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ALPHA RADIOACTIVITYI
By I. Perlman and Frank Asaro
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
May 24, 1954 |
INTRODUCTION
The comparison of the number of alpha emitters known at present
with those known a few years ago serves as a rough index of the comparative
research activity on alpha radioactivity and associated problems. By 1944
just 26 alpha emitters had been definitely identified and reported, and of
these all but one were members of the natural radioactive families.
(Some others were found during the war years but publication was
delayed.) In 1948 the total number of alpha emitters had‘ climbed to
nearly 90 and at the end of 1953 there were more than 160 known. The
increase in numbers of alpha em>itters. has been accompanied by diversification
of the information attainable by the treatment of alpha decay data as well as
a better insight into those features of alpha—radioéctivity already recognized.
It is perhaps worth recalling, hqwever, that the basic alpha decay theory
(1, 2) was developed in the '"days of the natural radioactivities' and precise
absolute alpha energies were determined during this period (3).
| v The huge increase in numbers of alpha ‘emitter's is a result of several
stimuli. . The wartime military efforts in atomic energy were directly
concerned with several new alpha emitters .and as a fes.ult of their
preparation a number of others appeared as by-products. This work

stimulated the desire to know the nuclear properties of other isotopes of

these elements and developed into a search for higher transuranium

The survey of the literature pertaining to this review was

concluded in April, 1954,



-2

elements =as’ well. .1t is interesting to note that at pre'éent there are as
many elements. known above uranium as there are be"tw?:er.xiur'a;nium.
and bismuth.  Another .'ifnport,ént source of alpha _é.mittvers came with
the construction of particle accelerators operating in a new high energy
range. . With the use :of'suchl instruments (pé_rtic'ularly the Berkeley
184 -inc:h.c’yclo\tron), exploration into the region of neutron deficient
isotopes became possible and resulted in the discovery of a wide range
of new alpha ien.ni;_'tter‘s including a group among the rate earth elements.
:T.his review will be confined in large measure to the development
of a few topic‘é which have stemmed from the investigations ‘of the past

‘several years. " The classical work on alpha r’adiOactivity will not be

covered and no special treatment will be given to the natural alpha emitters.

‘A féw brief statements outlining these newer developments are given

in the following:

1, _Revgularitiesj;in_ alpha-decay energy. -- It is pds’sib'le to correlate
‘decay ehergies on a semi-empirical basis and the observed regularities
make it possiblv‘eb to predict rather closely the decay energies of ‘unknown
species, | | |

‘2. Regularities of decay-lifetimes. -- It is now known that one-body

alpha dec’ay' theory, nov,t far different in form from that originally proposed,
is capable of yiel,dihg precise .l,ifefime values for most even-even nuclei
but not for other _fypes. Lifetimes can be predicted on a semi-empirical
basis for-élmost all.éas,es. i

3. New developments in alpha decay theory. -- The results to be

cited on odd nucleon typlevs and on the complex spectra of all types serve.
to delimit the applicability of present alpha decay theory and to define -

the problems which must be solved by a more comprehensive theory. Some

’.‘.,
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of the attempts to build upon the classical theory will be mentioned.

4, Spectroscopic states deduced from alpha decay. == Almost all

alpha emitters show complex spectra when examined with instrurﬁents
df'high resolution. The mapping of nuclear spectroscopic states
populated in the alpha-decay process Ias:yielded substantial information
on the genefal picture of energy levels in the heavy element region.

Unfortunately, it will not be possible in this review to discuss
the important advances in detection and energy determination of alpha
particles. Also omitted are the means for producing the many alpha
emitters and any individual discussion of many of the interesting new
species. | | B
ALPHA DECAY ENERGY

‘Somewhat beyond the middle of the periodic system alpha emission
becomes energetically ;possible for all nuclides along the band of beta
stability. Alpha dec‘ay' lifetimes are, however, strongly dependent upon
alpha decay energies, and only when the decay energy exceeds a éertain
value do the lifetifnes come down into the r‘an-ge where radioactivity can
be detected. Since the potential barrier against alpha decay increases
with atomic number, the 'critical® alpha decay energy increases with
atomic number. As a rough gauge of this effect we may say that the
energy required for a half-life of 1012 years is 2 Mev in the region of
samarium (atomic number 62) and 4 Mev in the region of uranium (atomic
number 92). The energy dependence in the heavy elefneht region is such
that doubling the energy (4 Mev to 8 Mev) decreases thehalf-life by a
factor of more than 1020. | | |

The general energy trends along the line of maximum beta

stability are indicated in Fig. 1 which is similar to a drawing published
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48 64 180 96 22 228 544
MASS NUMBER
MU-TTI7

Fig. 1. Alpha decay energy ﬁi-ofile.

Broken line portion of curve indicates region where direct
alpha decay measurements are absent. Plotted points

-on segments of crossing curves pertain to known alpha
emitters of gadolinium and uranium. Half-life guide

lines indicate positions of applicable lifetimes as a
function of mass number.
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by Kohman (4). The curve was constructed by making use of available
mass ‘data in the region in which alpha emission is not discernible.
Aside from the\lsAmoo,th curve showing alpha decay energies, three other
lines a_re‘ shown. One Qf these simply shows the line of demarcation

between stability and instability toward alpha emission and the other two

show the approximate positions at which half-lives would be 108 years

and 1054 years (about 1 hour). As mentioned, the smooth curve goes through
the center of beta stability for each mass number. If we also consider

neutron deficient isotopes of each element, it will be found that their

alpha decay energies are greater, a point which will be considered in

more detail presently, Two such series of isotopes (for gadolinium and
uranium) are indicated by points and éegments of curves crossing the
main curve. The position of shell closures at 82 protons and 126 neutrons
is r'e‘adily seen through its influence on alpha decay energy.

The mass data available are not nearly accurate enough to defin,e‘
the curve of Fig. 1 with the precision required to be useful as a guide for
alpha decay pfopertie.s‘. U‘né'ertaint.ies of several.Mev are pr‘ésent j,n most
of the .déta while a fraction of a Mev is sufficient to change a lifetime from
the region of easy- observation to that of .ext;rebmely long periods. The
curve is consistent with known alpha decay properties and can be altered
in detail as more precise data become available,

<

Summary of alpha energies. -- A compilation of all alphé energies

in the heavy element region is given in Fig. 2. 2 {The objective of this

2Most of the references for data shown here and in Fig. 3 will be

found in the 1953 Table of Isotopes (reference 25). For newer data

206 2

consult the following: Po2°° (5), Em’™ (6), Em>® (7), Em?2C (8),
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Ra222 (7), Ra%%% (9), ThZ2® (1), Th?2® (9), Tn?3? (10,113), Th?32 (),

2 241
240 (g, Pu! (s),

249

u?3% (1), u%32 (8), U?* (12), UP® (), Pu?3® (13), Pu

w242 (), Am2* (14), Am?*3 (14), cm2%3 (15, 8), cm®?! (16), BK

2 252

P (17),

ct?® 18y, c£#8 (9, c£** (20, 19, 17), €20 (20, 19, 17), cf
(20, 19, 17), 99247 (21), 99253 (20, 19, 22, 23), 100%%% (24, 23, 22, 19),

and 10022 (19).

pé.rticular presentation is to show alpha spectra on a sufficiently
expanded scale to permit reading to the nearest few kilovolts. The
short vertical lines indicate the energy values of alpha groups and those
‘which comprise the spectrum of a particular alpha emitter are joined
by a bar with the mass number indicated. The per cent abundance of
each group which is part of the complex spectrum is noted at the energy
position of the group. No abundance designation is given where only a
single group has been observed.

IFigure 2 may also be u.sea by those measuring alpha spectra as
a ready reference to all alpha groups of a particular energy. For example,
if a new a,ipha spectrum under examination shows a weak alpha group
| at 5,50 £ 0. 05 Mev, one must show that the group does not beiong to
Bil”, 51212, BiZM, AtZIO' EmZZ,Z' Ra223, U23'1, Pu‘238.’ Am241. Often
the mode of preparing the sample can be used to judge most of the
possibilities. For qlghers, a search can be made for othermcompgne‘nts‘
of the spectra which would be present and these must also pass the test |
of having the p_xl;op_er ._abundances.

‘Thre energy values shown in Fig. 2 were obtained by a number of
different methods which are inherently different in precision. ,‘Sinc-e

there appeared to be no convenient method for expressing limits of
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error for each datum in Fig. 2, it will be necessary to consult the -
or‘iginé.l papers for this information. Most energies determined are not
absolute but depend upon comparison with standards, so a list of some

of the most accurate values (absolute and comparative) suitable for

. standards are shown in Table 1.

Alpha decay energy syst‘ematics. -- The value of a curve such as
that in Fig. 1 is to help visualize in broad outline the conditions and
regions of alpha instability. A good deal more is to be learned from a
more detailed examination of the regions where alpha radioactivity is
prominent. It is observed that alpha decay e-nergies3_fa11 into well
behaved» patterns, the recognition of which has proved considerably
useful for a number of purposes. Two of the functions of these correlations
will be mentioned. -

Aipha decay series '(contavining relatively few beta decay steps).
provide a cénﬁnuods series of enefgy increments ffom the region of

the element lead to the highest elements possible. The many decay

3Alpha decay energy or simply decay energy will refer to the

Q value for the alpha emission process and is therefore immediately
transferable into a mass or energy difference between ground states
of parent and daughter., The actual alpha particle measured for the
ground state transition Tis of appreciably lower energy because of the
energy carried off by the recoil atom. Of course, the alpha groups
leading to excited states are of still lower energy. The measured

energies of alpha groups will be referred to as alpha particle energies

or particle energies to distinguish them from decay energies.

r
i
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Table 1

Absolute Alpha Part1c1e Energy Deterrnmatmns Including Some Values '

Measured Relative to RaC'

“/

"Alpha A Br1ggs(3) Sturm and Roseanum, Lew1s, C ollins, — ﬁ_ﬁesf; value,
~ emitter Johnson(27) Dupouy(28) Bowden(29) McKenzie, - Briggs(26)
: , __Ramm(30)

RacC! © 7.680 -7.683 7.680

(Po2l4)

ThC! 8. 7761 8. 780 8. 7761 8.786 8. 780

(Po212) . .

210 . .

Po’ 5.298. 5.299 5.299% 5.305 ..5,301

ThC 6.082% 6.087 6.0821 6.090 6.086

(BiZIZ)a ‘ ‘

- o : . ‘ . _ ; .

ThGC 6.043% 6. 048 6. 0421 6.050 6.047
(Bi%12)a, | , - |

A11 measurements cited were made with magnetlc spectrographs except

those of Sturm and Johnson (27) who used an e1ectrostat1c dev1ce

for the magnetlc measurements were corrected as done by Br1ggs (26) in

The values listed

H

terms. of slight -revisions of fundamental constants used in the conversion of-

‘Hp>to energy.

TMea,svure‘d relative to RaC".
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chains either combine through decay or can be related energetically

by measured neutron binding energies. By analyzing these data, it is

possiblé to obté.in a rather detailed picture of the energy su.rfa.ce4 in
the heavy element region. The shape of the‘.energy surface is readily
delineated from these data énd regions of greater or lesser stability
stand out clearly. A schematic representation of such a surface,
ex‘aggerated.for purﬁoses of illustration, '..w.é.s given by Perlman,
Ghiorso, and Seaborg (31). A complete and critical compilation of

.all decay e:nergy data and the atomic maéses calculated from these has
been made by Seaborg and Glass (32);. The data include masses of
nuclides not yet prepared and these were de.'1l~.ived from decay energies
estimated by methods which will be indicated below.

-Of greatvvaiue to the experimentalist has been the ability to
predict alpha energiés and the agreement between predict;ed and measured
values often serves as a criterion for iéotopic ‘assignment. Furthermore,
if the energy -ca_h be predicted, the half-life can be calculated. The
-forecastirig of both alpha eﬁergy and half-life has been of inestimable
value in the preparation and identification of higher and highér elements.

A number of systems for correlating alpha decay energies
have been emplo;red and pv‘er‘haps thth most widely used is illustrated

in Fig. 3. Here the isotopes of each element on a mass number versus

energy plot are joined, resulting in a fan"xily of curves which over a wide

region c"o'mp‘rise a series of nearly parallel lines. It will be noted that

EnerAgysurface refers to a surface defined by the t‘znergy

contents or masses of the nuclides.
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in this region (above mass number ebout 212) alpha energies decrease
with increasing mass number for each element»;vfthat ls, ‘wi_th _Vincr.eas‘ing
neutron number. This\ system in some modification has _heen us:ed by a
number of Worke;s, (33 to 37, 31) while other's have us.'ed";ctontou.r map
presenta.tmn (38, 39) and st111 dlfferent methods (40) o

.Before turning to the reg1ons in Fig. 3 where sharp changes in
the lines occur, let us consider the broad r'eg1o_r_1 of regular be.hvavv;‘or.
The semi-empirical method of calculating atomic masses of Weiz-
scker (41) as developed further by Bethe and Bacher (42) and by Bohr and v
‘Wheeler (43) p1ctures the energy surface as a trough hav1ng parabohc
sections at constant mass number, A. The bottom of the trough goes

through the beta stable nuchdes and if the energy cobrdinate is expressed

in terms of mass defect, the line along the bottom becomes the familiar
'"best" mass defect curve. It can be shown graphically (31) or a_nelytleally (4)
that the obsvxerve'd trend of alpha energy with mass numher (Fig. 3') .is |

to be expected fro;h _th_is picture. Differ‘enc-es in slope and sé.ecing‘of the
lines can be 1nterpreted in terms of departures from extreme regularlty

of the trough such as small changes i curvature of the trough or of its

slope.

The dramatic inversion in the alpha energy trend e.rouod mass
number 212 is a consequence of the major ~c1osed shells in th_is ,regio,n
(44, 37). We can see what happens more precisely by following the
curve fo; the polonium isotopes. From Pozj'8 down to Po212 the curve |
follows the normal trenli; then Po_‘zu is se.en to have cons_ider‘ably lower
alpha energy than PoZIZ. Th1s can readily be shown to be a reflectmn |

2
of the fact that the binding energy of the 126th neutron in  lead (Pb 07,

-Pb 208 ) is greater than that of the 128th neutron in polonium (Pozu—

o
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P0212). Similarly, since the binding energy of the 125th neutron in

lead (Pb206-Pb207) is greater than that of the 127th neutron in

polonium (POZIO-POZH), the alpha energy of Po210 is lower than

that of Pozu. After the neutron shell of 126 is well passed and the
neutron binding energies change monotonically for both parents and
daughters, the regular trend of increasing alpha energy with decreasing
neutron number is resumed (see region between Pozo8 and P0203).

The curve for bismuth is seen to parallel the pélonium curve
with a wide energy spacing between them. This energy spacing is
presumably a consequence of the 82 proton shell. The reappearance of
alpha radioactivity in highly neutron deficient isotopes of bismuth (45)
was the clue needed to establish the generalness of this effect of
crossing the region of 126 neutrons (44-52).

It will be noted that the alpha energies for.the isotopes with 128 -
neutrons would be expected to become progressively greater for each
higher proton number. Half-lives will accordingly be very short in
this region so that preparation and identification of such nuclides
would be difficult. However, more neutron deficient isotopes ;:ishould
be more stable just as Po210 is more stable than PoZIZ. Such a regioﬁ
has been found for astatine, emanation, and even for radium, showing
that the effect of 126 neutrons extends at least this high (51, 52). Undoubtedly
thése points shown on Fig. 3 join to those of higher neutron number by
going through sharp peaks higher than those shown for polonium and
astatine,

The question arises as to whether or not there is evidence for

other closed shells or subshells on the basis of alpha decay data. A

situation similar to that at 126 neutrons, but considerably more subdued,
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'seems to occur ‘at neutron number 152 (19). The evidence comes
principally from the alpha energy trend of californium isotopes
(element 98) as seen in Fig. 3 showing that the californium isotope v

with 154 neutrons has a higher energy‘than those of the next few

isotopes of lower mass number. The fragmentary data on elements
99 and 100 are not out of line with this concept and the lines are'
drawn in Fig. 3 according to expectations. As will be explained -later,

the positions of closed shells can be correlated with energy level
spacings between certain excited states and their ground s.tates, but

in this respect the single riu-clide' known with 152 neutrons _('Crnbz'48 from |
alpha decay of. Cf252) does not reflect a closed shell configuration (53, 54')7

It will be ﬁoted in Flg 3 that the energy increments from

isotope to isotope alohg many of the curves are not very uniform.

Aside from the marked ;nversion in trend in the region of lead and the

probable small inversion in conjunction‘with 152 neutronsv,v it is seen

that in some places the isotop'es seem bunched and in others relatively
spread out. It has been suggested that there are subshells at 92 protons
(55,56) and at 88 protons (56) in explanation of some of these irregularities.

Other inferences of alpha _detay energieé on possible subshells have been

discussed by Bro.n’eiwsv,ki (57).

Decay energies from energy-balance cycles, -- As é. guide in
research on new.heavy isotopes, the ability to predict decay properties
is of great value. By interpolation and extrapolation, the curves of
~Fig. 3 may be used to estimate alpha ener gies and these as well as
measured values can be used in constructing a self-consistent system of
energy-balance cycles which can B‘e used in turn to calculate dégreeé of

‘B instability and other alpha energies.
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To illustrate this method of correlating decay energies (32), a
segment of the deca.';r cycle representation of 4n + 1 type5 nuclei is shown
in Fig. 4. A few examples of the uses of these cycles will be mentioned.

"It is noted that by making use of three measured decay energies the
alpha energy of the 6.8 day B -emitter U237 is calculated to be 4.25 Mev.
This is almost identical with fhe decay energy of U238. which has a half-
life of 4.5 x J,O9 years and the partial alpha decay half-life of U237
would be expected to be at least as long. Accordingly, the alpha branch;
ing of'U237 would be only of the order of 10-'1'2 so that this mode of decay
would be.m'os,t difficult.to observe. On the cbntra_ry, the alpha branching
of Pu'241 was similarly estimated to bé about 10-5 which was within
reach for measurement and the alpha energy as subsequently measured
is shown in Fig. 4.

Another use of these cycles has to do with predictions of f-stability.

245 ;s a B .-emitter and that its

preparation would therefore also produce Bk245, the idea should be

rejected because it is seen that Bk245 is unstable with respect to Cm24'5

245

If one considers the possibility that Cm’

by about 0. 7 Mev. The estimated alpha energy of Cm which goes
into this calculation cannot possibly be in error by an amount to reverse
this conclusion.

An extension of these cycles fo still higher elements gives a
means of making predictions into a region where measurements have

not been made and these predictions serve as an important guide to the

experiments. Other cycles can be devised to join different nuclear

5 The type "4n + 1'" means that all mass numbers are divisible

by 4 with remainder 1. All nuclei connected by a- and f-decay processes

do not change type.
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Fig. 4. Decay cycles for part of 4n + 1 family,

Code: €— alpha decay, 'r negative beta decay, \l' electron T
capture decay., Numerals indicate energies:in Mev; those
with superscript '"¢" are calculated by closing the cycles;
.those with superscript '"e" are estimated as by the use of
Fig. 3; those unmarked are measured values,
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types through measured binding energies. With a single neutron
binding energy measurement joining two series, other neutron
binding energies can be calculated (32).

Alpha emitters just below lead. -- The removal of neutrons from

any element increases the potential toward alpha decay and this is the
basis for the main trend in Fig. 3. Alpha active nuclides of gold and
mercu'ry have been prepared by removin.g many neutrons from the
stable isotopes (58). In the case of gold, the stable isotope Au.197 is
estimated to have an alpha decay energy of only 1 = 2 Mev, while the
isotope observed with an alpha energy of 5.1 Mev 1s believed to lie in
the mass number range 183-187., As neutrons are removed, successive
isotopes become more unstable toward orbital electron capture also,
but since alpha decay lifetimes are extremely sensitive to' energy, this
mode of decay should at some point become discernible.

One other alpha .em'itter in this region has been reported (59), a
component of natural tungsten. The extremely lowvspecif‘ic activity
seems out of line with the measured energy (3.2 Mev) if the emitter
‘has the abundance of one of the known tungsten isotopes, so the authors
postulate the existence of a rare isotope (W”s) in the. natural mixture

in amounts too small to detect by mass spectroscopy.

Rare earth alpha emitters. -~ Among the rare earth elements we

pass through a region where stable or slightly deficient nucli&es ca’nb
decay by alpha emission to the closed shell of 82 neutrons. Such a

nuclide with 84 neutrons isr-SmM:6 which is beta stable but missing in
nature because of its relatively short alpha half-life (~5 x 107 years)
(60). The alpha energies are summarized in Fig. 5 and although the

curves are fragmentary as compared with those in the heavy element
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region, the basic structure as related to the 82 neutron shell is
unmistakable. The point assigned to NdM"4 is of special interest

because Nth4 is a component of natural neodymium (61).

COMPLEX ALPHA SPECTRA

As in other decay processes, the appearanée of multiple groups
in the alpha _erhissiOn process may be considered as the result of
competition in populating available energy levels. It will be seen that
‘alpha decay lifetimes are influenced by a number of factors and among
‘these is the sharp dependence of lifetime wit.h decay energy. Consequently
it would not be expected that transitions to high-lying levels (say 1 Mev)
would be readily obs.e:rved. There are, however, selection processes
operating which can delay the highest energy group and cause lower energy
g-rou;;s to be the most prominent; As yet there is no systematic formulation -
of "selection rules' for fhe alpha decay process. The 'developme»nt of alpha
decay theory with this as an objective is undoubtedly the most important
step now faced.

The present discussion will be concerned largely with the
regularities which are appearing with respect to the location of energy
levels, their spectroscopic designation, and in the degree to which these
states are populated. As aiready stated, only a start has been made in
developing reasons for preference in populating certain states.

| Even-=-Even Alpha Emitters

Principal alpha groups (the ground state and first excited state), -~

With a high degree of certainty it can be said that the transition to the
ground state is the most abundant for this nuclear type. In each of the

many cases which have been examined in detail, the main alpha group is
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that of highest energy and there is no evidence that the group is followed
by gamma radiation. To this extent at least the even-even alpha emitters
are well behaved according to existing alpha deéay theory.

In examining a number of even-even alpha emitters around
uranium and in the transuranium region, it was noted that each had
a second prominent alpha group of some 40-50 kev lower energy than
the ground state transition (62). The jabundance of this group was always
in the range 15 - 30 per cent. 6 (We shall see presently that the states

reached by these alpha groups apparently all have spin 2 and even parity

and we shall call each the first even spin state or simply the first even -
state. )7 -When lower elements or lower neutron numbers of a particulaf
element are considered, the same states are identified but the. energy

level spacings above the ground states become progressively greater

and the abundances of the alpha groups populafing these states progressively
lower. A summary of the energy spacings between the ground state and
first even gtate as .a function of neutron number and proton number is

shown in Fig. 6. The points divide into families according to atomic
number and appear to reach maxima for nuclei with 126 neutrons. In

some cases, the points in Fig. 6 were determined from gamma ray

spectra rather than from observation of the alpha groups.

6We shall define "abundance'' to indicate the number of alpha
particles in a particular group relative to the total number of alpha particles.

7][t is worth _re.calling that in conserving parity in the alpha decay
of an even-even emitter, the even spin states must have even parity and
the odd spin states odd parity. A corollary is that gamma ray transitions
from any of these excited states to the ground state must be electric

- transitions and not magnetic.




2]~

10.0 . - : — .

T 1 171

® ALPHA ENERGY DATA ]
X GAMMA DATA

(MEV)
LRI ll;
o
TR
~
X/
/;a

L / 4
G - // .\\ -
g |/ “VEm
[¥U] L7 ~
=z / ‘o h
i 'y
O.l+- i
C Ra .
[ o ]
L T i
I b Te .y Pu |
T o X e N X
L U T ——;-—
| ' cm
- 0.0l g ! ! | | |
120 124 128 132 136 = 140 - 144 148

NEUTRON NUMBER _
MU-TT15

Fig. 6. First excited state energics of even-even nuclei in tie
heavy element region.



-22-

It has already been deduced by several authors (63, 64, 65) that the
first excited states of even-even nuclei in general are 2+ states and this
applies to regions other than that of the heavy ekéments and irrespective
of the particular energy spacing of the levels. There 1s theoretical
justification for the 2+ -as-signmeﬁt both from modifications of the
independent particle model (66, 67) and from the collective model
(68, 69). There is also theoretical explanation (67, 69) and empirical
proof (65, 70, QZ, 71) that the energy levél spacing for the first excited
statecgoes through a maximum at each.closed shell as is seen in Fig. 6
for the 126 neu’t.ron shell,

Two typical even-even alpha spectra are shown in Fig. 7 and
for the present we s.h\a,l,_l. focus attention on the two lowest states correspond-
ing to the two alpha gr‘oﬁps considered. The states assigned 2+ are the

first even states already mentioned and are designated so because they

de-excite to the ground state by electric quadrupole (E2) transitions. 8 Since

there is no evidence to the contrary we shall assume that the first even state

is in each case the first excited state.

8The nature of the transition has been deduced from measure-
ments of absolute conversion coefficients, relative L subshell conversion

coefficients and ‘a-y angular correlations. The cases studied are the alpha

emitters Po?0 (72), Ra%%% (7), Ra%?* (73, 74, 75), Ra®

th2%8 (9, 76, 77, 78), Th?3? (77, 79), UZ30 (1), U?3? (), UZ3% (8,

2

26 (75), Th226 (7),

1230 (80), Pu?3® (13), Cm?*? (15) and Ct2%% (89). The excited states in

question belong, of course, to the alpha decay products.
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Rare alpha groups (higher even states and first odd state). -~

Many of the alpha emitters which have lent themselves to detailed analysis
have proved to have one or m.ore additional groups of lower ener gy and in
low intensity. The low intensities of these groups are not attributable
alone to lower energy than the two main groups. If we calculate the lifetimes
for the ground state transition and that to the first excited state according
to current alpha decay theory, the results are in substantial agreement _
with the measured lifetimes., Howevef, the measured partial half-lives
for the higher transitions are considerably longer than the calculated |
values and we‘refer to such transitions as hindered. Thivs subject will

be dealt with under the section on alpha decay theory and for the present
we will consider only the energ;y level spacings and spectroscopic
assignments.

In each case which could be examined in the necessary detail, there

was found a rare alpha group going to a state which decays by an E2 transition |

only to the 2+ state. 9 ‘These states are those designated as 4+ in Fig. 7

and will be known as the second even states. From the nature of the gamma

ray transition, the second state could be 0+, 24 or 4+; the 4+ a.s.;;ignm‘ent
is made largely from a theory to be mentioned presently which fixes it
as a member of a_,ro};ational band of states 04, 2+, 44+ . +-... . The fact
that no crossover transition is seen from the second even state to the

ground state may also be taken as partial evidence for the assignment.

9.Conver,sio,n coefficient data defining the transition as E2 have
been obtained in the alpha decay of Cm2'42 (15), Pu23’8 (13, 81), U232 (8),
Th228 (9). For other cases there is no direct informatioh, but other

regularities to be discussed presently make it highly likely that comparable

states are being considered.

«“
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In a few cases, very rare gamma rays have been seen (the
alpha groups would be below the limits for detection) and ar‘e assigned
to transitions between the third and second even states (15, 13). In the
case of Pu238 decay (13), the gamma ray was shown to be in coincidence
with that between the 4+ and 2+ states. Since the energy of tﬁ_e state
defined by the gamma ray corresponds closely with expectations if it
were the third ﬂ_@_ﬁg}e_((a-i—) of the rotational band, it has been so
aes,ignated (see Cm242 spectrum, Fig. 7). The theory behind these
assignments will now be examined.

According to atheory of Bohr and Mdtelson (82, 68), collective
aspécts of nuclear motion and individual particle aspects are coupled

and in a region well removed from a closed shell there should be a

series- of energy levels corresponding to a rotational band in which

only even states (0+, 2+, 4+ :----) appear for an even-even nucleus.

On this basis, electric quadrupole transitions should predominate.
Another r'equi-rement of the rotational spectrum in this region is that
the states lie at energies proportional to Ij(Ij‘+ 1), where Ij is the spin of
the jth even state. For the levels 0+, 2+, 4+, 6+, the ratios of 4+/2+
and 6+/2+ would therefore be respectively 3.3 and 7.0. Figure 8 shows
an extensive set of these ratios of the first and second even states and
it is seen that the agreement with expectations is excellent for the higher
neutron numbers but gradually departs as _the region of 126 neutrons is
approached. Apparently the same behavior can be noted for even-even
nuclei in the rare earth region in reference to the 82 neutron shell (83).
The point for Pb?'08 in Fig. 8 is of questionable significance éince it is

not at all certain that the first two excited states as deduced from Tl?'08
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rotational levels in regions removed from closed shells,
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B -decay are indeed 2+ and 4+. As an example of this uncertainty, a
number of different measurements éoncerning the first excited state
have resulted in different assignments: 14 or 2+ (84), 2+ (85, 86, 87),

3= (88). In two cases, Pu.'238 and U23'4, (alpha decay of.C‘m242‘ and

Pu23.8) where a third even s_tate is inferred, the energy ratio of this
level to the 2+ level is indeed close to 7.0, The evidence for the
higher state in the case of Pu'23'8 decay is that the gamma ray used to
define it is in coincidence with the gamma ray from the 4+ to the 2+ _
states (13).

In a number of cases, a state bel_ievéd to be 1- has entered
among the low-1lying even states. The spectrum for Th228 which'is
typical of this type is shown in Fig. 7 (9). In contrast to the second
even state, this state always decays both to the first even state and
to the ground state. The conversion coefficients of both conform with
- El transitions (9) as do more recent a-y angular correlations made

on Th2%%, Th?2® ana u230 (39).

‘The 1- state has probably been identified in the decay of Th230

and ‘U232 as well as for the three cases just mentioned. Significantly
this state has been identified only among the low-lying excited states
of nuclei of neutron numbers in the range 134-138 neutrons. From the
fragmentary evidence at hand it seems possible that the state has a
minimum energy at 136 neutrons and rises at both lower and higher
neutron numbers,

With respect to the degree of population of the 1- state in the
alpha decay process, the data are too few to arrive at any generalizations.
In the cases studied, the process seems to be competitive with that

leading to the 4+ state for comparable energies.
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Finally it should be remarked that there is no ready explanation
for a vlow—lyirig odd parity state such as this., " Neither the independent
particle model nor the collective model would predict such states in

any straightforward manner.

Odd Nucleon Alpha Emitters

The alpha spectra of nuclei having odd nucleons are in general
considerably more complex than those of even-even nuclei and
consequently have not been worked out with the same degree of
certainty. Also they may differ from each other c‘dnsiderably and
have not yet yielded to a comprehensive generalized picture such as
applies to the even-even nuclei,

Nevertheless, some regularities can be discerned, andyiamong
these is the appearance of rotational bands (90, 14) closely similar to
those of the even-even-nuclei. Interestingly enough, the fundamental .
state of the ,rotatioﬁa,l band (where such a band shows up distinctly)
is that populated in highest abundance, but it need not be the ground
state and perhaps usually is not. The important implication of such
spectra with respect to alpha decay theory is that powerful-',“select.ion
rules' are in force since the highest energy fransition (that to the
ground state) is often in very low intensity (91).

Figure 9 shows some spectra which were selected to illustrate
some of the regularities noted. 10 (Obviously it is not possible to discuss

27

all spectra of these tyi:)es and some, such as that for Thz with eleven

reported groups (92), are too complex for analysis at present.)

. 10The references for the data comprising these alpha spectra are

Am?4 (14, 91), Am%*3 (14), cm?*? (15, 8), u?33 (8).
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The partial spectrum for U233 is not representative of most
of those examined in that it looks much like that of an even-even alpha
emitter. The energy level spacings for these states are much like
those ofiCm242 (see Fig. 7) and the relative populations of the states
are roughly comparable, but an important difference to be noted is
that the second excited state decays both to the first excited state and
directly to the ground state. A possible explanation of this spectrum
lies in its interpretation as a rotational band, the grounds for which are
now sketched.

According té Bohr‘ and Mottevlson (68),' the rotational band for
a nucleus with an odd nucleon will have a fundamental state of spin Io
and higher states of spins ,io+1,. Io-ljZ, ----- , all-with the same parity.
The spacings of these levels will go as W +-CI(I+l), where W and C
are constants for a particular level sequence. For the U233 case the

following equations may be set up:

Egg.g = Eyp g = CUI 2N 3) = CII +1)(I +2) = 56.1
| 2G(I_+2) = 56.1
Eyp g - E, = C(I_+1)(I_+2) - CI (I +1) = 42. 8

2C(I_41) = 42. 8

The solution of the simultaneous equations gives Io = 2.2 and since the
spin must be half integral we take the closest value, Io =5/2. It
should be mentioned that this énaljrsis is extremely sensitive to the
accuracy of the data;'an error of only 0.5 kev in the 42, 8 kev level,
making it 43. 3 kev, would change the calculated value of Io to exactly
2,5. If we accept 5/2 for the fundamental state, the spins of the other

two levels become 7/2 and 9/2. The cascading gamma ray transitions
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could then be Ml and/or E2 and the crossover transition E2, which
assignments are not out of order with the fact that both crossover and |
‘cascade gamma rays are observed.

‘The spectra for Am.241, Am243,, and-_C’m243 alpha decay show
quite similar rotational bands with calculated fundamental state spins
of 5/2, but the fundamental states in these cases are not the ground
states. Americium 241 and Am243 differ ovnly»in that. this: state is
respectively 60 and 75 kev above the ground sfafge. -For C‘m2.43, the
ground state tr’ansition has not yet been observed even though it has
277 kev higher decay energy than the main group, a fact established
by a~y coincidence counting «(15).

It is perhaps not profitable at present to speculate in detail on.
the meaning of the complex spectra of the nuclear types under discussion.
We believe that rotational bands which can be explained és a consequence
of collective modes of nuclear motion are discernible. It is also probable
that other important features of the spectra must bring in_the qoncept of

| single particle states. Just what these states are and what guides the
alpha decay process to some and not others is still obscure, - Some
speculations on these rﬁatters as they apply to alpha decay théory will
be brought out in the sec\tiqn}on »,this 'subject.v It is wqrfh_ rei‘terating
here that no simple (;rite;ion'qu .'r'-u}e_ is likely to‘exp]lai‘n theyélp.é;:tr;.

shown in Fig. 9.as well as the extremely complex spectrum of Th‘227

and that of Pu'239 which is a good deal simpler but different from both

types.
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Fig‘.. 9. Decay schemes of some odd-nucleon alpha emitters.
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Alpha Decay Lifetimes and Theory

‘It is possible tozcorrelate alpha decay lifetimes empirically and
to arrive at systems which can be used to predict. half-lives. .For
example, regularities can be observed in plotting the half-life with the
mass number for successive elements. However, it is also possible
to systematize the half-lives in terms of parameters which are involved
in _ciur'f'ent alpha decay theory and thereby also obtain some information
on the status of the theory.
| It will be seen that the ground state transitions of even-even alpha
emitters are treated with_extraprdinary precision by basic one-body alpha
decay theory. However, analysis of the rﬁany alphé. .sped:_ra obtained
during the past few yea_l.;s has shown clearly that mor'e‘.elaborate theory
is ,requifed to account for the behavior of other nuclear types as well as
for certain of the transitions to excited states éf the even-even nuclei.
The development c;f new approaches to cover thése cases is vcur'r-envtly in
a formative stage. It will not be possible in this review to cover in
detail either the old theo,r‘y c.>‘r.' the new approaches; rather, we shall
-eméhas-ize those aspects of alpha spectra which appear to require new
forms for expression and indicate the direction some of these new forms
are taking.

. Basig for one body theory. -~ The initial conception by Gamow (1)

and by Condon and Gurney (2) of the alpha decay process as a barrier
'penetrat’{?on problem ﬂa,s been cast into a number of forms differing in
detail but basically all end up with the decay rate expressed as the
product of two factors: 1) a '"frequency fac;tor'” which may be considered

as the decay rate without the barrier, and 2) a "penetration factor®
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which expresses the probability of an alpha particle emerging through the
negative energy region of the coulombic potential barrier. . The various
solutions to the problem differ in the degree of rigor which is applied and
it might be stated that the sensitive portion is the '"penetration factor"
which is exponential in form and is handled virtually identically in the
several treatments. (See, for example, references 93 - 97.)

The parameters which enter into the penetration factor are
those which define the barrier for the alpha particle of energy E and
these are the nuclear charge and the effective nuclear radius. The
frequency factor likewise is a function of the energy of the alpha particle
and nuclear radius and although approximations are introduced in its
evaluation, this factor is relatively insensitive and does not strongly
vinfluenc‘e the results. It is probably here, however, that the one body
model breaks down as a representation of decay processes, that is,

" where single particle states are of importance.

It will be noted that of these parameters the nuclear charge has
‘explicit meaning dissociated from the alp}‘1a decay process and the alpha
energy and decay constant are subject to precise measurement, but the
effective nuclear radius is a quantity which is not obviously meaningful
for this process when determined from other nuclear phenomena nor do
such independent methods of measuring the radius give the desired
precision for testing alpha decay theory. The procedure to test the
theory is therefore confined at present to see if calculated nuclear radii
fall into a reasonable range and pattern of values or fluctuate in an
unreasonable fashion (93 - 100, 58). .Conversely, one may assume

some function for nuclear radii, from this derive theoretical curves
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to express the decay constant in terms of the other parameters, and
test the agreement with the measured decay constants (101, 102, 98,

‘31, 99). Itis this.vs,econcl approach which has proved most useful in
correlating a large numb.er of data. Further discus sion of this mattef |
will follow as the data for even -even alpha emitters are exammed |

Even-even alpha emitters - ground state trans:ﬁuons == Figure 10

shows a plot of the h.alf hfe versus energy relatxonsmp as a famlly

of curves. The curves are defined by the experz.menta]i half 11ves and
are in this r'espectemp;mc\ai. I[f, however, we were to ca]Icu]late half -
lives with the Kaplan (99) .modification of the Preston (95) formula by
using the measured alpha energy for each poi’nt and assuming a |
function for the nuclear radius, 1.52 x 10 -13 1._/3, the reSultJ.ng curves
would lie close to those of Fig. 10. In deta11 the calculated curves cf
the _lowe; elements ((polcnium, ‘emanation-) woul,d lie somewhat below the
corresponding curves of Fig. 10 and for thelhigher'elements (cur.icm, |
califor-niu'm) the calculated curves would lie slightly above tvhos‘e e_l.lo{avn'

in Fig. 10. (The segments of curves shown for Pozm and Poz'08 and

210 and Em208 should be considered as special cases in which

for Em
effective nuclear raldii suffer a discontinuity and t:hese' are nuclei with
126 neutrons and fewer.) To bring about more exact agreement one can
bring in a second order effect comprised of the assumption thet the |
nuclear radius param*etef should net Be a constax;t, 1.52, buvtvvshox'zlcl
vary in some f_ashion, say w‘ith»afccmic number. | To s,ee w‘hat is required,
a calculation was made fcr the effective radius .of each .nucleue using
measured values of both energy and half -life anci the %esults are shown

in Fig. 11. The sharp break at 126 neutrons is apparent, but in addition

there seems to be general decrease in radius parameter with increase
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in atomic number., This, of'cour.se;,‘. is a restatement of the relation
mentioned between the empirical curves and those calculated on the basis
of a single average value for the radius parameter. With reference to the
data of Fig. 11,. it should be pointed out that 'there ‘is sufficient experimental
uncertainty in some of the values which went into these calculations to

shift the points by 0. 02 units of radius parameter or even more.

In summary we can say that the basic one body theory of alpha
decay applied to the grbund state transitions of even-even alpha é.mitters
gives a remarkably consi'stent picture. By using reasonable and
consistent-assumptions for the values of the nuclear radii, the theory
explains observed half-lives which differ by a factor of 1024. It should
be pointed out that different formulations of the theory will give somewhat
different '"best values' for the radius parameter, but each is internally
c;ansis,tent.

Two further points should be mentioned with resp.ecf to the curves
of Fig. 10. It may be noted that the energy values listed are somewhat
higher than measured particle energies. The alpha energy pertinbent to
alpha decay theory is based on its center of mass velocity and therefore
the particle energy must be .increas'ed by the energy of the recoil nucleus.
This correction amounts to ~100 kev for a 6 Mev alpha particle in this
region.

An additive correction to the alpha particle energy so flar over-
looked has been suggested by Ambrosino and Piatier (103) and has to do
with the lowering of the potential barrier by the electron cloud. As
discussed by Rasmussen (104), this correction should be applied as an
added alpha energy amounting to about the difference of total electron

binding energies between parent and daughter in the particular alpha
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decay process. This amounts to ~38 kev iﬁ the region of uranium and is
smaller for lighter elements. .This latter ''screening correction’ to the
pa_rficle energies does not have a profound effect on the agreement of
theory and experiment which is under :discussion, but it does have ‘t.h.e
effect of giving somewhat smaller valués of nuclear radii than if it were
ignored.

The other item concerning Fig. 10 has to do with the reason that
smoot,h curves can be drawn at all because, in principle, each curve is
not continuous if the nuclear radius is an.independent variable. Howéver,
as seen in Fig. 3, alpha energies vary more or less monotonically with
mass number A and since nuclear radii do so likewise, each value of energy
(for a particular element) does localize the mass number and therefore the
radius. Where two isotopes within the same energy range do have large
differences in effective radii they do not lie on the same curve. This
effect is seen for polonium and emanation curves on the ﬁvo sides of

126 neutrons.

Even-even alpha emitters - transitions t_o' excited states. -- For any

particular ground state tr‘a_ns‘i'tion, .one can c-al.culate the partial half-life
to any excited state under the assumption tha,;c the only factor inﬂuenéing
.the relative decay rates is the energy function. Let us first consider
tr‘ansitiéns to the first excited state (2+). The effective radius as
determined from the ground state transition process is adopted and it is
assumed that the spin change, whether Al.= 0 or Al.= 2, will not affect
the decay rates very much. This latter assumption has the theoretical
justification of the calculations of Preston (95, 96) which show that
contrary to previous treatments, a Al = 2 transition should be some 1.5
times faster than a AI = 0 transition and that only when AI = 4 does thev_

function take the direction of .delaying the transition.
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The ratios of expected abundances (solely from energy difference)
to experimental abundances are shown in Table 2. Around radium,
thorium, and uranium the ratios are seen to be close to unity apd perhaps
to rise significantly for the heavier elements. Some recent ideas on the
population of these states will be mentioned below where transitions to the
4+ state a.re discussed.

One apparent anomaly is PoZOB, for which no alpha group has yet
been seen leading to the 374 kev 24 state, and the partial ha,lf-lifé is at
least 32 fold greater than that calculated. 1t is signiﬁcanﬁ that there is
othef evidence (68, 105)‘that the first excited state of Pb204 is not a
rotational state. Here, it seems, is a presently isolated but im‘portant
item which must be included in a comprehensive alpha decay theory. If
we may generalize from this single case, we may postulate that a 2+
state of an even-even nucleus is populated ''mormally' only if it is a
collective state of the type discussed. .

The examination of transitions to the 4+ state gives a totally
different and unique picture (106). Here, if the partial half-lives are
calculated as above, it is found that they are much shorter than the
measured values; that is, the 44 states are populated much more
sparsely than would be expected on the basis of alpha energy alone.
Furthermore, the ratio of measured half-life to calculated half-life
varies considerably and in a more or less regular way with atomic
number as shown in Fig. 12. It is seen that for CmZ‘.12 the second even
state is hindered in its population by a factor of 400 (compare with
factor 1.7 for first evén state, Table 2), while for thorium isotopes

this factor is of the order of 10. There is no a priori justification for
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Table 2

Population of First Eife,n—State (24)
By Alpha Decay of Even-Even Nuclei

Alpha ‘Energy . Departure "Alpha Energy Departur e
emitter level (kev) factort ' emitter level (kev)* factort
Po?% 163 3.1 y?3 52 1.2
Po208 374 >32 4?36 50 1.1
1Po20 800 1.6 1y?38 45 1.5
‘Ra%*t 240 1.2  ype?3 45 3.5
Ra 220 188 0.9 1Pu’3® 47 2.2
Th220 110 1.2 pPu?3® 43 1.6
Th?28 84 0.9 P10 4y 1.7
w230 ¢g 1.0 1pu?42 45 2.2
tTh?3? 65 0.8 cm?%? a4 17
y230 70 1.1 cm?tt 43 1.8
232 246

u-’ 58 1.1 ot 42 2.7

. .
Energy level of the 2% state of the daughter nucleus. .

TRagt:io'of calculated abundance (solely from energy difference) to experimental
~ abundance. A factor of unity means that the lifetime for the decay to this

state (in this case 24) is according to expvec'tations from .alph?. decay theory

using the groulnd state transition to define the nuclear radius and neglecting

any effect of spin change.

'T'The ‘experimental abundances or energies may be suspect.
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plotting the data of Fig. 12 in the méhner shown; for the present it
merely serves the purpose of giving visual expression to the considerable
range encountered in the population of apparently identical spectroscopic
states.

‘Recently an attack has been made on this problem which appears
fruitful, The basic idea developed by Preston (107) is ;cha;c the alpha
particle emerging through the coulomb potential region and beyond the
range of nuclear forces can couple with a non-central electric field of
the nucleus in such a way as to change its energy. Such fields would be
associated with _sph:eroidal distortions in nuclei as discussed by Bohr and
Mottelson (68) and Hill and Wheeler (108). The distortion would be described
by the intrinsic quadrupole moment whith Ford (69) has shown by calculations
to be increasing with mass number in the region above lead and would
‘presumably rcontinue until the approach to a new shell is felt.

The mechanism of quadrupole interaction with the emerging alpha
particle wave to explain the population of the first two e‘xcited states in a
rotational band has been explored in detail by Rasmussen (109). For the
case of C‘m24’2_ decay, Ifor which approximate numerical integrations have
been carried out (assuming an intrinsic quadrupole moment,. Qo, in

-Pu238 of +17 x 10""24

{cmz), he found that the population of the 2+ state
should be relatively unaffected, but that the populatipn of the 4+ state
should be strongly depressed in essential agre.éfnen_t' with the experimental
observations, The ass‘umfed value for Qo seems reasonable fc;r ‘a ntic;leu.s
in this region in view of the rec ent measurement of the quadrupole

moment of U235 as +8 x _10"24 'cmz (112), which with the spin of 5/2

corresponds to.a value of Qo of +22 x 10_24 cm'z. The quadrupole

moment for even-even nuclei cannot, of course, be measured by
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spectroscopic means, but there is the possibility of obtaining information
through coulomb excitation cross sections and gamma ray lifetimes.

- Since this approach in explaining certain features of alpha spectra
is in an incomplete state of development, it is not worthwhile to
speculate on the possible significance éf the downturn of the curve of
‘Fig. 12 betwe‘gn Crn’242 and Cf246, nor to discuss a number of_other
ramifications of the mechanism.

- We shall just recall that- other low-lying states in even-even
nuclei have been identified, but for which detailed information is lacking.
.There is the‘third even state (6+?) which is a member of the well defined
rotational b'aind, Alsd, in a limited region there appear 1- states which are
populated roughly to the same extent as thé 4+ stafes in the same region.
It is not clear what type of nuclear configuration would give rise to such
states,

Odd nucleon alpha emitters. -- The most obvious question concern-

ing this category of alpha emitters is why the .ground state transition is
often highly hindered and why the hindrance is so irregular.. Table 3
shows the data for such alpha emitters and the last column contains

the ""departure factor' which, as before, is the ratio of the measured
partial half-life for a transition to the half-life which wouldbe caiculated
from. one body alpha decay theory. We note that for the four species -
shown in Fig. 9 the departure factors for the apparent ground state

transitions are: U222 --1.4, Am>* 1000, am?*3 -- 700,

Cm'z'43 -- >26, It is not certain that for each case in Table 3 the ground

state transition has been identified and where this should prove to be

the case the departure factor would be larger,
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Table 3

of Odd-Nucleon Emitters

Departure

" Alpha Particle Abundancet
emitter _energy™ factord
ce?4? 6. 00 0.10 300
BK4° 6.33 0.18 700
BkZ43 6.72 0.30 900
Cm'2'43' 6.049 <0.5 >26
Am>*3 5. 341 20. 003 $1000
AmZ4 5,535 0.0034 700
pu?4l 5,01 <0.11 >30 -
pu?3? 5.150 0.69 3
Np237 4.86 <0.15 >50
235 4.58 0.10 900
233 4.823 0.83 1.4
py23l 5. 042 0.11 220
Th%%9 5.02 0.10 100
th227 6.030 0.19 130
Ra%23 5. 730 0. 09 50
Fr2t? 6. 409 0.37 10
Em?1? 6. 824 0.69 18
Em?! 5. 847 0.33 8
a2 5. 862 100 3
A210 5,519 0.32 2
po?13 8. 336 1.5
polll 7.434 0.99 100
Po2%? 4.877 2
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* | ' _

Particle energy of alpha group believed to lead to the ground
state. In some instances it is possible that the groups
selected are not the ground state transitions in which cases

the departure factors would be greater than those shown.

TAbundances are based on observed alpha groups except
where the highest energy group is known to be followed

by gamma radiatjon.

iDef’ined in Table 2



The first point to be disposed of is the effect of spiﬁ change. As
already pointed out in a n..umber. of instances, both}t,heo‘r'e,tica,l and
exp.er,ime,nté.,l appraisal indicates that the lifetime is relatively
insensitive to spin change, per Ei; certainly within the framework of °
reasonable spin changes. Conversely, we know that the ground states
of Amz41 and NpZ37 both have spin 5/2 (110, 111) yet the tr‘ansition' |
between these states is hiﬁdered 1000 fold. |

Other ideas, not yet formulatéd quantitatively, appear to be more
promising. One suggestion (31) has to do with the breakdown of the one
body ‘model in its implication that alpha particles exist as discrete entities
within the nucleus and that the probability of alpha emission depends only
upon thevfreque‘ncy factor of this preformed alpha particle in encountering
the coulomb barrier and upon the rate of barrier penetration. ‘We have
seen that for ground state transitions of even-even nuclei the evidence for
this extreme simplification indicates that it is substantially correct. For
ground state transitions of odd nucleon émitte;s, however, it is suggested (31)
that there can be a considerable time involved in assembling the componentsb
of the alpha particle. -Such would be the description if the mixture of config-
urations which co‘n-.stitutes the emitting nucleus contained only as a minor
component the configuration with the odd particle as a constituent of an
incipient alpha particle. Rasmussen (90) has pointed out further that
nuclear spins need not give a true pictufe of the nucleon states of the
parent and daughter nuclei, In a region well away from a closed shell
where large spheroidal distortions are expected, the strong coupling
configurations may predominate and the nuclear spin can be different

from and lower than the j-value for the single odd nucleon, On this
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basis, the spectroscopic state of the odd proton in Am24l may be
quite different from that in Np237 even though both _nu,clear‘;spins

are 5/2. If such were the case, the change in wave functions could
properly introduce a hindrance to the alpha decay. Only for those
transitions where the single particle wave function remains unaltered
would one expecit unhindered alpha decay. Significantly, it appears
that such transitions can be found in the spectra of the odd nucleon
emitters, but in general these are not the ground state transitions.
This subject will now be examined.

In Fig. 9 it is seen that the most abundant groups of Am241 and

Am243 lead to states which are 60 and 75 kev respectively above the
ground state. .Furthermore, for the particular energies of these alpha
transitions, the hindrance or departure factors are only of the order of
unity (in contrast to 1000 for the ground state transitions) and in this
respect appear to be like the ground state transitions of even-even
nuclei. By making certain assumptions it is possible to deduce the
spins for these excited states (60 and 75 kev étates). The analysis

has already been carried out on pages 27 and 28 and is based on the
recognition of three excited states as members of a rotational band
from which the spins of these states can be deduced. Iﬁ this case, the

spins for the 60 kev excited state of Np237 and the 75 kev state for

Am243 are deduced to be 5/2 (90, 14). It is suggested (90) then that
these states may be those in which the odd particle wave function
rearrangement is ‘a minimum and that the transition is therefore
relatix}ely unhindered.

As already discussed under even-even nuclei, the splitting of

alpha groups into a rotational spectrum may involve the effect of
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electric field interactions. The appea'ranc-e of what looks Jike_'
rotational bands in these odd nucleon species implies, of‘cburﬁ_s;e,
that the same mechanism is in play here. .

It seems apparent that the past few years have seen a ‘dep/artur‘e
from classical alpha decay theory as well as a reinforcement in
our confidence in some of its aspects. It also seems likely that
some of the new ideas when further developed will add apprec,i_ably
to the explanation of the alpha decay process and the ramifications

will give a better knowledge of nuclear structure.

W
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