghiorso, and G. T. Seabory

Radiation Iaboratory and Department of Chemistry
Miversity of California, Berkeley, California

ABSTRACT
Correlations of alpha-decay energies in temms of mass number and atomic

number have been made for all of the alpho-emitting species now numbering over

100. For each element isotopes show inorease in alpha-enerpy 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,ﬂ
emanation, franciumpy and possibly highor elements as had been noted already for
bismuth and poloniume Methods and examnrles of using alvha=decay data to define

the encrry surface in the heavy element region are discusssde The regularities

in alpha-decay are used for predictions of auclear properties including predictions

a~stoble nuclides among the heavy elementse

o

of’ the be
The half-life vs. energy correlations show that the even-even nuclides con-

form well with exisbting alpha-decay theory, but 2ll 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 observations made on nuclides having two

or more alpha-groupse Using most of the even-even nuclei to define "normal nuclear radius"

calculations are now ahle to show the shrinkage in the regions of lead and of 126

neutrons to amount to about 1C%e The much greater change in Meffective radius" for

bismuth isotopes can be dissociated into the effects of odd nucleons superimposed

on the actual decrense in nuclear ralivse The simnle expression r = 1,48 1/3010-13

cni seems bo it the data for the even-even nueclel outside of the region of 126 neutrons

better than more comnlex functicnse.






SYSTEMATICS OF ALFHA-RADIOACTIVITY ~BE
I. Perlman, A. Ghiorso and G. T. Seaborg

Badiation Laboratory and Department of' Chemistry
University of California, Berkeley, California

September 12, 1949
INTRODUCTION

Interest in the systematics of alpha-decay properties goes back to the early
studies of the natural radiocactivities at which‘time it became apparent that there exists

. . . | . (1) s,
a direct relationship between alpha-energy or velocity and decay constant. 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
info the nature of the processo(z)

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 it possible to examine the
properties of an increasingly wide variety 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 radiocactive properties of unknown species because of the
extreme range of half-lives that may b» encountered. At the present time such predictions
can be mde with a fair degree of confidence and this facility has aided markedly
in the preparation and identification of new nuclear species in the heavy qlemenf
region. It is perhaps obvious but worth pointing out here that insofar as prepar%ﬁioh
and observation of new nuclides are concerned, predictions of beta-stability muéfibo
considered along with alpha~decay propertics.

Another major reason for interest in alvha-decay propertics 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 values for

decay encrgies. Since the heaviest clements are joined to the region around lead

<



interrelate on an energy wccentent basis

by continucus desay
most nuclear speeies in this region making use of few sericus approximtions. In
brief, it is possible to determine regions of greater nuclear =stability from neighboring
regions in which the nucleons are less firmly bound. Iastly, so far as this intro-

duction iz voncerned,it is possible to prin further information on nuclear ghmicture

,Q.

ng the decay constants in terms of the factors which determine decay tonstants

by conside
according tu the quanbtun mechanicsl explapation for the alphs-decay process and 4o show
to what dsgree alpha~decay theory is adeguate in interpreting all of the new data.

Ta the last few years the extension of available data has become so consider-
able as to depand & reeramination of regulariiies in "iphl—aoaay propertiesn About

Ly 24 alvha-emitters were known and these were all members of the

i

radiosctive femilics. Tn the next five years only Tive more

had beenfrepmrﬁedg one produced Ly artifisial means and the others discovered by

mere sareful J“HMLWQthn of the radioactivities occurring in nature, At the present
' (3]
time zbout 100 alpha-decaving nuclear species have been reportsd.  ° Ilkst of the

large number of pew additions mpy be classified in groups with regard e position

among the eiemsuts snd means of formation. The work on transuranium elements at the

University of California and at the wartime Metallurpical laboratory of the University

(4)

of Chicago has resulted in the discovery of 16 alpha-emithers in this repione The
?33 Y : .
preparation of U n quantity hes added 7 more alpha-emitters as membsrs of the
(5,6)
dn + 1 radiozctive family " ° ' while 4 and 18 new species, respectivaly, wers added
Y Sa ¢ Yo
30 {7) :
=1y of the T collateral sevies’ ' and five new short-lived gollateral

Bnother group of 1€ alpha-active species resulted from preparation of neutron

L
o 4T)
francium. *

isotopes of bBismuth, polenium, astatine,

[o¥)
U]
oy
o
3
tic
O
Y
purs
o

The additional alrha~emittsrs which have been charscterized within the

past few yesrs are most important because they swbend the nuzlear types for whieh



TTOEY
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A

N3

alpha=-decay is chserwved and some also fill in gaps between previously known isotopese.

.'Tha most important new regions for which date are now available are the transuranium

elements snd isotopes ivirde on the neutron deficient side of beta-stability. The

band of alpha-emitting nuclei has therefore been extended both vertiecally and laterally.
The regularities in alpha-decay properties are now sufficiently well

defined and are broad encuph in their coverage to make possiblse meaningfu} pre-

dictions for all nuclides from bismuth to elements beyond curiume. IMost of the

aveilable alipha-descay enerpies and some data of half-lives hawve already been

- reported in recent hrief communicationso(lo)

ALPHA~-DECAY ENERGIES

Geueral Trends.-- There are clearly a number of ways in which to correlate

alpha-decay encergiss. The most dofinitive presentation would consist of an energy
surfacse frowm wnich could be measured nuclear instabili@y of all types. However,
there are great advantages in terms of simplicity and magnification of scale in
plotting alpha-~decay energies directly. In diagrams of this type one arrives at
a family of surves which take different forms depending upon what the alpha-snergy

is plobted apalinet and vhich parameter is chosen as the basis for jolning points.

s,

1)

Ore of the early methods of treating data was that of Fourniercl who plotted

the alpha=-particle velocity vs. mass number and showed thet upon joining isotopes
of each slement a family of parallel straight lines resulted, a few points being

(12)

notable exceptions to the rule., Schintlmeister has made a similar diagram but

in addition has joined points of +the same "neutron excess™ (4-2Z). It will be recognized
that members of a desay sevies linked directly by alpha-particle decay will all

have the same “neutrcon excess". IMore extensive treatment and interpretation of

I's o
ot (18) (14)

available data was made by Berthelo and more recently by Karlik using methods

somewhat similsc to those mentionsd.
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(15)

Another method of correlating data on alpha-decay used recentiy by Wapstra
RN
and Gluekauf&lsj consists of ‘a numerical indication of mass defect or alpha-decay
energy at the position for the,appropriate nuclide on a plot of A vs. A~2Z or 2 vs.
A-Z., Contours drgwo through points of equal instabiliéy'serve to map trends in this
property.

The usefulness of any plot of alpha~desay properties may be measured by
the accuraey with which properties of previcusly unobserved alpha-emitters may be
predicted, This in turn depends upou how regularly the data fall into the adopted
scheme. Thers is probably 1little to recommend one method over another fur gereral
purposes sinag siﬁilar‘uncertainties in extrapolation are inherent in all methods
and similar dedustions of nuclear properties may‘bé made from all.

A%t the present time theres are sufficient data availéble over & range of
mass numbers for almost every elemen% from bismuth to curium that trends in alpha~
decay properties show up well on a plot of alpha energy vs. mass number in which
isotopes of the elements ate joined. TFigure 1 shows such a treatment of the data
in which the ordipates give the alpha-disintegration energies* for the ground state
transiions which ﬁould,include gamma ray energies for those cases in which the most
energetic alpha particle observed is knowm to be followed by garma radiations. If
we cenfine our attention to the heaviest elements, neglecting, for the moment,
astatine and lower elements, the most apparent characteristic of the alpha-energies
is that the isotopes of each element may be joinsd by a moderately straight line with
incresse in ewergy for decrease in mass number. The trend is roughly linsar; that
it departs from this condition is not surprising and rossible reasons will be
discussed bslow,

The‘gensral trend of increase in alpha-energy with decreese in mass
number probaﬁly cad be adequately explaired for the present by'considariné sections

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

% In this paper %the total energy of the transition between ground states will be
termed “alpha-disintegration enerzy" or more simply "alpha=-enersy” while the kinetic
energy of the alpha partiele will be explicitly designated "alpha partisle energy”.



in idealized form for A, A-2, A-4 etc. The parabolic form of these sections at

(17)

constant A was deduwed by Bethe and Bacher from their semi-empirical mess equation
and this was transformed into a more cénvenienﬁ form ahd the parameters evaluated by
Bohr zad Wheelero(l8) These Bohr-Wheeler parabolas therefore show energy relationships
between iscbars. The abscissa in Figure 2 is not continuous. This was done in
order to spread tﬁe'parabalas apart and the nobtation of Z on each indicatss the
positions of the same atomic number.

Tt will be recalled that in the region from lead tc uranium there are
added on the average almost two neubrons for each proton in attaining = zomparable
configuration with respect to betawstability for suceceeding elements. Thersfore, if
as shown iu Figure 2 element Z lies at the wertex of the parabols for mass namber
A~2, element Z~2 will lie appréximately at the vertex of A-8, It is further assumed
that the change in packing fraction is regular in this region'so that if the ordinate
of Figure 2 is a function of bhe mass defect or packing fraction the parabolas will
lie as shown. It is a property of identical parabolas arranged in this fashion that
the vertical projections of lines representing alpha decay drawn between points on
two parabolas (eogo, A,Z to A-4,7Z-2) will increase as A decreases. As long as sections
of the snsrgy surface at constant A are roughly similar parabolas without sharp
irregularities and the slope of the surface is fairly constant, decrease in rmss

(19)

number for each element should be accompanied by increase in alpha=esnergy. Kohman

has developed an expression for alpha-ecnergy in terms of the .Bohr-Pheeler mass equation(lB)
from which the same deductions ¢an be made amalytically as those developsd graphiecally

here by mking equivalent assumptions as to the form of the ensrgy surface. It may

be mentioned that the section of the energy surface at constant & will be defined

by a single parabola only if A is odd but the same reasoning applies for the condition

of Yeven A" in which odd-odd nuclei 1lie on a parabola of higher enerpy than even-even

nuclei since alpha-decay is a transition between the same nuclear typese
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The ahove explanation with Figure 2 considers the parabolic sections of
the energy surface to bé identical and displaced muniformly on the energy axis.
Obviously neither assumption conforms to reality and some further deductions on the
shape of the surface may be obbtained from more detailed consideration of thes alpha-
decay data, To do this it is helpful to visualize which parts of the energy surface
are vnder soasidevaticn., Acgcordingly, & schematic sketcoh is presentod as Figure 3%
in whish Yhe wvertical axis is some function of the mass such as mass defect and the

other eoordinates are the atomic number and mass number as indicated. The surface

bas been Idenlized iun that it shows none of the irregularities due to odd and even

rolationshics but these need not enter into the present sonsiderations of alpha
deway bassuse alpha transitions occcur between the muslel of the same type. Some
combours of constant 2 and constant A have been en'tered as well as s few refereouce
pointz. me sharp irregularitiss are noted in the lower part of Figure 2 and these
will be discussed below. Tor the present it is worth considering what information
mzy be obtained from alpha-decay data in the region above about mass nurber 216,

In Figtre 3 1z shown a line ab which is the contour following the bottom
of the ﬁaﬁley‘and iz sometimes called the line of bets~stability. One may also
visualize wsonbours parallel to this sbtebility line whieh would connect nuclel of
the same degree of heta-instability. From alpha-decay energies it is possible to
obtain information on the slone of these conbours and therefore of the surface. The
alphauﬂvudf engrgles do not iﬁdi@ate the slones in the direction of the wontours
but at sn angle skew to this direction somewhat as indicated in Figure 3 by the
1"

arrow lahelled Ma Bearing in mind this limitation in interpretation it is sHill

(]

posgible bszrve o definite btrend in this region which may be desoribed as a

]

steap siops of the hobtbenm of the valley above mass 216, u tendency toward a plateau
botween 224 and 236 followsd by an incsreased slope at higher mass numberse. These
numbers shoulid not be taken rigidly as there are no sharp breaks in slops apd there

my be supsrimposed other effects in a direction not parallel with the valley.

e ini ¢ e 5

# We wish to thank Mr. Robert QClson for the preparation of thig sketsh,
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The manner in which these inferences were made may be clarified by refsrence
to Fipare 4, Here are plotted the alpha-decay energies as a funciion of mass number,
and nuclei of constant Z'are connected (with light lines) as in Figure 1. The
contours shown in heavy lines on figure 4 are intended to map regions of constant
degres of beta~instability. For example, the contour XY joins points along the
stability line ab in Figure 3, lowsr contours join points on the Bohr-Yheeler parabolas
of 2 lower than the most stabie value of Z and the conbours above XY go ‘through points
of higher walues of Z than the most stable. The ordinate wvalue, that is the alpha~
energy, for each conbour is seen to go through a minimum indicating a minimum slope
to the snergy surface in that region. The reason for the vertical displacement of
the contours in Figurs 4 may best be visualized by examining the model in Figure 3.
Since alpha-decay prosseeds in a direction skew to that of the wvalley the alpha
energies of points on the left hand slope of the valley will become progressively
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
pcints along an alpha decay sequence are joined. Some of these are shown as dotted
lines in Figure 4 and again show minima, Here, however, the minima arise from at
least twe 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 others

It is not possible to attach to this plateau any precise meaning in terms
of nuclear structuwe in the sense that some sharp irregularities in the region
around lead and polonium may be iunkterpreted (see discussion below). The existence
of this regicon has the prastical importance of allowing a few nuclei in the region
of beta-stebility to have sufficiently long alpha half lives to persist in nature.
Let us examine what would have happened if the slope of the energy surface were a
little steeper. Then UZ':58 which is assumed still to be beta-stable might have had

a 10- or 20-fgld shorter half-life and would have essentially decayed away. Now
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U240 would have a longer alpha half-life but being beta unstable would decay o Pugéo
which woulc again have ftoc short an alpha half-life. It may be stated that the condi~
tions for persisting in nature is that a nuclide be the heaviest beta stable isotope
of the element, that is that‘it lie on the proper side of the wvalley, and that it
lie on this plateau, Avparently only two nuclei fulfill these conditions, Thzgh and
U238° The other hucleus with long half-life, U235, is found in nature for another
reason having to do with an abnormally long half-life for its decay energy. This
will become clearer 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 isobopes of each element from emanation %o
curium no longer applies to elements below emanation and in fact even emanation and
francium now have identified isotopes which do not fall in this sequence. Here the
trend of increase in alpha-energy with decrease in mass number is apparen% for the
heaviest isotopes of each eolement bubt a point is reached at which there is a sharp
break and alpha-energy decreases with decrease in mass number. At still lower mass
nunbers 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 mass numbers and then reappears at very low masses.
The condition of increase in alpha-energy with decrease in mass number is fulfilled
from BiZ]'4 to 81211 while B121O has a much lower alpha energy and Bigo9 (stable bismuth)
has an alpha~energy less than 4 Mev as inferred from bthe inability %o detect iks
alpha-gctivity. Several bismuth isotopes in the ranpge Bizoz-BiZO7 are known(s’zo)
but none of these have debectable alpha-activity. However, at still lower mass numbers
(B1201 and lower) alpha~activity again appears. The same trend but at higher energies
is noted for polomium and astatine and probably for higher elementse.

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

of the form indicated in the lewer part of the model shown im Figure 3. It may readily
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bé seen that the Bohr-lWheeler "parabolas™ at constant A have a decided depression
inceluded as an irregularity and with this it is possible to explain the observed
inversion in alpha-ensrgies in a manner similar to that ysed in Figure 2. Another method
that may be ussd is to consider contours of the energy surface at constant 2. This
has been doune in schematic fashion in Figure 5 for Z = 84 and 2 = 82. The lengths
of the arrows indicate the alpha energies for the polonium isobopes of the mass

e e : : 22
numbers indicated and the sequence showing increase in salpha energy from Po to
P0212 followed by a sharp decrease and gradual increase in progressing tc lower mass
numbers &are indiaatgd in this fashion. The exact shapes of these contours must not
be taken seriously beyond the pojnt that they will héve some such shape if the
irreogularity in the encrgy swurface sets in at some line of constant neutron number
as shown in Figure 3. The changes in slope of the curves of Figure 5 are made ‘o
fit the observed alpha-decay data. It will be noted that the contours were Jdrawn
through even-even nuclei only. This was done in order not to complicate the drawing
by odd-even slternations. The meaning of the inversion in alpha energies nobed in
this region is attributable to abnormally strong nuclear binding associabed with
126 neutrons and will he discussed further below.

The preceding paragraphs have dealt with the explanation of the general
trends in alpha dscay energies. It is the purpose here to discuss the data presented
in Figure 1 and ko point out some of the deductions which can be reached concerning
the properties of a nuwber of individual nuclidese

Bwaluation of Dats.-- It is ioherent in most of the methods used for determining

alpha~energies that fairly accurats wvalues are obtained. Almost none of the energies

shown shouid be in error by more than 100 Kev, anml most of them are known with considerably
better avcuracy. I% will be seen in the final section of this paper that thers is

hope of making calsulations of nuclear radius from alpha decay data in which uncertainties

in alpha energy of the order of only 10 Kev would be meaningful and undesirable. However,



1
lnu o]
~ O

for the present considerations such accuracy is not necessary to observe the general
trends and the principal uncertainties in interpretation arise from other sources.
There are 4 cumbsr 4f cases of wacerhaln assignment of mass number and these are
indicated in FMgure 1 by superscript question merks following the mass number. In

no cuses wers the sssignments as indicated purely arbitrary; for example, the four
neutron dsficient bismuth alpha emitters were arrangesd in the order shown by excitation
function data and the mass numbers of some were assigned by observing the genetie

reiationship with the lead and thallium daughters arising bhrough successive electron

23)

capburs desfiy.
Okher entries in Figure 1 are accompanied by question marks preceding the
e 232 g .
symbel as in wvhe sase of Pu indicating uncertainty of the energy valwe , due in this
instance to +the lack of resolution of this group from cthers formed in the same

ich are calculated or estimated are similarly dencbted.

mradistio

[¥D
>3

nties already mentioned it should be realized that total
dezay energy 18 the property which should be compared and there has been a tacit

TWhere this

assunption that the alrha-energies shown represent ground state trans

gonditicn Is fmown not Yo apply, corrections have been made by addition of the gamme
. . o U235 . 24l 5 .- .

ray cnergy as in the sases of and Am (see Appendix for details). There is

good reason tw bzlieve that there may be many cases, as yet unproved, in which the

observed alpha particles do not correspond to the ground state transitionse. As

et % ~ L . .
exampiss, Pu and s both of which weould seem to be out of liune in Figure 1, have
3)

asgocisated with them considerable gamma radiation which may mear that the alpha

round shtabte transitions have not been observed. Further reascns lending

sredence %o the existesnce of this phenomenon will be brought out in the dizcussion
of half-1if 0 ry relationships.

) 210 241 242

The alphs znsrgles feor three of the entries, Bi (RaE), Pu and Am s

ated from closed decay cycles sinee the alphs particles could not be

have bsen calo

Thirs

v

messurea dir zases the slpha-decay process: nas been evideunced
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identified the 4-min.

(22)

by the appearance of the daughter isotope. Broda and Feather
thallium as the alpha-decay daughter of 'Ral and using its beta~decay energy, that of
RaE and the alpha~energy of Pole9 it was possible to calculate the alpha-energy of

RaE. The following diagrams designate the data used in calculating the alpha-energies

for Pu241 and AﬁFQE(see Appendix for further discussion)
Am241
N _
G 5463 S B¢ 0,02 a 6.18
237/ \ 241 238

Np™ - Pu Pu

N >
B73Y 045 ¢ 5.1
/(calco) ' B,y 1.4 @ 5.4 (éalc.)

K
237

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

discovered alphamfadiodctivity of highly neutrbn deficient bismuth isotopes (Figure 1)
is of in%erest in marking the "reappearance" of alpha-radioactivity in bismuth at a.
considerable departure in mass number from the alpha emitters among the natural
radicactivities. A possible explanation has already been advanced in which the trend
in alpha energies for these light bismuth, polonium, and astatine isotopes 1s thought
to be a resumption of the trend which all of the heavy 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 the data at hand 1t is readily seen why no alpha activity has been
noted for previously known isotopes such as BiEOG and B1204. By extrapolations of the
curves for bismuth in Figure 1 it may be estimated that these isobtopes have alpha~-
decay energies around or below 4 Mev. Ior this energpy the alpha half=-1ife would be

perhaps greater than 108 years and therefore algha 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 alpha-emission for these eleetron capturing bismuth isctopes since the
relationship between half-life and energy giwves further information on nuclear binding

L ' . . . ,201

through the effect on nuclear radiuse. The 5.,15-lev al hc-emitter thousht to he Bi
has a measured half=life of one hour and even a crude estimabe of its alipha=-decay half-
life would set it at about 50 years illustrating the extremely low alpha-~branching.

The resppearance of high alpha~energies which allow alpha-emission to bhe
detected for the highly neutron deficient isotopes of bismuth, polonium, and astatine
gives rise to the thought that elements of still lower atomic number might similarly
. s . . . . (19)
show alpha-aotivity. This matber has been considered at greater length by Xohmen.

e w e aas (23) . .
Recentiy in this laboratory 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 assipgned to isotopes of gold and mercury. On the

. . (24) PR .
other hand, similar experiments were able to show no alpha-activity in lead. This
may mean that the reglon of stability which causes a decrease in alphe-energy and
abnormal increase in half-life in a localized regioh for astatine, polonium, and bismuth
is intensified and broadened at the position of lead and possibly thallium so that
alpha=activity is no lionger exhibited. When this region is passed alphas~energies and
alpha~-decay constants are again sufficiently high especially for neutron deficient
isotopeso.

In considering the resson for the inversion in alpha-energies of bismuth,
polonium, and astatine it is necessary to postulate a region of abnormally stable
nuclear binding. In proceeding from high toward low mass numbers there is good
evidence that this effect sets in at some constant neutron number for each element as

indiecated in Firure 3. Thus the hirhest alpha=energies for bismuth and polouium ocecur

211
a

2 ; 13
for the isotopes Bi nd Po 12 and for astatine probably at Atg - (see next section).

=

All of these decay by elrha-smission into nuclei with 126 neubrons and it is probable

that at this neutron number there is abnormally stable nuclear structure as compared

v
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(25,26) It may be worth pointing out that

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

Neither from Figure 1 nor from the theory is there any quantitative way of
telling how many elements beyond astatine this efiect of 126 neutrons will mke itself
felt. In Figure 3 the depression in the energy surface due to the 126 neutron configura-
tion is shown to extend to element 88, radium. It may also be seen that for each
sucoessive element, the minimum in alpha-energy caused by the depression should lie at
progressively higher alpha—energies. Examining the isotopes of Bi, o, and At each
with 126 neutrons, the alpha-energies are respectively ¢ 4 Mev, 5.3 Mev and 5.9 Meve
Because the differences between successive eiements seem to be converging it is
difficult to extrapolate to the next ﬁucleus with 126 neutrons, Em212s but a reasonable
guess is that its altha-energy will not be more than 6.4 Mev. As will be pointed out
the alpha=decay for nuclei with 126 neutrons or less is highly forbidden and from the
curves of Fipure 9 one might expect a half-life for Em?lz in the range several minutes
to an hour, depending, of course upon its energy. Because of the 126 neutron configura-
tion, Em212 is possibly sufficiently stabilized to be beta-stoble. As a result one
would predict that at least this light isotope of emanation should be observable., In
summary, as far as predictions are concerned, there is good reason fo believe that the

curve for emanation (slement 86) in Figure 1 will reach a maximum at B2t

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

o
<°7’28)'attempts have been mde 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-emitbers in the predicted

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

than any which had 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 Em212, and
a 19 min. period with 6.25 lev aloha-particle energy to Fr2 o

Although this same effect may exist for several higher elements it should
become less pronounced and increasingly difficult to observe since not cnly will the
alphe half-lives be expected Yo 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-liveso.

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

previously by a number of workers without the benefit of the comprehensive data now

e

available as & guide. In addidtion,one may use the half-life vs. energy correlations
which are taken up in a later vart of this paper to predict alpha half-liwves. There
will be no attempt here %o compile a list of predicted nuclear properties of presently
unlnown species or modes of decay. However, there are a number of gensrolities 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 number, 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 all nuclides in the region under discussion
are thermodynamically aléhawunsﬁable and almost all which are either found in nature or
artificially prepared would have measurable alrha-activity if slpha-decay were the
only type of instability in force. Iowever, alpha~decay may not be discernable in

beta-unstable nuclei if the ratio of beta half-1ife fto alpha half-life 1s extremely

o

smll., Likewise, 2 bebto-unstable nuclide pey not sconsibly exhibit its beta-instability

if the alvrha half=1life is extremely shorte.
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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 properties. The beta-stable
nuclei im vhis region are entirely analogous to the stable nuclei lower in the periodic
table and their pattern constitutes a source of information on nuclear structure. An
éxample 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 different, use of the knowledge of beta-stability has to do with the preparation
of nuclear species through the beta-decay process. As an example,the validity of the
difficult measurements showing that astatine isotopes arise from rare beta-branching
of the "A products” (polonium iSOtcpes) 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 beta-stability is of great importance and an attempt is
made (Table 1) to list the heavy nuclides accordingly.

Beyoﬁd predictions of type 1%t is also important to predict degree which, for
alph;-émissionn is the principal part of this paper. The accurate forecast of alpha
half-1life along with similar predictions with regard to beta-stability are the require-
ments in determining how best to prepare and identify unknown species of interest.

Such predictions were invaluable in preparing successively the transuranium elements,

the transplutonium elements and are the guiding factors in attempting to prepare still
higher elements. Therefore, in addition to alpha~decay predictions, it is often
important to estimate beta-decay and electron capbure decay energies and through modified
Sargent diagrams, the half-lives.

The methods of making these predictions vary in kind and reliability. Alpha-
energies may be read off a plot such as Figure 1 by interpolation or extrapolation bearing
in mind the sharp changes which occur in the nuclel near closed shell configurations.

221

For example, one may be fairly certain that the élpha-energy of Em lies between those

2

220 22 -
of Em and Em and has an energy of 6.0 < 0.1 Mevs on the other hand, it would
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. . 22213 214 212
undoubtedly be erroneous Yo assign At an alpha-energy between At and At since
from other corrslations we would infer that AtZIS has a higher energy than At214

in Figure 1) in an analogous fashion to the pairs B1211—Bi212 and P0212~P0213°

(as shown

With information on some decay energies it is of'ten possible to calculate others

meking use of decay cycles the simplest type of which is shown as follows:
(z + 1)A
o~

1)A-4 N A

(2~

o
: EC i
' (a2 )t

Ir any'threg‘members are 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 ensrgies to
deduce something about nuclear spins near closed neutron and proton shells. The case
in point is to obtain information on the spin of Pb209 which has one neutron beyond the
"010sed shell® 126 and Po20° which has one newbron less than 126. Known information
is shown oﬁ the following diagrams with broken line arrows indicating paths of decay

not yet observed.

Po209
N
\ .
: \ T
5,00 Mev AN EC(?)
200 3 a AN
N
Pb205 B.,209
\\. //
< EC a.” B's 0.7 Mev
\\ ' e
N & 209
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From the failure to observe alpha activity in natural bismuth (minimum half-life

12 : . R ' . . : :
~ 10 yro) and making use of the half-life energy relationships considered in a

following part of this paper, it is almost certain that Bizo9 has an alpha-~decay ehergy

less than 4 Mev and it could be considerably below this, say 3 Mev, Since Pb205 must

20

.be heavier than T1205 one can immediately decide that Po 9 is at least 1 Mev heavier

than B1209 and perhaps considerably heavier. In preparations of Po209 showing considerable

alpha~activity the number of x-rays from the electron capture process allow one to set

an upper limit of io% for the electron capture brénching making the minimum half-life

(2¢)

for this~mode of. decay 2000 years, Realizing that this is a minimum value for the
half-1ife and that the decay energy is at least 1 Mev and might be considerably
greater, the decay process is seen to be highly forbidden when compared with a large
number of other cases which indicate a half-life of about 100 min. for this decay

energy;(zg) The spin of Bi209 is.known to be 9/? and since one must postulate & large

2
spin change in the P0209 - Bi 09 transition, it is necessary to assign a small spin

number such as 1/? o Pozogo

209

The other isobar decayingffo BiZOS is Pb ° of the U233 family which has

a 3.3 hr. half-life and 0.7 Mev decay energy. This half-life and energy corresponds to

(30)

an allowed transition which Feather and Richardson associate with a spin change

of -1, On this basis one would assign the huge spin number ll/? to szog but in any

case it must be close to that of Bizog and therefore larses The point to be made is

that szog with 127 neutrons has one neutron beyond the configuration 126 and according
‘o Nhyer(s%) the extra neutron should indeed be in the 7i level with spin term 111/2.
Turning to Po209 it is scen that it has 125 neutrons, one below the closed shell of
126. According to the term schemes of Miyer, the last levels to be filled in the

sﬁell have the spin term ilS/? ?ut as is nobed for previous shells these high spin
number levels f£ill only in pairs and there is crossing with a level of lower spin

number. In this c¢ase the 125th neutron would bear the spin term 4p1/% which Mayer

lists as the closest level to the first i levels. It is seen that this assignment is
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in good agreement with the electron capbure decay properties of P0209 elaborated
207 -
aboveo, It might be mentioned thatb F%ZO should be an analogous nucleus {125 neutrons)
‘ . (32 31 . 33 ‘
and Nordhelmg )n Nhyerf ) and Feenberg and Hammack( ) assign the odd neutron to a 4p

state with spin 1/2.
For further illustration of the use of alpha-decay data in predicting nuclear
properties the cases of two astatine isotopes will be considered.

One of these has to do with the alpha=energy of AtZIS 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 same alpha=energy as ThC!(Po ) the most energetic alpha-emitter previously

known and it would be of interest to know whether At213 has still higher decay energy-

3 213

The point cof uncertainty is whether or not Po 1 is beta-stable and if sc what the A%

electron capture enerpgy is. Although this cannot be predicted for sure it is probable

- ] 213
that it 48 either P -stable or is only very slightly unstable with respect to At .

o rd
The beta—-stability of POZLO is discussed in a following section on beta-stability.

Taking the P0213mAt213 beta~decay energy as zero, the total decay energy of the Pb209

beta transition as 0,70 Mev and the alphs-energy of P0213 as 8.5 Mev, then the alpha-

13

energy ofﬂAtz is caleulated to be 9.2 Meve. This energy would conform with the hypo-

thesis that the highest alpha=energy in this region will reside for each element in
that isotope which decays to a product with 126 neutrons, in this case A%ﬁlg ——— Bizo9

To this estimted decay energy of Atéls must be added the electron capture energy of

At213 or the B ~energy of Po213 must be subtracted, whichever applies.

16 (20)

Atz is reported by Karlik and Bernert to arise in the thorium decay

216)0 These authors noted a weak

220
)

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

was attributed to~~ 0,017 branching in ThA decay according to the following scheme:

<
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4216 T (Bnt2 )
- — / ~ (B5 can. )
T G \vv wloe g
a 27 (0.01%)
ThB(Po212) ThA (Po 16y
a (99.99%)
B (Pb21)

¥arlik and Bernert have pointed out a serious difficulty in this interpretation singe
. in summing the decay energies in the closed cyele it turns out that At216 (using their
value for the alpha-energy of Atgla) is actually unstable with respeet to ThA by 0.15
Mev while the apparently observed § ~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 explanation retaining their assignment of the 7.57=Mev alpha-group %o At216

by assuming that ThB decays only to an l.15-Mev excited state of Bidlg(ThC) while the

alpha-decay of At216 procseeds bo the ground state. This explanation seems untenable
for & number of reasons. If ThC represents the postulated excited state of B1212 then

the alpha-energy of the ground state would be 1.15 Mev lower than the measured value

(6.1 Mev), that is, about 5.0 Mev. From Figure 1 it is seen that whereas 6.1 Mev falls

directly in line between the energies for szll and BiZIO a value of 5.0 Mev would be

completely out of line. In addition, the explanation is in conflict with +the known
p y P

(8)

a0
. , . . . . 228 | :
propertiss of the collateral decay series starting with 22-hr, Pa because in

r

this series AtZIG arising from the alrha-dscay of Fr220 decays to Bizi“ identical in
properties with ThC, that is, the 6.l-Vev energy is noted which would not be pdssible

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

state. That the entire Pa228 decay series has been wrongly assigned isg,highly improbable

228 228

because of the identification of RATh(Th ) from electron~capture branching of Pa s



Page 22—

UCRL 446
B b
224+ . . - 224 212 -
of ThX(Ba"") from electrone-capture branching of Ac and ThC'(Po™ ") frem the B =decay
212 , . . . 216y . -
of The{Bi“"“Js All in all, it appsars %o be highly unlikely that ThA(Po""") is B ~mstable

¢

end therefore the 7.57-Mev alpha-group in Tn must arise from some mechanism not involving

2 ; 2 -~ 22
At2160 The At 16 could not come from Fr?go formed by § =branching of 2 0 since
220 | - . (35)
Em is surely P =-stable. Perhaps some such explanation as that offered by Feather

for the observation of‘Karlik and Bernert is correct.

These examples of the use of alpha-decay data may serve to indicate some
of the methods which have found application while in the following are presented
some ideas oun bheta-stability, the transuranium elements and the rare earth regione.

rBetawS%ability in the Heavy Elementse=~= As illustrated by the discussion

&f whether or not At216 could arise from the thorium redioactive farmily it is often
importent to be able to predict beta~stability. Mony of the shorbelived alpha-

emitters are beta~unstable but thic instability is not noted because of overwhelming
competition by alpha~decay. Nevertﬁelesss the degree of beta=instability can often be
calculated by meaps of clesed decay cycles and conversely the beta-energies ocan serve
as important links in caloulating alpha=energies and in predieting branched decay.
No attempt will be made in this report to show the calculations of beta-desay energies
and Table 1 tells cnly whether or not a nuclide is known to be beta-stable or predicted
to be ;Oo Predictions are in parentheses. A recent table of Biswas and lmkherjee(gs)
listing types of instability, differs in some instances from Table 1 and doss not give
predictions of unobserved modes of instability[or for unlmown specieso

The greatest uncertainties in predicticns of beta=stability involve choosing

which isotopes, if any, of astatine and francium are beta-stable. IMeasurements in

this laboratory(8) on the alrha=energy of At216 gave 7.72 Mev which when used with

the alpha=energy of P02L6(ThA) and the decay energy of PbZLZ(ThB) aliows cne to calculate
216 | . L . N 216 .
that At is unstable with respect To electron capture to Po by 0.4 Mave In a
(e) 214 ., .

similar fashion, meking use of the newly measured' ’alpha-energy of At~ %, it is
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Table 1

Beta~Stability in the Heavy Elements*

Element Beta~Stable EC Unstable B -Unstable  EC and f -
Tnstable
b smuth 31209 53 197_p206 (5,207, 51210_p. 214 (51298)
solonium Pozoaé ;210 ;211 Po202 (p,208) 5 204 Po215, (po217)
(PoRl2), (P02157) Po207, (Po209) Po218
(Po214), (po216)
astatine a20% a1 (14318 9) (a£2159) 215 (at21%9
(At217,4451°)  (at214)
CAt216)
emanation (Enm 212, 214) 0 (Em?ls) (Em?%g )P
(521573, (En?16 5,219, (n?%2)
220, 22
francium (Fr219?) (Fr218) (Fr221),Fr223 (FrZZO
Fr222)
22 :
radium 218 £ 220 pa28hy (219 Ra225 2y 227,
Ra222.Rn224 Rn226 £a 228
actinium Ao?%5 (Aozzz),Ac223 AcR26,06227, (AcR24,
Ac228 Ac226)
el
thorium (Th 224, 226) m227-  (m°2%), m>2® Th?3t, 233,
protac tinium Pa231 (0?26, pg 227_py 229 Pa?52,pa235,  p2%0,
Pa2 34 (Pa.232)
aranium 250 232 5235’ (1R27y 228 229 (251 237 259
(238, 1?3
no ptuntm 1237 1p25L, (22 )p 205255 238 259 (26, 1,259
24
pltonim 286 1, 236_p, 240 (2252, py zss; 5 254 P24l (pu24)
(Pu24éppu24_4) (Pu235), Pu23
. Pl (%5 258 _p 240 22?2, 4P (242
curium 1242, (om 244 -Cm246, Cn 238 , ( 239) (Cm 2107) (Cm247scm?49)
sz48) cn?4L, (cu2437)
element 97  (97°%7)

* Predictions are encloSed in parentheses.
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- 214 <. .
possible to show that Po"""(RaC?) is beta-stable. Under such circumstances in which

214 e s - , 213 aq
and Po "7 are beta—stable it is usual that Po would be expescted to be

N3

16

i

both Fo
beta-stoble, although there are s number of casges known in which there are two beta-

unstable even~odd isotopes of lower mass number than the heaviest beta-stable even-even
: o . . 3 213 . 208
isotope. By closing a desay cycle involving Pomo9 At 1 s szog, and Bldo s 1t may be
., 213
shown that Atgl must have an alpha-decay energy in excess of 9.20 Mev in order that

Atdlg be heavier +than P021é° Al11 that can be said from extrapolation in Figure 1 is

that At213 could have an alpha-decay energy this high. As a result the question as 1o

213,
whether or not Aﬁ?! is beta-stable cannot be resolved at present.
. o e
The other most likely beta-stable isotope of astatine is AP Hore it

5 .,
2l is ~s 0.8 Mev heavier than At215 but it is not at all certain

215 . e ; 15
that AtﬁLH is stable with respect %o EmBl o

can be shown that Po

215

Regarding this question of whether At is beta~ztable with respect to

Em215 it is possible to show that this is a borderline case insofar as the estimations
c oy ot , . N 213 213 y _
are wlid just as was found for the isobars ALt ™ ~FPo o The following decay cycle

may be drewn 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 cysie to determine

EmZIS
(?) «a (7)
Pozll t215
(AcC?
‘ a 8,15
7058 4 Z
Bidll
2 ¥
b 7 «
6.74

KQ\BW
1047 \\\\\\\\
11207

(AsC¥)
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218 215 , . . . . . .
whether Im ~~ or At is heavier, or alternately, set these isobars equal and determine
15 .
the alpha~energy which Emz”‘ would have to have bo satisfy this condition. It is found

r) Y
215 45 veta-

accordingly that if the alpha~encrgy of Em?15 is less than 8.79 Mev then En
218 | .
stable and A% ! is beta~unstable. In examining Figure 1 it is szeen that the require-
ment falls in the range of estimation (8;7 - 8.9) and i% may be said that there is
; . . . 215 215 . L .
probably no more than 100 Kev difference between Em and At . It should be mentioned
that the most likely revisions that may be required in the measured values shown in

215

the above decay sequences are in the direction of making At heavier,

The possible beta~stable isotopes of astatine discussed above are At215

217 are clearly bets-unstable.

and AtZISO Higher isotopes of astatine such as At
Since there is no measurahle 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 (element 61), which
“probably have no beba-stable isotopes. In considering this point there are some remark-
able analogies between these bthree elements which upon examination draw atbention to
a possib%e reason why no beta-stable isotopes exist. This has to do with the positions
which the elements hold with respect to positions of stable configurations or‘"closed
shellsﬁ in nuzlear structure.
In the case of techrnetium it is necessary to examine the effect of neutron
number 50 which apparently promotes added stability in nuclel in which it appears.
It should be remembéred that in general only one isotope of an odd element has a chance
of being stable with réspect to its even=-element isobars. For technetium one might
prediet this isotope to be T097 gsinece it lies midway between S9Cb93 and 45Rh101°
However, T@97 has two pairs of rneutrons beyond the stabls configuration of 50 neutrons
and since such neutrons may be assumed to have abnormally low binding energie5 this may
be just sﬁfficien% to cause it to be heavier than one of its isobars espeecially if

the added assumption is made that for an even element the “"closed neubron shell® hes
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& smaller effeect on neutron binding energies beyond the shell. From this reasoning

all that can be said is that an odd 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 about the fine points of nuclear binding to predict whether
the affected element should be columbium (41) or technetium (43).

Prometheum (element 61) is in an analogous position with respect to neutron

g 138 138
number 82, Here there is a long list of stable nuclei, namely, 54Xe » 5GBa ’

139, 140 141 142 144
5718 0 5870 e 5oFTT s g0l s g

neutrons allows both Lal39 and Prl41 to be beta-stable even though they differ by just

L)

Sm » The remarkable stabilization of 82

two prdtons and is presumably responsible'for the absence of any stable isotope in the
next odd elemenf, prometheum, through reasoning similar to that used fbr technetiume

The next apparent stabilizing neutron number occurs in the region of lead
and is presumaﬁiy the number 126. In the heaviest elements about two neutrons are
added for each proton in building from element to element so it is not ‘expected that
there should be as many elements each with a stable isotope with the same neutron number

as among the lighter elements. For neutron number 126, the known beta~stable nucleil

are szos Bizog, and POZIO. The interesting possibility has already been

82 ? 83 84
considered thatrseEmglg may be beta-stable. As 1s the case for neutron numbers 50 and

82 it may be expected 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.
o . . . 219 o221
The only possible beta-stable isotopes of francium are Fr and Fr
o223, 223 . .
since Fr is known ‘o decay to Ra (AcX)s It is not possible to say for sure

9 :
whe ther or not'FYZl is beta-stable although tentatively it is decided to be so.

219

The question to be decided is which of the isobars .Fr and Em219(An) is heavier

2
since Ra 19 is almost surely unstable toward electron capture. A cycle containing

these isobars and including At2159 AcA215, AcBle, A00211

may be set up using values
shown in Figgre 1 (see Table 3) for the alpha-energies and 1.40 for the disintegration

energy for AcBgllé When this is calculated it is found that Fr219 is beta~stable with
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respect to Em?lg(An) by about 300 Kev. In view of the argiments as to the beta-instability
of .219 it is almost certain that Emzzl is a B -emitbter so that the consideration of
221

is electron capture
217 213 .
1

the beta-stability of Frzzl revolve around whether or not Ra

.
unstable. Closing a cycle involving Razz‘, Fr221, Em217, P0213, At

221

and Bi t

is found that Fr is 100 Kev heavier than RaZZI, a difference which precludes a decision

in view of the uncertainties in some of the data. Tentatively, the only beta—stable

isctope of francium will be taken to be Fr21go

Transuranium Elements.-- For the beta-stable nuclides and those with

neutron excess the alpha-~decay energies between cémparable nuclei progressively
increase above uranium. This effect has already been pointed out in the discussion
of Figure 4. This means that”bomparable nuclei (in their position with regard to the
center of beta-stability for each element) will show increased alpha-energy and shorter
half-life in going above uranium. If one were to assume that alpha-decay is the only
means by which very heavy nueclei could spontaneously degrade to lighter nuelei this
effect can be deduced independently of measured alpha-energy values by the fact that
transuraﬁium elements have not survived through geological time.

.fo illustrate this trend the alpha-energies of analogous nuclei 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 _ 5,40 P?%8 . 5,60 cm®*® - 5,08
35 . 4,80 pu=9 _ 5,24 m?*® = (5.7)
3% . 4,84 P40 - 5,2 cm? 8 - (5.6)
735 . 463 P%Y . 5,24

L
7% . (4.6) Pe?%? . (2.9)
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One of the uses to which these correlations may be put is the prediction

of the nuclear properties of transcurium isotopes. The lightest beta=stable isotope

_ 4
of element 98 is 98246 or possibly 982480 By following the trends noted 982*6 and

98248 might be predicted to have alphamenergies of 6.8 and 6.6 lev, respectively. The

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

month, respectively. for the isotoges'98246 and 98248o

AlphanRadioactivity in the Rare Earth Region.-- It is probably a safe assump-
tion to make that alpha-active isotope; of almost éll.elements in the upper half of
the periodic *table my be produced by removal of a sufficient number of neutrons. A
possible pattern which such alpha_emiéters would follow has been suggested by Kohmanglg)
In the region immediately below lead the departure from the region of beta-sbabillty
in which aipha-decay rate becomes appreciable is not so great but that the electron-
capture half=lives allow on; to observe the alpha-activity. The gq}d and meroury
alpha=~emitters would fall in this category gnd these are also 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
instability toward electron capture or positron-decay that half-lives would be very
short and detection of alpha~decay difficul+t. Howeﬁér, if there should be a localized
region of steep slope in packing fraction then a mbderate degree of neutron deficiency
moy enhance the effect sufificiently to produce readily observable alpha-emitterse
Just such a region has probably been found recently in this laboratory.

(23)

Thompson et al. have produced 2 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 Mev. Although these activities have not been positively assigned,

“it is likely that they belong to neutron deficient isotopes of gadolinium, terbium,
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dysprosivm, and hoimium, but not samerium and lower rare earths., A most attractive

Ty

hypothesis is that these nuclei owe their high potential toward alpha-emission to their

D

position relative to the stable configuration of 82 neubrons just as the most energetic
alpha~parbticles in the heavy element region come from nuclel decaying to the vieinity

of 126 neutrons. The difference in the case of the rare earths is that these nuclides
will in almost all cases lie cutside of the limits of beba~stability on the neutron
deficient side and the snergies of alvha-eritters with 84 neutrons willbe relatively
lower than those with 128 neytrons because of the generally lower slope of the packing
fraction curve. In view of these considerations, it would seem 1ikely that the currently

discovered group of alpha-emitters will ineclude and cluster around such nuclides as

. _JAS 150 . - 1B - o . . ) .
Gd1489 Tb% dg Dy™ 7, and ﬁol ln Ferhaps alipha=emission will not be noted for isotoves
’ , e 148 , . o 151
more than two mass units above Gd and about four mess unibs above Ho o Cne may

turn to some previously available data for confirmabory evidence for this picture.

146

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

samarivm and presumsd to be an alpha-emitbter. This would indicate that samarium is
the only eiement in this region for which an isotope with high alpha-cnergy falls
within the limits of beta=ztability. It would also be tempting bo assign the long-

o

lived alpha-emittér in natural samarium %o Sm+47 or Sm 48 on this pisture but the best

direct evidence to daté places the assignment at Smlec(S!)

ATLPHA-DECAY RATE

On a simplified model of the alpha~decay process the alvha-particle is
considered to exist as an entity within the nucleus of its decay prodouct and its
rate of emission is governed by the pobtential 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 inerease in atomic

number decreases the decay consbant and decrease in nuclear radius dacreases the decay

constant through its effect in increasing the potential barrier. The quantum mechanical
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treatment for the desay process resulted in the well-known Gamow formula(g) of which
there are a number of modifications and was remarkably successful in explaining the
great sensitivity of decay constant to decay energy. The effect of atomic number is
predicted to be much less striking and this is borme out by observation. The nuclear
radius samot be independently evaluvated with the accuracy required and the formula
has been used to calculate the ¥effective radius™ which therefore has bezome a catch-

e ffective

21l for auy gusntitative shortcomings of the theory. As it turned out, the
radius® undsrgoes rather large changes departing from the Al/3 relationship by 25%

in some eassis. COne recognized factor in lengthening half-life which appears in the
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 shown up a number cf regularities
including broad classes of nuciei with abnormally long half=lives and these cannot be
explained by spin changes. Rather, it is believed that the simplified one-body model

is inadequate in these cases and the process of creating the alrha~particles is slower
in certain nuclear types. These nuclear types include those which have an odd number

of neubtrons, protons or both and in this sense alpha-emission is Fforbidden in nuclei

possessing pon~zero spin beyond and independent of any effeet due to spin change in the

decay process.
Beferences to most of the data which have been used in these correlations

(3)

willle found in the compilation already cited. Table 3 shows the zlpha-energies

and alpha-decay halif=lives for all of the alpha=groups used. Those which are not

covered in reference 3 or for which additional data are available are discussed in

the éﬁgﬁ&éé&f The data in Table 3 are entered on a series cf diagrams (Figures 6, 7,

8, and 9) in which the curves drawn are talken to represent the cnergy vs, half-1ifa
relations for non-forbidden alvha-decay processes. These curves, as will be explained,

are defined by the even-even pucleil., 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

betwesn the observed half-1life and the predicted half-life if the decay process were
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The Even-BEven Nucleio.-- In Figure 6 are plotted the data for the even-even

nuclei relating the half-life and energy in which lines of constant Z are shown.
with minor irregularities the points fall on & series of parallel linss. There is
still sufficient uncertainty in a few of the points which produce the irregularities
CH Pu2409 0328) to allow the possibility that the definition of the curves may
be even better when the measurements have been refined.

Of the kncown even~even nucleil only Pozlo, P02089 P0206, and P@204 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 species and/or their
decay products have abnormally low nuclear radiil as compared with the heaviest polonium
isotopes and most isobopes of higher clements. These are the polonium isotopes which
in Figure 1 can be seen to lie in the region following the sharp break in the mass
number vs. energy curve and as would be expected the half-life vs. energy relation
"also shows a discontinuity. However, even taking into account the decreased decay
energy 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 abnormally long half-life are considered.

Throughout 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
types. This family of curves, in form and without regard to nuclear type, 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 to be a
smoothly varying function of mass number. This method for treating alphe~decay data

(32) (39)

has already been arplied by Berthelot and Biswas who atbempted to £it all

nuclear types tc the curves. In later discussions in bthis paper it will be seen that

rather good guantitative agreement may be brought about between these data for the

even-cven nuclides and the Gamow formula by making reasonable assumptions for nuclear
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radius. In the immediately following sections 1t will be seen that nuclear btypes

other than even-even do nct fall on this family of curves.

The position of the curve for polonium isotores in Figure 6 is worthy of

. \ . 212 . 214
note since thers 1g evidence from the calculations that Po and possibly Po are
showing the effest of decrease in nuclear radius which lengthens the half-life and
. , . , 2190 - . - 1<
which bescomes pronounced for Do and lighter polonium isotopes. To this extent we

have been ilnmsonzistent in placing the haseline curve for polonlum through these points
<P0212

Aw o important part‘of the discussion in following sections on the nuclides
with odd nucleons is the part which fine structure plays in the degree of prohibition
of alpha-decay. There is an important distinction in this respect between the
even-even nuiiei and all others. There are three well defined cases of Iine 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 to say, the partial alpha
halif=lives for the two groups of each of the nuclides Ra2269 QUO(I } and Th228(RdTh)
are what would be expected for the respective energies of the groups. It wili be seen
that for nuslides with odd nucleons there is a patiern of prohibition of alpha-decay
in which the ground state transition is ‘the most highly forbidden.

Gven~0dd Nuclele.-~ ¥hen the points for nuclei of even Z and odd number of

neubrons are entered on a half-life vs. energy plot it is found that almost all lie
significantly above the curves fcr the respective elements as determined Ly the

nuclei with even number of neutrons. These are shown in Figure 7 in which the even-
odd nuclei dre indicated by their symbols while the reference lines are curves for the

pazsed on those in IMigure 6.

L3

even~even nuclai
Cf espescial interest are a number of cases in which the evenecdd nuclei emit
two or more alpha-groups. For these the partial alpha half-lives have beern calculated

(T2ble 3) and plothed with the apprepriate energy values. 1t will be noted that in

such cases one or more of the shorier range groups are less forbidden bty the eriterion
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adopted than is the alpha—group of the ground state transition. A graghic illustration
s ius IS , e - o229 L L . s

of this effest is seen in the three alpha-groups of Th in which comparison with the

curve of Figure 6 for the even-even thorium isotopes shows that the 5.14 lkv group

(ground state tronsition) is 350-fold forbidden while the 5.04 Mev and 4.84 Mev groups

are respectively 45-fold and 3~fold forbidden. All of the other cases of fine structure

28

are qualitatively similar to that of Th2 in the sense that the ground state transition

is 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 examiﬁation) may have important non-ground state transi-
tions as evidenced either by direct observation of the alpha=-groups or by the appearance
of gam@a~radiation in high abundance. The case of Th229 in the 4n + 1 family, for
which three alpha-groups hé%e been measured, has already been mentioned and in this

. 2
category of well defined multiple fine structure also lie Th227(RdAc}g Raz“3

(4eX),
and Em219(An) of the actinouranium family.

Because of the abnormally long partial alpha half-lives of the ground
state transitions of the even~odd nucleil cited it is reasonaile to suppose that there
are other cases in which the ground state transitions have not been observedo There
was good reason to suspect that U255 vas an example of this hehavior as a gamma—~ray
of 160 FKev was found in high abundance and hence presumably in cascade with the only
observed alpha-group (see éggggéif.for references and details). We have now found a
‘group in 10 z i#% abundence corresponding to the ground state transition which in
unseparated or partially separated U255 is obscured by the U234 alpha=-particle (see
Apgendix)o A consequence of these observations is that while the 4.48 lev transition
is somewhat greater than 10-fold forbidden, the ground state transition (4.64 Nev) is
1000-fold forbidden. In view of these findings a re-evaluation of the specific activity
and half=1ife of UBBS is in order especially since the half-life is involved in cal-

culations of the age of She earthe.
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. , . 235 . .
With the behavior of U'”7 in mind it would be inke eresting to examine the

i

relation of the gaumsa-radiation Lo the alpha-particles of other sven=odd nuclel of
259 233 .
which Pu’"" and U~ may serve asg examples. It may be that here too the observed

alpha-particles do not correspoand to Tthe ground state transitions and that the ground
& 5 4.2 : oy n LI I e T 5““ h ;'2891 - s ey
state transitions are highly forbidden. bLoth U and Pu have assoziated gamma~
radiation in moderate abundance but it is not yet known whether such transitions are
in ecascade with the cbserved alpha-particles. Some indirect evidence to lend further
support to the wview that the observed alpha-particles do not represent ground state
transitionsg is obbained from Figures 1 and 7o From Figure 1 it may be s¢en that
239 U233 . R23 to ha 4 . . he . i .
Pu p and Ra appear to have abnormally low alpha-decay energles, that is,
ir decay encrgles as shown are little greater than their respective higher isotopes
240 234 24 .
Pu "7, T s and Ra o The inference might follow that to these cnergies should be

. . 35 a4l . o s
added some gamra~ray energies as has been done for U2 and Am~ "o From Figure 7 it

may be seen that with respect %o half-life vs. energy relationship the obscrved Pu239

alpha~particle is comparable to the short range (main) group of U2 55 and U2 is much

223

. , 229 .. : .
like the shortest range group of Th while the lmown alpha-groups of Ra are like

227 . .- . ; .

the shorter rauge groups of Th™“', From these relationships of Figure 7, one might
. . s 239 33 s .
infer that the proand state transitions of Pu and R are more highly forbidden
as are the corresponding groups of their decar products. The significance of the
half-life vs. snergy relationship in the case of fine structure in alpha~decay will be
discussed further telow.

» oy - o 213 215 _ . .

it will be noted in PFigure 7 that Po and Yo fall on the polonium
curve and hens: would appear to be cases of unprohibited alpha-decay. Before accepting
these as exoeptions one must consider that the baseline in this region of the polonium

. e 212 214 . v e . A .

curve is definsd by Po and Po and that these nuclei are themselves prohibited due
tc shrinkage in auclear radius (see section on Ruantitative Treatment of Al rha Decay).

%7 %
L ro s g . . g e 213 215
There is also ths possibility that the observed alrha-pavticles of Pe™" and Po 1
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do not represent ground state transitionse.

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

in Figure 8 in which the same refercnce lines for the even-even nucleli are shown as in
Figures 6 and 7o Interpolated between these curves are broken lines to represent the
positiohs which the isotopes of cdd Z elements would have if their alpha-decay rates,
like the even-even nuclel, were not forbidden. It is seen that almost invariably

these types are forbidden and that the odd~odd species show greater departures from
their curves than do the odd-even ones. The quantitative,bases for these generalizations
mey be found in Table 3.

For the odd~even species there is reason to doubt that the departures from
the reference curves as ghown in Table 3 and Figure 8 give a true picture 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 alpha-particles represent these

. . 241
transitions. For example, the measured alpha=particle of 5.48 Mev for Am almost
surely does nob ccrrespoand to the total decay energy since there is fourd a pamma-ray
of 62 Kev in high ebundance. If, as seems likely, there should be an unobserved alpha-
group of 5,54 Mev, then it must have a very long partial half-life and ibts emission is

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

241 :
Am iz not knowrne.

There are two recognized cases of fine structure in alpha-decay among the

. 231 221 .
odd-even nuclei. These are Pa and Ir o In both instances the lower energy group

21 does not appear

is the less highly forbidden, in fact, the 6.00 lMev group for Fr2
to be prohibited;

In examining the date for the odd~even nuclei in Table 3 it may be noted
that a large fraction of the partial alpha half-lives are calculated from very rare
alrha~branching of predominant electron capbture decay processes. There is considerable

uncertainty in estimating the number of elestron-—capbure events and the experience

in this laboratory has indicated that it is most likely that they are underestimated.
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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 encrgy and alpha

- . . be . 2
half=life should be reliable which is not forbidden is At 170 There is no apparent

explenation for this exseption to the general rule unless At217 is another case in
which +the ground state +transition is not measured,

I% is apparent from the few examples of odd-odd species that alpha-emission
in this type is forbidden. With the reservations necessary because of uncertainties
in data as already discussed it is probable that odd-odd nuclei are mors highly for-
bidden in their alpha-decay than are the even-odd and odd-even types.

Special PForbidden Specieso.=-~ The special significance of this group plotted

,

in Figure 2 will be discussed below. Included are all Imown bismuth alphs=-emitters and

isotopes of francium, emanation, astatine, and polonium with 126 or fewer neutrons .
In the case of polonium this group includes several isotopes of the even-even type and
212 214

as elready discussed should probably include Fo and Po

Disecussion of Forbidden Alpha-Decaye.-- From the data shown in Figures

6, 7 and &€ 1t ssems to be a general condition in alpha=-radicactivity that nuclei with
an odd neutron, proton or hoth show forbidden decey 25 compared with the even~even
nuclei. This is particularly true of the ground state transitions in Gthose cases in
which more than one alpha-group has been measured. Where several alpha-groups are
measured, the grouad state transition is most highly forbidden and one ox more of the

cf fine

7

shorter range groups is much less forbidden. In contrast, the few case
structure in eveun-even nuclides indicate no prohibition for either group so that the
partial alphz half-iives correspond to the respective alrha-cnergies.

Agcording to the Gamow theory a factor which prohibits alpha-decay is spin
change in the transition and of course any dissontinuiby in nuclear radius in the
direction of abumormally low nuclear radius will appear as prohibited alpha~dscay if the

- . . . 212 _ 23 211
condition is not recognized. There is reason to believe that Em~ "7, Fr™"%, A% P



Page 37
UCRL 446

polonium isotopes of mass 214 and less, and verhaps all of the bismuth isotopes show
the effect of shrinlage of nuclear radius, llowever, it is unrecasonable also to atbribute
an important effect of nuclear radius bo all of the heavier nuclides with odd protons
and neubrons since, if anvthing, these species should exhibit somewhat greater radiil
than neighboring even~even isotopes., It is also nobt possible to 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
to e xplain alpha=decay abnormally long by a factor of 10 it would be necessary %o
invoke a spin change of about 5 units., While such large spin chanpges have been ob-
gerved in beta transitions in which an cdd-odd nucleus decays to an even—~even type
it would be unreasomable bto expect such large changes, particularly as a general con-
dition, in the case of alpha-decay in which parent and daughter nuclei are of the same
type. In addition, considering a decay sories such as the (4n + 1) or (4n + 3)
series in which virtually all members show abnormal decay consitants it would be
necessary to postulate alternation of large and small spin numbers differing by several
units each in proceeding down the decay chains. In one case of alpha-decay, namely
that of U2359 ths spin numbers of the ground states have been measured. For U235 a
value of 5/2 (or 7/2) was obtained(éo) while for Ia251 & value of 3/2 was measured(4l),
thus indicating a spin change of 1 or 2 units in +the transition. In order to account
for prohibition of the ground state transition of UZ'35 by spin change alone it would be
necessary that there be a change of about 10 units, |

Sinse present alvha~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 Camow and Condon-Gurney
“theory. An examination of the CGamow formula shows it to consist of two parts: an
exponential term describing the barrier penetration and a coefficient belfore the

exponential term which is 2 slowly warying function and has been taken to be a constante.
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A= Cex'f(v”z”r)

Here A is the decay constant, C is the ccefficient mentioned and v, 7 and r are the
alpha~particie 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 numcricaliy approximaties
the reciprocal of the length of time it takes the alvha-particle to eross nuclear
dimensions. This model mkes ths tacit assumption that the alpha-particle which is
emitbed has been 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 that
we suggest that the effest of an odd nucleon makes itself felt in slowing the assembly
of an alipha-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 to
leave the nucleus with full kinetic energys; as a result 1t must vair with a lower
iving nucleon of anti-parallel spin and perhaps in addition one or more of the remining
nuc leons may have Ho change quantum states. If we assume that thess prosesses require
appreciabls time 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 and this would be borne out by compa.ison of the odd-~odd nucleil
with tﬁe cdd-even or even-odd types in Table 3 and Fioures 7 and 8. It weuld alsc
follow from these ideas that in all of the forbidden classes lower energy alipha-groups
might compete with or supplant the ground state transition since the lower lying
nucleons are more likely to be paired and in any ecase should not be so prohibited in
their asssmbly into an alphe~particle. As is observed, these grcups should be less

forbidden for their energies +than the ground state transition,
£
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The abnormality in the half-life vs, energy relationships for Po?10 and a11
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 i1s worthwhile to attempt to correlate
such abnormalities in nuclear dimensions as evidenced by alpha-decay properties 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 alpha~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 mean,
as an example, that the alpha-decay of bismuth isotopes is forbidden'because the
thallium decay products have abnormally low nuclear radii, It is probable that this
model is not adequate and that the nucleus responsible for the potential barrier is
a hybrid bebween parent and daughter nuclei.

As already mentioned all of the naturally occurring isotopes of bismuth
show very highly forbidden alpha-decay ranging from several hundred-fold to several
thousand-fold above 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 teke a representative departure from
the baseline curve as a factor of 500 and aftribute 10 or 20 of this to odd nucleoﬁs,
there is left a factor of 50 or 25 for the effect of decrease in nuclear radius.
According to the Gamow formule a shrinkage of about 107 could account for a fifty-
fold increase in half-life., In the following section are discussed more fully some
of the quantitative aspects of alpha-decay theory and here it will be seen that there

is good agreement with the theory for even-even nuclei except the lighter even-even

212 POZIO,

isotopes of polonium, Po s and Po?08, In 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 P021O and POZOS’ the deéree of prohibition is such that a postulated shrinkage

of elmost 10% is necessary %o accowmnt for it. Since the bismuth isotopes when divested
of the effects of odd nucleons show similar prohibition it is only necessary %o
postulate nuclear shrinkage of the same 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 tha+t nobted for the
heavy bismuth glpha—emitters because the branching ratios between alpha-emission
and electron ;apture 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 Bi197'is only about 10-fold forbidden if it decays mainly by
alpha-emission. There is no evidence on this point, however. On the other hand
the best measured alpha-branching of 25-min. Bi199 shows its alpha-decay to be
highly forbidden. In abttributing and explaining these effects for bismuth in
terms, of stability of closed shells in nuclear structure perhaps the best that
can be done at present is to say that there is abnormlly 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.

With the marked retardation of alpha-decay for bismuth isotopes one might
expect that lead isotopes (Z = 82) would accentuate this trend. As a matter of fact
no lead alpha-activity has been observed even for highly neutron deficient species
in corresponding 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 encrgies. It is perhaps significant of the position of

’ 23 - :
lead that Thompson et al( ) have observed alpha-activity apain when this region
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has been crossed, that is, for highly neutron deficient species of gold (2 = 79)
and mercury (2 = 80).

Besides the bismuth isotopes there is another class that seems to be for-
bidden in alpha-decay for reasons of abnormal nuclear radius. These are the polonium
isotbopes of mass 210 and lower, Atle and Em212° The significant point here is
that all of these have 126 neutrons or less. It will be noted that these are
the nuclei in Figure 1 thot show a sharp departure in the mass number vs enérgy
regularities of the heavier isctopes. InAthis region even the even-cven nﬁclei
appear to be forbidden in their alpha-decay.

In Figure 3 an attempt has been made %o demarcate the regions of abnormal
nuclear stabilityo For 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 long;half—lives in both cases is that there are discontinui-
ties in nuclear radius. With regard to nuclei having 126 neutrons or less, it
seems fairly clear that there is a region below 126 neutrons in which nuclear
binding varies only slightiy but that as this neutron number is exceeded there is
a sharp decrease in binding energy. This effect shows up as a maximum alpha-energy
for a nucleus with 126 neutrons which decays to one with 126 neutrons as is the
case for Bi2119 Pb212 and presumbly Atgls and higher nuclei of the type. Likewise
nuclei with 128 neutrons and 1es§ have low alpha-energy, and what is of equal
importence, the half-lives are abnormally long for the alpha~ecnergies. If several
neutrons beyond 126 are bound relatively weakly then the alpha-decay energies of
nuclei with 127 neutrons should be between those with 126 and 128 neutrons because
the alpha-particle here carries off one neutron which is firmly bound and one

2
which is loosely bound. This would account for the observed alpha-ecnergy of Po 1

012

. o [ o .
(AcC?) and leads to the prediction of that for At ag shown in Figure le. Another

effect should be observed for these nuclides, namely, the highly forbidden nature
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of alpha-decay so prominent for nuclei with 126 and less nuclei should begin to
show up. For Po211 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 :

(42)

from the Geiger~Nuttall relations.
This 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 measuralile alpha-decay potential immediately below bismuth malkes
any speculation of dubious va'lue. However, the discussion of the effect on
alpha~decay of one nucleon beyond a closed shell as applied above with scanty data
to the neutron number 127 has more abundant examples in the proton number 83,
All of the alpha-energies of bismuth isobtopes are sharply lower than those of
polonium as compared with the displacement between éuoceeding elements and the
decay rates show a degree of prohibition bheyond that expected for nuclides with

odd nucleons.

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

seems obvious that if +there is %o be gquantitative agreement between experimental

data and existing theory that thds agreement can only come for the even-even nuclides.
Pre liminary calculations* with these indicate that agreement is indeed good over

a wide range of mass nurber and atomic number. Thus the shape and spacing of the
curves shown in Figure 6 are reprocduced rather faithfully by the single body

(39)

theory of alpha-emissicn as has already been indicated by Biswas and others

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

not known it.is tempting to use curve Iitting for the even-even nuclides as a

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

eavy element region. No comprehensi com a%io ve vewt en made bu reliming
heavy element region. I prehensive puba‘tions have yet be ade,but prel ry

attempts would indicate that the simple function r = 1.48 Al/3’10"15 em, will fit

* We wish to thank Mr. T. J. Ypsilantis for making most of the computations referred
to here.
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the date 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 suggeste'£43’44)
One may calculate conversely the explicit value for the nuclear radius for each
even-even nuclide which is necessary to give the observed value for the decay
constant and>tofaetermine the deviation of each such radius from the rule, r =

1.48 A1/3°10_13‘cmo In about a dozen such calculations for nuclides Ffrom emanation
to curium, the mean deviation encountered was about 1% w:ich is considered good
agreement'whenvit'is considered that often uncertainties in alpha-energy are
reflected by greéter differences in nuclear radius. Refinement of energy measure-
ments and correlation of more extensive data 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 isotopes of polonium for which reliable decay energies and half-lives are
available. It hasllong been apparent in the decay of Po210 and possible all
bismuth isotopes that a shrinkage in nuclear radius is at play in lengthening
the half—lives91 In the case of the bismuth isotopes we must attribute part of
the prohibition t¢ the 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 %o the abnbrmality of
nuclear radius. In the single body theory of alpha-decey it is assuﬁed that +the
nuc lear radius in effect is that of the alpha-decay producte. In the case of polonium
alpha-emitters one would then be "measuring” the nuclear radii of the corresponding
lead isotopese. Whether or not there is any meaning in ascribing the parameter
of distance in‘alpha-decgy explicity to the radius of the product nucleus, it
is almost certain that +the binding energy and hence radius of the product nucleus
is an important factor in the energy vs half-life relationship. For the decay
of polonium isotopes, one may'attriﬁute prohibition of alpha~decay to shrunken
nuclear radii of the lead daughter isotopes associated with the stable cénfigura—

tion of 82 protons. For Po212 and lighter isotopes, the decay products have 126
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or less neutrons,and this should increase further the prohibition because of the
further decrease in effective nuclear radiuvs. Finally, if we assume thot the

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

have still more highly forbidden alpha-decay since the parent nuclei a2lso have

o

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

b

the even-even polonium isotopes deviate in the memer expected from radil deter-

/
mined by the simnle Al’3 function., While the Poz18 radius is found to bhe low by

2 0 200
only 1.49 the isotones Po?lG, Pozlé, P0212, Po21 and Po ot show deviations

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

It may be menbioned that further dissociation of factors which effect

. . . . 212
the nuclear radius may be obtained from observations on nuclides such as Em ~ .

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

have 84 protons rather then the 82 for the daughters of polonium icotopes. It
212 210

.

will be noted tihat, verhavs fortultiously, Em is less forbidden than is Po

one
and Po”oe.

This worl was periormed abt the Radiation Laboratory, University of

California, Berkeley, California under the auspices of the Atomic Energy Cormission.
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Table 3
Alpha Energies and Half Lives
Alpha
Alpha Abundance Measured Branching Alvha Departure*
Nucleus Lnergy of a @Group Hilf=-Iife Ratio Inlf-Life Factor
949 i Tven-even specics
Cm 6.18 T50 "days 15C days
2
Cm 40 6,37 26.8 days .8 ~ 30 days
Pu24o 5.2 ~ G000 yrs ~~ G000 vyrs
Pu238 5.60 92 yrs 02 yrs
Pu256 5.85 2.7 yrs 2.7 yrs
254 6.26 8.5 hr ~ 0.03 ~10 days
2 9
U?58 4.25 4,51x10" yrs 4.51x10" yrs
4
UZS* 4.84 2035x105 yrs 2055x105 yrs
0232 5,40 70 yrs 70 yrs
#30 | 5.96 20.8 dars 20.8 days
U228 6.83 9.3 min 0.8 12 rin
Th252 4,05 1,39x107 " yrs 1659x1010 °S
4.
Th230 0 4.68 0.20 €.0x107 yrs 1°Ox102
I 4.61 0.20 4,0x20°
Th228 0 5.52 «7C 1.90 yrs 2.64
I 5,43 0.28 6,79
Th226 6.41 30.9 min 30.9 min
rRa??® 0 4.80 .91 1622 yrs 1760
T 4.68 .09 1.8x10
Ra224 5.73 3.64 days 54 days
anzz 6.62 38 sec 3% sec
222
Eme 5.59 3.83 days 2.33 days
Em.220 6.39 54,5 sec 54,5 sec
Em.zl8 7625 0,015 sec 0.019 sec
po°18 6.12 3.05 min ~1 5,05 min
Poz16 6.39 0.158 sec 0.15€ sec
* JPactor by which measured half-life is greater than wvalue for same Z and Ea talen

off curves defined by even-even nuclides.
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Table 3 (cont.)
Alpha Abundance Measured Branclhing Alpha Departure*
Nuc leus Enercy of a Group Ilf-Life Half-Life factor
. -4
P0214 7,83 1.5x10 4 1.5x10 ©
po° 12 8.95 5.0x10"" sec 3.0x107" seo
Fven-odd species
24 5
pe= L 5.1(calc.) ~10 vrs 5x10° wvr 9
4
Puzsg 5.2’1‘ 2 o/'.’::{‘lO.L v 4:
) 9
*38 4.61 0.10 7.07x10° vr 7.1x107 ; 1000
4,43 0.90 7.7¥10 yr 13
= |
733 4,90 1.6x10° yr 1.6x10° 2
U231 5.6{(zst) 4.2 days 200 yr 40
290
e 6.53 52 min 5 hr 9
229 ant 7
Th 0 5.14 0.1 7000 yr 7x10° yr 350
I 5,04 0.2 5.§x10 NEY 45
II 4.94 0.7 107 yr 3
Th227 0 6.16 0.20 15.6 d 25 days 300
16.13 0.038
I 6.10 0.25 T4.5 doy 100
11T 6.08 0.038
IV 6.03 0.013
V 5.97 0.025
VI 5.92 0,013
VII 5,87 0.20 00 doys 10
VIII 5.84 0.038
X 5,82 0.15 124 days 8
X 577 0.025 745 days 25
m°?° €.68 7.8 min €.7 min 5
223
a 0 5.82 0.55 11.2 days 20.2 days 10
I 5.71 0.3€ 31 deys 4
II 5065 0090 10/1 dg‘:‘;a‘ 5
W2
RaNZI 6.83 31 sec. 31 s2C. 7
Em?lg 0 G.94 0.33 3.92 sec L7 sec 14
I 6,68 0.085 46 sec 10
IT G.56 0.0388 LG sec 3
2 - -2
et 7.88 107° sec 107° sec 2
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Table 3 (cont.)
Alpha
Alpha Abundance Ieasured Branching  Alpha Departurex*
Nucleus  Energy of a Group Half-Life Ratio Half-Life Factor
P0215 7.50 1.83x10"° sec ~1(2) 1.82107° sec 1
POZJ‘:5 8.49 4x10_6 sec 4x%10°° sec 1
Odd-even species
Am.zl}zl I 5.58 490 yr 490 yr 2
AnZ %9 5.87 12 hr 1074 13,7 yr 5(?)
Hpoo! 2.85 2.2x10% yr ‘ 2,2x10° yr 4
-5 4
wp25? 5.15 435 days 5x107°  2.5x10° yr 4(2)
1p2?S 5.65 35 min 107° 10 yr 1.0(2)
%l 05.10 0.87 5.45x10° yr 5.95x10- yr 20
I 4.82 0.13 2.64x10° yr 5

P 2%° 5.79 1.5 days 0.01 150 davs 3(7)
Pa227 " 6,57 38 min 0.3 50 nin 6
A0227 5.04 21.7 yr 0.012 1310 yr 7

2
Ac~25 5.90 10.0 days 5
2023 6.76 2.2 min ~1(2) 2.2 min 7
proet 6 .45 4.8 min ~1(%) 4,8 nin 5
protd 7.44 0.02 seo 0.02 sec 5(2)

217 .
At 7.15 0.021 sec ~1\?) 0.021 sec 1

- -4
at°18 8.15 1074 sec ~1(2) 1077 sec 4(?)
Odd-odd Species

At 5.4(cale) ~ 2210° yrs 20(?)

230 -5 =
Pa 5.5(est) 17.7 days 3.5x10 © 1400 yrs 250(7)

2

228 620 22 hrs ~ 0.02 ~50 davs 150(?)

2
2268 693 1.7 min ~ 1(%) 1.7 min 6

224

Ac .28 2.9 hrs 0.1 29 hrs 40
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Table 3 (cont, )
Alpha
Alpha Abundance Measured Branching Alpha  Departurex*
Nuc leus Energy of a Group Half-Life Ratio Half-Life Factor
220
Pr 6.81 27.5 sec ~1(?) 27.5 sec 13
at2te 7,94 107% sec ~1(7)  107° sec 10
Specially forbidden species
(Dismuth isotpes and others with 126 neutrons or less)
.214 L DL wd
Bi 0 5.61 0.45 19.7 min 4x10 76 days 400
I 5.55 0.55° 63 days 150
B:'L215 5,97 47 min 0,02 _39 hr 350
Bi212 0 6.20 0,27 60.5 min 0,337 ; 11 hr 1000
I6.16 0.70 4.3 hr 600
V 5,70 0.011 272 hr(11.3d) 150
211 o . .
Bi 0 6.74 0.84 2.16 min 0.997 2.6 min 700
I 6.38 0.16 13,5 min 150
- 4 ’
p3 210 4.86 5.0 days ~3x1077 5x10% yr 10%(2)
B3 1% 5.58 25 min ~2x107° 2 yr 3000(?)
n3 197 603 2 min ? >2 min >10(?)
212 . .
Em €.30 23 min ? 23 min 10
Frt? 6.37 19 min 5 33 min 16 (?)
Atle 6.00 7.5 hr 0.40 19 hr 50
po210 5.40 158 days 138 days 30
Po209 5002 200 yr 2069 200 yrs 150
P0208 5.24 3 yr 3 yr 30
po? 502 5.7 hr ~1074 7 yr 50(?)
po208 5.3 ' 9 days 0.1 90 days 6(?)
po 0% 5.45 4 hr ~107% 5 yrs 1000
ASHo0 5.3 4.3 min 107 1 mo. 400(?)
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APPENDIX

Yotes and Comments on Individusl Activities

Most of the data used in this paper may be found in the compilation
"Pable of Isotopes™' ‘. However there are a number of new isotopes not covered
there, some 20 the dote hove been revised or amplified and some reauire furthor
explanation in order to indicate the reliability for the purnose used heres

~ 2\
. 238 - 3 . s -
Cm =7  As Ilscedc‘/ this is an alpha-emibbter of 6,50 lev with 2.5-

[

e

hr. halfelife, It is also surely unsbtable with resnpect Lo electron capture
(see Table 1, and althodch the branching has not heen detecrmined it is probable

that the

is essentially that of the electron capture processe
As a result this isobope was not ineluded in Figure 6 as part of the correlations

of the even-even sneciles.

DAN
e o - N 3 N
Cm This isctope of curium is =2lso predicted to he unstable Soward

(45)

electron canturs. Howaror, the branching for this mode of decay has been shown

to be less than 207 so That little error is inbroduced in plotting the measured

7

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

-

This is a long-lived alpha-esmibter of 5.72 Mev alpha-energy

o - 46 . s 241 .
discovered by 9. Fo Thom - son® ) from the irradiation of Am with 38 Mev helium

4
- . 2 v 24:4:
ions. Thompson suggests altermate mass nusber assigmments; Cm and Cm~ "7 and

244 . . . .
the assignment to dm”" " is favored here from some detailed considerations in the
(45) |
icnment of severel curiun isobopes. from yield considerations involving

considera®le uncertointy, Thompson estimtes the half-life oz 10 vears., This point

has not been used in rigure 6 althougn it fortultously fzlls about where exzpected.

o
242 o . N o : o N «
Am™"" There is considerable uncertainty in the indicated half-life of

242 ' , oo A . .
the zround state of Am s The alpha half-life indicated in Teble 3 is based

238 _ . .. 242 .
on the Np~”" yield from alpha=decay assuming that Am wos formed in the same

. ; . 242m .
vield as the 16-hr. excited state,Am s from She nsusron capbure by Am " .

There could he a substantial error from this source in eithor direction. The

alpha=-en2rgy wos determined by closing the cycle consisting of tho bheta-decay
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242

242 and the alpha energy of Cm o The beta-decay energy

energies of Am and Mp"~

el
DL

24 . . .
of Am 2 sed in closing the cycle is talen to be that of the beta-particle enerpgy

(0.6 llev). If any of the romma-radiation is in cascade with the beta particle the

: . . . 2
decay energy would be greater and this would increase correspondingly the Amz4E
alpha-energy.

241 a1 1 12 e
Am The hich abundance of soft gamma-radiation and L-x-rays led to

the belief thot the main alpha-group is in cascade with a gpamma-ray. Preliminary

.. (47) , e . .
alpha-gamma coincidence measurements tend to confirm this assumption. The
gama-enerry is therefore added to the energy of the alpha particle and recoll
nucleus in arriving at the decay enerpgy (5.64 Mev) shown in Fipgure 1.

239

Am The 1isted(3) alpha-branching of~ 0,177 has been redetermined(48)

and a better wvalue 0,017 has been used here in determining the alpha half-life.
]P'L1241 The alpha half-life indicated in Table 3 is based upon the U287

4
yield from alpha-decay estimating the amount of Puz*l 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

: . . ‘s . . 241 37
closing a decay cvcle involving bete~disinbegration energics of Pu and U2 and

4
alpha-disintegrat ion energy of Am2 1°
239 : : .
Pu It hes been mentioned in the text that there is unassigned
electromagnetic radiation assoclated with Puzs9 and that “he possibility exists

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

would be like that which has been established for UZéso If this proves +to be

oo
the case for Pu”‘)9 the decay energy will be pgreater than that shown in Figure 1.
Pug34 The degree of alpha-branching of this &-hre period is not

accurately lknown beceouse of difficulties in asscssing the counting efficiency of
the radiation from the electron capture process. The tentative bronching rotio
adopted for fthe prosont is C.03, making the alpha hal f=life 1C days. The cenergy

AL
has been revised slightly to 6.15 I%va<x3>
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o

£32 . . e e . - .
Pu The elpha~branching of this isotope has been estimated as 20%
. o (a9)
or p0331b1y less from the alpha-activity and x-ray activity. ‘ The energy

given is also ounly approximate since the alpha-group falls in the same energy range

£y 98
with its decay product 38 which itself is not accurately lmown.

258 ) (3) .
Np’ The listed' / alpha-branching of ~0,1% has been revised %o a
[§ =4’
o0
value of ~0.0059%. )
233 . s . . 4 v i s .
Ip~ This is a new neptunium isobope prepared hy the irradiation of

X . 51
Uz ana U2 with high energy deuteronsa( ) It devays predominantly by electron
capture with a half-life of 35 min, but also shaws a 5.535 Mev alpha-particle in
low abundance. As 1s the case with all of the nuclei decaying by electron capture
without daughter activities which can be measured precisely, it is possible at
present only to estimate the branching and alpha half-life. The tentative value
for the alpha-branching _unJlo R
235
Ud The main alpha croup {(4.396 Mev) aprarently does not involve the

ground state transition since there is found 2 0,162 Iev gamra ray in high

(3 . . . .
abundanees( ) and the decay epvergy shown in Figure 1 includes the gamma ray.

The sbundance of the ground state transition wezs not known precisely

¢ -

since watil recently it hod not been cbserved. On bthe basis of an apparent 207
2 b A 1 vy | oooa T L ;- u a2 . r Uzsg (02)
discrepancy betreen the number of 4.396 llev jarticles relative te those of

and the number that should be present (if there wore one per disinbegration) accord-

. . (85 C s : - - .
ing to mass spectrographic analys1s( ) and the yield of the astinium series products

59
. . 22 . . .
it was suggested tentgtlvely( 2) that 207 of the transitions result in a higher
o

. . . 34 ; .
energy alpha-group wiich is covered up by the U'7" alpha particles. Recently this
i . 2 35% .
laboratory obtained & sample of highly separated U and we were able to resolwve

. . . + oy . . Y
a longer range alpha-group occurring in 10 - 1% abundance and at an energy which

is 160 Xev nigher than the main group within the experimental wncertainty of about

* We are indebted o Dr. C. E. Larson and oth
Cthemicals Corporation, Oak Ridge, Tennessee
used in this study.

members of Carbon and Carbide
a

=5y rbo
n . 35
for making aveilable to us the U2
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20 Kev. The ability to resclve this alpha-group makes it possible to determine

the specific activity of U235 directly on the highly separated moterial and this

may well cause & change in the accepted half-life for U255e However, rather than

to attempt to correct existing data we shall retain the old value (7007x108 yr) until
these measurements can bg made accurately.

UZSO This nuclide like thgg has associsted with it a considerable

level of electromagnetic radiation although only a single alpha—:sroup has been
identified. It is possible therefore that the observed alpha—-group does not
représent the ground state transition. OSince there is no dircct determination
of a decay scheme, the measured alpha~-energy is used for Figure l.

Z
UZUl The alpha-energy of this 4.2-day electron capbure nuclide camnnot

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

alpha-activity of UZOO and UZOZO However, the extent of alpha branching can be

o
measured by isolating the decay products ThZZT(RdAc) and Pa"Slo The alpha half-life
(53)

was calculated from this as 200 years. The alpha-energy was estimmted as

5.6 Mev both from Figure 1 and also by closing a decay cycle (Uzsl,PaLJL, A0227,

‘)'7
Th227) in which the electron capture decay energy for IfOI vas estimbted as 065
. . , (29)
Mev by the relatiom of Thompson.
o
PaéSI There is good evidence that the two well established groups of

alpha particles used in this paper themselves poésess fine structure and that
the high energy'éroup has a component of 5.04 M9v<54) which is about 30 Kev
greater than what has been taken to be the ground state transibion. This makes
1ittle difference in the energy plot of Figure 1 but would have the important
effect best visualized from FPigure 8 of mal ing the ground state transition more
highly forbidden that as shown. Another minor comsequence of this change would
be its effect on the UZSI alphe-energy since it was estimated by closing a decay
cycle which includes FHZSI alpha decay., However, obther uncertainties in the

calculation overshadow the slight inerease in alpha - energy for UZ51 that wolild

be entailede.
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PaZSO The degree of alpha-branching of this 17-day activity has been

estimated<55) by obtaining the ratic of the UZSO and AGZZG which grow from it
assuming that the 17-day half-life is substantially that of the electron capture
process rather than that of § -emission. The yieids correspond to an alpha
half-life of 1400 years which is plotbted in Figure € against the alpha-energy

(5.5 Mev) which was interpolated from Figure 1.

ThZSO 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 carefully examined and seems to consist of

[ i
at least two groups of energy 4.68 and 4.51 Mbv(os) in good agreement with the

(57558) | The ratio of the 4.68 Mev to 4.61 Mev groups

(56)

known gamma ray of 68 Kev

is estimated by Feather(55) as~4:1. Rosenblum, Valadares and Vial also

obtaimed 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

oy oy
been observed,(07’08>

However, this group is not shown in Figure 6 and Table 3
because its sbundance is too poorly known.
228 /. . s "
Th (RATh) Some newer values for the abundances of the two alpha—

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

and 5.33855%)

'.['h224 The measured alpha-energy (7.20 Mev) is in keeping with a

‘short half-life but it has not yet been measured. This is also trw of some other

short lived nuclides such as A0222, Razzo, Fr218, EmglG and P0211o

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

has been reported(éo) giving 4.54 Mev for the alpha-particlé energy, a value which

agrees with the predictions according to Figure 1. However, for this energy

28

and according to Figure 8, Ac““® should have en alpha half-life of lO6 years or

more making the alpha~branching only 1 in 1090 It is extremsly doubtful that

such low alpha~branching could be observed in this particular case.
/
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Ac The existence of two alpha-groups one of the~ 350 Kev below
o . > oz
the main group(°1) has not been,confirmed(ég’bu) so for the present it will be

assumed that A@227 has o siﬁgle alpha-group of 4.95 MNev with the reservation that

finer measurements mav show this group to have closely lyinc fine structure.
The question of whether or not the alphe particle observed represents the ground
state transition remsins at present unresolved.

1226 . s . 226
Ra There is a well recognized gamma ray of Ra of about 0.19

/ 53
Hbv$64’65) Stahel(Gd’ found the comversion electrons in abundance of about 5 per
100 alpha-disintegrations and estimated an additional few percent unconverted gammas.
Rosenblum and Perrin(se) observed the corresponding short range alpha—group and

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

\ 5T) s ;
measurements of Stzhels More recently Rosenblum‘ ) indicated that the abundance

| £ (62)

of the short range group is about 9% while Chon 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 wvolue is used.

212 e s PN - . .
r This highly neutrcn deficient francium isotope (predicted B-atable

7 A Cut 1 e

219 . . .
francium is Fr”~ ") was prepared with high encrgy vprotons on thorium by Hyde,
: : (28) : , - 15 s
Ghiorso and Seaborgs © It was isolated chemically snd shown to lie in the mass
218 . o o
nunmber ranse well below Fr since other heavier francium isotopes which could
conceivably have the observed alpha-energzy and half-life would all give rise to

well known decay producks of the matural radioactive series. It was assigned to

212 . . . .- . . .
Fr through its genetic relationship by alpha-decay with an astatine isotope

thought to be Atgou and by electron capture to a new isotope of emanation assigned

to Em212 by its genetic relationship with Pozooo The me asured half-life for

Fr212 is 19 min. and judging by the rate of growth of Em212 alpha particles the

alpha~branching is about 507. The encrgy of the alpha particle is 6.25 Mev.

. 2
Em218 There is a serious discrepancy in half-life for Em~18 reported

by different investigators., Studier and Hyde(7> reported a half=life of 19 milli-

(69)

. 218 o , 230 . .
seconds for Im arising as a product in the U series. Walen s on the
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other hand, claims to have identified Em218 as a l.35 second activity from the rare
218

of At°"" which itself arose from the rare § -branching cof ThA™ ".

There are several reasons for accepting the value given by Studier and Hyde, the
first of which is the greatly simpler experimental situation in their method

of production of Em218. 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-life 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

it from the 1.3 second half-life then EleB will have a lower energy than Anzlg
which is clearly out of line with the regularities of Figure 1.

2 d
Ele~ This new isotope of emanation grows from Fr212 as mentioned and

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

12

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

half-life.

At218 “In the review article(g) the enerpgy of the alpha particle for

. 4
Atgls found by Karlik and Bernert(g‘) to he 6.63 Mev was erronccusly reported

as 6.72 lev.

At215 This nuclide has never been observed and we estimmte an alpha-

energy (see Figure 1) following the reasoning that a nucleus in this region
with 128 neutrons will have the maximum energy of all of its isotopeso. This

estimtion was made as a prediction to emphasize the belief that this is the

expected trend and that the alpha-energy of Atgls probably should not be obtained
by interpolating between At212 and At214o
212 o1 el (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 nuelear type bpth with respect to ifs 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

1
t215 and to this extent the energy assignments given to beth Atg*z and At213

are consistente

i

AtZIO and lighter astatine isotopes -Zelley and Segr$(71) have for At

210

' ol
a minimum alpha-branching ratic of 10 * which yields ecoord1ng]3 an alpha half-1ife

] -y o o - 2
>10yrs. From figure 1 we may estimate the alpha—energy of At 0 as 5.4 Mev if it
is assumed that it bears the same relation to At‘ll as Pb209 does bo Pozlo°

Placing this energy and half-life on Figure 9 it is seen that the alpha decay

is at least several hundredfold forbidden. The fact that it is so highly forbidden

is attributable partly to its having less than 126 neutrons and partly to its
odd~odd configuration. It is interesting to note that (provided the energy has
been guvesged corectly) the prchibition of alpha~decay is greater than that of

211 -, - 2, ;4 " -] 1 - fad [P 3 o

t which fact may he interpreted as the effect nobed for an cdd-odd nucleus
as compared with an odd-cven ong.

Ahthough alvpha- Ja
isotopic assiguments for the several activities cannot be made unambisuously.
All of these undoubtedly decay principally by electron capiture but the degree of
branching has not yet even been approximated. Therefore none of these nuclides
can be uvsed in the half-life vs energy correlations. However, certain alpha=-
energies have heen measured and isotopic assigmments were made as indicated
in Figure 1o It should be emphasized thet the half-lives given here are the
measured half-lives anrd not those for alpha-emission.
The assimment of a 5.5-hr period with alnha particles of 5.65 Mev

. . 209 s . ; . .
energy has been tentatively made %o At based upon the excitation function in
the irradiation of bismuth with helium ions and the probable identification of

209 . 1rs N e s (72) .
Po among the decay products of the complex mixture of activities, Another
5.65 Mev alpha particle decaying with a half-life of 1.7 hr has been assigned

208

to At 77, and was produced through alvha-deca cbivity thought to be

\1
o]
Fh
&
&
@O
Q

rain observed for astatine below mass 210,
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Fr212.(28) It was assigned to At208 principally on the basis of the appearance of

Pb208 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 hrse.

(72)

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

8

of Atzo which show up in different abundances by the two modes of forma¥ion.

Through excitation function measurements a 5.76 Mev alpha particle

decaying with 1.8-hr. half-life has been assipned %o 44707, (72}

4
probable astatine isotopes are assigned to At205 and Atgo‘ somewhat arbitrarily

Two other

although the mass number range is defined by excitation experiments. The two

‘activities are respectively a 25 min. period of 5.9 Mev alpha-energy and a

(72)

10 min. period with a 6.1 Mev alpha particle.

209
)

P This new isotope of polonium has a 200-vear half-life for

alpha-decay estimted from yield considerations(71> and the alpha particle energy
has been revised slightly as 4.90 ikv¢(75) The electron capture branching is

not known accurately but was estimated from the amount of L x-rays as & maximum of

(24)

1 in 10. The electron capture hal f-life would be accordingly greater than

2000 yearse

Pozo5 and lighter polonium isotopes As in the case of light astatine

isotopes there is little accurate information on the alpha half-lives of these
species and the isotopic assignments are not certain. The cnerpgies 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 MNev alpha particle.(24)

Thoe 5.35 lev alpha particle with 4-hour half—life(a) has been reassigned to P0204(24>

2
while the 40 min., 5.56 Ilev alpha-cmitter is retained at Po 05. In each case the

degree of alpha branching is not known.



Page 58
UCRL 446

208(7) . g o L
(*) In 2 previous communlcatlon(lo) o 5.0 lev alpha particle

found by Howland and TFerlman(unpublished) was attributed to BiZOBO This alpha

Bi

rarticle 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
was not very attractive since we might expect B1208 to have an alpha-energy not
greater and perhaps less than that of BiZOQG The interesting possibility is being

(74) LT . . . ~ - '21 O
explored that the 5.0 Mev alpha-group belongs to a mebastable state of Bi™ ~ (RaE)
highly forbidden toward isomeric +transition and beta decay. Partial but incon-
clusive evidence for this assignment has been obtained.

B1201 The 60-min. activity with alpha particles of 5.15 Mev assigned

2
to 81200(3) has been reassigned to Bi”o1 on the basis of its genetic relationship

. . (2
to 8-hr. Pb and 72-hr Tl which are tentatively assipgned to mass number 2010( 1)

Biigg This is *the only one of the neutron deficient bismuth alpha-

emitters for which the alpha-branching has now been estimated. Its isobopic

. 21 : . v .
assignment has been made( ) by observing the growth through successive electron

Q G
capture processes of Pblg” end the 7.5-hr, T1149° The alpha-branching calculated
from the yields of %the T1199 and the observed alpha~emission rate is 1.7 x 10-3%

which gives an alpha half-1ife of 3 yrs.

817 This 2-min, activity assigned to 1'% is used in these

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

half-life is controlled by the alpha-decay process,

An 190 This alpha—emitter(g) has been more rositively identified

as an isotope of gold and by measuring the other radiation decaying with a 5-mine.
j& g Y g ying

. ) - . «2,.7 (25
half-1ife the alpha-branching was estimated as 10 %o( ?)
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Figure 1
Alpha-Tnergy 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
Bnergzy 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 5
Schematic sections of enerpgy surface at 2 = 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 vse. Energy Relationship
for the Even-Even Nuclides
(Roman numerals indicate short-range groups

in fine structure and "O" the ground state transition)
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Pigure 7
Holf-life vs. Energy Relationship of
the Even~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
(Romen numerals indicate short-range groups

in fine structure and "0" the ground state transition)
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Figure 9
Half-life 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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