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UNCLIS 1 ANED  

J. 14. HoUander, J. 0. Rasmussen and L 0. Aibridge, Jr.* 
W. 0. Smitbt 

TEE RADIATIONS OF Np28, RPE39  AND U237  

Radioactiity studies in the heavy element regton have shed iuortant light 
on Thndamental questions of nuclear structure. Ntclei in. the region berond 
thorium appear to have stabilized spheroidal shapes. and thus exhibit many of 
the prppertiea prediced by the Bohr-MottelaOfl model. 3- The nuclei chosen for 

discussion here, Np23°, Np239, and 11237, have been studted intensively in 

Bexeley and e].sevhere, and they serve to illustrate many features of the 
application of theory to nuclet of this region. There is an additional prac' 
tics). interest attached to Np 239 and u237 in that they are major products of. 
fast neutron irradiation of u238. Thermal neutron irradiation also yields Np 239. 

Thus, knowledge of the decay characteristics of these isotopes also has bearing 
on shielding and radiolyais problems connected with reactors and fuelelemat re- 
rocgssius. For convenient reference we reproduce here the decay infoxnatiOfl on 

Np23 Np'39 , and U237  from the new Table of Isotopes. 2  

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

paper. 

• 	 TEE VAX= OF NLLEAR SELL bL 

,Conared with present knowledge of the structure of atoms, our understand-
ing 'of the way protons and neutrons assemble themseltes into coizplex nuclei is 

stiii very limited. But the last few years have seen much proeas in the 

raids of radioactivity and nuclear structure, from experiment and from theory, 

and from the interaction between experiment and theory. One area of invest iga-

tion where this'interactiOfl has been especially strong has been that of nuclear 

Dep5nt of Chehistry, University of California Radiation Laboratory, 
Berkeley, California. V . 	 V  
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spectroacopy, and in particular the nuclear apectroscopy of the heaviest 
elene nta. Rare it has been possible to correlate many observed nuclear pro.. 
pertiea with predictions based upon the unified nuclear model of A. Bohr and 
B. R. }bttelson1  and upon its extensions. The general success of these corre-
lations has firmly establahed the essential validity of this theory. 

It is the purpose of this paper to describe some recent studies of the 
beta and 	ma radioactivity of Np39, U237, and Np238, and to review the in- 
formation derived from these studies. These isotopes were produced by intensive 
neutron irradiations in the Materials Testing Reactor at Arco, Idaho. In the 
experimental work, high-resolution magnetic electron spectrographa and 
scintillation gaiz-ray spectrometers were used. The electron spec trographa 
are of high stability and accuracy, eloying permanent magnets as a field 
source and using photographic detection of the electron lines • In order to 
obtain sufficiently high resolution for the analysis of the conplez epectra 
encountered, techniques of electroplating essentially mass-free eauçles upon 
fine wires have been developed. 

In the dicuaaion 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 how the large 
enimt of experimental information about these nuclei can be interpreted and 
understood within the framework of the Bohr-ttelson and related nuclear models. 
Pirat, several basic general facts about nuclei should be stated: 

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

To a first approtpition, nucleons (protons 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 ha& 
been achieved by theoretical descriptions of odd-mass nuclei ihich correla 
nuclear properties in terms of the behavior of the last, or odd, particle. 

The resistance of nuclei agsst shape deformation varies in a regular 
fashion as a function of their position in the nuclear "periodic system t' and 
these shape changes are acconaxiied 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 eçuiiibriuin shape is spheroidal. 

. The non-spherical nuclear "core" which exists in the even-even (even 
mess, even atomic nuner) nuclei of lanthanide and actinide elements give rise 
to rotational excitations which are characteretic of spheroidal systems and 
which are similar to the rotational bands found in the spectra of diatomic 
molecules. 

5. In odd..maas nuc ]ei of the rare-earth .n4 aetinide elements there are 
also excitations of the odd particle, as in all odd-A nuclei, in addition to 
the collective excitations of the spheroidal core. Thus one observes in such 
nuclei the various particle excitations with zotational bands superiuposed 
upon each particle level. in molecules the sema situation exists except that 
the "particl&' levels are electronic excitations rather than excitations of 
protons or neutrons. 
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Two categories within the Bohr 4lottelson model will be distinguished. 
First, there are the predictions of a general nature, those which depend only 
upon the collective nature of the nuclear excitations Then there are the 
more detailed correlations which demand a knoviedge of the actual state of 
intrinsic motion of the od4-particle in the deformed nuclear system. 

GEURAL PROI'(TS OF 1YE101) NUCLEI 

Some general coneeuences of the Bobr-Mottelson theory for deformed nuclei 
are the following: (1) existeice of rotational baud groupings of states in 
nuclei )  (2) behavior of certain relative ganma ray intensities in accordance 
with ai1e vector projection relations depending only on initial and final 
spins, 1m.Ltipoiarity, and prjection.s of spin on the nuclear synmietry axis, 
designated by the quantun uuzuber I(.5 

Every intrinsic state of nuclear excitation, in a spheroidally deformed 
nucleus, has associated with it a band, of rotational energy levels • The nuclear 
angular momenta of these states in general fellow the sequence Ii,, I0+1., 1+2.... 
where 10  is the angular momentum of the ground 'state; an exception to this rule 
is found in the cases of the ground state bands of an even-even nuclei or other 
bands with 10  a 0, for which the odd-pin states are missing. The energies of 
these rotational states 	 . are predicted by the model to 

"follow the equation 

1 /2  

where C,l/2  I for rotational bands whose fundamental level has 'I = 1/2, 

= 0 for all other bands, 
I = spin of level, 

nuclear moment of. inertia, 

a parameter dependent on details of odd nucleon wave function 
(called ' 4'decoupling parameter"). 

In the evene'ven nuclei, it is expected that nuclear excitations of a 
vibrational character will be found, at energies of about 1 I4v, in addition 
to the rotational levels, near the ground state. Two types of vibrational 
motion are discussed (i) that in which tbeotyl#drlealshape symmetry is 
preserved, and (z) that in 'w14ch it is destroyed. Superimposed upon each 
vibrational state will be a rotational bthd 

The experimental data on the energies and spins (angular momenta) of 
these nuclei can be understood fully i 'terma of the foregoing simple con-
siderations.. In the dtacuasion which follows, the reader is referred to 
Figures La, lb and ic,' 

z38 decay. Figure is shows the even-parity.levels of p 238  which arise 
from the bits .decay of Np238  and from the alpha-decay of (242 68 These 
levels can be interpreted in terms of but three intrinsic states of excitation, 
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i.e. the ground state and two vibrational states. (In the Bobr-Mottelson 
theory, each intrinsic state of a nucleus is characterized by a single value of 
the new quantum nuther designated K; this actually refers to the conouent of 
the total nuclear angular momentum upon the nuclear syimnetry axis. In states 
of even-even nuclei with two-told rotational syimnetry, K * 0 0  and in general 
the value of IC is equal to the spin of the lowest me*er of a rotational band. 
The enert ratios of the first tour excited states of theground state rota 
tional bend may be coared with those expected from the 1(1+1) dependence; 
ratios are taken instead of absolute values so as to cancel out the moment of 
inertia parameter, , the vølue of which is not defined by the general features 
of the theory. The ratio E(+)/E(2+) is found oxperinantally to be 3 31, the 
theoretical ratio is 3.33. The experimental ratio E(6+)/E(2+) of 6.88 also 
agrees well with 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 can be explained by the inclusion in equation (i) of a sub-
tractive term in 12(1+1)2  with s fractional coefficient of only 0.1%. 

239 dec. The energy levels of Pu2  which arise from the bets decay 
of NpZ39  from the e1ectroncapture decay 	p 239, and from tae pi ec o Cm23 
are shown in Figure ib; fourteen energy levels are known experimentally. 9-12 
The arrangement of the levels in Figure lb shows how a great reduction in the 
apparent coxçlexity of the system is attained by the interpretation of the 
data 	terma of tour intrinsic levels of excitation of the odd (115th)  neutron 
in Pu'" These states are shown as heavy lines in the figure; the other levels 
are the characteristic rotational excitations associated with the intrinsic 
neutron levels and superimposed upon each of then. 

The spin of the ground state of Pu239  is known to be 1/2, hence in the 
application of equation (i) to the ground state band the term 5 is non-zero. 
Since the value of a is not given by the simple theory, one uses the energy 
values of the first three state a to determine the constants a and 	with 
which the equation can then be used to predict the energies of higEér states 
in the band. In this way the energie8 of the upper three states in the ground-
state rotational band are calculated to be 75.6, 165.0, and 193.7  key, In 
reasonably good agreement with the experimental values 75.8, 163.7, and  193. 1  
key for these states. 

Four rotational 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 key, but 
population of such states in siguificant amounts is unlikely because so little 
energy is available for the beta decay processes involved. 

decay. The energy levels of Np237  are populated by the beta decay 
of 07, the electron capture decay of Pu 237, and by the &lpha decay of Am241 . 135  
The known Np237 levels are summarized in Figure Ic, 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 1ov-
ledge of two excited levels allows only the fixing of the two parameters in 
equation (i). 

41 
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As illustrated by the level diagrams of Pu 9  and ip T , it is considered 
that all levels of a given rotational band belong to a single state of intrin.-
sic excitation of the odd proton or neutron; the only differ rices azong these 
levels are the energies and angular nmenta associated with the collective 
rotational motion. Rence it follows that for any properties whIch are asso-
ciated only with states within a rotational band the intrinsic factors, 
dependent upon the details of the nuclear etructne, are identical, and hence 
cancel in a comparison of the properties. This was shown already in the dis-
cussiona of the energy level ratios of rotational states, where the theoretical 
ratios involved only the energies and angular momenta of the states, Another 
correlation of this general type is a comparison of the relative intensities 
(transition probabilities) of gamma rays which originate from one level and 
terminate at the several states of a rotatIonal band. (Comparison must be made 
of gaxwm rays of the same type, or multipole order). Nere the intrinsic tran-
sition rates are identical, and observable differences in intensities should 
result only from the different energies of the gaimas rays and from the 
different angular momenta involved; both are independent effects and are easily 
corrected for. It is thus necessary to know only the spins and K values of 
inItial and final states and the radiation rnultipolarity to iredict relative 
intensities of the traflsitions. It the K values are not known from other 
evidence, they may often be assigaed by such relative intensity comparisons. 
This i!branching_ratjo rule" of the Bohr-dottelson iiieory5 has been a great aid 
in the interpretation and understanding of the behavior at nuclear levels in 
the beavyeloment region. It should be emphasized that this rule follows 
exactly from the complete separation of rotational from intrinsic motion as 
stated above, and that experimental observation of deviations from the rule 
will serve to indicate the extent to which the rotational states of a given 
intrinsic state of motion are not independent of other modes of motion but 
interact with them. 

The experimental data of N 28  decay provide some interesting checks on 
the branehing'.ratio rule • These are illustrated in Figure 2a • The assignment 
of ICz2 to the band based at 1030 key is not proved but is strongly suggested 
by the pattern of observed gaimna ray intensities. The following quantitative 
checks are made: The theoretical value of the ratio of intrinsic (corrected 
for energy, etc.) rates of the 986 and 1030 key gaumm rays is 1.43 and the 
experimental value is ".1. , in good agreement. The 885 key gazgme ray is pre-
dicted by theory to be very weak 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 experimental errors are large in the intensity measurements of 
very weak germs rays). A third case is the ratio of the 1027 to 925 key tran-
sition intensities. The comparison, in only fair agreement, is: 1(1027)11(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 key garmm 
ray, a tact which could not have been explained an the basis of older gai-y 
selection rules based only upon spin differences. Eowever, the lack of quanti-
tative agreement in the intensity ratios indicates that the upper state is not 

with respect to the K quentum number, so that the assumptions upon 
vhich the rule is founded may not be completely satisfied. 

There is also some branching-ratio information from ip 239  decay, from the 
gamma transitions shown in Figure 2b. In this case there is no ambiguity 
about the spin values of the levels shown in the figure. A comparison is first 
made with the 19.1  and 57.3 key transitions which are both within the ground state 
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rotational band. The theoi'etjcal ratio (of the corrected electric Vadrupole 
components) of these transitions is I(57.3)/I094) 3.5, and the experimental 
ratio is 3.2. Also, the theory predicts that the intrinsic intensity ratio 1(6780(18,) should be "iQ; the 18. key transition has not been found but its absence  
intensity. 	

(or weakness) Is consistent  with the predicted 

Several pairs of gamraygg . may be compared in the Np231  levels (from u237  and AI decay). These  are ehon in Elgure 2c. The agreement with theory 
trana 
in all three eaea is quite poor, and in the cases of the  two high energy 1.tjo there i& at least a factor of ten discrepancy. The kej to undez ,- standing the lack of agreement lies in the recognition that these cases all 
involve transitions much retarded from single particle rates. This disagreement  is *nterpreted within the framework of the Bohr ttelson theory as in&tcatjou 
that thoae components of initial or fina3. wave functions actually contributing to the tanitjo matrix element differ in I fron the main components of the wave 	 In general, the disagreemeet is i'OWd mOst often in abnormally 
retarded transjtjoas those transitions proceeding at nearly the single particle 
rate generally show good agreemut with the branching ratio rules. 

We 417W proceed to a discussion of the properties which depend on more de 
tajld considerations of the aphoroidsl model for odd mess nuclei. These 
conelderaticna involve association of each rotational band with a particuj.,az, 
orbital in a Spheroidal well for the odd nucleon.. (The posSible influence of 
collective vibrat lanai degrees of freedom on the interpretation of states of 
od4A nuclei will not be considered here.) 

The properties we shall now consider are as foilow 	(i) msietjc iuo1erits, 
(2) rotational band spacings, (3) absolute beta transition rates, (1) absolute 
gasmm. transition rates, and () conversion coefficient 4non1.1es The theore-tical Zystewtizatlou of all those propertjes may be attacked in either of two 
ways. First ., one may attempt to calculate the property numerically using  published oigentuxzctjons, such as those of Nilason, 16  1asaey,17 or others. 
Second, one may simply attempt to characterize the eigezzfwietjs with a set 
of auxiliary quantum nwers and discuss properties appropriate to limiting 
eigenfunctjo for whib the auxiliary (or uasymptotjc I quantum numbers do-aignate cOnstaut,a of the motion. A widely used set of auxiliary quantum numbers are N. n5 , A, and Z. N is the principal quantum number (total number of nodes in the wave function);  az 

	the number of planar nodes perpendicr to the nuclear Symmetry axis; A is the projection of orbital angular momentum on the symmetry axis; and F, is the projection of intz'insin spin on the synmetry 
axis, A set of the asytotje quantuyn numbers defines as limiting ei&n- 
functiOn 	anisotropic bareonic OsCiliStor funotton whose nodal atwtaces are coordinate surfaces of a cylindrical coordinate system. 
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44Mornsnts 

Th theoretical cai 	 of nuclear maetic Moments using 
14188ons wave Amettons has generally it with d-auantitative success. 
Such calculations are usuaUy good enougli to aid in deciding w1ich of 
possible coieting orbital asiunenta is correct. Figures 3s and 3b shou 
such theoretical calculations 9  as a function of deformation. R.Verimental 
li3dts of. error on nnetic moments of the heay region are 1are, naking 
dEtailed interpretat tons of deviatIons from theory turactica1 at the present 
time. One concludes that maetic moments are a property too eeusttire to 
fine details of the nuclear wave fwictiou to be calculable witheut consideration 
of,  configuration rnii. 

For bands with spin projection quantum number IC eiva1 to 1/2 the level 
aings may aithibit i=eguLarlties as introduced by the second tern of 

equotiou (1). The decoupling paramueter a is calculable from the odd-nucleon 
wave futju in a manner closely related to the calculation of the mnaietic 
moment. ' 

The empirical decoupling parameter value of a to -0 58 for the groimd band 
of Pu239 agrees fairly well wit1 thetical calcuintions 19 using 	' 
eigenfunct ions for the IC 1/2 even parity neutron orbital laceled with quantum 
nuiers [N, n, A] of [6, 3 0  11. fie shows these calculations. 

The enirica1 decoug parameter a = +1.08 for the band at 332 key in 
Ip237 is in satisfactory agreement with theoretical calculations for the 1/2+ 
[4, 0, 0] orbital. 

For all bands one can compare the effective wments of inertia, . The 
bands in odd A nuclei always show greater effective Z than those in neighboring 
even even nuclei • Different bands in the same Odd-A nu4 lens may ethibit qui te 
different Qi values. For example., the ground band in NpZ37  edib1ts a 2  value 
25* greater than does the band at 60 key.. jualitativelyp the compression of 
bands in odd-A nuclei Is attrIbutable to the effect of the coriolis interaction 
on the odd nucleon. The conchs force on nucleona within a rotating spheroid 
couples particle and rotational motion. 20  The interaction is larger for larger 

values in the 1etgentuuction (j is nucleon total anguiar 	entum). It is 
thus reasonable that the even parity ground band with mainly 113/2 character 
should have the snøller z,a,aticncl spacings. 

If om attempts a cuantitative calculatIon of the corlolis interaction 
using Nilseon a eigenflunctions,, one usually iinds that the strength of the 
interaction is considerably overestimated. Such is' also usually the case for 
the related calculations of matrix elements of beta or Saam transitions. The 
overestimation is probably related to the neglect of other nucleons besides 
the odd one in the calculations. 

The bands in Pu 239  and ip237  considered in this paper show only very smell 
deviations from the simple energy dependence of equation (1). More data are 
needed before attempting a detailed ep1anation in terma of second order effects 
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of the oroUs interaction and of the so.caUed vibration-rotation" inter-
acn1  displayed in owd band of even-even nuclei. The ound band in 
Pu -' hows definite deviations from equation (i). 

solute Beta Transition Rates 

An iuportant cons Jiene of the nuclear detorntion is the inposition of 
a faIrly restrictive selection rule in K on beta (and gcimia) trzrneition rates. 
3isly stated, this selection rule allows only transitions whose associated 
angular momentum (nmltipolarity) eca1s of exceeds the chanje in K between 
inItIal and final nuclear atAte 

A striking illugtration of the K-selection rule is provided by the beta 
decay scheme of Np 235  (flure Is). The spin of flp238 is 2, and hence the intial 
K value is 2. Bets decay g 	 sroups to the 2+ state at J.11 key and 1$30  kas are 
prominent, but the ft value for the former is more than two orders ó ma1tude 
greater than that of the latter. In the former case zX 2, and in the latter 

-; 

Oration of the K-selection rule is also siificant in bihly retarding 
the allowed beta trax4tions to the 3/2+, /2+ and 7L2+ states of the onnd 
rotational band in Pu29. The spin and parity of Np39 are probably 5/2+. 

Some progress has been nade for odd-nss nuclei in cassifying the beta 
transitions unhindered by the K-selection rule. We have not made detailed 
theoretIcal ft calculations wIt 	sson's wave funct.ous but rather have 
use&'-' 1-3 the approach of Alap -' in exai4ning sale tion rules in the 
asymptotic quantum numbers of initial and final nucleon states. 

For odd-mess nuclei of the heavy region all beta groups with definite 
initial and final Nilseon state sssimenta were eamincrd, ee of these. 
cases fell, into the classification allovvd ( 	0 1  1, no), hindered 	or 
J\ selection rule violated), and seven were classified £irt forbiMen 

0,1, yes), unhindered. The log ft values of dli in these two classes 
fell within the rene 5.6 to 7. 0. One transition ams first forbidden, hindered, 
with a log ft of 9.2. 

Absolute Ganme Transition Rated. 

For Samma transitions there are numerous emples of the restrictive 
nature of K-selection rules • To name but a few, therear the three hL tran-
sItions to the ground band from the 285.7 key state in pu' 39. They are all 
more than four orders of maiitude slower than single particle rates, since 

= 2 h. radiation does not me surebly compete with E2 in the 2+ —> 2+ 
transition from the 1030- to the 4.11-kev level in Pu 238, since aC = 2. 
LjIse the El. transitIons from the 391,8 key level to the gi-ourd band in 
Pu 	are even slower than 1s he gemeral rule for Kl transitions; here 
£K3. 

Intraband E2 and ML transitions tire inis class by themselves. The E2 
matrth e1ements are proportional to the square of the intrinsic quadri.oie 
moment, %. The Ni matrix elements are, sceording to Bohr-Mottolson theory, 



I  =3 

proportional to 	-aR)2, where g azid gj  are the gyromagnetic ratios for 

odd nucleon motion and f5or collective rotational motion, respectively. Te 
theoretical rate er€ salons have been applied to the lover Np 237  bazid.lk 

Such applications of the theory have also been made to numerous nuclei of the 
rare earth region usng coulomb excitation data. 23  

in od.-mass nuclei there are also numerous exa1es of abnormally retarded 
gamma transitions interconnecting different bands, where the retardation cannot 
be ascribed to the IC..selection rule or the simple vector-projection relation-
ships. The most striI.ing example is provided by the numerous law energy 
electric dipole transitions of the heavy element reion some of which occin' 
from the states at 

5957 
 Iev and at 267.5 key in wp237  Figure 20 and from the 

state at 391.8 key in Pu239 (Piure lb). Those whose lifetimes have been 
measured are between 10 and 100 times slower than theoretical rates from 
Noszkowski a single proton lifetime formula. Explanations have been advauced2 
for the retardation in tOrms of selection rules involving quantum numbers 
appropriate to the Nilason states in both the spherical and highly deformed 
limits. These low energy El transitiQns all violate selection rules in both 
limits. Numerical calcu1

'
1OnS of El matrix elements using Nilsson!s eigen-

functions have been made, and they show retardatiotis on the average not quite 
as large as experimental. While the theoretical calculations reproduce fairly 
well the average retardation, they do not agree well, on a case-by-case basis; 
evidently the cancellation of El matrix elements must be especially sensitive 
to sni.l differences between the theoretical and actual wave functions. 

A few cases of retarded Ml and E2 transitions, not IC-forbidden, ae known. 
The E2 transitions from the 285.7 key state to the ground baud in ?U23 ' (Figure 
ib) are somewhat retarded below single particle rates. The retardation is 
ascribed to violatou of an asymptotic quantum number selection rule. There 
is a change in E of one in these transitions (z being the projection of in-
trinslc spin on the nuclear axis), and the selection rules for electric 
transitions allow qq,,change in Z. The transtton8 from the 267.5 key nets-
stable state in Np 	with half-life 5.4 x 10' sec • form an interesting group 
for comparisons. None are IC-forbidden according to the most probable (ICe3/2) 
assignment of the state; a possibility of a IC = 1/2 assignment etists, though. 
The El radiation to ground is highly retarded, as is usual for El. The 
unusual festre is that the Ml transition to the 60 key state is retarded by 
more than 10 , and the E2 and M2 transitions are retarded between one and two 
orders of magnitude froznsigle partIcle rates. The explanation of the 141 and 
E2 retariation ts3;thetit • is due to violation of selection rules in the 
asymptotic quantum numbers. if the alternative I = 3/2-, IC = 1/2 15, 3, 01 
assignment to the 267. 5-key state is correct, then the retardation of the Ml 
is due to 1C-forbiddeimness, but the explanation of retardation of E2 remains 
unchanged. There is some problem to explain the observed retardation of the 
M2, since by either assignment it is allowed by asymptotic quantum number 
selection rules. 

Conversion Coefficient.Anomalies 

A number of the El transitions in the heavy region exhibit anomalous in-
ternal conversion coefficients (abbreviated hereafter as ICC). Beta decay of. 
u237 provides tour examples of El transitions, three of which show anomalous 
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ICC' s. The retarded 60 key transition to ground has a normal Lin conversion 
coefficient but abnormai.Ly hih ICC 1  in the L, and Lj aubabells.. The retarded 
267, 5 key transition apèara to have a hij K conversion coeffictont4 The £- 
key transition from the 322-key level seems to have normal ICC's In Pu239  the 
i06 key El from the 391.8 Iev level has anomalously high L1 and LIJ conversion 
coefficients, but the more highly retarded, K-forbidden El's to the ground band 
have normal ICC's. 

Anomalies due to dyuaxic nuclear structure effects can arise by virtue of 
the fact that different nuclear matrix elenants can produce internal conversion 
when electron density lies inside the nucleus. 25  The anomalous contributions 
are only observable '4ien the normal radiative process is highly retarded and 
the anomalous conversion process is not. In  the case of El anomalies, only 
the penetrating electrons (81/2 or pl/2).shov definite anomalies, When the 
radiative process is predominiantly retarded by the radial factor in the nuclear 
matrix element, the anomalous conversion operators often relax the restriction.. 
The angular factors in the matrix elements are the sama, so to the extent that 
retardation 	due to iC-forbddenness (i.e. the El transitions from the 392  key 
state to the ground band in Pu239 ) anomalies may not appear. The data clearly 
show this significance of IC.aelection rules in the occurrence of ICC anomalies, 
but data are too rev to allow a real teat of the utu3.ity of selection rules in 
the asymptotic ivantum numbers for anomalous contributions. 

I1Ltj ( 

• 	
The auccessee of the spheroidal nuclear model have given much inetus to 

further experimental and theoretical work. It should be possible to refine the 
the retics]. weve functjons to improve agreement with experiment. The successes 
may also help provide the key to understanding properties of nuclei in regions 
not presently tractable by spherical or spheroidal models. 
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DECA1 DIFQR WT ION 

Type of decay,  
enettc relat ion ships 

Isotope Thlf-1ife nuclear mornts - 	Enof radiatioiu Nov 

A.F"' 	58 years a 	 a 5.534(0.35%),  5.500(0.2$),241  Daughter Pu 	 5.77(85%), 5.35(12.6%L5.378 
• 	I = 5/2 	 (1.7%) )  5.311(0.O12) 

nr 	 1 0.32636(2.5%), 0.03320, 0.01346 
q = +I,9 barns 

	

	 (o.o%), 0, 05957(36%)) 0 .099(0. 023%), 
0.103(0.019%) 

15,6 days SC 994!, cx 0,003% 	cx 5.65, 5.36 
y 0.0332, 0.01435, 0.0596 

239 NP 	2.35 days  0  decay 	 3' 04723 1  0.655, 0.1439(16%), 0.382(21%), 
Daughter U239 	0.327(35%), 0.070(1 ) 24) 
Daughter A243 	y 0.01414614(Li/L11/LIil 2/1/1), 
Partht PU239 	 0.0149140(t'1/L11/L111 a 1/1.2/1.2), 
X 5/2 	 0.05725(LI/LIIJLIIXrncO.07/1.3/1.0), 

O.0614,O.06782(L11/L111 i.i), 0.1061 
(LI/LIl 0.9),  o.1o6l, 0.1818, 0.2099 
(K7L1 5.14), 0.2264, 0.22814(1/L1 14.7), 
0.2516, 0.2731, 0.2777(K/L1 5.7), 
0.2856, 0.3161, 0.335 

12 hours 	BC 994 	 cx 5.75 
cx 1  10"34 	r with at o.o (o% of a) 

r with BC: 0.0141470, 0.0 1i.91i7, 0 . 05731 , 
0.06791, 0.1818, 0.2099,  0.2265, 
0.2283, 0.2776 

U237 	6.75 days 	decar 	 0.248(9%), 
?art Np231 	y 0.0261, 0.0332, 	0 0 0596(36%, 
Daughter Pu.2141 	 LiJLi/Li 	1.6/3.2/1.0), 0.06148 

(2.3, 	 .i/i/i), 0.1139, 

	

• 	 0.16L6(3.6, ejç/ 1  O.13, K/L1/L11/L 111= 
'.'}8/16/130/60), 0.2079(24%,  e/ 2.3, 
4/LII/LIrT=(7/1 .'-O.O6 ), 0.26 , 
0.2675(0.8, 	/i.  0.63, K/L1  3.1), 
0.3323(1.14%, ezç

5K
/ y  0.014, IC/LU 1.5), 

	

• 	 0.3353(0.2%, eK/ y  0.2), 0.365 1  0.371 

Np2 	2.10 days pdecay 	 1 .21..(38%), 1.13(?,3%), 0.28(20%), 
140 BC (i() 	 0 .25(31%), 0.20(?,8$) 
Darent P03$ 	r o.0Z4i.1(L/L1  1.2), 0.1017(L11/L111 

• dautà .&21i.2 	i.), 0 . 8i1(?j 0.885, 0.925, O.91iO 
.1 2 	 (1c/L1+L 3.5), 0.9143, O.986(K/L+ 

L11/L111=3.7/1.0/0.2), 0.988, 
• 	 1.027(1C/L .i.3),  1.030(F/L .) 

,•.... 	.1... 	.-i-w 	- 	 ---•• 	..- 	'-• - 
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DEFORMATION 

Pig. 38. Calculated and experiintai maetic maments for Pu 239  
(K=1/2). The Nilason state 3 is even parity and has the 
asymptotic assignment (N, nz,  A) of (6, 3,  1).  The deforma-
tion parameter T is about twenty times 6, the fractional 
excess of major over minor axis of the nuclear spheroid. 
Evidence from nuclear quadrupole nments in this region 
indicates a deformation of about r=5. 
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STATE 44 	- 

- 	
---' 	 1-6 

DEFORMATiON 

rig. 3b. Calculated and eperimentai magnetic monients for Np 7, 
p241 and Am843. I and K are 5/2 in all of theöe CAaeEI. 

Theoretical ttate 55  is even parity and asaIied (6, 1, 2). 
State 1ii4. is odd parit and asaiied (5, 2,  3). 
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DEFORMATION 

UNCLASSIFIED 
p1g. i'-. Calu1ated and exerimenta1 decoupling pararnters for 

the ground bend of ?u 39. Two poible X=1/2 state8 from 
Niloii's work are eonsidred. State B has even parity 
and the a symptotic q. antum nurnber3 (N, ri,, A) of (6,  
t.a-te A ha odd parity and is ained (, o, 1) 
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