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BETA RADIOACTIVITY AND EWERCY LEVELS OF HEAVX NUCLEI:
TECAY SCREMES OF Rp23y, U3l AND Np23S

N

J. M. Hollander, J. O. Rasmssen and R. G. Albridge, Jr.
W.- G. Smith?

*

THE RADIATIONS OF Np23°, Fp?3? awp v237

Radioactivity studies in the heavy element region have shed important light
on fundamentol guestions of nuclear structure. Nuclei in the region beyond
thorium appear to bave atabiliged spheroidasl shapes end thus exhibit many of
the properties predicged by the Bohr-Mottelson model.l The nuclei chosen for
aiscussion here, Np23¢, Np239, and U237, have been studied intensively in
Berkeley and elsevhere, and they serve to {1lustrate many features of the
application of theory to nuclei of this region. There is an additional prace
tical interest attached to Kp239 snd U237 4in that they are major products of .
fast neutron irradiation of U238, Thermal meutron irradiation also yields Np239,
Thus, knowledge of the decay charascteristics of these isotopes also has bearing
on shielding end radiolysis problems conrected with reactors and fuelelement re-
procgssmg. For convenient reference ve reproduce here the decay information on
§p23%, Npe3?, and U237 from the nev Table of Isotopes.?

Let us turn to consideration of the interrelation of advances in nuclear
structure theory and the experimental results of intensive spectroscopic study
of radioactive decay of heavy isotopes, such as, the three considered in this

paper. | \
THE FAMILY OF NUCLEAR SHELL MODELS

,Compared with present knowledge of the structure of atoms, our understané-
ing ‘of the way protons and neutrons assemble themselves into complex nuclei is
st1ll very limited. But the last few years have seen mmch progrees in the
fislds of radioactivity and nuclear structure, from experiment and from theory,
and from the interaction between experiment and theory. One area of investiga~
tion where this>interaction has been especially strong bas been that of nuclear
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gpectroscopy, and in particular the nuclear spectroscopy of the heavieat
elezents. Here it has been possible to correlate many observed nuclear pro-
perties with predictions based upon the unified nuclesar model of A. Bohr and
B. R. Mottelsont and upon its extensions. The general success of these corre-
lations has firmly esteblished the essential validity of this theory.

It is the purpose of this pa to describe some recent studies of the
beta and gamma radioactivity of Kp239, U237, and Np238, and to review the in-
formation derived from these stud.tes. These isotopes were produced by intensive
neutron irradiations in the Materials Testing Reactor at Arco, ldaho. In the
experimental work, high-resolution magnetic electron spectrographs and
scintillation gamma-ray spectrometers were used. The electron spectrographs
are of high stebility and accuracy, employing permanent magnets as & field
source and using photographic detection of the electron lines. In order to
obtain sufficiently high resolution for the analysis of the complex spectra
encountered, technigues of elecgroplating, essentially mass-free samples upon
fine vires have been developed.

In the discussion which follows, we shall not dwell upon experimental
methods nor even upon the analysis of the data but, neglecting the former and
assuming the correctness of the latter, we shall try to show hov the large
amount of experimental information about these nuclei c¢an be interpreted and
understood within the framework of the Bohr-Mottelson and related nuclear models.
First, several basic general facts about nuclei should be stateds

1. Nuclei possess a definite shell structure, although its effects do not
seem to be quantitatively as pronounced as in atoms.

2. To a first approximation, nucleons (protona or neutrons) outside closed
shells behave independently of each other, although the force field in which
they move is generated collectively by all the nucleons. Much success has'
been achieved by theoretical deseriptions of odd-mass nuclei wiich oorrelar;e
nuclear properties in terme of the behavior of the last, or odd particle.

3. The resistance of nuclei against shape deformstion varies in a regular
fashion as a function of their position 4in the nuclear "periodic system” and
these shape changes are accompanied by marked changes in the nuclear properties.
In regions near the closed shells, the nuclei favor a spherical equilibrium
shape, but in regions remote from shells the equilibrium shape is spheroidal.

{t The non-spherical nuclear "core” which exists in the even-even (even
mass, even atomic number) nuclei of laenthanide and actinide elemsnts gives rise
t0 rotational excitations which are characteristic of spheroidal systems and
which are similar to the rotational bands found m the spectra of dlatomic
molecules,

5. In odd~mase nuclei of the rare-earth and actinide elemsnts there are
also excitations of the odd particle, as in all odd-A nuclei, in addition to
the collective excitations of the spheroidal c¢ore. Thus one observes in such
nuclei the various particle excitations with votational bands superimposed
upon each particle level. In molecules the same situation exists except that
the "particle” levels are electronic excitations rather than excitations of
protons ‘or uneutrons.
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Two categories within the Bohr-Mottelson model will de distinguished.
First, there are the predictions of a general nature, those which depéend only
upon the collective nature of the nuclear excitations. Then there are the
more detailed correlations which demand a knowledge of the actual stste of
intrinsic motion of the odd-particle in the 8eformed nuclear system.

GEXERAL PROFERTIES OF DEFORMED NUCLEI

Some general consequences of the Bohr-Mottelson theory for deformed nuclei
are the following: (1) existence of rotationsl band groupings of states in
nuclei, (2) behavior of certain relative gaumm ray intensities in accordance
with simple vector projection relations depending only on initial and final
spins, multipolarity, aund mrojections of spin on the nuclear symmetry axis
designated by the quantum mmber K.D '

Every intrinsic state of nuclear excitation, in a spheroidally deformed
micleus, has associated with it a band of rotatiocnal energy levels. The nuclear

- angular momenta of these states in general follow the sequence I, Igtl, I 42....

vhere I, is the angular momentum of thé ground state; an exception to this rule

46 found in the cases of the ground state bands of an even<even auclei or other

bands with I, = 0, for vhich the o@d-spin states are missing. The energies of
these rotational states &iuons “ho Tidnwisns .l are predicted by the model to

“follow the equations

T2 o
B, =5y [H1a) + B%,1/2 a(-1)*/2 (141/2)]

vhere 8 12 1 for rotational bands whose fundomentsl level has I = 1/2,
,1
ak = O for all cther bands,
/2
I = spin of level,
3 = guclear moment of - inertis,

a= parametergdépeddent on details of odd nucleon wave function
(called "decoupling parameter”). -

In the even-even nuclei, it 1s expected that nuclear excitations of a
vibrational character will be found, at energies of about 1 Mev, in addition
to the rotational levels near the ground state. Two types of vibrational
motion are @iscussed: (1) that in vwhich thevcylindrical chape symmetry is
preserved, and (2) that in which it ie destroyed. Superimposed upon each
vibrational state will be a rotaticnal band. :

The experimental data on the energles and spins (angular momenta) of
these nuclel can be understood fully in-terms of the foregoing simple con-
sideraticns.  In the discussion which follows, the reader is referred to
Pigures la, 1b and lec.-

; \ 238 vhich arise
from the beta-decay of Np230 and from the alpha-decéy of Cme%2,68 nege
levels can be interpreted iun terms of but three intrinsic states of excitatiom,

«3e

- UNCLassimEs

N2238 decay. Figure la shows the evenﬁpérity-levels'of Pu
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i.e. the ground state and two vibratiomal states. {(In the Bohr-Mottelson
theory, each intrinsic state of a nucleus is characterized by z single value of
the new guantum number designated K3 this actually refers to the component of
the total nuclear angular momentum upon the nuclear symmetry axis. In states
of even~even nuclei with two~fold rotational symmetry, K = O, and in general
the value of K is egual to the spin of the lowest member of a rotational dand.
The energy ratios of the first four excited states of the ground state rota-
tional band may be compared with those expected from the I{I+l) dependence;
ratios are taken instead of absolute values 80 as to cancel out the moment of
inertis parameter, 3, the value of which is not defined by the general features
of the theory. The ratio B(k+)/E(2+) is found experimentally to be 3.31; the
theoretical ratio is 3.33. The experimental ratio E(6+)/E(2+) of 6.88 slso
agrees well vith the theoretical ratio, which is 7.00. The energy of the 8+
state is not precisely known, but the ratio E(8+)/B(2+) = 11.7 is not far from
the expected value 12.0., Actually, the observed deviations are all in the
same direction and cen be explained by the inclusion in equation (1) of a sub-
tractive term in I2(I+1)2 with o fractional coefficient of omly 0.1%.

K 239 decay. The energy levels of‘Py2§9 which arise from the .beta decay
of sz§9, from *.:.: he electron-capture décay’ of,Am239;: and.from.the alphs decay.of Cm2k3
are shovn in Plgure 1b; fourteen energy levels are knovn experimentally.9-12
The arrangement of the levels in Figure 1b shows how a great reduction in the
apparent complexity of the system is attained by the interpretation of the
data éggterms of four intrinsic levels of excitation of the odd {1k5th) neutron

. in Pu“’?, These states are shown @8 heavy lines in the figure; the other levels

are the characteristic rotational excitations associated with the intriasic
neutron levels and superimposed upon each of them.

The spin of the ground state of Pu’d? is kuown to be 1/2, hence in the
application of equation (1) to the ground state band the term 5 is non-zero.
Since the value of a 1s not given by the simple theory, one uses the energy
values of the first three states to determine the constants a and %2/23, with
which the equation can then be used to predict the energies of higher states
in the band. In this way the epergies of the upper three states in the ground-
state rotational band are calculated to be 75.6, 165.0, and 193.7 kev, 1n
reasonably good agreement with the experimental values 75.8, 163.7, asnd 193.1
kev for these states. ‘

Four roﬁational states are associated with the intrinsic states of spin

and parity 5/2+, and three states are found in a 7/2 band of opposite parity.

Rotational states have not been observed above the 7/2+ state at 512 kev, but
population of such states in significant amounts 1s wnlikely because so little

energy is available for the beta decay processes involved.

U237 decay. The energy levels of Hyzs? are populated by the beta decai
of U237, the electron capture decay of Pu237, and by the alphs decay of Am2 1,13-15
The known Np237T levels are summarized in Figure lc, and are grouped into four
intrinsic proton (93rd) excitations, The energy ratios for the first two bands
are, here again; in good agreement with those calculated from the theory. Such

" a check cannot be made with the upper band that has K = 1/2 because the kmow-

ledge of two excited levels allows only the fixing of the two parameters in
equation (1).
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As illustrated by the level diagrams of Pu239 and Np237, it is considered
that all levels of a given rotational bend belong to & single state of intrine
sic excitation of the odd proton or neutron; the only differences among these
levels are the energles and angular momenta associated with the collective
rotatlional motion. Hence it follows that for any properties which are assow
ciated only with states within a rotatiopal band the intrinsic factors,
dependent upon the details of the nuclear structure, are identical; and hence
cancel in & comparison of the properties. This was shown already in the dis-
cussions of the energy level ratios of rotationsl states, where the theoretical
ratios involved only the energies and anguler momenta of the states, Another
correlation of this general type is a compsrison of the relative intensities
(transition probabilities) of gamma rays vhich originate from one level and
terminate at the several states of a rotational band., (Comparison must be made
- of gamms rays of the same type, or multipole order). Here the intrinsic tran-
sition rates are identical, and observable differences in intensities should
‘result only from the different emergies of the gamma rays and from the
different sngular momenta involved; both are independent effects and are easily
corrected for. It is thus necessary to know only the spins and X values of
initisl and final states and the radistion multipolarity to predict relative
intensities of the transitions, If the K values are not known from other
evidence, they may often be assigned by such relative intensity comparisons.
This “‘branching-ratio rule" of the Bohr-Mottelson theary’ has been a great aid
in the interpretation and understanding of the behavior of nuclear levels in
the heavy~-element region. It should be emphasized that this rule follows
exactly from the complete separation of rotational fiom intrinsic motion as
stated above, and that experimental observation of deviations from the rule
will serve to indicaete the extent to which the rotational states of a given
intrinsic state of motion are not independent of other modes of motion dbut
interact with then.

- The experiméntal data of HF238 decay provide some interesting checks on
the branching-ratio rule., These are illustrated in Figure 2a. The assignment
of Km2 to the band based at 1030 kev is not proved but is strongly suggested
by the pattern of observed gamma ray intensitiesi The following quantitative
checks are made: The theoretical value of the ratio of intrimsic (corrected
for energy, etc,) rates of the 986 end 1030 kev gamma yays is 1.43 and the
‘experimental value is ~l.4, in good agreement. The 8385 kev gamma ray is pre-
dicted by theory to be very veak and this is found to be the case, although the
experimental ratio I(885)/1(1030) = 0.19 is larger than the theoretical ratio
0.07. (The experimentsl errors are large in the intensity measurements of
very wesk garme rays). A third csse is the ratio of the 1027 to 925 Kev tran-
sition intensities. The comparison, in only fair agreement, is: I(1027)/1(925),
experimental 1.1, theoretical 2.5. The major success of the branching ratio
rules here is the correlation of the very weak intensity of the 885 kev gamma
ray, a8 fact which could not have been explained on the basis of older gamma-my
selection rules based only upon spin differences. However, the lack of quantie
tative agreement in the intensity ratios indicates that the upper state is not
"pure” with respect to the K guantum nunber, o that the assumptions upon
which the rule is founded may not be completely satisfied.

There 12 also some branmching-ratio information from my239 decay, from the
gamms transitions shown im Figure 2b. In this c¢ase there is no ambiguity
about the spin values of the levels shown in the figwre. A comparison is first
made with the 49.k and 57.3 kev transitions which are both within the ground state

05.
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rotationel band. The theoretical ratio (of the corrected electric quadrupole
components) of these trensitions is (57.3)/2(b9.%) = 3, 5, end the experimental
~ratio is 3.2, Aiso, the theory predicts that the intrinsic intensity ratio
X(67.8)/1(18.4) should be ~10; the 18.h kev transition has not been found
experimentally but ite sbsence (or veakness) is consistent with the predicted
intensity, ‘ '

Several pairs of gamma-rays may be compsred in the Np337 levels (from 5237
and Amehd decay). These are shown in Figure 2c. The agreement with theory
in all three cages 12 quite poor, and in the cases of the two high energy
transitions there is at least s factor of ten discrepancy. The key to under-
standing the lack of agreement lies in the recognition that these cases all
involve transitions much retarded from single particle rates. This disagreement
is interpreted within the framevork of the Bohr-Mottelson theory as indication
that those components of infitial or final wave fumetions actually contributing
to the transition matrix elenent differ in K from the main components of the
wave function. In general » the Qisagreement is Tound most often in abnormally
retarded transitions; those transitions proceeding at nearly the single particle
rate gemerally shovw good agreement with the branching ratio rules,

We nov proceed to a discussion of the properties which depend on more de-
tailed considerations of the spheroidal model for odd mess nuclei, These
considerations involve associntion of each rotational bend with a particulsr
orbitel in a spheroidal well for the odd nuclecn, (The possible influence of
collective vibrationsl degrees of freedom on the interpretation of states of
odd-A nuclei will not be considered here, ) :

 The properties we shall now comsider ave as follovs: (1) magnetic moments,
(2) rotationsl bang spacings, (3) absolute deta transition rates, (L) absolute
gamma. transition rates, and (5) conversion coefficient anomnlies, The theore-
tical systematication of all these properties may be attacked in either of two
ways. First, one may attempt to calculate the propeyty nunerically using
published eigenfunctions, such as those of Rilsson,1® Rassey,l7 or others.
Second, one may simply attempt o charscterize the eigeafunctions vith & set
of auxiliary gquantum numbers and discuss properiies appropriate to limiting
eigenfunctions for which the auxiliary {or "asymptotic”) quantum numbers de-
signate constants of the motion, A widely used set of auxiliary quantum
numbers are K, n,, A, and . ¥ is the principal quantum number (total number
of nodes in the wave function); 3, is the number of planar nodes perpendicular
to the nuclear symmetry axls; A 18 the projection of orbitel angular momentum
on the symmetry axis; and % {5 the projection of intrinsic spin on the symmetry
axis, A set of these esyrptotic quantum nubers defines as limiting eigen-
function an anicotropic harmonic oscillator function whose nodal surfaces are
coordinate surfaces of a cylindrical coordinate gystem,



PN

_equation (1

UCRL~8072

Magnetic Moments

The ¢theoretical ca;.g tionw"w of nueclear maganetic moments using
Nilsson's wave functions™ hes gemerally met with semi-quantitative success.
Such calculations are usually good enough to aid in deciding which of
possible competing orbital asgisnments is correct. Pigwres 3a dnd 3b show

" such theoretical calculations'd es & function of deformstion. Huxperimentel

limits of error on magnetic moments of the heavy region are large, making

" deteiled interpretetions of deviations from theory impractical at the present

time, One concludes that magnetic moments are a property oo sensitive to
fine details of the nuclear wave function to be calculable without consideration
of configuration mixing. : ' ' _

‘Rotational Band Spacings

Por bvands with spin projection quantum number K equal to 1/2 the level
spacings may exhibit lrregularities as iatroduced by the second term of
;{. The decoupling parameter g is calculable from the odd~nucleon
wave fugﬁtign in & menner closely related to the galculation of the maguetic
af ] ) . .

. moment, *

the empirical decowpling parsmeter value of a = -0,58 for the growd band
of Pué39 agrees fairly vell with theoretical caleulationsl? using Nilsson's
eigenfunctions for the K & 1/2 even parity neutron orbital labeled with guantum
wumbers (N, n,, A} of [6, 3, 1]. Figure 4 shows theése calculations.

The empirical decoupling parameter a = +1.08 for the band at 332 kev in
p237 is 1in satisfactory agreement vith theoretical caleulations for the 1/2+
{4, 0, 0] orbitsl. :

For all bands one cen compsre the effective moments of inertia, ¥, The
bands in odd A nucled always show greater effective I than those in neighboring
evén~even nuclei, Different bands in the same odd-A nucleus may exhibit quite
different I values, For example, the ground bend in Np237 exhibits a © value
25% greater than does the band at 60 kev. qualitatively, the compression of
bands in odd-A nuclel is sttridutable to the effect of the coriolis interactiom
on the odd nucleon. The coriclis force on nucleons vithin a rotating spheroid
couples particle and rotational motion.20 The interaction is larger for larger

J) values in the@igenfunction (§ is nucleon total mngular momentum)., It 1s
Aqus reasonable that the éven parity ground band with mainly 113/2 character
should have the smiller rotationel spascings. :

If ome attempts a quantitative calculation of the coriolis interaction

~using Nilsson's eigenfunctions, one usually finds that the strength of the

interaction is considersbly overestimated. Such 1s also ususlly the case for
the related calculations of metrix elements of beta or gamae transitions. The
overestimation is probably related to the neglect of other nucleons besides
the odd one in the calculations,

The bands 1n PuZ3® and NF?‘BT considered in this peper show only very small

deviations from the simple energy dependence of eguation (1), More data are
needed before attempting a detailed explanation in terms of second order effects

«T=
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of the coriolis interaction and of the so-called "vibration~rotation” inter-
ac%gnl displayed in ground bands of even-even nuclei, The ground band in
Pu® shows Gefinite deviatioms from equation (1), =

Abgolute Beta Transition Rates

An important conseqience of the nuclear deformation is the imposition of
& fairly restrictive selection rule in X on beta (and gamm) trancition rates.
Bimply stated, this selection rule allows only traneitions whose associated
engwlar momentum (miltipolarity) equals of exceeds the change in K bétween
initial and final nutlear states. ! :

A striking illustration of the K-selection rule is provided by the beta
decay scheme of Np239 (Figure 1a). The spin of Kp238 is 2, and hence the initial
K valuwe ig 2. Beta decay groups to the 2+ stetes at LL.,1l kev and 1930 kev are
prominent, but the £t value for the former iz more than two orders of magnitude
greater thun that of the latter. In the former case £X = 2, and in the latter
=0, ' : . . s '

Operation of the K-selection rule is also significant in highly retarding
thie alloved beta trans%tiens to the 3/2+, 5/2+ and 7/2+ states of the ground
rotationsl bend in Pu?3?, The opin and parity of 1p239 are prodably 5/2¢.

- Some progréss has been made for odd-mmss nuclel ‘in classifying the bets
transitions unhindered by the K-gelection rile. We have not mde detailed
'thecuﬁtical £t caleulations wit%lﬂélésson‘s wave functions but rather have
usedts13 the approsch of Alaga®22 in examining selection rules in the
esymptotic quentum numbers of initisl and final nucleon states.

For odd-mss nuclel of the heavy region all beta groups with definite
initiel end final Nilsoon state amssigaments were examined, Three of these.
cases fell into the classification alloved (AL = O, 1, no), hindered (an, or
OA selection rule violated), and seven were clsszified first forbidden
(AT = 0,1, yes), wmhindered. The log £t values of all in these two classes
fell within the raoge 5.6 to 7.0. One transition was first forbidden, hindered,
uvith a log ft of 9.8, :

\

Absolute Gamma Trzmsition' Rated

‘ For gomms transitions there are numerous examples of the restrictive
nature of Keselection rules. To name but a few, there g the three M tran-
sitions to the ground band from the 285.7 kev state in Puf3d, They are all
more than four orders of magnitudé slover than single pirticle rates s Bince
&K = 2. Ml radietion does not measurably compete with B2 in the 8+ ~> 2+
transition from the 1030- to the 4h.ll-kev level in PuZ38, since AX = 2.
L%ggise the El transitions from the 391.8 kev level to the ground band 1in
Py are even slower than is the gemepal rule for EL transitions; here
&K = 3, ' :

Intraband B2 end ML transitions dare inua class by themselves. The .. B2

matrix elements are proportional to the sguare of the intrinsic quadrupole
moment, Q,. The Ml matrix elements are, according to Bohr-Mottelson theory,
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proportional to (&, ~ & )2, where gq and gg are the gyromagnetic ratios for
o4d nucleon motion snd for collective rotdtional motion, respectively. Tfe
theoretical rate expressions have been applied to the lower Fp23T bands.t
Such applications of the theory have also been made to numerous nuclei. of the
rave earth reglon using coulomd excitation data.23 ' :

In odd-mass nuclei there are also numerous examples of abrormally retarded
gamms transitions intercomnecting different bands, where the retardation cannot
be ascribed to the K-selection rule or the simple vectorsprojection rélation«
ships. The most striking example is provided by the numerous low energy
electric dipole transitions of the heavy element region gsome of which occwr
from the states at 59.57 kev and at 267.5 kev in Np 37 iFigure 2c) and from the
state st 391.8 kev in Pu239 (Figure lb;. Those whose lifetimes have been
measured are between 10% ana 10° times slower than theoretical rates from
Moszkowski's single proton lifetime formula. Explanations have been advancedzh
for the retardation in terms of selection rules involving gquantum numbers
appropriate to the Eilsson states in both the spherical and highly deformed
1imits. These low energy El transitions all violate selection rules in dboth
limits. Kumerical calculgﬁions of El matrix elements using Rilsson's eigen~-
functions have been made, and they show retardations on the average not quite
as large as experimental, While the theoretical calculations reproduce fairly
vell the average retardation, they do not agree well on a case-by-case basis;
evidently the cancellation of El matrix elements must be especlally sensitive
to small differences between the theoretical and actual wave functions.

A few cases of retarded Ml and E2 transitions, not K-forbidden, a§e~kn0wn.
The E2 transitions from the 285.7 kev state to the ground dand in Pu23‘ (Figuxre
1b) are somevhai retarded below single particle rates. The retardation is

" ascribed to violation of an esymptotic quantum number selection rule., There
is a chenge in T of cne in these transitions (I being the projection of in-
trinsic spin on the nuclear axis), and the selection rules for electric
transitions allow g§7change in £. The transitions from the 267.5 kev meta-
stable state in Np with half-life S.L x 1077 sec. form an intereasting group
for comparisons. None are K-forbidden according o the mosi probable (K=3/2)
assignment of the state; a possibility of a K = 1/2 sssignment ekists, though.
The El radistion to ground is highly retarded, as is usual for El. The
unusual featyre is that the Ml transition to the 60 kev state is reterded by
more than 107, and the EZ and M2 transitions are retarded between one and two
orders of magaitude from single particle rates. The explanation of the Ml and
E2 retarfstion tsilzthatiit’ - is due to violation of selection rules in the
asynptotic quantum numbers. If the alternative I = 3/2-, K = 1/2 {5, 3, 0]
assignment to the 267.5-kev state is correct, then the retardation of the ML
is due to K-forbiddenness, but the explanation of retardation of E2 remains -
wnchanged. There is some problem to explain the observed retardation of the
M2, since by either assigoment it is allowed by asymptotic guantum number
selection rules. .

Conversion CoefficientAAnoﬁalies

A number of the El transitioﬁs in the heavy region exhiblt anomalous in-
ternal conversion coefficients (abbreviated hereafter as ICC). Beta decay of
U237 provides four examples of El transitioms, three of which show anomalous

-9-‘- .
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ICC's.  The retarded 60 kev transition to ground has & mormal Lpyy conversion

" coefficient but abmormally bigh ICC's in the Ly and Lyy subshells. The retarded
267.5 kev transition appesrs to have a high X conversion coefficlent. The 65~
kev transition from the 322-kev level seems to have normal ICC's. In Pu239 the
106 kev El from the 391.8 kev level has snomalously high Ly and Lyp comversion
coefficients, but the moreghighly retarded, K-forbidden El's to the ground band
have nornmal ICC's. ‘ : } ,

Anomalies due to dypamic nuclear structure effects can arise by virtue of
the fact that aifferent nuclear matrix elements_can produce internal conversion
vwhen electron demsity lies inside the nucleus.2’ The anomalous contributions

are only observable vhen the normal radistive process is highly retarded and
the anoimlous conversion process is not, In the case of El anomalies, only
the penetrating electrone (s)/z or p1/2) show @efinite anomalies, When the
radiative process is predominantly retarded by the radial factor in the nuclesr
matrix element, the anomalous conversion operstors often relax the restriction.
. The angular factorsin the matrix elements are the same, s0 to the extent that
retardation is dGue to K~forbiddemnness (1.e. the El transitions from the 392 kev
state to the ground band in Pu39) anomalies may not appear, The dsta clearly
show this significence of Keselection rules in the occurrence of ICC anomalles,
. but data are too fev to allow a real test of the utulity of selection rules in
the asymptotic quantum numbers for anomalous contributions.

CORCLUSIOR!:

The successea of the spheroidal nuclear model bave given much impetus to
further experimental and theoretical work. It should be possible to refine the
theoretical wave functions to improve agreement with experiment. The successes
may also help provide the key to umderstanding properties of nuclei in regions
not presently tractable by sphericsl or spheroidal models.
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_ DBECAY INFORMATION

Type of decay.
- _ genetic relationships ,
Isotope Half-life nuclear moments . Energy of radiation in Mev
At W8 years - a ol @ 5.534(0.35%), 5.500(0.23%),
~ Daughter Pu ' s L77(85%), 5.435(12.68),5.378

I=35/2 ‘ o , 5.311(0.012%)
w = +Ll.% om r O. 02636(2. 5%), 0.03320, 0.04346
q = +4.9 barns - {0.07%), o. 05957(36%), 0. 099(0-023%),
- 0. 103(0 o19%

P“?37‘ hﬁfé days EC 994%, 104 03003% o 5065i 5'36 .
r 0.0332, 0.0435, 0.0596.

239 ‘ - on : y
Bp 2.35 dsys B~ decay B~ 0.723, 0.655, 0.439(168), 0.362(21%),
- Daughter Y233 0.327(35%), O. o'ro(?,m; A
Daughter Am@43 v 0,0bASK{Ly/Lyy/L1xT = 2/1/1),
Parent Pu239 ~ 0.045L0 LI/LII/L 1T = 1/1. 2/1 2),
1=5/2 0.05725(Ly/L17/L u<n 07/1.3/1.0),
: - o @611:, 0.061 éz( 17 1.1), 0.1061

Lt O, 9 0. 106h o 1818, 0.209§
‘ LI 5.%), 0. 226k, d. 228&(1{/1.1 4.7),
o 2546, 0.2731, O. 2777(K/LI 5. 7),
0. 2856, 0. 3161, 0.335

a3 12 bows  BC 9948 a 5.75
x 10734 v with ai 0.048 (50% of @)
y vith EC: 0.0LNT0, 0.049h7, 0.05731,
~ 0.06791, 0.1818, 0.2099, 0.2265,

‘ 0.2283, 0.2776
V3T . 6.75 aays  p” accay B° 0.248(g6p), ) |
Parent Np237 T O, 026& 0. 0332, 0. ouas, 0.0 96(36%,
Daughter Puslél ;/LI = 1.6/3.2/1.0), 0.06k8
' ( .3%6 b/l /1), o3
0.1646(3.6%, ~013,KLLIL%H=:
%/16/130/60), 5 2079(24%, e% 2
II/ Y T/l 0 zz
o26r5(o 0. 3, K/Lz 3. 15
0.3323(1. ’#%. ef;’/"/ éﬁ 1.5),
1 0.3353(0.2%, eg/y O. a), 0.3695, 0,371
w20 aays g decay B* 1.24(368), 1. 1.13(¢, ), 0.28(08),
| , No KC (K) o, 25(31% §
. pavent Pu238 v O0.0Lk1 Lg 1.2), 0.2017(Lyy/LrrY
~‘daughter Am242 1, 873 ? 0.68s, 0. 925 0.9L0
I=2 K}L L11:35 091» 0986K/L1+

1:371002 0.988,
1 oz7f }L ~3), 1. 030 K/L ~4)
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MAGNETIC MOMENT

! 1 ‘ |

+2 - +4 : +6
DEFORMATION

Fig. 3a. Calculated and experimental magnetic moments for Pu239
(K=1/2). The Nilsson state B is even parity and has the
“asymptotie assignment (N, n,, A) of (6, 3, 1). The deforma~
tion parameter % 1s about twenty times 5, the fractionsl
excaess of major over minor axis of the nuclear spheroid.
Evidence from nuclesr gquadrupole moments in this regzion
indicates a deformation of about n=5.
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Fig. 3b. _Calculated and experimental magnetic moments for Np =,

A2, and Am843. I end K are 5/2 in all of these cases.
Theoreticel state 55 1s even parity and assigned (6, &, 2).
State 44 is odd perity snd assigned (5, 2, 3).
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'DECOUPLING PARAMETER
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STATE A |

STATE B _

J i | |

+2 +4 +6
N— v

DEF ORMATION

Pig. h, Calculated and ex%

» QNCLASSIFIED }

erimental decoupling parsmeters for
the ground band of Pué3d, Tuo possible K=1/2 states from
Hilsson's work are considered. State B has even parity
and the asymptotic qusntum numbers (X, n,, A) of (6, 3, 1).

Btate A has odd parity and is assigned (5, o, 1).
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