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INTRODUCTION

A comparison of the number of @-emitters known at present with those
known a few years ago serves as a rough index of the comparative research
activity on e-radioactivity and associated problems. By 1944 just 26 a-emit-
ters 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
a-emitters had climbed to nearly 90, and at the end of 1953 there were more
than 160 known. The increase in numbers of a-emitters has been accom-
panied by diversification of the information attainable by the treatment of
a-decay data as well as a better insight into those features of a-radioactivity
already recognized. It is perhaps worth recalling, however, that the basic
a-decay theory (1, 2) was developed in the ‘“days of the natural radioactivi-
ties” and precise absolute a-energies were determined during this period (3).

The huge increase in numbers of a-emitters is a result of several stimuli.
The wartime military efforts in atomic energy were directly concerned with
several new a-emitters, and as a result 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 elements as well, It is interesting to note
that at present there are as many elements known above U as there are be-
tween U and Bi. Another important source of a-emitters came with the con-
struction of particle accelerators operating in a new high-energy range. With
the use of such instruments (particularly the Berkeley 184-inch cyclotron),
exploration into the region of neutron deficient isotopes became possible and
resulted in the discovery of a wide range of new a-emitters including a group
among the rare earth elements.

This review will be confined in large measure to the development of a few
topics which have stemmed from the investigations of the past several years.
The classical work on a-radioactivity will not be covered, and no special
treatment will be given to the natural a-emitters.

A few brief statements outlining these newer developments are given in
the following:

(2) Regularities in a-decay energy.—It is possible to correlate decay
energies on a semi-empirical basis, and the observed regularities make it
possible to predict rather closely the decay energies of unknown species.
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(5) Regularities of decay lifetimes.—It is now known that one-body a-
decay theory, not far different in form from that originally proposed, is
capable of yielding precise lifetime values for most even-even nuclei but not
for other types. Lifetimes can be predicted on a semi-empirical basis for al-
most all cases.

(¢) New developments in a-decay theory.—The results to be cited on odd
nucleon types and on the complex spectra of all types serve to delimit the
applicability of present a-decay theory and to define the problems which
must be solved by a more comprehensive theory. Some attempts to build
upon the classical theory will be mentioned.

(d) Spectroscopic states deduced from alpha decay.—Almost all a-emit-
ters show complex spectra when examined with instruments of high resolu-
tion. The mapping of nuclear spectroscopic states populated in the a-decay
process has yielded substantial information on the general picture of energy
levels in the heavy element region.

Unfortunately, it will not be possible in this review to discuss the impor-
tant advances in detection and energy determination of a-particles. Also
omitted are the means for producing the many a-emitters and any individual
discussion of many of the interesting new species.

ALpaA DECAY ENERGY

Somewhat beyond the middle of the periodic system a-emission becomes
energetically possible for all nuclides along the band of §-stability. Alpha
decay lifetimes are, however, strongly dependent upon a-decay energies, and
only when the decay energy exceeds a certain value do the lifetimes decrease
into the range where radioactivity can be detected. Since the potential bar-
rier against a-decay increases with atomic number, the “‘critical” a-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 102 years is 2 Mev in the region
of Sm (atomic number 62) and 4 Mev in the region of U (atomic number 92).
The energy dependence in the heavy element region is such that doubling the
energy (4 Mev to 8 Mev) decreases the half life by a factor of more than 10%.

The general energy trends along the line of maximum f-stability are indi-
cated in Figure 1 which is similar to a drawing published by Kohman (4),
The curve was constructed by making use of available mass data in the
region in which a-emission is not discernible. Aside from the smooth curve
showing a-decay energies, three other lines are shown. One of these simply
shows the line of demarcation between stability and instability toward
a-emission, and the other two show the approximate positions at which half
lives would be 108 years and 10— years (~1 hr.). As mentioned, the smooth
curve goes through the center of 8-stability for each mass number, If we also
consider neutron deficient isotopes of each element, it will be found that
their a-decay energies are greater, a point which will be considered in more
detail presently. Two such series of isotopes (for Gd and U) are indicated by
points and segments of curves crossing the main curve. The position of shell
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ALPHA DISINTEGRATION ENERGY
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Fi1g. 1. Alpha decay energy profile, Broken line portion of curve indicates region
where direct a-decay measurements are absent. Plotted points on segments of cross-

ing curves pertain to known a-emitters of Gd and U. Half life guide lines indicate posi-
tions of applicable lifetimes as a function of mass number.

closures at 82 protons and 126 neutrons is readily seen through its influence
on a-decay energy.

The mass data available are not nearly accurate enough to define the
curve of Figure 1 with the precision required to be useful as a guide for
a-decay properties. Uncertainties of several Mev are present in most of the
data while a fraction of a Mev is sufficient to change a lifetime from the
region of easy observation to that of extremely long periods. The curve is
consistent with known a-decay properties and can be altered in detail as
more precise data become available.

Summary of alpha energies—A compilation of all a-energies in the heavy
element region is given in Table 1.2 The data shown for each a-emitter repre-
sent what is considered to be the most reliable set. In general, only those
a-groups actually measured are included, although from v-ray and conver-
sion electron data there may be evidence for other a-groups. In a few cases
a-v coincidence measurements showed the presence of a new a-group in
coincidence with a specific y-ray, but the a-energy could be better defined
from that of the y-ray. Where the interpretation was unambiguous such
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2 Most of the references for data shown here and in Figure 2 will be found in the
1953 Table of Isotopes (reference 25). For newer data consult the following: Po® (5},
Em?! (6), Em?8 (7), Em220 (8), Ra%? (7), Ra24(9), Th#s (7), Th28(9), Th*¢ (10, 113),
Th2 (11), Pa®! (114), Ue (7), U2 (8), U4 (12), U8 (11), Pu®¢ (115), Pu®s (13),
Pu24 (8), Pu4! (8), Pu® (8), Am2# (14), Am?2# (14), Cm?% (116), Cm?4 (8, 15), Cm?!
(16), Bk249 (17), Cf24 (18), Cf248 (19), Cf210 (17, 19, 20), Cf»0 (17, 19, 20), Cf2%2 (17,
19, 20), 99247 (21), 99%3 (19, 20, 22, 23), 100% (19, 22, 23, 24) and 100%5 (19).
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TABLE I

ALrHA PARTICLE ENERGIES AND ABUNDANCES
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Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
Bi<198 (1.7 m.) 6.2 ion ¢h
Bii#8 5.83 ion ch
B 5.47 ion ch
Bit 5.15 ion ch
é‘ B2 4.85 range
(5] Biz0e ~3.15 range
g B2t (~108 y) 4.93 jon ch
< Bzt 6.272 16 spect
2 6.618 84 spect
2 Bijx2 5.481 0.016 spect
L 5.603 1.1 spect
g 5.622 0.15 spect
2 5.765 1.7 spect
3 6.047 69.9 spect
& 6.086 27.2 spect
& Biz 5.86 ion ch
9 Bit 5.444 55 spect
CZD 5.505 45 spect
5 Po?t 5.84 ion ch
Lo Pott 5.70 ion ch
L Po2 5.59 jon ch
© Pot 5.37 ion ch
g‘) Potts 5.2 ion ch
P Poits 5.064 4 spect
E 5.218 96 spect
)] Po?7 5.10 ion ch
2 Pos 5.108 spect
© P 4,877 spect
g; Poro 4.5 weak a-y coinc.
= 5.299 100 spect
2 Po® (0.52 s) 6.56 0.53 spect
6.88 0.50 spect
7.434 99 range
Po? (25 s) 7.14 ion ch
P2 8.776 spect
Pos 8.336 iton ch
Po? 7.680 spect
Pos 7.365 range
Po?s 6.774 spect
Po?7 6.5 ion ch
Po*8 5.998 spect
At 6.50 ion ch
At<en 6.35 ion ch
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TABLE I—Continued
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Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
At208 6.10 ion ch
At 5.90 ion ch
At207 5.75 ion ch
At208 (1.7 h) 5.65 ion ch
At209 5.65 ion ch
- Ao 5.355 37 spect
5 5.437 31 spect
§ 5.519 32 spect
= At 5.862 spect
g Atne 9.2 range
g At 8.78 jon ch
5 Ay 8.00 ion ch
s At 7.79 ion ch
= A? 7.02 ion ch
s A28 6.63 " range
= Ao 6.27 ion ch
>cf Em?8 6.138 spect
8 Em?0 6.02 jon ch
3 Em?o 6.036 spect
% Em2! 5.605 ~1.5 spect
Q 5.778 67 spect
E 5.847 33 spect
O Em2 6.262 spect
5 Em?2 8.6 ion ch
z Em?6 8.01 ion ch
@ Em?7 7.74 ion ch
'@ Em?®8 6.53 weak a-y coinc
S 7.127 100 spect
5 Em?? 6.214 4 spect
g; 6.434 12 spect
< 6.559 15 spect
2 6.824 69 spect
= Em#0 5.747 ~0.3 spect
6.282 100 spect
Em?2 5.486 spect
Fri? 6.339 24 spect
6.387 39 spect
6.409 37 spect
Fr2? 8.3 range
Fri® 7.85 ion ch
Fr2te 7.30 ion ch
Fr20 6.69 ion ch
Fr22t 6.05 ~25 ion ch
6.30 ~75 ion ch
Rats 6.90 ion ch
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TABLE 1—Continued

Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
Ra? 8.0 ion ch
Ra®0 7.43 ion ch
Ra® 6.71 ion ch
Ra2 6.23 weak a-y coinc
) 6.554 100 spect
o> Raz® 5.419 3 spect
% so; 5.487 2 spect
3 ; 5.528 9 spect
T 5 5.596 24 spect
2 g 5.704 53 spect
& 5.730 9 spect
[ 5.860 weak spect
38 Ra2t 5.445 5.2 spect
82 5.681 95 spect
E = Ra2e 4.592 5.7 spect
3 >cf 4.777 04 spect
k) 8 Acm 7.6 range
= 3 Ac 6.96 ion ch
3= Acms 6.64 ion ch
gé Ac 6.17 ion ch
3F Aczs 5.80 ion ch
5 LoL Ac 4.942 spect
YE Th 7.55 jon ch
§ z Th24 7.13 ion ch
o Th*s 6.57 ion ch
3 '@ Ths 6.037 0.6 spect
= 6.100 1.8 spect
z5 6.228 21 spect
&’3 g; 6.336 77 spect
5 << Thﬂ" 5 B 651 ~32 spect
g2 5.704 15 spect
) 5.728 ~1 spect
5.749 17 spect
5.796 2 spect
5.860 4 spect
5.922 ~2 spect
5.952 13 spect
5.972 21 spect
6.001 5 spect
6.030 19 spect
Th2# 5.173 0.2 spect
5.208 0.4 spect
5.338 28 spect
5.421 71 spect
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TABLE [—Continued
Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
Thas 4.85 ~170 ion ch
4.94 ~20 ion ch
5.02 ~10 ion ch
Thze 4.437 0.07 spect
4.471 0.2 spect
4.613 23.4 spect
gé\ 4.682 76.3 spect
@ S Th (3.93) 24 v energy
&8 3.994 76 ion ch
%:f T Pa 6.81 ion ch
2 g Paz? 6.46 ion ch
82 Pas 5.85 25 ion ch
1 6.09 (H ion ch
g 8 Paze 5.69 ion ch
'gg Pa%t 4.660 1-3 spect
ES 4.720 1 spect
E65 4.838 3 spect
% & 4.938 25 spect
S9 4,998 23 spect
% CZD 5.015 23 spect
oz 5.042 11 spect
§ Lo ynr 6.8 ion ch
L U= 6.67 ion ch
ﬁ © yz=e 6.42 ion ch
32 o 5.662 0.8 spect
] .@ 5.819 3t spect
yoym 5.888 68 spect
2 o U 5.45 ion ch
3 5 Ut 5.132 0.3 spect
3 gg 5.261 32 spect
12 5.318 68 spect
g < s 4.731 2 spect
<z 4.780 15 spect
4.823 83 ion ch
U= 4.59 ~0.3 -y Coine
4.714 26 spect
4.763 74 ion ch
U 4.20 4 ion ch
4.40 83 ion ch
4.47? ~3 ion ch
4.58 10 ion ch
[0 (4.45) 27 v energy
4.499 73 ion ch
v energy

Vs (4.135) 23
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TABLE I—Continued
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Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
4,182 T ion ch
Np*t 6.28 ion ch
Nps 5.53 ion ch
Np* 5.06 ion ch
Npz? 4.77 ion ch
= Puze 6.58 - donch
5 Pu (6.14) 14 v energy
8 6.19 86 ion ch
T Pu2s 5.85 ion ch
g Pu® (5.71) 20 v energy
S 5.75 80 ion ch
2 Py 5.352 0.1 spect
ie 5.452 28 spect
= 5.495 72 spect
8 Pu? 5.099 11 spect
s 5.137 20 spect
2 5.150 69 . spect
9 Pu¢ 5.014 0.1 spect
0 5.118 24 spect
< 5.162 76 spect
&J) Pyt 4,848 25 spect
E 4,893 75 spect
o Puze 4.854 20 spect
7 4.898 80 spect
2 Am®" 6.01 ion ch
E Am?9 5.75 ion ch
o Am2t 5.379 1.4 spect
2 5.433 13.6 spect
S 5.476 84 spect
2 5.503 0.2 spect
= ) 5.535 0.3 spect
2 Am* 5.171 ~3 spect
5.225 13 spect
5.267 84 spect
Cm?8 6.50 ion ch
Cm?20 6.25 ion ch
Cm24- 5.95 ion ch
Cm22 5.965 0.035 spect
6.066 26.3 spect
6.110 73.7 spect
Cm?s 5.679 3 spect
5.732 13 spect
5.777 78 spect

5.985 6 spect
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TABLE I—Continued

Alpha Alpha particle Relative abun- Type of
emitter energy (Mev) dances (%) measurement
Cm4 5.755 25 spect
5.798 75 spect
Cms 5.34 jon ch
Bk 6.20 17 ion ch
6.55 53 ion ch
6.72 30 jon ch
Bl 5.90 34 ion ch
6.15 : 48 ion ch
6.33 18 ion ch
Bk2te 5.4 ion ch
Cf 7.15 ion ch
Cfae 6.711 22 spect
6.753 78 spect
Crus 6.26 ion ch
Cfo 5.82 92 ion ch
6.00 10 ion ch
Cy#o 6.04 ion ch
Cf2 6.13 ion ch
997 7.35 ion ch
093 6.62 ion ch
100254 7.20 ion ch
100%8 7.1 ion ch

a-groups are included. Similarly, an e-group may be included which is not
directly observed because it cannot be resolved from a neighboring intense
group, but for which vy-rays or conversion electrons define this group un-
ambiguously. Such a-energies are enclosed in parentheses and the type of
measurement designated as ““y energy.” We have arbitrarily omitted the so-
called “long range a-particles’” of Po%? and Po?¢ (even though they do ap-
pear in low abundance in the spectra) since these are not transitions from the
ground states or from measurable metastable states.

It is difficult to assign meaningful limits of error for the individual meas-
urements and they are omitted. In general, those made with a spectrograph
may be in error by as much as 15 kev, but a large number are perhaps ac-
curate to less than 5 kev; those made by the ionization chamber method will
vary in accuracy from 10 to 75 kev: and range measurements in photographic
emulsions are even more difficult to assess. Energy differences between
groups in a particular spectrum are in general more accurate than the abso-
lute a-energy. 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 II.
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TABLE 11

ABSOLUTE ALPHA PARTICLE ENERGY DETERMINATIONS INCLUDING SOME VALUES
MEASURED RELATIVE TO RaC'*

Sturm  Rosen- . Collins, Best
Alpha Briggs and blum, Bow dEl,'l McKenzie, value,
emitter 3) Johnson  Dupouy (29) and Briggs
@n (28) Ramm (30)  (26)

RaC’ 7.680 7.683 7.680
(Pot)

ThC’ 8.776% 8.780 8.7761 8.786 8.780
(Po™)

Po2o 5.298 5.299 5.299% 5.305 5.301

ThC 6.082% 6.087 6.082% 6.090 6.086
(Bitt%)ap _

ThC 6.043% 6.048 6.042% 6.050 6.047
(Bi#%)ayp

* All measurements cited were made with magnetic spectrographs except those of
Sturm & Johnson (27) who used an electrostatic device. The values listed for the
magnetic measurements were corrected as done by Briggs (26) in terms of slight re-
visions of fundamental constants used in the conversion of Hp to energy.

t Measured relative to RaC'.

Alpha decay energy systematics—The value of a curve such as that in
Figure 1 is to help visualize in broad outline the conditions and regions of
a-instability. A good deal more is to be learned from a more detailed exami-
nation of the regions where a-radioactivity is prominent. It is observed that
a-decay energies® fall into well behaved patterns, the recognition of which
has proved considerably useful for a number of purposes. Two of the func-
tions of these correlations will be mentioned.

Alpha decay series (containing relatively few B-decay steps) provide a
continuous series of energy increments from the region of the element Pb
to the highest elements possible. The many decay chains either combine
through decay or can be related energetically by measured neutron binding
energies. By analyzing these data, it is possible to obtain a rather detailed
picture of the energy surface? in the heavy element region. The shape of the
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3 Alpha decay energy or simply decay energy will refer to the Q value for the a-
emission process and is therefore immediately transferable into a mass of energy differ-
ence between ground states of parent and daughter. The actual a-particle measured
for the ground state transition is of appreciably lower energy because of the energy
carried off by the recoil atom. Of course, the a-groups leading to excited states are
of still lower energy. The measured energies of a-groups will be referred to as “a-
particle energies” or “particle energies” to distinguish them from ‘‘decay energies.”

4 “Energy surface’ refers to a surface defined by the energy contents or masses of
the nuclides.
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energy surface is readily delineated from these data, and regions of greater
or lesser stability stand out clearly. A schematic representation of such a
surface, exaggerated for purposes of illustration, was given by Perlman,
Ghiorso & Seaborg (31). A complete and critical compilation of all decay
energy data, and the atomic masses calculated from these has been made by
Seaborg & Glass (32). The data include masses of nuclides not yet prepared
and these were derived from decay energies estimated by methods which
will be indicated below.

Of great value to the experimentalist has been the ability to predict a-en-
ergies, and the agreement between predicted and measured values often serves

100
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FiG. 2. Alpha decay energy versus mass number.
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as a criterion for isotopic assignment. Furthermore, if the energy can be pre-
dicted, the half life can be calculated. The forecasting of both a-energy and
half life has been of inestimable value in the preparation and identification
of higher and higher elements.

A number of systems for correlating a-decay energies have been employed
and perhaps that most widely used is illustrated in Figure 2. Here, the iso-
topes of each element on a mass number versus energy plot are joined, re-
sulting in a family of curves which over a wide region comprise a series of
nearly parallel lines. It will be noted that in this region (above mass number
~212) a-energies decrease with increasing mass number for each element;
that is, with increasing neutron number. This system in some modification
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has been used by a number of workers (31, 33 to 37), while others have used
contour map presentation (38, 39) and still different methods (40).

Before turning to the regions in Figure 2 where sharp changes in the lines
occur, let us consider the broad region of regular behavior. The semi-empiri-
cal method of calculating atomic masses of Weizsiicker (41), as developed
further by Bethe & Bacher (42) and by Bohr & Wheeler (43), pictures the
energy surface as a trough having parabolic sections at constant mass num-
ber, 4. The bottom of the trough goes through the B-stable nuclides and if
the energy coordinate is expressed in terms of the mass defect, the line along
the bottom becomes the familiar ‘““best’’ mass defect curve, It can be shown
graphically (31) or analytically (4) that the observed trend of a-energy with
mass number (Fig, 2) is to be expected from this picture, Differences in slope
and spacing of the lines can be interpreted in terms of departures from ex-
treme regularity of the trough such as small changes in curvature of the
trough or of its slope.

The dramatic inversion in the a-energy trend around mass number 212
is a consequence of the major closed shells in this region (37, 44). We can see
what happens more precisely by following the curve for the Po isotopes.
From Po8 down to Po?? the curve follows the normal trend; then Po%! is
seen to have considerably lower a-energy than Po?2, This can readily be
shown to be a reflection of the fact that the binding energy of the 126th
neutron in Pb (Pb®7-Ph08) is greater than that of the 128th neutron in Po
(Po™-Po¥?). Similarly, since the binding energy of the 125th neutron in Pb
(Pb26-Pb207) is greater than that of the 127th neutron in Po (Po?t-Po1),
the a-energy of Po0 is lower than that of Po?. 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 a-energy with
decreasing neutron number is resumed (see region between Po?® and Po%),

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

It will be noted that the a-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 should be more stable just as Po?? is more
stable than Po?2% Such a region has been found for At, Em, and even for Ra,
showing that the effect of 126 neutrons extends at least this high (51, 52).
Undoubtedly these points shown on Figure 2 join to those of higher neutron
number by going through sharp peaks higher than those shown for Po and
At.

The question arises as to whether or not there is evidence for other closed
shells or subshells on the basis of a-decay data. A situation similar to that
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at 126 neutrons, but considerably more subdued, seems to occur at neutron
number 152 (19). The evidence comes principally from the a-energy trend
of Cf isotopes (element 98) as seen in Figure 2 showing that the Cf isotope
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 Figure 2 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 states but, in this respect, the single nuclide known with 152
neutrons (Cm?®# from «-decay of Cf®2) does not reflect a closed shell con-
figuration (53, 54).

It will be noted in Figure 2 that the energy increments from isotope to
isotope along many of the curves are not very uniform. Aside from the marked
inversion in trend in the region of Pb and the probable small inversion in con-

]\233 l 237 24| 245
© ol 7 e’ “BEy e <gad e

]\1.23 TO.SZ 0.02 0.70

T 233 237 B u24|, cm245
‘ 90" “Z75¢ SZT 513 94 “572¢ 9%

F1G. 3. Decay cycles for part of 4n+1 family, Code:—a-decay, T negative 8-
decay, | electron capture decay. Numerals indicate energies in Mev; those with

superscript “c” are calculated by closing the cycles; those with superscript “‘¢” are
estimated as by the use of Figure 2; those unmarked are measured values.

junction with 152 neutrons, it is seen that in some places the isotopes 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 a-decay energies on possible
subshells have been discussed by Broneiwski (57).

Decay energies from emergy-balance cycles—As a guide in research on
new heavy isotopes, the ability to predict decay properties is of great value.
By interpolation and extrapolation, the curves of Figure 2 may be used to
estimate a-energies and these as well as measured values can be used in con-
structing a self-consistent system of energy-balance cycles which can be used
in turn to calculate degrees of 8~ instability and other a-energies.

To illustrate this method of correlating decay energies (32), a segment
of the decay cycle representation of 4n-1 type® nuclei is shown in Figure 3.
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 a-energy of the 6.8 day
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5 The type “4n+1"" means that all mass numbers are divisible by 4 with remainder
1. All nuclei connected by a- and 8-decay processes are of the same type.
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B~ emitter U%7 is calculated to be 4.25 Mev. This is almost identical with
the decay energy of U®® which has a half life of 4.5X10° years. The partial
a-decay half life of U%" would be expected to be at least as long. Accord-
ingly, the a-branching of U7 would be only of the order of 10722 sg that this
mode of decay would be most difficult to observe. On the contrary, the a-
branching of Pu®! was similarly estimated to be about 10~% which was within
reach for measurement and the c-energy as subsequently measured is shown
in Figure 3.

Another use of these cycles has to do with predictions of 8-stability. If
one considers the possibility that Cm*5 is a §~-emitter and that its prepara-
tion would therefore also produce Bk, the idea should be rejected because
it is seen that Bk?® is unstable with respect to Cm?® by about 0.7 Mev. The
estimated a-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 to 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 types through measured bind-
ing 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 ele-
ment increases the potential toward a-decay and this is the basis for the
main trend in Figure 2. Alpha active nuclides of Au and Hg have been pre-
pared by removing many neutrons from the stable isotopes (58). In the case
of Au, the stable isotope Au'*’ is estimated to have an a-decay energy of
only 1 to 2 Mev, while the isotope observed with an a-energy of 5.1 Mev is
believed to lie in the mass number range 183 to 187. As neutrons are removed,
successive isotopes become more unstable toward orbital electron capture
also, but since a-decay lifetimes are extremely sensitive to energy, this mode
of decay should at some point become discernible.

One other a-emitter in this region has been reported (59), a component
of natural W. The extremely low specific activity seems out of line with the
measured energy (3.2 Mev) if the emitter has the abundance of one of the
known W isotopes, so the authors postulate the existence of a rare isotope
(W'8) in the natural mixture in amounts too small to detect by mass spec-
troscopy.

Rare earth alpha emitters—Among the rare earth elements we pass through
a region where stable or slightly deficient nuclides can decay by a-emission
to the closed shell of 82 neutrons. Such a nuclide with 84 neutrons is Sm!4
which is @-stable but missing in nature because of its relatively short a-half
life (~5X107 years) (60). The a-energies are summarized in Figure 4 and
although the curves are fragmentary as compared with those in the heavy
element region, the basic structure as related to the 82 neutron shell is un-
mistakable. The point assigned to Nd# is of special interest because Nd!4
is a component of natural Nd (61).
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FiG. 4. Alpha decay energy versus mass number in the rare earth region.

CoMPLEX ALPHA SPECTRA

As in other decay processes, the appearance of multiple groups in the
a-emission process may be considered as the result of competition in populat-
ing available energy levels. It will be seen that a-decay lifetimes are in-
fluenced by a number of factors and among these is the sharp dependence of
lifetime with decay energy. Consequently, it would not be expected that
transitions to high-lying levels (say 1 Mev) would be readily observed,
There are, however, selection processes operating which can delay the highest
energy group and cause lower energy groups to be the most prominent. As
yet, there is no systematic formulation of “selection rules” for the a-decay
process. The development of a-decay theory with this as an objective is
undoubtedly the most important step now faced.
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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 popu-
lated. As already stated, only a start has been made in developing reasons
for preference in populating certain states.

EvenN-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 a-group is that of highest energy and
there is no evidence that the group is followed by y-radiation. To this extent
at least the even-even a-emitters are well behaved according to existing
a-decay theory.

In examining a number of even-even a-emitters around U and in the
transuranium region, it was noted that each had a second prominent a-group
of some 40 to 50 kev lower energy than the ground state transition (62). The
abundance of this group was always in the range 15 to 30 per cent. (We
shall see presently that the states reached by these a-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.”)” When lower elements or lower
neutron numbers of a particular 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 a-groups populating these
states progressively lower, A summary of the energy spacings between the
ground state and first even state as a function of neutron number and proton
number is shown in Figure 5. 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 Figure 5 were determined from <y-ray spectra
rather than from observation of the a-groups.

It has already been deduced by several authors (63, 64, 65) that the
first excited states of even-even nuclei in general are 24 states and this
applies to regions other than that of the heavy elements and irrespective of
the particular energy spacing of the levels. There is theoretical justification
for the 2+ assignment both from modifications of the independent particle
model (66, 67) and from the collective model (68, 69). There is also theoreti-
cal explanation (67, 69) and empirical proof (62, 65, 70, 71) that the energy
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¢ We shall define “abundance” to indicate the number of a-particles in a particular
group relative to the total number of a-particles.

71t is worth recallmg that in conserving parity in the a—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 y-ray transitions from any of these excited states to the ground
state must be electric transitions and not magnetic,
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F16. 5. First excited state energies of even-even
nuclei in the heavy element region.

level spacing for the first excited state goes through a maximum at each
closed shell as is seen in Figure 5 for the 126 neutron shell,

Two typical even-even a-spectra are shown in Figure 6 and for the pres-
ent we shall focus attention on the two lowest states corresponding to the
two a-groups considered. The states assigned 24 are the “first even states”
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F1c. 6. Decay schemes of Th®8 and Cm?2.

already mentioned and are designated so because they de-excite to the
ground state by electric quadrupole (E2) transitions.® Since there is no evi-
dence to the contrary, we shall assume that the ‘“first even state’ is in each
case the “first excited state.”

Rare alpha groups (higher even states and first odd state).—Many of the
a-emitters which have lent themselves to detailed analysis have proved to
have one or more additional groups of lower energy 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 a-decay
theory, the results are in substantial agreement with the measured lifetimes.
However, the measured partial half lives for the higher transitions are con-
siderably longer than the calculated values and we refer to such transitions
as “hindered.” This subject will be dealt with under the section on a-decay
theory, and for the present we will consider only the energy level spacings
and spectroscopic assignments.

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

Annu. Rev. Nucl. Sci. 1954.4:157-190. Downloaded from arjournals.annualreviews.org

by MASSACHUSETTS INST. OF TECHNOLOGY on 06/01/05. For personal use only.

8 The nature of the transition has been deduced from measurements of absolute
conversion coefficients, relative L subshell conversion coefficients and a-y angular
correlations. The cases studied are the a-emitters Po?0 (72), Ra22 (7), Ra%4 (73, 74,
75), Ra?8 (75), Th2 (7), Th?28 (9, 76, 77, 78), Th20 (77, 79), U2 (7), U2 (8), U2 (8),
U2 (80), Pu%s (13), Cm? (15), and C{*® (89). The excited states in question belong,
of course, to the a-decay products,
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found a rare a-group going to a state which decays by an E2 transition only
to the 24 state.? These states are those designated as 44- in Figure 6 and
will be known as the “second even states.” From the nature of the y-ray
transition, the second state could be 0+, 2+ or 44-; the 44 assignment is
made largely from a theory to be mentioned presently which fixes it as a
member of a rotational 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.

In a few cases, very rare vy-rays have been seen (the a-groups would be
below the limits for detection) and are assigned to transitions between the
third and second even states (13, 15). In the case of Pu®8 decay (13), the
v-ray was shown to be in coincidence with that between the 44 and 24
states. Since the energy of the state defined by the y-ray corresponds closely
with expectations if it were the third “‘even state’” (6+4) of the rotational
band, it has been so designated (see Cm?? spectrum, Fig. 6). The theory be-
hind these assignments will now be examined.

According to a theory of Bohr and Mottelson (68, 82), collective aspects
of nuclear motion and individual particle aspects are coupled. 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 (04, 24,
44 - . . ) appear for an even-even nucleus. On this basis, electric quadrupole
transitions should predominate. Another requirement of the rotational spec-
trum in this region is that the states lie at energies proportional to I,(I;4+1),
where I; is the spin of the jth even state. For the levels 04, 24, 44, 6+,
the ratios of 44/2+4 and 6+/2+4 would therefore be respectively 3.3 and
7.0. Figure 7 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 P28 in Figure 7 is of questionable significance since it is
not at all certain that the first two excited states as deduced from TI208
B~ -decay are indeed 24 and 4. As an example of this uncertainty, a num-
ber of different measurements concerning the first excited state have resulted
in different assignments: 1+ or 2-+ (84), 24 (85, 86, 87), 3— (88). In two
cases, Pu®8 and U%* (a-decay of Cm*2 and Pu®8) where a third even state 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®8 decay is that the y-ray
used to define it is in coincidence with the y-ray from the 4+ to the 2+
states (13).

Annu. Rev. Nucl. Sci. 1954.4:157-190. Downloaded from arjournals.annualreviews.org

by MASSACHUSETTS INST. OF TECHNOLOGY on 06/01/05. For personal use only.

9 Conversion coefficient data defining the transition as E2 have been obtained in
the a-decay of Cm?% (15) Pu®® (13, 81), U2 (8), Th*® (9). For other cases there is no
direct information, but other regularities to be discussed presently make it highly
likely that comparable states are being considered.


http://www.annualreviews.org/aronline

'A Annua Reviews )
ﬁ www.annualreviews.org/aronline

176 PERLMAN AND ASARO
x FROM GAMMA RAY DATA
® FROM ALPHA PARTIGLE DATA

ENERGY LEVEL RATIOS

1 i 1 ! 1 1 ! 1 : 1
126 130 134 138 142 146
NEUTRON NUMBER

F1G. 7. Ratios of energies of the second and third even spin state to the first ex-
cited state. The broken lines represent the expected values from the Bohr-Mottelson
theory for rotational levels in regions removed from closed shells,

In a number of cases, a state believed to be 1 — has entered among the
low-lying even states. The spectrum for Th?® which is typical of this type is
shown in Figure 6 (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 E1 transitions (9) as do more recent a-y
angular correlations made on Th?8, Th#® and U? (89),

The 1 — state has probably been identified in the decay of Th*? and U2®?
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 num-
bers in the range 134 to 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 a-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 44-
state for comparable energies.

Finally, it should be remarked that there is no ready explanation for a
low-lying odd parity state such as this. Neither the independent particle
model nor the collective model would predict such states in any straight-
forward manner.
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Opp NucLEoN ALrHA EMITTERS

The a-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 considerably and have not yet yielded to a comprehensive
generalized picture such as applies to the even-even nuclei.

Nevertheless, some regularities can be discerned, and among these is the
appearance of rotational bands (14, 90) clesely similar to those of the even-
even nuclei. Interestingly enough, the fundamental state of the rotational
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 a-decay theory is
that powerful “selection rules” are in force since the highest energy transi-
tion (that to the ground state) is often in very low intensity (91).
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Fi16. 8. Decay schemes of some odd-nucleon e-emitters.

Figure 8 shows some spectra which were selected to illustrate some of the
regularities noted.® (Obviously it is not possible to discuss all spectra of
these types and some, such as that for Th?7 with eleven reported groups (92),
are too complex for analysis at present)

The partial spectrum for U2 ig not representatlve of most of those ex-
amined in that it looks much like that of an even-even a-emitter, The
energy level spacings for these states are much like those of Cm?% (see Fig. 6)
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 explana-
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10 The references for the data comprising these a-spectra are Am24 (14, 91) Am?#%
(14), Cm?# (8, 15), U2 (8).
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tion of this spectrum lies in its interpretation as a rotational band, the
grounds for which are now sketched.

According to Bohr & Mottelson (68), the rotational band for a nucleus
with an odd nucleon will have a fundamental state of spin I and higher
states of spins Io+1, Io+2, - + -, all with the same parity. The spacings of
these levels will go as WHCI(I41), where W and C are constants for a
particular level sequence. For the U8 case the following equations may be
set up:

Ews— Eps=Cllo+ 2Ty +3) = Cllo+ 1)(Jo + 2) = 56.1
2C(Is + 2) = 56.1

Eps—Ey, =CI+1){ITo+2) —CI(I,+ 1) =428
2C(Iy+ 1) = 42.8,

The solution of the simultaneous equations gives I=2.2 and since the spin
must be half integral we take the closest value, Iy=5/2. It should be men-
tioned that this analysis 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 I, to exactly 2.5. If we accept §/2 for the
fundamental state, the spins of the other two levels become 7/2 and 9/2.
The cascading y-ray transitions could then be M1 and/or E2 and the cross
over transition E2, which assignments are not out of order with the fact that
both crossover and cascade y-rays are observed.

The spectra for Am?1, Am?%, and Cm2® g-decay show quite similar ro-
tational bands with calculated fundamental state spins of 5/2, but the
fundamental states in these cases are not the ground states. Americium 241
and Am?® differ only in that this state is respectively 60 and 75 kev above
the ground state. For Cm?#, the ground state transition has not yet beer
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 mean-
ing of the complex spectra of the nuclear types under discussion. We believe
that rotational bands which can be explained as a consequence of collective
modes of nuclear motion are discernible. It is also probable that other im-
portant features of the spectra must bring in the concept of single particle
states. Just what these states are and what guides the a-decay process to
some and not others is still obscure. Some speculations on these matters as
they apply to a-decay theory will be brought out in the section on this sub-
ject. It is worth reiterating here that no simple criterion or rule is likely to
explain the spectra shown in Figure 8 as well as the extremely complex
spectrum of Th#7 and that of Pu®® which is a good deal simpler but different
from both types.

ALPHA DECAY LIFETIMES AND THEORY

It is possible to correlate a-decay lifetimes empirically and to arrive at
systems which can be used to predict half lives. For example, regularities can
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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 current a-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 a-emitters
are treated with extraordinary precision by basic one-body a-decay theory.
However, analysis of the many a-spectra obtained during the past few years
has shown clearly that more elaborate theory is required to account for the
behavior of other nuclear types as well as for certain of the transitions to
excited states of the even-even nuclei. The development of new approaches
to cover these cases is currently in a formative stage. It will not be possible
in this review to cover in detail either the old theory or the new approaches;
rather, we shall emphasize those aspects of a-spectra which appear to require
new forms for expression and indicate the direction some of these new forms
are taking.

Basis for one body theory.—The initial conception by Gamow (1) and by
Condon & Gurney (2) of the a-decay process as a barrier penetration prob-
lem has been cast into a number of forms differing in detail but basically all
ending up with the decay rate expressed as the product of two factors: (a) a
“frequency factor’” which may be considered as the decay rate without the
barrier; and (b) a “penetration factor’” which expresses the probability of
an a-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 virtu-
ally identically in the several treatments. (See, for example, references 93 to
97.)

The parameters which enter into the penetration factor are those which
define the barrier for the a-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 a-particle and nuclear radius and although ap-
proximations are introduced in its evaluation, this factor is relatively in-
sensitive and does not strongly influence the results. It is probably here, how-
ever 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 a-decay process and the a-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 deter-
mined from other nuclear phenomena, nor do such independent methods of
measuring the radius give the desired precision for testing a-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 (58, 93 to 100). 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 (31, 98, 99, 101, 102). It is
this second approach which has proved most useful in correlating a large
number of data. Further discussion of this matter will follow as the data for
even-even a-emitters are examined.

LOG HALF LIFE (YEARS)

. . ' 1 ' 1 1 1 |
4.0 5.0 6.0 7.0 8.0 2.0

EFFECTIVE TOTAL DECAY ENERGY (MEV)

F1a. 9. Experimental values of log half life versus a-energy. (‘‘Effective a-energy” in-
cludes correction of particle energy for recoil and electron screening—see text.)
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Even-even alpha emitters: ground state transitions—Figure 9 shows a plot
of the half life versus energy relationship as a family of curves. The curves
are defined by the experimental half lives and are in this respect empirical.
If, however, we were to calculate half lives with the Kaplan (99) modification
of the Preston (95) formula, by using the measured a-energy for each point
and assuming a function for the nuclear radius, 1.52 X 10713 41/3, the resulting
curves would lie close to those of Figure 9. In detail, the calculated curves of
the lower elements (Po, Em) would lie somewhat below the corresponding
curves of Figure 9 and for the higher elements (Cm, Cf) the calculated
curves would lie slightly above those shown in Figure 9. (The segments of
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curves shown for Po?®? and P02 and for Em#® and Em?® should be con-
sidered as special cases in which effective nuclear radii suffer a discontinuity
and these are nuclei with 126 neutrons and fewer.) To bring about more exact
agreement one can bring in a second order effect by assuming that the nu-
clear radius parameter should not be a constant, 1.52, but should vary in
some fashion, say with atomic number. To see what is required, a calculation
was made for the effective radius of each nucleus using measured values of
both energy and half life and the results are shown in Figure 10. The sharp
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E\ break at 126 neutrons is apparent but, in addition, there seems to be general

decrease in radius parameter with increase in atomic number. This, of course,
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 param-
eter. With reference to the data of Figure 10, 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 unit of radius parameter
or even more.

In summary, we can say that the basic one body theory of a-decay ap-
plied to the ground state transitions of even-even a-emitters gives a remark-
ably consistent picture. By using reasonable and consistent assumptions for
the values of the nuclear radii, the theory explains observed half lives which
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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 consistent,

Two further points should be mentioned with respect to the curves of
Figure 9. It may be noted that the energy values listed are somewhat higher
than measured particle energies. The a-energy pertinent to a-decay theory
is based on its center of mass velocity and therefore the particle energy must
be increased by the energy of the recoil nucleus. This correction amounts to
~100 kev for a 6 Mev a-particle in this region.

An additive correction to the a-particle energy so far overlooked has been
suggested by Ambrosino & 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 a-energy amounting to about
the difference of total electron binding energies between parent and daughter
in the particular a-decay process. This amounts to ~38 kev in the region of
U and is smaller for lighter elements. This latter ‘“‘screening correction” to
the particle energies does not have a profound effect on the agreement of
theory and experiment which is under discussion, but it does have the effect
of giving somewhat smaller values of nuclear radii than if it were ignored.

The other item concerning Figure 9 has to do with the reason that smooth
curves can be drawn at all because, in principle, each curve is not continuous
if the nuclear radius is an independent variable. However, as seen in Figure 2,
a-energies vary more or less monotonically with mass number 4 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 Po and Em curves on the
two sides of 126 neutrons.

Even-even alpha emitters: transitions to excited states.—For any particular
ground state transition, one can calculate the partial half life to any excited
state under the assumption that the only factor influencing the relative de-
cay rates is the energy function. Let us first consider transitions to the first
excited state (24 ). The effective radius as determined from the ground state
transition process is adopted and it is assumed that the spin change, whether
AI'=0 or AI=2, will not affect the decay rates very much. This latter as-
sumption has the theoretical justification of the calculations of Preston (95,
96) which show that contrary to previous treatments, a AI=2 transition
should be some 1.5 times faster than a AI'=0 transition and that only when
AI=4 does the function take the direction of delaying the transition,

The ratios of expected abundances (solely from energy difference) to ex-
perimental abundances are shown in Table III. Around Ra, Th, and U the
ratios are seen to be close to unity and 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 44 state are discussed.

One apparent anomaly is P08, for which no a-group has yet been seen
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TABLE 111
PopuLATION OF FIrsT EVEN STATE (24) BY ALPHA DECAY OF EVEN-EVEN NUCLEI

Alpha Elr;(‘e;glfy Departure Alpha Elz;ig{y Departure

emitter (kev)* factort emitter (kev)* factort
Pote 163 3.1 U 52 1.2
Po2s 374 >32 U=st 50 1.1
Poto} 800 1.6 U8} 45 1.5
Ra® 240 1.2 Pu®*} 45 3.5
Ra%¢ 188 0.9 Pu2s} 47 2.2
Ths 110 1.2 Py2s8 43 1.6
Th#s 84 0.9 Py 44 1.7
Th2so 68 1.0 Py} 45 2.2
Th22} 65 0.8 Cm?#? 44 1.7
Um0 70 1.1 Cm?2 43 1.8
U 58 1.1 Cfus 42 2.7

* Energy level of the 24 state of the daughter nucleus.

1 Ratio 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 2+4) is according to expectations from a-decay theory using the ground state
transition to define the nuclear radius and neglecting any effect of spin change.

1 The experimental abundances or energies may be suspect.

leading to the 374 kev 2+ state, and the partial half life is at least thirty-two-
fold greater than that calculated. It is significant that there is other evidence
(68, 105) that the first excited state of Pb*™ is not a rotational state. Here, it
seems, is a presently isolated but important item which must be included in
a comprehensive a-decay theory. If we may generalize from this single case,
we may postulate that a 24 state of an even-even nucleus is populated
“normally” only if it is a collective state of the type discussed.

The examination of transitions to the 44- 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 ex-
pected on the basis of a-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 Figure 11. It is seen that for
Cm?# the second even state is hindered in its population by a factor of 400
(compare with factor 1.7 for first even state, Table IIT), while for Th isotopes
this factor is of the order of 10. There is no a priori justification for plotting
the data of Figure 11 in the manner shown; for the present it merely serves
the purpose of giving visual expression to the considerable range encoun-
tered in the population of apparently identical spectroscopic states.
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Fi1G. 11. Departure factors for a-groups to the second
even spin state of even-even nuclides,

Recently, an attack has been made on this problem which appears fruit-
ful. The basic idea developed by Preston (107) is that the a-particle emerging
through the coulomb potential region and beyond the range of nuclear forces
can couple with a noncentral electric field of the nucleus in such a way as to
change its energy. Such fields would be associated with spheroidal distortions
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in nuclei as discussed by Bohr & Mottelson (68) and Hill & Wheeler (108).
The distortion would be described by the intrinsic quadrupole moment which
Ford (69) has shown by calculations to be increasing with mass number in
the region above Pb and would presumably continue until the approach to a
new shell is felt.

The mechanism of quadrupole interaction with the emerging a-particle
wave to explain the population of the first two excited states in a rotational
band has been explored in detail by Rasmussen (109). For the case of Cm?2%
decay, for which approximate numerical integrations have been carried out
(assuming an intrinsic quadrupole moment, Qy, in Pu®8 of 417 X107 cm.2),
he found that the population of the 24 state should be relatively unaffected,
but that the population of the 4+ state should be strongly depressed in es-
sential agreement with the experimental observations. The assumed value
for Q seems reasonable for a nucleus in this region in view of the recent
measurement of the quadrupole moment of U2 as +8X10~% cm.?2 (112),
which with the spin of 5/2 corresponds to a value for Qo of +22X107% cm.2,
The quadrupole moment for even-even nuclei cannot, of course, be measured
by spectroscopic means, but there is the possibility of obtaining information
through coulomb excitation cross sections and y-ray lifetimes.

Since this approach in explaining certain features of a-spectra is in an
incomplete state of development, it is not worthwhile to speculate on the
possible significance of the downturn of the curve of Figure 11 between
Cm?# and Cf*, nor to discuss a number of other ramifications of the mecha-
nism.

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
band. Also, in a limited region there appear 1— states which are populated
roughly to the same extent as the 4+ states in the same region. It is not clear
what type of nuclear configuration would give rise to such states.

0dd nucleon alpha emitters—The most obvious question concerning this
category of a-emitters is why the ground state transition is often highly
hindered and why the hindrance is so irregular. Table IV shows the data for
such a-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 would be calculated from one body a-decay theory. We note
that for the four species shown in Figure 8 the departure factors for the ap-
parent ground state transitions are: U%—1.4 Am2—1000, Am2¥—700,
Cm28—>26. It is not certain that for each case in Table IV the ground
state transition has been identified and where this should prove to be the
case the departure factor would be larger.

The first point to be disposed of is the effect of spin change. As already
pointed out in a number of instances, both theoretical and experimental ap-
praisal indicates that the lifetime is relatively insensitive to spin change, per
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TABLE IV

PoPULATION OF GROUND STATE BY ALPHA DECAY oF ODD-NUCLEON EMITTERS

Alpha Particle Departure
emitter energy* Abundancef " factor}
Cpze 6.00 0.10 300
Bk 6.33 0.18 700
Bks 6.72 0.30 900
Cm28 6.049 <0.5 >26
o> Am2? 5.341 Z0.003 51000
36 Am24 5.535 0.0034 700
&8 Pyt 5.01 <0.11 >30
83 Py 5.150 0.69 3
kL Np#? 4.86 <0.15 >50
g2 U 4.58 0.10 900
22 Ums 4.823 0.83 1.4
S Pa%t 5.042 0.11 220
=3 Th2s 5.02 0.10 100
ES Th2? 6.030 0.19 130
=5 Ra28 5.730 0.09 50
% Fro2 6.409 0.37 10
80 Em?® 6.824 0.69 18
o) Emnt 5.847 0.33 8
5z
[ales Atz 5.862 1.00 3
S Agto 5.519 0.32 2
S Pos 8.336 1.5
9o Pot 7.434 0.99 100
36 Pos 4.877 2
BZ
Sn
'8 e * Particle energy of a-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
S5 o »
> 5 cases the “departure factors” would be greater than those shown. )
z é 1 Abundances are based on observed a-groups except where the highest energy
e 2 group is known to be followed by y-radiation.
Es 1 Defined in Table III.
<z

se, certainly within the framework of reasonable spin changes. Conversely,
we know that the ground states of Am*! and Np®7 both have spin 5/2 (110,
111) yet the transition between these states is hindered 1000 fold.

Other ideas, not yet formulated quantitatively, appear to be more prom-
ising. One suggestion (31) has to do with the breakdown of the one body
model in its implication that a-particles exist as discrete entities within the
nucleus and that the probability of a-emission depends only upon the fre-
quency factor of this preformed a-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
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transitions of odd nucleon emitters, however, it is suggested (31) that there
can be a considerable time involved in assembling the components of the
a-particle. Such would be the description if the mixture of configurations
which constitutes the emitting nucleus contained only as a minor component
the configuration with the odd particle as a constituent of an incipient -
particle. Rasmussen (90) has pointed out further that nuclear spins need not
give a true picture 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 basis, the spectroscopic state of the odd proton in
Am* may be quite different from that in Np®’ even though both nuclear
spins are 5/2. If such were the case, the change in wave functions could
properly introduce a hindrance to the a-decay. Only for those transitions
where the single particle wave function remains unaltered would one expect
unhindered a-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 Figure 8 it is scen that the most abundant groups of Am?? and Am??
lead to states which are 60 and 75 kev respectively above the ground state.
Furthermore, for the particular energies of these a-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 states).
The analysis has already been carried out on page 178 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. In this case, the spins for
the 60 kev excited state of Np*” and the 75 kev state for Am?3 are deduced
to be 5/2 (14, 90). 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 relatively unhindered.

As already discussed under even-even nuclei, the splitting of e-groups
into a rotational spectrum may involve the effect of electric field interactions.
The appearance of what looks like rotational bands in these odd nucleon
species implies, of course, that the same mechanism is in play here,

It seems apparent that the past few years have seen a departure from
classical a-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 appreciably to the explanation of the a-decay process,
and that the ramifications of these ideas will provide a better understanding
of nuclear structure.
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