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ABSTRACT 

In Part I we combine elements of the collective and single--

particle nuclear models to provide a unified model interpretation of 

the I~KI = 1 electric dipole transitions in odd-A deformed nuclei. 

Attention is focused on the uniquely informative set 'of Eltransitions 

in Hf177 that results from decay of the singular Lu177m nucleus. We 

show that the influences of Coriolis coupling, pairing, and octupole, 

vibration-particle coupling may be used to successfully account for the 

anomalous El transition rates in Hf177, and by implication, in other 

odd-A deformed nuclei. Precise experimental data have been gathered 

for comparison with the theory. 

In Part II we describe a detailed experimental study of the decay 

of Ta176 to levels in Hf176. ,Numerous semiconductor detection systems 

have been employed in conjunction with an on-line PDP-7 data aCCluisition 

system to gather y-ray singles, conversion electron, and y-y coincidence 

data on this remarkably complex decay. Over 300 transitions have been 

. 176 
observed to follow the Ta decay, and some 140 of these have been placed 

in the proposed Hf176 level scheme. We compare the experimental data. 

on levels in Hf176 
,vi th contemporary theoretical expectations. 
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VIe also call attention to the exceptional quantity and quality 

of information on nuclear properties that can now be expected from the 

timely marriage of semiconductor-detector. and on-line computer technology. 

The techniques and problems a'ssociated with precision y-ray spectro

scopic data acquisition and analysis are discussed. 

, 
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I.. INTRODUCTION 

The rapid development of semico:hductor·nuclear radiation detection 

technology and the concomitant birth and development of on-line computers 

for rapid acquisition and "analysis of nuclear data has in the past 

three years ushered in an era that must surely be the "golden age" of 

nuclear spectroscopy. The initial flood of .data from the first small 

Ge(Li) and Si(Li) detectors quickly verified to a large extent many 

features of the Unified Model of low energy nuclear structure as it had 

developed during the decade of the 1950's. 

By now however , the anticipation and excitement "that accompanied 

the placement of any radioactive source before even the most modest 

Ge (Li) device, an excitement shared only a few short years ago by 

nearly every experimentalist with access to a source of neutrons or a 

particle accelerator, has largely passed. The riches of the mother 

lode are now not so easily won, though they are still abundant. 

provided the prospective researcher has an accelerator. nearby. Still, 

the reserve of easily obtainable information on nuclear structure is 

fast running out, and barring another order-of-magnitude breakthrough 

in detector resolution, even the. in-beam spectroscopist will soon be 

left to contemplate a return to the plundered fields of nuclear study 

to painstakingly sift out the finer details that it is hoped will 

ultimately result in a truly unified description of the atomic nucleus. 

In this paper, we shall describe two studies that we feel 

represent well this transition from the I1Eureka!11 days of nuclear 

rescarcll to the llerhaps less exhilarating but irl many ,.,rays more 
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rewarding and certainly more efficient age of programmed nuclear 

study. In Part Iwe discuss the abundance of information on nuclear 

structure that we have been able to obtain from a series of rather 

simple but precise measurements of theiphoton spectrum arising from 

d f th · . . 177m A . d . f t ecay 0 e slngular Lu nucleus. . theoretlcal stu y 0 he 

electric dipole transition strengths in Hf177 is described in detail 

as the definitive example of the I~KI= 1 El transitions in odd-mass 

deformed nuclei, a class of transitions that long ago earned a 

reputation for anomalous behavior. The measurements that made possible 

this study are described in Appendix A: 

In Part II, we turn full-circle from the rather involved 

theoretical interpretation of simple, "second~orderli experimental 

data to describe an involved experimental study,the results of which 

are found fo be so complex that only the most meager comparisons with 

. contemporary theory are possible. The decay of Ta176 to levels in Hf176 

is one of the most complicated natural decays known. Its study was 

undertaken partly because of some obvious relevance to the Hf177 

nucleus discussed in such detail in Part I, and partly because, for 

the first time, the marriage of the computer and the semiconductor 

detector made practical the study of this most intricate decay. As is 

often the case in this type of work, the results were at once exciting 

and sobering--exciting because of the enormous complexity that nature 

has seen fit to reveal in this case; sobering because of the great 

amount of work .that still remains to be done before a truly accurate 

and detailed picture of the Hf176 nuclear energy levels can be developed: 
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'. . 176 ' 
The sheer volUllle and complexity of the Ta decay data, and 

the abundance of meaningful information we have derived from that 

data have forced a break with the traditional custom of reporting the 

logic behind each assignment to the level scheme. We have instead 

chosen to display in what we trust is reasonably intelligible form all 

of the data, and to select for closer scrutiny only a few features of 

special interest. 

Finally, a word about the philosophy with which we h~ve approached 

this writing'. From our few years experience as a graduate student, we 

have concluded with a good number of our comrades that the final 

~ractical functiori of ~ thesis, beyond fulfilling the academic and 

personal requirement, is that of passing on some information to the 

next generation of graduate students, most of whom will doubtless feel 

as we did (and still do at times), that hopeless sensation brought on 

by an apparently immense gulf of knowledge lying between themselves and 

the speaker at their first nuclear chemistry seminar. If we at times 

seem to'have included an excessive nUlllber of superfluous paragraphs 

or references, it was with this purpose in mind. We trust that the 

frequent small 11review" sections will not prove too distracting to the 

more sophisticated reader. 
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II. THE I~KI = 1. ELECTRIC DIPOLE TRANSITIONS IN ODD--MASS DEFORMED NUCLEI 

A. TheoreticalBackground 

1. El transitions in the extreme single particle model 

The conditions defining El transitions according to the theory 

of multipole radiation for a system going from initial state II.n) 
1 1 

and 

where Ii ... and If are the initial and final total angular momenta or 

spins of the system,. and n represents correspondingly the parity. In 

principle, then, lU radiation can be emitted (or absorbed) in trans-

forming into each other any two nuclear states whose spins differ by 

o or 1 and are of opposite parity (0 ± ----~) 0 + excepted). 

In 1951, Weisskopf published a highly simplified model for 

estimating. multipole radiative transition probabilities. His lisingle 

proton" formulae for calculating transition strengths were based. on 

1 an extreme .independent-particle model of the .nucleus and were set 

forth primarily "because of the rather unexpected agreement with 

experiment" encountered when .calculations using his model of a proton 

changing quantum states "ivithin a uniform nuclear potential were 

compared \vltlJ measured lifetimes of ·nuclear isomeric states .. The 
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Weisskopf estimate for nuclear radiative transition probabilities is 

T(E'\) = 4.4 (.\+1) 

'\[(2'\+1)! !]2 

( 3}2. ( 11 ) 21.+1 R2'\ x 1021 
r.\+3197 MeV 

for electric multipole transitions~ and 

T(M'\) = 1.9 (1.+1) _ 

.\ [ ( 2.\ + 1 ) ! ! ] 2 

-1 
sec 

-1 
sec 

for magnetic multipole transitions .. The final proton state is always 

assumed to be an S-state (£=0) in these simple approximations. For 

. El transitions, the former of these expressions reduces to 

E 
Y 

in MeV 

We have introduced here the Weisskopf estimate for two reasons: 

1) Because the Hhindrance· factors I!, i. e. the ratios of theoretical··-to-

·experimental multipole.transition strengths are oftentimes expressed in 

Weisskopf units, 

TW(El) 

FW = T (El) 
exp 

and 2) to demonstrate the fact that whereas unexpectedly good agreement 

with experiment has often been obtained by applying the single-proton 

estimates to Ml and higher-order multipole transitions (except where 

"collective" effects are dominant), this has not in general been the 

ca~,e I'm' .Ii:J transit:i.ons. In fact .. the recent compilation of 
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Perdrisat
2 

lists some 150 El transitions, all of which are retarded 

compared to theWeisskopf estimates. 

Of particular interest here ar~ the El transitions in odd-mass 

deformed nuclei. As of 1966, Perdrisat found recorded in the literature 

lifetime measurements for 65 such El'·s in the lanthanIde and actinide 

regions of nuclear deformation. The Weisskopf hindrance factors for 

these El transitions are scattered over some six orders of magnitude, 

from ~ 103 up to 109 , a large dep8.rtur~ indeed from the 

simple single proton transition strengths!' 

Closer. examination of the huclearparameters influencing El 

transitions reveals, however, that it is unrealistic to expect good 

agreement between the Weisskopf estimates and experiment for these 

transitions. A cursory glance at the. nuclear shell model as originally 

constructed by Mayer and Jensen3 reveals no two single particle states 

of opposite parity and spin difference of 0 or 1 units existing 

in what is supposed to be a singJ,e Il shell". This fact itself, in the 

light of the considerable success of the shell model, limits the useful

ness of the original simple single-particle treatment of El transitions 

to no more than a convenient tool for comparison of experimental data. 

Moreover, the conclusion necessarily follows that the initial and 

final nuclear states involved in El transitions are not pure shell 

model states, but consist of mixtures of states which allow the 

radiative El transitions to proceed. 
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2. The collective model 

The proposed important mechanisms for configuration mlxlng of 

nuclear states were summarized in the 1952 paper by A.Bohr,4 wherein 

the coupling of intrinsic or single particle motion to collective 

motion of the nuclear surface was analyzed. 

Observation of unusually large quadrupole moments, and rather 

distinct rotational band structure in the mass regions A::::; 25, 

150 < A < 190, and A >222 gave experimental support to the arguments 

for the existence of rather strong permanent nuclear deformations in 

the regions between closed shells. Moreover, it soon became clear that 

the assumption of "strong coupling" of particle-to-collective motion 

in these regions provided the best agreement between theory and 

. 5 
experiment. 

Although these historical notes may seemf'ar removed from the 

specialized problem of interpreting El radiative transition rates, the 

foundation for an understanding of the several factors influencing the 

electric dipole radiative transition probabilities rests squarely upon 

the concept of the strong coupling of intrinsic and collective (both 

rotational and vibrational) nuclear motion. 

3. The nuclear Coriolis interaction 

Before proceeding with an examination of the influence of a 

deformed, i.e. non-spherical, nuclear potential on the single-particle 

shell model nuclear states, let us write explicitly the form of one 

of the mechanisms of configuration mixing--the rotation--particle 

coupling scheme, or nuclear Coriolis interaction. 
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Consider the vector coupling diagram in Fig. 1 applied to a 

deformed rotating spheroidal nucleus. If we accordingly .consider only 

particle and rotational contributions to the nuclear spin, we may 

write the Schrodingerequation 

H~ = (T t + 6 H )~ = E~ 
ro p p 

where ~,the wave function, is of the general form 

~ = X . ¢ .~ part vib rot 

suggested by Bohr. The treatment of the nuclear wave equation as the 

product of separable rotational, vibrational, and particle modes 

allows the Hamiltonian (with omission for now of the higher energy 

vibrational components) to be written: 

H = H t t· + H, t· , , +·H l' ro a lon In rlnSlC coup lng 

The third portion of the Hamiltonian' includes the Coriolis interaction. 

For the sake of clarity the appr':>priate wave function ~, we refer to 

now as 

Using the wave functions (2) of Bohr, we may solve for .the 

rotational energy T t of Eq. ( 1 ) : 
ro 
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\ 
\ 
\ 
\ 
\ 
\ 
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\ \ 
\ 

XBL6812-7350 

". . 1. AnGular momentum vector diagram for a de':formed rotating 
nucleus. 
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-+ -+ 
where the i indices refer to the three body-centered axis, and R, I, 

and j are the momentum vectors indicated in Fig. 1, representing 

rotational, total, and particle components, respectively. For 

symmetry along the 3 axis, we then have 

where !j- = ~l = ~2 and J
3 

is small. Then 

h 
2 

-+2 -+ -+ 2 
( T ) = --;;c. [I (I + 1) + (j ) - ( 2J -J' ) - (K -rn ] . rot 2" 

-+-+ 
and since 1· j = I3j 3 + I 2

j 2 + Ilj 1 = I02 + I+j __ + I _j+ 

(T ) 
rot 

h2 
( -+J.2) 

+ 27f 

The diagonal contribution to the rotational energy is now contained 

-+2 
in the first two terms of the above expression. Since j involves only 

particle motion, it may be considered with that. portion of the 

Hamiltonian. Of particular interest here is the remaining term, i.e. 
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the rotation particle coupling (RPC) term 

( 4) 

corresponding to Bohr's U
l 

off-diagonal matrix elements coupling 

states differing by ± 1 in K quantum number. There is here a diagonal 

contribution :to the energy orily for K = 1/2. The effect of this RPC 

term has been considere~ in detail by Kerman.
6 

The form is seen to be 

analo~ous to that de~cribing the classical Coriolis interaction. 

Assmuing a' single particle coupled to the rotating nuclear mass, the 

general form of theRPC matrix elements is given by: 

The influence of the nuclear, Coriolis interaction on El transitions 

will be examined in greater detail later. For now, SUffice it to say 

that when the work described here was begun, it was already suspected 

that the RPC term (4) exercised a profound influence on 6K = ±l El 

transitions. 

4. The Nilsson model - the single particle in a deformed nucleus 

The proper choice of the particle (X~) portion of the generalized 

wave function (2) is, of course, essential to the success of the unified 

model. In the regions of presumed permanent nuclear deformation, one 

must choose an appropriately f!det'ormed1! potential within which the 

single particle energy levels may be calculated. The now widely 
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accepted paper of Nilsson7 described the results of such calculations, 

and correctly foretold the applicability of the results to lIa wide 

range of different problems of nuclear physics". 

Nilsson's treatment is a logical extension of the unified model 

to spheroidal nuclei. We review here only briefly the salient points. 

In Fig. 1, the projection ~ of the total particle. angular momentum 

on the nuclear symmetry axis is made up of a sum, ~ ~.; of the individual 
i l 

particle projections on the nuclear axis. Each particle state is 

doubly degenerate, corresponding to ±~. 
l 

and the total x~ is therefore 

the antisymmetrized product of individual wave functions X~.' Ignoring 
l 

as before the higher order vibrational modes of nuclear motion, the 

deformed nucleus cal:) once again be considered within the framework of 

the Bohr strong coupling approximation, except that the problem now is 

that of a single particle moving in an average spheroidal nuclear potential. 

The key to the problem is Nilsson's choice of single particle Hamiltonian: 

·where HO represents simply the three-dimensional harmonic oscillator 

potential, to which is added (as in the simple shell model) the spin-
-+ -+ -+2 

orbit coupling term, .Q . s. The.Q term provides a crucial modification 

to the harmonic oscillator potential that effectively raises the nuclear 

potential near the center and lowers it near the edges. The practical 

consequence is a depression of high angular momentum states. The Q2 

term may also be considered to provide an interpolation between the 

harmonic oscillator and square well potentials appropriate to the 

spheroidal nuclear potential. 
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The Nilsson treatment proceeds by assuming axial symmetry (an 

assumption which seems in the light 'of recent experimental evidence 

to have been quite valid) and requiring that the Hamiltonian yield 

the empirical sequence of presumed single-particle levels considered 

in the shell model. 

In this way the parameters C and D are fixed. A deformation 

parameter 0 related to a second parameter n and the Bohr--Mottelson 

S by the following expressions 

where 

o :::: 0.956 and 

1 C 
x = - 2" -0-

hw o 

6 ' --1/6 
n = i [1 _ ~ 02 _ L 03] 

x' 3 27 

is introduced to describe the permanent nuclear deformation characterized 

by a "stretching" along thespher,oidal symmetry axis. 

Finally, the basis vectors I NQ J\.L: > are chos en corresponding to 

each particle quantum number st. (N represents the total oscillator 

quantum number.) The reader is at this point referred to Fig. 2 for 

definition of the various quantum numbers used in the Nilsson 

representation. 

By considering the non-vanishing matrix elements of H between 

base vectors of the same Nand Q, Nilsson obtained his well·-known 

and remarkably successful set of energy levels for the single particle 

states of the nucleus in a spheroidal potential. In the Nilsso~ 
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z 

-R 

XBL6812~ 7351 

Fi,~. :2. J\u:;ul::cr momentum vector coupling diasram for the Nilsso!: 
re},rc:sentation of a deformed nucleus. 
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potential, the degeneracy of the, shell model states is removed', resulting 
I 

inj'+ 1/2 separate states differing in energy by ~ 200 keV, well 

within the range of rotational energy excitations. As a result, it 

should not be surprising that'app:reciable interaction between particle 

and collective modes of nuclear motion can and, does occur in the regions 

of permanent nuclear deformation. 

Nilsson has tabulated as a function ,of deformation the eigen-

functions of the single particle states iri terms of the basis 

states I NQAE) so that the appropriate single particle wave functions 

may be obtained as a sum of basis states: 

By use of'Nilsson's tabulations, a variety of nuclear problems in the 

regions of permanent nuclear deformation may be investigated. In 

particular, we will make frequent use of the Nilsson wave functions for 

calculating electromagnetic radiative transition probabilities and the 

effects of rotation-particle coupling on radiative transitions. 

In his original calculations Nilsson uses the eigenvectors of a 

spheroidal isotropic harmonic oscillator potential as a basis set to 

calculate the single particle levels in a deformed nuclear potential. 

Nilsson splits the spheroidal H.O. potential HO (Eq. (5)) into 

two terms, one of which is spherically symmetric, and, one of which 

represent's the coupling of the particle to the nuclear syrrlffietry axis 

, as a function of deformation. The reader is again referred to ,Ref. 7 

for details. The Nilsson basis set is chosen such that the spherically 
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symmetric term in the Hamiltonian is diagonal. The consequence of this 

treatment is that at large deformations ~ t~-:ere occurs an app:r'oximate 

separation of particle motion into two components with oscillations (1) 

along the nuclear symmetry axis and (2) in a plane'perpendicular to the 

symmetry axis. As Nilsson points out, it is possible to choose a 

representation that gives a more useful picture of the nucleonic motion 

at large deformations--one which may provide significant new selection 

rules for particle transitions in the limit of strong deformations. 

Rassey8 carried out such a calculation by using as a basis set 

the eigenvectors of a three-dimensional anisotropic H.O. The approxi-

mate "purity" of the single particle states in the limit of large 

deformation had already been used as a convenient basis for classifying 

states at large deformations in term.s of their I!almost good" asymptotic 

quantum numbers, [Nn 1\]. (n here represents the projection of N, z z 

the total oscillator quanta, on the nuclear symmetry axis.) At infinite 

deformations, the Nilsson states tend toward the pure single particle 

states characterized by "good ll quantum numbers N, n 
z 

and 1\. 

Gustafson, et al. have also recently carried out a set of calculations 

in the asymptotic representation with emphasis on the applicability to 

studies of nuclear fission. 9 With this understanding of the approximate 

Il goodness" of the Nilsson asymptotic quantum numbers, we proceed to 

outline explicitly the relevant background necessary to our discussion 

of El radiative transition probabilities. 
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5. El transitions in the Nilsson model 

The strength of a nuclear radiative transition of multi polarity 

A between an initial state i and a final state f may be written in 

terms of the reduced transition probability5 

B(A, Ii -r If) = L 1< IfMfnt' (:\, lJ) I\Mi ) 12 
lJMf 

( 6) 

J 
where 1t(A, lJ) is the lJ-component multipole trans~tion operator of order 

:\. The probability for emission of a photon of frequency w is 

T(:\) = _ 8n ( :\ + 1 ) 1 (~) 
A[(2:\+1)!!]2 h c 

2:\+1 
(B:\) 

-1 
sec 

Confining our consideration to electric dipole transitions this 

expression becomes: 

T(El) 

where 

16n 
= 9h 

E 3 
(~) B(El) 
lhc 

(8 ) 

represents the transition energy measured as the gamma-ray 

energy in MeV. Nilsson gives the appropriate expression for the (energy

independent) reduced transition p;obabili ty (Cf. Ref. 5) as 

The Nilsson G(El) contains the dependence upon the radial matrix elements 

and the proper forms for use _of the tabulated coefficients of the eigen-

vector 1'01' each single particle state. eeff is the effective charge of 
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Z 
although Berlovich the nucleon, usually taken as (1 - -) e, has· pointed 

A 

out the errors that maybe introduced by use of this simple approximation 

in transition probability calculations. 
10 

One consequence of the intensity rule (9)-is immediately seen 

to be 

for El transitions. Although the "K selection ru;Le" may be violated 

because of tlimpurities" in the total wave function, violation occurs 

only at unit post of a factor of 10-100 iricrease in the lifetime of the 

initial state. 

A number of more frequently violated selection rules are 

. . t . t - -. t d· -d 1· 11,12 aSSOCla ed Wl h the asymptotlc quan um numbers lscusse ear ler. 

The rules appropriate to El transitions are given in Table 1. -All 

El transitions observed to date are atleast-twice-forbidden by these 

asymptotic selection rules. 13 

Table 1. El selection rules for the asymptotic Nilsson 
11 12 

quantum numbers. ' 

Operator 6N 6n 
z 

+1 ±l 
-x ± iy 

-1 ±l 

0 +1 

0 --1 

o 

o 

+1 

-1 

+1 

-1 

o 
o 

o 

o 

o 
o 
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In summary, we note that the Nilsson model, by correctly predicting 

the splitting of the isotropic shell.:..model states at large permanent nuclear 

deformations, provides at least an initial explanation for the 

. observation of El transitions in odd·-mass deformed nuclei. The crossing 

of states with N Quantum numbers differing by ±l at deformations 

8 = 0.2 - 0.3 is not uncommon, and therefore the criterion for opposite 

parity states with spins differing ~ 1 unit is freQuently satisfied. 

However, as we shall see, the Nilsson El hindrance factors are still 

often 'as much as 103 , and display ambiguities that cannot be explained 

withou"4 invoking complex interactions between single particle and 

collective nuclear motion. 



-20- UCRL-1865i 

B. The Understanding,of IflKI = 1 El Transitions in Odd-A Deformed Nuclei--

A Phenomenological Approach 

1. Method 

Initiation of the project described in the following pages was 

. 13·· 
prompted by the efforts of Grin and Pavlichenkov and Vergnes and 

14 
Rasmussen to account for the flK = 1 El transitions in odd-A deformed 

nuclei,on a purely phenomenological basis. Because of the scarcity of 

.. precise experimental data with which to test the 'early theoretical 

investigations by these authors, a search was begun in the literature 

. and experimental measurements were made for El transition intensities 

in several nuclei of interest. We will describe briefly the application 

to the data of the' early simple theory of flK = 1 El's. The good 

qualitative agreement with experiment resulting from these applications 

seemed to justify a more detailed analysis of the problem, and we 

describe the results of a more precise phenomenological approach that 

yielded remarkably good agreement with the singularly interesting data 

gathered in our laboratory for the numerous El t;ansitions in Hf177. 

Because of the success encountered at this point, the final step of 

attempting a microscopic calculation of absolute El transition probabilities 

in the unified model seemed justified. We will describe in detail the 

nature and results of those calculations. 

,We have chosen to present the results of our work in this 

chronological fashion because we feel that it demonstrates rather 

convincingly the usefulness of the inductive approach to the solution 

of a problem in nuclear physics-~an approach that has become more and 
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more common as researchers seek to explain the deta.ils of nuclear 

structure. 

2. The Coriolis interaction~-a phenomenoiogical explanation for 

6K = ± 1 El branching ratios 

The experimental El transition probabilities in odd-A deformed 

nuclei may be roughly separated into two classes on the basis of the 

quality of their agreement with the Nilsson model: 1) 6K = 0 

transitions,for which agreement is generally good, and 2) 6K = ± 1 

transitions, for which the agreement of experiment with the Nilsson 

predictions tends to be poor. Vergnes proposed in 106215 that· the 

discrepancies between theory and experiment for 16KI = 1 El's 

resulted from a perturbation of the single particle wave functions by the 

rotating nucleus. The papers of both Grin and Pavlichenkov13 and 

Vergnes and Rasmussen in 196514 independently suggested a simple 

phenomenological first order perturbation treatment to explain the 

observed anomalous branching ratios of 6K = ± 1 E1 transitions between 

members of the same pair of rotational bands. The method was to simply 

regard the principal and Coriolis-mixed El matrix elements as two 

adjustable parameters; consequently, in caSes where experimental 

measurements of three or more El's between the same two rotational bands 

were available, the validity of the assumption Gould be tested. 

The reduced El strength for the 16K1 = 1 El's may accordingly be 

written as 

(10) 
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where MO and MI. are adjustable parameters representing the 

princ:Lpal and Coriolis-mixed El matrix elements, respectively. The more 

general· analysis of Grin13 showed that , in a simple Nilsson calculation 

including the effects of the Coriolis-admixed components, Eq.· (10) in 

fact describes all first-order contributions to the El moment.· It 

should be emphasized that the validity ofEq. (10) is dependent upon 

the assumption that the magnitude of the Coriolis matrix elements is 

small relative to the energy separation between the states coupled by 

the Coriolis operator, i.e. one assumes that the use of simple first-

order perturbation theory is valid. Then we can write the wave functions 

relevant to (10) as 

\jf = I I, K, C'tK ) + II ( 1+1) - K (K .... l)' x Lh 2 

C't
K

_
l 

x II, K-l, C't
K

_
l

) + II(1+1) - K(K+l)' I 
~+l 

x II,(K+l),C't ) 
K+l 

(ll) 

where the ~ refer to the appropriate single particle wave functions . 

.. The only spin-dependence in the ;,lave fUnctions is contained in the 

Coriolis matrix elements associated with the I± operator. 

The validity of this model proposed in Refs. 13 and 14 and its 

·remarkable success in predicting 16KI = 1 El branching ratios for a 

number of experimental cases of interest will now be demonstrated. 
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a. Experimehtal dat~ 

Because of the rather stringent requirements which must be met in 

order that a given nuclide might display three or more 6K = ± 1 El 

transitions between members of the same two rotational bands, the 

quantity of data available for testing the simple Coriolis mixing form 

(10) applied to El branching ratios is quite limited. There are six 

cases of interest known in the rare earth region of deformation: 

Ybl73 , Lu175 , Hfl77 , a~1c_ the Tb series 155, 157, and 159. In each of 

these nuclei, three or more El's are observed between the same intrinsic 

states. Hf177 is of unique importance, however, because of the numerous 

El transitions arising from the decay of the 161-day isomer Lu177m . 

In Table 2 we display the experimental data of interest pertaining 

to all but the Hf177 El photon intensities. The data for Lu175 , Tb155 , 

Tb157 and Tb159 were taken in this laboratory. The Yb
173 data are 

. 16 
from the literature. Figures 3-5 compare the relative experimental 

reduced El branching ratios for these five isotopes with the simple 

Coriolis mixing theory of Refs. 13 and 14, and with the geometric branch

ing rules of Alaga17 which require, as is seen from Eq. (9) that the 

gamma-ray branching from members of a rotational band be proportional to 

the squared ratio of Clebsch~Gordan vector addition coefficients 

B(El)I
i 

+ If 

B(El)1. + I I 

1 f 

provided the K-quantum number is "good". It is noticed that there is 

a division of the "Theory including Coriolis mixing!! bars in the odd--A 
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Table 2. Experimental relative intensities for M< = -1 El transitions 
in some rare-earth odd-A deformed nuclei. 

Isotope Nilsson States 

Lu175 2. _ [514] ;1. + r~04J 
2 2 

1. + [633J + ~ - [512J 
2 2 

Tb15.5 2_ [532J + 1 + [411J 
2 2 

.* 

1. If 
l 

2. 1 
2 2 

1. 
2 

2. 
2 

11 
2 

2 
2 

Ref. * E (keV) Iy y 

396 68 Our 

282 34 data 

3.8 

351 53 (16) 

1. 272 1960 
2 

2 
2 

2 
2 

2 
2 

2. 172 406 
2 

1 
2 

2 
2 

1. 
2 

1 
2 

2. 
2 

1 
2 

1 
2 

2_ 
2 

1. 
2 

227 

161 

326 

265 

182 

305 

225 

100 Our 

7.5 data 

0.013 

100 Our 

0.18 data 

2.2 

100 Our 

0.50 data 

1.9 . 

Sin.ce some of our data are unpublished, we note that errors on these 
data may be taken as 10%~ except for the 71··keV Tb1 55 El, ",here; 20% is 
appropriate. 



, -
\---l 

t 
...... 

w 
(() 

'--
f 

0--< 

W 

(() 

-25-- UCRL-18651 

10 1 r-----~------------------------~------~ 

10-1 

fftj';'''''j A I'a g a IS' R,u Ie :" ''-:'~-' .. ~'. 

c=:J, Theory including 
Coriolis theory 

rzzzJ Experiment 

Branching ratios of 
EI transitions in 

Lu l75 

~- [514] - ~ + [404] 

2._l.!. /2.~ 9 
22 2 2 

XBL676-3245 

Fig. 3. The El branching ratios in Lu
175
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)(8l676- 3249 

The Elbranching ratios for the odd-A terbium isotopes. 
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Tb series (Fig. 5) and in the Lu175 display. The two different values 

designated arise from solution of the quadratic Eq. (10). Since we have 

no way of empirically determining the correct relative phases for the 

MO and Ml parameters, we display both ,solutions. (The two solutions 

give similar results for Yb173 , therefore we have in this case indicated 

only a single theoretical value.) 

Table 3 shows the much more extensive data we have obtained from 

the decay of Lu177m to levels in Hfl77 .... Sixteen 6K = - 1 El transitions 

leading from the K = t + [624] to the K + f - [514] rotational band 

presumably arise from this decay. Fourteen of these transitions have 

been observed, and their relative intensities have been precisely 

measured in our laboratory.lS The relevant experiment details are 

discussed in Appendix A. In Fig. 6 we display for reference the now 

well established decay scheme of Lu177m , as reported and modified earlier 

.. lS-22 
and in the present work. 

In Fig. 7 the results of the simple Cariolis treatment applied 

to the Hf177 El branching ratios are compared with experiment. The 

success of this early model in accounting for the extreme departures 

from Alaga's rules of the El branching from the spin 2..+ 
2 

and 11+ 
2 

members of the K = 9_ + [624] 
2 

band is particularly impressive. 

It seems clear on the basis of the evidence presented in Figs. 

3, 4, 5, and 7, that the presence of wave-function components presumably 

admixed via the Coriolis interaction is exerting a strong influence on 

the 6K 1 El transitions strengths in the odd-A deformed nuclei. 

Moreover, the l~ehavior of the El branching from a given single particle 
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Table 3. Experimental relative intensities and derived reduced 

transition strengths for Hf177 El transitions. 

Initial 
spin 

Final 
spin 

* Intensity ReEl) 

(MeV-fm3 )xl05 

* 

9/2 

9/2 

9/2 

11/2 

11/2 

11/2 

13/2 

13/2 

15/2 

15/2 

17/2 

17/2 

19/2 

19/2 

21/2 

21/2 

7/2 

9/2 

11/2 

9/2 

11/2 

13/2 

11/2 

13/2 

13/2 

15/2 

15/2 

17/2 

17/2 

19/2 

19/2 

21/2 

321. 3 

208.3 

71. 7 

313.7 

177·0 

(17.2) 

305·5 

145.8 

299·0 

117·2 

291.4 

88.4 

292.5 

69.2 

283.4 

(41. 0) 

8, 8( 5) 

512(21) 

7.2(4) 

10.0(5) 

27.8(1. 2) 

14.2(6) 

7.7(5) 

12.6(7) 

2.0(2 ) 

8.4(8) 

0.32(8) 

6.7(7) 

0.088(30) 

2.9(5) 

0.034(4) 

9.0(6) 

3.1(2) 

0.66(5) 

10.3(7) 

2.32(13) 

11.6(9) 

4.3(3) 

11. 5( 1. 3) 

7.0(7) 

9.4(2.4) 

8.9(9) 

8.6(2.9) 

11. O( 2.0) 

Normalized to 105.4-keVy ray = 1.00. For most Ge(Li) detectors with 
thicker windows than ours, this is a poor choice for normalization, 
since 105 keV does not fall in the near-linear region of the efficiency 
curve. This may account for part 6f the discrepancy between our 
measured intensities for the strong lines and those quoted in Ref. 4. 
In general, we now measure r about 10% greater than in Ref. 4 for those 
strong lines > 200 keV in enetgy. 
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state, or from a rotational band member of that state seems to be well-

explained by the simple phenomenological approach of Refs. 13 and 14. 

However, the proper interpretation of the absolute El transition 

strengths requires a more rigorous analysis. 

b. Deduction of experimental reduced transition strengths in Hf177 

The experimental values for B(El) 'in Table 2 have been derived 

from two sources: 1) The lifetime of the 321-keV level in Hfl77 has 

been measured by Berlovich et al. 23 to be Tl / 2 = (6.9 ± 0.3) x 10-10 sec. 

Using this value and the M2/El mixing ratio 0.18 for the 321-keV El 

transition,24 it is possible to calculate from relative intensity 

measurements the reduced strengths of the three El transitions leading 

from the .2. + [624] 
2 

band head. 

2) The other values for the reduced El moments can in principle 

be indire,ctly derived using the rotational model of Bohr and Mottelson. 

The accuracy of this method is of course entirely dependent upon the 

degree to which the model properly describes the rotational ba.nd in 

question. 

In contrast to the similar analysis first performed for Hf177 

by Alexander et al. 19 which assumed the "goodness" of the 

K .= ~ + quantum number, we have in our treatment taken into account the 

contrib1..j.tions to the intraband transition strengths introduced by 

Coriolis-mixed components. In order to calculate these contributions, 

it is necessary to estimate the amplitudes of the various terms 

comprising the total single-particle wave function. 
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The wave equati~n for the .2. + . [624] band,· including the proper 
2 

wave amplitudes for the Coriolis-mixed components can in theory be 

obtained by diagonalizing the determinant describing the Coriolis 

secular perturbation: 

K' 

K 

1 
2 

1 
2 

.2. 
2 

1. 
2 

11 
2 

13 
2 

1 
2 

I 
H1. J. 

2'2 

o 

o 

o 

o 

o 

1 
2 

H! J. 
2'2 

EI -w 
rGa 

o 

o 

o 

o 

.2. 
2 

o 

o 

o 

o 

1. 
2 

o 

o 

H7 3 
2'2" 
I 

E -W rGa 

H2..1 
2'2 

o 

o 

(l1a) 

.2. 
2 

o 

o 

o 

o 

11 
2 

o 

o 

o 

o 

13 
2 

o 

o 

o 

o 

o 

= 0 
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Here, the 
I 

H
KK

, are the Coriolis matrix elements coupling two 

rotational states of spin I and 0' = 0 ± 1 based on the appropriate 

quasiparticle states. The unperturbed energy of the spin I rotational 

band member is denoted by I 
EOa ' where Oa denotes the Nilsson quantum 

numbers O[Nn AJ identifying the quasiparticle state upon which the z 

the particular rotational band is constructed. For .2. ~ I < 13 the 
22' 

determinant is of course reduced to rank I + 1/2. 

The computer code BETABLE used to solve the Coriolis secular 

determinant was written by T. C. Clements at LRL.25 It employs an 

iterative least-squares minimization routine that allows one to' vary 

selected parameters and thereby obtain a best fit to the experimentally 

measured energies of rotational band members. The function minimized is 

in this case25 

I 

where the quantity 6 is defined by 

I 
+ W - + 6J = 0 

I + W 

and the sum over I represents the spins of all levels the program is 

required to fit. The notation above is consistent 'vi th that used in 
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Eq. (Ua). The function is seen to provide a rather sensitive 

estimate of the Hgoodness of fit!1~ since it is simply the sum of the 

squares of the differences between the experimental and the fitted 

energies. We will in the following discussion indicate values for 

S(H~~,) (in units keV
2

) since they provide a convenient criterion for 

evaluating the overall quality of the fits. 

In this case, we are interested in fitting the strongly perturbed 

~ + [624J band in Hf177 for the purpose of deriving the eigenvectors 
2 

associated with the "best ll solution of (lla). Figures 8 show plots 

of the quantity [E(I) - E(I-IJ/2I vs~ 212 for the and 

K = t - bands in Hf177. If the simple second order rotationai form 

E(I) ~ AI(I+l) + BI2(I+l)2 were valid, both plots would define a 

" 7 J " straight line. It is seen that, while the "'2 - [514 band has its 

problems, the ~ + [624 J band deviates wildly from the predictions of 

the rotational model. Both the 17/2 and 19/2 members are depressed by 

some 7 keV, and the 21/2 member of this band" is off by nearly 30 keV. 

It is to be hoped that these large deviations can be accounted for by 

considering the rotational-particle coupling elements, in 

Eq. (lla). 

The first step in solving the problem is to determine which are 

the important admixtures in the rotational band. For an initial guess, 

one usually consults the Nilsson level diagram for the region in 

question. In Fig. 9 we display the latest such diagram for the region 

82 < N < 126. 9 One salient and fortuitous feature of the neutron 

level scheme in this region is the presence of only a single positive 
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Fig. 8a. Rotational energy plot for the K = 9/2+ band in Hfl77. 
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parity orbital, the i
13

, between the closed shells 82 and 126. This 

2 
greatly simplifies the problem, since we immediately expect the 

Coriolis perturbations affecting the ~ + [624J band in Hfl77 to arise 

principally from the other members of the . i
l3 

orbital. 

2 
Solution of the Coriolis secular determinant (lla) for the 

~ + [624] band of Hfl77 was first investigated by M. D. Holtz of our 

laboratory, making use of experimental data in Refs. 20, 24, and 26. 

In Fig. 10 we summarize the experimental information available on the 

positive parity states in Hf177. Assuming a deformation n = 4 for 

the Hfl77 nucleus, Holtz was able, with use of the Nilsson energy 

eigenvalues from Ref. 7, to fit all members of the K = .2. + band and 
2 

the first two members of the K = t +" band to within 0.2 keY of 

experimentally determined energies. Only four parameters were allowed 

to vary in this initial fit, the Coriolis elements 
I . I 

and 
I 

H9 11 ,and 

H5 7' HI .£, 
2'2 2'2 

(within limits) the assumed quasiparticle energy 

2'-2" 

.2. 
E2 - jCE· _ A) 2 + 
~[624] - ~[624J 

for the ~ + [624] Nilsson state. The fit for the preferred deformation 

n = 527 ,28 was found by Holtz to be less satisfactory, though still 

.. wi thin 3 keY of experiment in all cases. As we will show, the eigen-

vectors are not particulErly sensitive to this sizeable difference in 

the quality of the fit. 
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21/2+----_·'1301'.3 

13/2+ -----1101 19/2+----- 1086.9 

17/2+----- 882.8 
9/2+ ........ --...--- 848.2 

7/2+[633 ] -----746.0 
15/2+----- 708.4 
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(3/2+[642]), 421.0 11/2+----- 426.6 

9/2+[62~ ------ 321.3 

7/2-[514] -----~~--- Gnd 
Hfl77 

X BL6812-7337 

Fig. 10. Positive parity states in HflT7 , from Refs. 20, 24, and 26. 
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We have since repeated the calculations for the 

band, this time using the new energies E. taken from Ref. 9. 
l 

Although the Nilsson wave functions used in the initial guess for the 

: , . 
Coriolis elements I 

H
KK

, were still taken from Ref. 7, this is not 

especially important since the program is allowed to vary those 

elements anyway. 

In Table 4 we show the results of the three different fits 

performed for the Hfl77 ~ + [624] band. Caleulation 1 is from the 

earlier unpublished data of M. D. Holtz, which data were used to obtain the 

results published in Ref. 18. It is seen that even with the revised 

quasiparticle energies (calculation 2) the fit for n = 5 is 

considerably poorer than for n = 4. But if all six off-diagonal 

elements are allowed to vary, the remarkably good fit denoted (3) is 

obtained. We must temper our enthusiasm. for the quality of this fit 

somewhat, however, recognizing that one might argue that by varying a 

total of seven parameters to explain ten experimental bits of data, we 

could expect to fit nearly anything. 

It is possible to counter this criticism somewhat, though not 

to dispose of it, by considering the credibility of the "best fit" 

values for the Coriolis matrix elements. Table 5 shows a comparison 

of the apparent values for those Coriolis matrix elements which were 

allowed to vary in each of the three cases under consideration. The 

striking feature of the data is the sizable attenuation of the RPC 

matrix elements near the Fermi surface. This effect can be partly 

explained by the pairing reduction factor (U
I

U
2 

+ V
I

V
2

) for the 
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Table 4. Experimental and fitted energies for Hf177 positive 
pari ty rotational bands. 

1 + [633] 
2 

2. + [624] 
2 

Spin 

1 
2 

2. 
2 

13 
2 

2. 
2 

11 
2 

13 
2 

15 
2 

17 
2 

12. 
2 

21 
2 

Energy of State (keV) 

. * Theoretical Fit 
Experiment 

1 2 3 Ref~; 20~ 24 and 26 

746.0 ·748.6 746.0 7~6.0 

848.2 844.7 848.2 848.2 

1102.1 1101.0 1101.0 

321.2 321.0 321.3 321.3 

426.7 427.2 426.7 426.6 

555.3 555.9 555.2 555·1 

708.3 708.0 708.1 708.4 

882.8 882.8 883.0 882.8 

1086.6 1083.5 1086.9 1086.9 

1301.5 1304.0 1301.3 1301.3 

*(1 ).. I I I n = 4, Ei from Ref. 7, Hi l' H7 9' H9 11 and E9 variable, 
2'2 "2'2". "2'2 ~[624] 

n = 5, E. from Ref. 9, other conditions the same as for (1). 
l 

. I 
3(H I) = 39. 

00· 

n = 5, E. from Ref. 9, all oI'f".,..diagtmal elements· varfe.ble, 
l 

E . variable, h= 15.4 keVj ~(H~,) = O.ll. 
~[624] 



Parentheses indicate matrix element held constant. 
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Coriolis matrix elements. In cases where the two particle states are 

very near the Fermi surface or when both states are roughly equidistant 

above and below the F,ermi surface, this factor can become substantially 

less than unity. For exaniple, we find fnthe simple pair occupation cal

culations discussed later that the ~ +., [624 J +-+ t + [633J factor 

(UI U2 + VI V2) should be about 0.56. This number is quite consistent with 

the 50% "cut" observed for that matrix e::Lement in 8.11 three cases in 

Table 5. In general, however, the pair reduction factors for the 

Coriolis matrix elements are predicted to be near 1. 0., and in few cases 

are they less than 0.9. 

It is therefore difficult to account for the equally large cut 

in the . ~ + [624] +-+ ;1 + [615] Coriolis matrix element on the basis 

of the simple model we have assumed. Arguments that can be advanced 

favoring the general validity of our approach include: 1) the consistency 

of the indicated 1 + +-+ 2. + matrix element with simple pairing theory 2 2 

and 2) the fact that the cutting of the ~ +-+ ;1 + matrix element is 

less in the 7-parameter n = 5 best fit than in either of the other two 

fits, and thus more consistent with first theoretical expectations. 

However, it ought also to be noted that we do not possess experimental 

information on the locations of the low-spin or high-spin members of 

the i
13 

family of states. The Nilsson eigenvalues may not accurately 

descri~e the location of those quasiparti(!le states that are relatively 

far removed from the Fermi surf'ace, in which case the mixing between 

various states may be appreciably different from that we have 

assumed. 
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For example, one possible explanation for the surprising increase 

we observe in Table 5 for the calculated 1 . 3 . d - -+-+ - an 
2 2 

11 13 -- -+-+ ---
2 2 

matrix elements might be advance~ on the premise that deformation shifts 

occur when a particle is promoted to a strongly ~psloping. Nilsson 

11· 13 . . . 
orbital, (e.g. ~ + [615J, -- + [606J) or alternatlvely when a hole is 

. 2 

created in.a strongly downsloping orbital (i + [660J, ~ + [651J). 

Smaller deformation f~r such configurations would imply a decrease in 

the amount of inertia and therefore an effective increase in the 

Coriolis matrix elements. Moreover, it is expected that at lower 

deformations the energy separation between the indicated states would 

decrease, thus increasing both the mixing between the states and the 

size of the Coriolis matrix elements. 

A simple model whereby we can estimate the size of the postulated 

effect might be constructed as follows: 

Neglecting pairing, one can assume a Hamiltonian for the even 

nuclear core that includes a "stiffness lY term, HC ' opposing deformation. 
13 

We have then 

HC = 1 C (13-13 )2 
13 2 13 eQ 

where SeQ defines the eQuilibrium Quadrupole deformation. Adding this 

to the,energy-dependence of an odd particle in the Di Nilsson orbital 

above the Fermi level, the energy expression becomes 

E = ED (13) + 1 C (6-(3)2: 
i 2 13 eQ 
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The Nilsson energy, E, can be Taylor-expanded to include slope: 

En. (S) = 
l 

s = (dE) 
dS S=S 

eq 

and the dependence of the energy on deformation changes may be evaluated. 

Letting x = (S-S ), we have, for an energy minimum eq . 

and 

(dE) = 0 = 
dX 

x - -

Then to promote a particle from, e;g. the 9 -+ 
2 

[624] level of Hf177 

13 to the ~ + [606] level, a deformation shift 

is expected. Here, !::"X is negative since S13 > S9 ~ 0, and the 
-+ -+ 
2 2 

postulated effect is simply described. Similarly, to promote a 

particle from the ~ + [660J level to the ~ + [624J level, thereby 
,2 

creating a hole in the former state , ,IVe expect a change in deformation 
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IJ.x = 

again a negative quantity, implying a decrease in deformation. 

Using th~ above expression, we can.estimate the change in the 

Hf177 deformation expected for creating a hole in the ~ + [660] 
2 

state. From Fig. 9 we have 

We now require an estimate of the stiffness parameter, C
S

. 

Ideally, one would like to obtain Cs from experimental B(E2) values 

for exciting the S-vibrational state in neighboring even-even nuclei, 

since B(E2) 
h 

0:: ----

IBC
S

' 
Unfortunately, no such information is available 

for the Hf nuclei, so we must rely upon theoretical estimates of Cs 
to complete our calculation. 

Recent calculations by Tsang, Nilsson, and Swiatecki29 using a 

modified Nilsson deformed harmonic oscillator potential indicate Cs 
for Hf176 is 664 MeV. This value is a factor of 10 greater than that 

predicted by a pure liquid drop model, and perhaps roughly a factor of 

two larger than the value predicted ~rom the semi-empirical mass formula 

of Myers and Swiatecki. 30 If we assume the value 664 MeV to be 

approximately correct, we obtain for.theshift in deformation 
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or only about 10%. However, it appears that the limited experimental 

data available for Cs in the rare-earth nuclei can deviate substantially 

31 from theoretical predictions in many cases. It would therefore not be 

too surprising if the above estimate were off by a factor of two. But 

granted even a 20% deformation shift, assUming an approximately linear 

dependence of moment of inertia ~ . on S,· it appears at this point that 

the postulated effect is not sufficient to explain the apparent 50% 

increase in the 1 
2 

~ Coriolis matrix element in question. We conclude 

that, although it is difficult to infer the genesis of the "abnormal" 

Coriolis matrix elements in Table 5, it is clear that some modifications 

in the commonly-applied simple theory are necessary to properly explain 

the observed effects. 

of the 

We must also refer once more to Fig. 9 and mention that the members 

gl orbital were found by Holtz not to significantly affect the 

2 
results of the fit, so we have omitted those states from our calculations 

as well. It is expected that they are unimportant, since the Coriolis 

matrix elements between members of the g 2. and i
13 

orbitals are less 

by at least a factor of six than the ana18gous int~a-orbital matrix 

elements between members of the i1..1 family of states. 

2 

Naturally, the 

possibilities that the Nilsson wave functions do not accurately describe 

the situation, or that pairing theory is deficient in'some respect 
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should not be overlooked. What we h~ve'shown is perhaps not as clear 

as Tables 4 and 5 might indicate. We can only say that it is possible, 

wi thin the frameylQrk of present theory, to obtain rather precise fits 

to the experimental data with parameters whose values are not unreasonable. 

Finally t'hen, in Table 6 we display the quantities of special 

interest, namely the computed eig~nvectors for each of the members of 

the K = ~ + band in Hf177. As we remarked earlier, the eigenvectors 

are not particularly sensitive to the details of the energy fit, and 

we illustrate the point by reproducing for comparison the three sets of 

eigenvectors obtained for each of the three different calculations 

described earlier. Although 2(H~n') vat-ies from 0.11 for (3) to 39 

for (2), there is very little difference in the computed wave function 

coefficients. We have therefore not repeated the calculations we 

describe in the subsequent pages" but reproduce results obtained 

l ' 18 , th' t ear ler uSlng eelgenvec ors (1) . 

The immediate use for the wave function coefficients in Table 6 

is in determining the intraband reduced transition strengths B(E2), for 

the 9 ,177 2 + [624] band In Hf . The El transition moments in Table 2 (with 

the exception of those leading from the ~ + [624] band head) can be 

deduced from experimental relative intensities by use of the following 

forms: 5 

(12a) 

for levels depopulated by "crossover!l tranSitions, or 



~able 6. Computed wave function coefficients associated with the eigenvectors describing the 

fitted energies for the Hfl77 .. ~ + [624] band. 

* The 
(1) 

I 

2. 
2 

11 
2 

13 
2 

15 . 
2 

17 
2 

. 19 
2 

21 
2 

* Fit 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 

0.004 
0.002 
0.003 

0.006 
0.004 
0.005 

0.020 
0.011 
0.017 

0.017 
0.012 
0.017 

0.056 
0.031 
0.051 

0.033 
0.023 
0.035 

0.119 
0.063 
0.120 

1 
2 

0.014 
0.011 
0.011 

0.029 
0.024 
0.023 

0.052 
0.041 
0.042 

0.073 
0.059 
0.059 

0.113 
0.086 
0.097 

0.127 
0.104 
0.109 

0.195 
0.142. 
0.183 

n, i13/2 orbital 

.2 I 2. 
222 

0.062 
0.059 
0.053 

0.110 
0.106 
0.094 

0.159 
0.154 
0.136 

0.206 
0.202 
0.178 

0.260 
0.250 
0.227 

0.298 
0.292 
0.262 

0.359 
0.339 
0.326 

0.255 
0.244 
0.234 

0.354 
0.343 
0.325 

0.427 
0.416 
0.340 

0.477 
0.473 
0.439 

0.519 
0.518 
0.481 

0.598 
0.552 
0.510 

0.570 
0.579 
0.539 

0.965 
0.968 
0.971 

0.916 
0.921 
0.926 

0.867 
0.874 
0.882 

0.822 
0.827 
0~839 

0.770 
0.779 
0·792 

0.732 
0.736 
0.756 

0.665 
0.685 
0.688 

11 
2 

0.148 
0.147 
0.165 

0.194 
0.194 
0.221 

0.219 
0.219 
0.256 

0.228 
0,231 
0.274 

0.235 
0.237 
0.288 

0.222 
0.232 
0.278 

13. 
2 

0.021 
0.016 
0.025 

0.033 
0.026 
0.041 

0.042 
0.033 
0.053 

0.050 
0.039 
0.065 

0.051 
0.042 
0.069 

results from calculations as follows: 2 
n = 4, E. from Ref. 7, 4 variables, ~ = 0.13 keV (2) 

l 2 
8 = 39 keV. (3) n = 5, Ei from Ref. 9, 9 variables, 

n = 5, Ei from Ref. 9, 4 variables, 
2 [] = 0.11 keV 

I 
Vl 
o 
I 

c:: o 
~ 
t-< 
I 

f-' 
OJ 
0\ 
Vl 

'f-' 
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= l67f e QO 1(1+1)(21+3)(1+2) 
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(12b) 

for levels giving rise to Ifcascade lf Ml-E2 transitions. These expressions, 

however, assume the purity of the K quantum number. We know from the 

Coriolis band-fit for the 2 + [624] band that each spin state is in fact 
2 

characterized by a wave equation containing appreciable mixtures of 

components for which K # ~, which we represent by 

13/2 

\jf L aK \)!K ' L 2 
1 = . a

K = 

1 K 
K=--

2 

The expressions (12a) and (12b) are now 

[~ 
1 

(E2)r B(E2)1+2-+I 
15 2 Q2 B2 = -- e a

K 327f 0 K 
(12a' ) 

[~ 
1 

(E2) J 2 B(E2)I+l-+I 
15 2 2 2 = l67f e Q

O aK BK (12b' ) 

In deducing the El strengths, it is of course preferable to use (12a) 

and the presumably pure E2 crossover gamma-ray intensity as a reference, 

and this we have done, except of course for the El transitions leading 

from the 11 2" + member of the band. Here, the Ml-E2 mixing ratio is also 

required. This quantity can normallY.be deduced from the crossover-to-

cascade gamma-ray intensities and is -given by 
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T'(Ml) = T' (E2) 

[ ~ "'TK(E2)' "xCK] 2 

Ie [~ -VTKtE2 )' "xbK r - 1 

where 

T(E2) 
A = T' (E2) + T' (Ml) = 

The primed and unprimed quantities refer to cascade. and crossover 

transition probabilities, respectively, and the coefficients ~,bK' and 

c
K 

are the wave function. amplitudes from Table 6 for the I, 1-1, and 

1-2 spin members of the band. All of the transition probabilities are 

of course for photon emission only. 

The experimental crossover-to·-cascade ratios A from decay of 

Lu177m have thus been used to obtain the plot in Fig. 11, showing the 

Ml-E2 mixing ratios for calculations carried out both with and without 

considering the effects of Coriolis mixing. Extrapolation to spin 

~l yields the desired quantity 2 1/0 (= 8.8) for that spin state, and 

allows us to compute the remaining El transition strengths. In all the 

calculations we have assumed the intrinsic quadrupole moment 

32 Q
O 

=6.85 barns. The experimental errors in Table 2 do not reflect 

the error in QO' 

Within the limitations of- the rotational model, we have in this 

vay derived "experimeNtal" values for the absolute El transition 
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M 1 - E2 branching ratios in K =1+ band of 177Hf 
, I 
o 82 assuming Coriolis mixing 

o ~ for pure K =t + band 

----"'----~ 

13 
2" 

15 
2" 

17 
2" 

Initial spin, Ii 

19 
2" 

21 
2 

XBL675-3026 

Fig. 11. The Ml··-E2 mixing ratio for. cascade transitions in the 
K = 9/2 + band of Hf177. - Derived from crossover-to-cascade 
ratios of y·ray intensities from decay of Lu177m. 
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probabilities of all the ill<: = .... 1 El' s in Bfl TT for which we have 

measured relativey-ray intensities. Moreover, the magnitude of the 

various components of differing K mixed with the ItK = 2. + [624J" 
2 

rotational pand is seen to be large, and it·i~ no longer unexpected th2.t 

the admixed components might. exercise profound influence on the El 

tra:-,sit~cn moments. 

5. ~ 3-~arameter phenomenological interpretation of the Hf-

transitions utilizing properly normalized wave functions 

We have seen from diagonalization of the full rotational energy 

matrix including the perturbing Coriolis off·-diagonal elements that the 

simple first-order wave f1.mctions of Eq. (11) will not be properly 

normali 4ed, and if used in a calculation, they therefore cannot be 

expected to yield correct absolute El transition probabilities. A more 

sophisticated phenomenological treatment of the problem would simply 

make use of the Nilsson wave amplitudes obtained from the Coriolis matrix 

diagonalization described in the previous section. The terms which 

should then be considered up to first order in analysis of the BflTT El 

transitions are the following: (1) the principal 2. + [624J 7 l - [514J 
22 

component, (2) the Coriolis--admlxed (K = l +) 7 l _. [514] 
2 2 

components and 

. 0 
(3) the t + [624J 7 (K = ~ -) Coriolis-admixed components. Using the 

wave amplitudes for the strongly coupled l + [633) i component listed 
2 . rr 

2 
in Table 6, and estimating by first order perturbation theory the much smaller 

mixing of K = 2. - components into the K = 
2 

~odify Eq. (10) to read 

T . 
~ - [5l4Jgro~nd band, we can 
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B(El) 9 17 .' (7 7 = .[M
O

(I
l
_1-

2 
- 1 If -2~)' a b" + M' I 1-·- 0 II -) a b 21 li2 f211 

2 2 2 2 

+ M;(Iil~ OIIf~) a2_ b~]2 
2 2 

where it is assumed 

+ b~ 1JJ.2. 
2 2 

+ ... 'L 
K 

2 
a = 1 

K 

(16) 

The addition to Eq. (10) of a third term is now no longer redundant 

because it is not valid to assume that If a == 1 == b, 
.2. 1 
2 2 

then (15) becomes 

Using the algebraic forms for Clebsch-Gordan coefficients, this 

may be reduced to 

for the cases I{here L'll = --1, to 
1 

_____ 8 El )_~_____ 78 
.= (:tv: + 12:rv[,~) + ____ 'c:_ ["'1

J
, + M 1 

( 9 I 7 . '0' c" 2 I "'2 J 

1.1-;::;- -, J C ',J 
l c 1. .. :: 
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for the cases where ~I = ,0, and to . 

1 

_ B(El) 2 

( I 12.: - 11 I I) 
i 2 f 2 

for 61 = +1. We see (cf. Ref. 33) that indeed the reduced El moments 

can be described in terms of two new variables Al = [MO + ~M2J and 

A2 = [Ml + M2 ] . Therefore (15) reduces to (10) if the principal 

K = ~ + [624] and K = 1 - [514] components are assumed to dominate the 
2 

wave function for all spin states of their respective rotational bands. 

The validity of this approximation, and the accuracy of the 

treatments first applied to the ~K = -1 El's in Refs. 13 and 14 can 

be evaluated by considering the plots in Fig. 12 which compare with 

experiment the absolute El transition strengths predicted by simple 

theory for the 61 = -1 and 61 = 0 El's in Hf177. (The single 

61 = +1 transition [I. = .2. "* I 
l 2 f 

observed agrees well with the 

theory, as we have.seen from the branching ratios displayed in Fig. 7.) 

To obtain the parameters MO and M
I

, the experimental values of 

B(El) for the highly-hindered 321-keV % + "* t - transition and for the 

essentially unhindered 20S-keV ~- + "* ~ - transition were used in Eq. 

(10) and the quadratic equations were solved simultaneously to yield the 

two straight line solutions indicated. 

It is seen in Fig. 12 that for spins greater than 

calculated absolute transition probabilities exhibit increasing positive 

disagreement with experiment because of the predominance of the 

spin-dependent factor in theCoriolis matrix elements < f I I±J~ Ii) 
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A-----rl:J. 2- parameter theory.( solution I) 

0---0 Theory (solution 2) 
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2.0 
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2 
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12.0 
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Fig. 12. Comparison between experiment and th.e t[:eOlo:\~ of liefs. 13 
ancl 14 for the a'osolute El transitionstren;t;~lSJ_n ';f177. 
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The inadequacy of the first-order perturbation treatment is here 

clearly evident. In fact, interference from lIK = 0 components is so 

large in this case as to be comparable in magnitude to the "principal" 

l:\K = -1 component. 

When normalized Coriolis:"'mixed wave functions (16) from a full 

matrix diagonalizationare used, however, the two parameter theory no 

longer gives a linear plot and much closer agreement with experiment 

can be obtained. Moreover, the third term in Eq. (i5) can give still 

better fits to experimental 'values of the El strengths. Figures 13 and 

14 show the normalized three parameter fit in comparison with the simple 

two-parameter fit and with experiment. In this case a system of three 

equations in three unknowns was obtained from the El triad leading from 

the ~ + band head to the 1 
2 

2 
, 2 and 11 - members of the ground 

2 

rotational band, and solution of the equations yielded appropriate values 

for the parameters M
O

' Ml , and M2 in Eq. (15). 

The remarkable quality of the fit thus obtained prompted an 

attempt to account for the obseryed absolute El strengths within the 

framework of the unified model. In the next section we discuss the 

results of that study. 
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Fi;. 140 Nornalized three',parameter fit of the reduced Elstrengths 

~I = 0 class of transitions. 
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C. l'IK = -1 El Transitions in Hf177 in the Unified Model 

1. Deficiencies of the simple Nilsson model 

The 16 El's in Hf177 provide an exceptionally rigorous experimental 

test for theoretical study of Il'IKI = 1 El transitions. As is typical for 

this class of transition, th~ Nilsson hindrance factors for the Hf177 

El's vary radically from near unity in several cases to ~103 in the case 

of the 321-keV transition between the ~ ~ [624] and ~ - [514] band 

heads. Such wide variation in El rates between the same intrinsic states 

is, as we have seen, not explained by simple transition rate theory. 

Moreover, not even a calculation that considers the effects of 

Coriolis coupling within the framework of the Nilsson model can success-

fully account for the observed absolute transition rates. The results 

of such a calculation are displayed in Table 7. The wave functions 

assumed were of the form (16), where the coefficients for the large 

wave amplitudes associat.ed~Tit:::: the members of the i.
13 

single particle 

2 
state were taken from the matrix diagonalization described earlier. In 

addition, all other significant components were considered, including 

those belonging to states (such as ]- + [624]) having very small wave 
2 

amplitudes, but large unhindered El transition moments according to the 

Nilsson asymptotic selection rules. Cancellation of the two large 

Coriolis-mixed components I + [633]+ I - [514J 
2 .. 2· 

and I + [624J + 
2 

7 2" - [514J reduces the calculated magnitude of any Coriolis-mixed El 

components to the order -4 
'v 10 ,much too small to account for the large 

interfering comronents evidenced by experiment. 



-62- UCRL--18651 

Table 7. Calculated partialEl moments for Hf177 El transitions. 

Obtained using the Nilsson model estimates only. 

Estimated El 
G(El) transition amplitude 

+ 7/2 - * 10-2 10-3 9/2 + [624] [514J 2.6 x 5.7 x 

7/2 + [633] + 7/2 -- [514] -1. 3 x 10-2 1.4 x 10-3 

7/2 + [624] +7/2 - [514] 1.0 -1.4 x 10-3 

7/2 + [613] + 7/2 - [514] 0.137 ·2.5 x 10-4 

7/2 + [604] + 7/2 - [514] -0.190 very small 

9/2 + [624] + 9/2 - [514J 0.960 -3.8 x 10-4 

9/2 + [624J + 9/2 - (505] -6.2 x 10-3 1.2 x 10-4 

* Principal component. 
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The possible influence ,of pairing on the 6K = 0 and 

16KI = 1 El transitions in odd-A nuclei was discussed in Ref. 14. 

It was found by Vergnes and Rasmussen that inclusion of pair-reduction 

factors tended to destroy the already relatively good agreement with the 

Nilsson model of the 6K = 0 El's, while aiding the agreement between 

experiment and theory for the 16KI = 1 El transitions. But it is clear 

from Table 7 that in the case of Hf177 even the effects of pairing could 

not repair the, situation--there simply is not available a calculated 

admixed term of sufficient amplitude to account for the effects seen 

in Figs. 13 and 14. 

Vergnes and. Rasniussen also proposed, however, that the coupling 

of single particle states with collective excitations of the even nuclear 

core ought to be considered in attempting to explain the enhanced E3 

transition rates observed in rare earth nuclei. Moreover, the possible 

influence of such "odd-particle with octupole-phonon ll components on 

6ft = 0 El transitions was first suggested by these authors. 

2. The influence of pairing and octupole vibrations on El transitions 

The strong influence of Coriolis coupling on the Hf177 El's 

34-36 has already been discussed and demonstrated. Recent developments 

in the theoretical interpretation of the collective octupole vibrational 

mode in deformed nuclei and its apparent application to the interpretation 

f th AK 0 1 f El t 't ' c' t . th 37,38 t' 'I o e u = c ass 0 ranSl lons s reng s . sugges a Slml ar 

important influence on the '6K = 1 El transitions, all of which evidently 

have relatively large 6K = 0 Coriolis-mixed components. In the followiEg 

pages we will show that a detailed calculation carried out within the 
. \, ' 
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framework of the "unified model", and considering the effects of 

1) Coriolis coupling; 2) pairing; and ·3) octupole vibration-particle 

coupling on the i1K = -1 Eltransitions in Hf177 is capable of explain-

ing rather well the anomalies of the absolute Eltransition rates in 

19 this particular case. We first consider briefly those elements of 

pairing theory and of the collective model necessary to an understanding 

of the ensuing discussion. 

a. The influence of pairing on the transition rates 

The influence of pairing on the multipole transition matrix 

elements and on the Cbrioliscoupling matrix elements must be carefully 

assessed in order to carry out the proposed calculations. 

., 39,40 The successful development of the theory of superconductlvlty 

suggested that,even as electrons in the superconducting state 

apparently have a tendency to pair into quasi-bound states of equal and 

opposite momenta, so nucleons near the nuclear Fermi surface may dis-

play pair correlation properties of a type similar to those found in 

superconductors. More specifically, the appearance of a sizeable 

energy gap between the ground and first excited states of even-even 

. nuclei was considered to be analogous to the energy gap in super-

41 conductors arising from the coherent interaction of electrons. 

In a semi-quantitat.ive way, we may picture the origin of pairing 

effects on nuclear electromagnetic transition probabilities as follows: 

If the nuclear Fermi surface is· represented by A, 8.nd the single-

particle average field level by s., the Boyolyubov-Valatin transformation 
l 
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of the Hamiltonian describing a system of interacting particles leads 

to the new quasi-particle nuclear states, a superposition of the old 

1 " " .. 1 t 41 nuc ear hole and partlc e sates.· The previously completely 

occupied "Fermi sea" becomes a "vacuum", a modification analogous to 

that occurring to the Fermi gas of electrons in a crystal lattice when 

the superconducting state is achieved. The occupation parameters U~ 
l 

and V~ are then used to denote the probabilities of finding the quasi
l 

particle nuclear state unoccupied or occupied by a pair of nucleons. 

Transformation from particle and hole states to the new quasi-particle 

states depends on the particular choice, U. = 1 (V. = 0) 
l l 

for states 

above the Fermi surface (E. > :\) and U. = 0 (V. = 1) for states below 
l l l 

the Fermi surface. U. and V. may be determined from 
l l 

E. - :\ 
U~ = 1 [1+ _l_. __ J 

l 2 E. 
l 

V~ = ~ [1 -
E. - :\ 

l ] 
E. 

l 

which also expresses the normalization condition U~ + V~ = 1. E. 
l l l 

is the energy of the quasi-particle state, which is (for 

relative to the Fermi level :\) 

E ., as· usual, 
l 

where !:" the nuclear. gap is approximately one-half the observed 

energy gap in even-even nuclei, and is defined by 



i 

U.V. 
1 1 
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G being the pairing force constant. 

c. = C. 
1 1 

The c. are defined by 
1 

UCPL-18651 

where C. is the average'self-consistent field energy of the si!1gle 
1 

particle state i. The pairing force ·p9.rameters G are usually chosen 

to be approximately27 

G == 18 MeV 
P A for protons and 

for neutrons. 

In even-even nuclei the pairing gap manifests itself as an 

energy difference between the ground and first excited state. Formally, 

the ground state is considered to be the vacuum state of the quasi-

particles, defined by 

Creation of two quasi-particles produces a new state 

1f'1,2 with energy approximately equal to the sum of the 

two individual quasi-particle state energies: 

E = 
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so that for Ei ==: E2 ~. A ·the minimum excitation energy is 21::.. For 

odd nuclei, the situation is different since the vacuum state no longer 

defines the ground state of the nucleus. Instead, the ground state 

has the energy of the lowest one-quasiparticle state, (i. e. 

the state with energy closest to A) and EO ==: I::. The excited states 

are given by the quasi-particle excitations, and there is no observed 

energy gap. The energy of the sirigle quasi-particle state is therefore 

~ ~ 2 2 
just E. = (E. - A) + I::. 

l l 

The effect of pairing interactions on spherical nuclei was con

sidered in detail by Kisslinger and sorenson,42 and of special interest 

to us is their expression for the influence of pairing on electro-

magnetic transition probabilities. Here, the one quasi·-particle matrix 

elements of the electromagnetic multipole operators are related to the 

single-particle matrix elements by 

(17 ) 

where a = M or E 
Q 

corresponding to the magnetic or electric 2-pole 

i-
operator, a. (a. ) is the quasi-particle creation (annihilation) 

Jm Jm 

operator, and T is 0 or 1, depending upon whether the operator does 

not or does change sign upon time reversaL The reduced transition 

strength then becomes 

B( aQ ) R = (U.U ± Vl.V
f

) 
l f 
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The effect on electromagnetic transition probabilities of· the 

• R d b G' 43 so-called pairing reductlon factor was also considere y rln, 

Urin
44 

and, more extensively, by SOloviev45 for the case of deformed 

nuclei. Vergnes and Rasmussen discussed in some detail the effects of 

pairing on El transitions in odd-A nuclei, and, as we have mentioned, 

demonstrated the inadequacy of pairing effects alone ,in attempting to 

explain anomalies in the El rates. The conclusions of Vergnes and 

Rasmussen were supported in similar studies by Berlovich,1°, 46 and 

47 Gadetskii and Pyatov. The latter authors. it should be noted, have 

made detailed calculations employing conventional and projected BCS 

wave functions, both with and without consideration of the effects 

of Hblocking" (excluding for pair occupation the single-particle 

orbital) in each' case. Nevertheless, they conclude "our calculations 

have not led to satisfactory agree~ent between>the theoretical and 

experimental B(El) values." 

. 48 
Finally, mention should be made of the Ikegami-Udagawa (IU) 

method of approximating the pair reduction factors for electric gamma-

ray transition probabilities with use of experimental data on the odd-even 

mass difference. Their method, applied originally only to spherical 

nuclei, is of some interest to the El transitions we consider, although 

the level density in deformed nuclei may cast some doubt on the validity 

of the assQ~ptions in these cases. 

Briefly, the IU method assumes the energy of the lowest quasi

particle state, E
f 

= ... ..j(E
f 

- 1..)2 + 1::.2 ' .to be given by E
f 

==: 1::., i.e. 

it is assumed that E
f 

==: A and that ,the lowest single particle state 
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is close to the Fermi surface. The quantity f::" is evaluated from 

odd-even mass differences
49 

where it is assumed f::" =-=~pp(n/Z' N). Then 

the hindrance factor R for electric transitions is reduced from the 

form 
48 

tr+ (E. 
2 

] (UiUf - Vi Vf )2 
-A)(E +A)--f::" 

R 
l f 

= = 
Ei Ef 

(18) 

to 

2 

[ ( Ei : Ef r -1 J R 
(E

i 
- E

f
) 

= 4 Ei Ef Ei sf 

For transitions to the ground state, where (Ef -' A) - 0, this becomes 

E 
R =-= l---l_ 

2 E + f::" 
Y 

the form used by Berlovich
46 

in applying the method to a study of 

(20 ) 

anomalous El transitions. In the calculations we will describe, we 

have generally used the form (18) to determine the pair reduction 

factors, though results from (20) are also provided for comparison. 

b. ~he influence of collective motion on El transition rates 

The theory of collective vibrations in nuclei, first dealt with 

. . 4,5 in quantitative detail by Bohr and Mottelson,' suggested the interpre-

tation of certain nuclear states as arising 'from core vibrations of the 

nuclear matter. In the region of strong permanent nuclear deformation, the 

quadrupole vibrational modes can be either of two types: 1) those 

which preserve cylindrical symmetry (S:-vibrations) and 2) those which 
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lea.d to small excursions from cylindrical symmetry, (y-vibrations). 

The theory of quadrupole vibrations has been extended by others to give, 

in general, a fairly good picture of low-lying states of even parity 

" 50-54 in heavy nuclel. 

In addition to these quadrupole vibrational modes the existence 
. i . 

of higher-order vibrations was early suggested by Christy and Alder, 

~t al. 55 to explain the systematic occurrence of nega:tive-pari ty states 

of excitation less than 1 MeV in the actinide region of deformation. 56 ,57 

The observation of octupole vibrational states in deformed nuclei in both 

the lanthanide and' actinide regions has since become a rather common 

occurrence, but a quantitative theoretical explanation of the experimental 

data introduces considerable mathematical difficulty. Lipas and 

Davidson58 have treated quantitatively the octupole collective vibrations, 

,simplifying the problem by assuming the occurrence of only the Y30 

and Y
3
±2 harmonic modes, together with the S- and y-vibrational modes 

in describing the nuclear shape. Further consideration of the topic has 

59 ' 60 36 
come from Leper, Lipas, et al., and Vogel. 

Recently, Soloviev and co-workers at Dubna have carried out 

extensive calculations entirely within the framework of their llsuperfluid l1 

1 d 1 ' " th th d f "t d t" t" 61-63 nuc ear mo e ,uslng e me 0 0 apprOXlma e secon quan lzalon. ' 

The Dubna group has attempted with considerable success to explain the 

quadrupole and octupole,collective vibrational modes at the most 

fundamental level, i.e. in terms of residual interactions between the' 

individual nucleons. ,Such interactions give rise not only to pairing 

correlations, but also, to the collective surface vibrations usually 
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interpreted according to the liquid drop model. Using such a truly 

microscopic, many-body approach to the nuclear problem, Soloviev has 

predicted a variety of properties of' the nuclei in the lanthanide and 

actinide regions of deformation. 

It is possible, however, by using a phenomenological approach, to 

treat the problem of non-rotational collective states in a more simple 

but, for our purposes , quite meaningful wiy. Donner and Greiner have 

recently· extended further the earlier work of Lipas and Davidson60 

describing the nuclear octupole h~rmonic oscillations and, using the 

"dynamic collective theory", 64 have made detailed c8.1culations and 

predictions concerning the properties of the. nuclear octupolestates in 

deformed nuclei. 34 Proceeding entirely within the framevTork of the 

collective model, the authors consider the electric dipole transitions 

in these nuclei to arise from admixtures of the giant dipole resonances 

into the octupole excitations, and make quantitative estimates of these 

admixtures and their consequent electric transition rates. We present 

here the points necessary to our later discussion. 

The octupole states are treated using a strong-coupling model 

which couples the octupole phOnons to a spheroidal nucleus. The form of 

the total Hamiltonian describing the system is: 29 

H=H +H +H +H +H. +.H 
2 3' 23. rot vlb,rot cor 

'i-There H2 represents the quadrupole vibrations, H3 the octupole 

vibrations, H23 the interaction .betweenthese two vibrations, H t ro 

the rotational motion of the.nucleus, H"b t the rotational-vibrational 
. Vl ,ro 



-72·- UCRL-18651 

interaction, and H 
cor the Coriolis portion of that interaction. The 

total Hamiltonian is rather complex, but for solution of the unperturbed 

problem, the octupole energy levels are formed using 

H + H + H + 2 3 rot 

The last term represents the uiajor (diagonal) energy contribution 

from the rotation-vibration interaction, and removes the degeneracy of 

the several octupOle states characterized by K and J
3

, the axial 

projections of the total and octupole angular momenta, respectively. 

Four sets of octupole states are predicted, three of them based on a one-

phonon octupole vibration superimposed on the 1) ground, 2) S-vibrational, 

and 3)y-vibrational states, and the fourth being composed of the two phonon 

positive parity octupole states. The predicted octupole vibrational bands are 

further split by the interaction H
23 

which is treated as a perturbation. 

The reader is referred to Ref. 34 for details of the wave functions 

and Hamiltonian used. 

Of particular interest to our problem are the calculations carried 

out in Ref. 34 estimating the magnitude of the Coulomb interaction between 

the giant dipole resonances and the octupole vibrations, since it is 

this interaction that is presumed to give rise to the collective El 

transitions in the even-even deformed nuclei. Detailed wave fuhctions 

f t 
. ... 65 or he glant dipole resonances have been given by Arenhovel, et al. 

Since the energy of the giant dipoleresonarices is ~ 15 MeV, and the 

interaction energy is estimated ~o be - 0.74 MeV34 a first order 

perturbation treatment is sufficient, and the perturbed 
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( 21) 

where the \1' are the unperturbed octupolestates, X represents the vave 

function of the giant dipole resonance, W is the Coulomb interaction, 

the n represent the number of phonons in coordinate space aQm(Q=l,2,3), 

and a is the projection of the giant dipole resonance on the symmetry 

axis. We are concerned with the simplestoctupole state, for which 

K = 0, J
3 

= 0, n3 = 1, n20 = 1, n22 = 0 and. a = o. Then (21) 

becomes 

l IMO > <P
1100 

= I IMOO> lIMO> \1'1000 . + Co x100 

with the giant dipole admixture coefficient given by 

X' (1200130) 
Co - - EIO ~. E3 

rc:;;. 
for E3 = h\l~ ,So the permanent quadrupole deformation parameter,-

3 . 34 
and the coupling constant IL'. 

Using the dipole operator given by Refs. 64 and 65, the reduced 

transition strengths for the collective El transitions arising from 

-the octupole vibrational states can be calculated with the proper wave 
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functions of equation (22). In single particle units, the pertinent 

relation for the 

t Ot 0 0 34 ranSl lons lS: 

+ (Ko = 0- + K = 0 ), 
l f 

B(El) 2 2 I 
-'-'-"'i=-'--.- = 5.74 x 10- A Co (IlolOO If 0) 

BSp(El) 

where Co is given by (23). 

(24) 

Equation (24) provides a useful estimate of the collective El 

transition strengths in even-even deformed nuclei for the most commonly 

encountered case. If the coupling constant X' o 64 66 lS known, ' the 

only free parameter is the octupole transition amplitude 

It is this parameter that is crucial to the calculations for 

ilK = 1 El transitions in odd-A nuclei. .. ( a
3

) can be determined from 

if BCE3) is experimentally measured by Coulomb excitation, for exa..":lple, 

but little data of this type is available, and we have no ipformation on 

the value of ( a
3

) for Hf176 or Hf178. Consequently, in the 

calculations we describe, (a
3

) is allowed to be a free parameter. 

3. Method of calculating absolute ilK = 1 El transition strengths 

in odd-A deformed nuclei 

Before proceeding with the calculation of the Hf177 El transition 

strengths, let us review briefly the material we have just presented, 

and its relevance to the problem. 
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In section (1) we examined the difficulties encountered when one 

attempts to calculate the El transition moments within the Nilsson 

model, even when the effects of Coriolis coupling and pairing are 

considered. The difficulties were not unexpected, however. When viewed 

from the perspective of the Nilsson model in the light of later develop-

ments in the l'superconducting" theory of nuclear matter, it was seen 

in 2a that electric dipole transitions provide a most sensitive test 

of the adequacy of present nuclear models. Finally, the early suggestion 

of Vergnes and Rasmussen
l4 

concerning the possible importance of the 

octupole vibrations in explaining the anomalies of El transitions has 

recently been followed by calculations which.apparently demonstrate 

the significant influence of octupole vibrational modes on ~K = 0 

.El transitions in odd-A deformed nuclei. 37 ,38 These results, coupled with 

the conclusions we have noted in (I. B. 5) have suggested a similar 

important influence on I~KI = I EI transitions, all of which apparently 

have relatively large ~K =0 ·components. 

In our calculations we have adapted the approach. of Faessler 

et aI.,38 while making use of the recent contribution by Donner and 

Greiner34 toward the understanding of the El transitions originating from 

octupole vibrational states in deformed even-even nuclei. We use as a 

starting point the Nilsson mOdel, but include the clearly important 

Coriolis coupling effects. However, the nucleus is now treated as an 

assemblage of quasi-particles, and,. although we stop short of the micro

scopic treatment of SOloviev,62 nevertheless particular attention is 

given to the quasi-particle states in the vicinity of the Fermi surface. 
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Finally, the interaction between tluasi-particles and nuclear surface 

vibrations is considered and found to be of critical importance to the 

success of the calculations. 

We begin by writing the Hamiltonian for the odd-quasiparticle system 

of stable tluadrupole deformation and harmonic octupolevibrations. This 

is 

which is a.composite in four terms of: 1) the Nilsson Hamiltonian7 

and 2) the Hamiltonian describing the collective motions 

H = H + H . colI rot vlb 

which is a sum associated with the. s:i,ng+e particle coupled to a rotating 

symmetric top 

H rot 

and with the harmonic octupole oscillator 

H 'b . Vl 

2 a . 
---+ 

2 aa
30 

,.here B3 is the nuclear mass parameter and C
30 

is the oscillator 
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"spring constant"; finally, we have th~ 3) rotation""particle and 

4) vibration-particle coupling interaction Hamiltonians: 

In the above, the moment of inertia is given for the spheroid by 

where B2 is the mass parameter associated with the permanent quadrupole 

deformation and So is the deformation parameter mentioned earlier. 

The unperturbed wave functions will be of the product form 

If = X ¢ £J or more explicitly part vib rot 

If =J2I+l i ·(·J)I X . + 
o l67T2 MK· r.la 

and will be denoted by. 

where the r.la are the appropriate Nilsson single particle states 

and is the number of octupole phonons with The octupole 

oscillator wave functions are conveniently described to first order in 

d t " . t"· t t" 38 secon quan lza lon no a lon as 
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where is the well-known phol;lon creation operator related to the 

a
30 

coordinate by 

The ground state wave function (27)~ > l.t. \-Till be 

recalled is just 

10 ) .,,; NO e 

The wave function (27) gives no contribution in first order to the El 

transition probability~ since it describes in no way the nuclear' charge 

1 't' 'd tIt' d' 1 't 't' 66-68 Th po arlza lon requlre to genera e e ec rlC lpO e ranSl lons, e 

El transitions themselves can be interpreted as arising from small 

admixtures of the giant dipole resonance ~ as we have seen in (II, C, 2'. b) , 

For now~ we wish only to make use of (27) to find the perturbed wave 

functions appropriate to calculating the 

in the odd-A nucleus Hf171. 

, 
~K = -1 El transition strengths 

To that end. we require the matrix elements coupling the ground 

quasi-particle state with the excited quasiparticle-phonon state. These 

38 elements are 
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Finally, we also need the well-known Coriolis matrix elements 

coupling states differing in K quantum number by one unit: 

h2 
( 1; stfCl. f ; 0 I HRp· C I 1; st

l
· Cl.

l
· ;. 0 ) . - - 2"""-

vo 

1 

{[1(1+1) - K.(K.+1)]2 
1 1 

1 

x oK K +1 (st f lj+ 1r2i) + [1(1+1) - k.{K._l)]2 
f ill 

We now write the wave functions .describing the odd-quasiparticle 

subjected to both rotational and vibrational perturbations as a sum: 

where the subscripts denote the origin of the terms. 

In general, the vibration-particle coupling Hamiltonian HvpC will 

have significant matrix elements between those states having the same K 

quantwnnumber (and of course opposite parity). This coupling, in effect, 
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mixes the octupole band of the orie state with the other state and vice 

versa. Although there can also be mixing between particle states for 

which tlK = ± 1, in general these matrix elements will not be more than 

a few percent of the elements for the tlK = 0 case. This is because 

the K = 1- octupole band is higher in energy and the El, strength from 

this band is expected to be considerably weaker. 34 ,38 Therefore we can 

write the general form of the wave functions '(28) giving rise to significant 

tlK = ± 1 El components: 

If = I I; sta; n=O) + l.l ,I I ;( n± 1) a.; 0 ) a. l 

(ntl) ,a. l 
l 

+ n II; (n±l)a.; 1 ) a. l 
l 

where n is the number of octupole phonons, sta are the appropriate 

Nilsson single-particle wave functions, (n ± l)a. 
l 

are the significant 

Coriolis-mixed wave function components of amplitude l.la ' and n. are 
i l 

" the amplitudes of the particle-octupole phonon states. The coefficients 

!la. are obtained by a first order perturbation treatment, or by 
l 

diagonalization of the full Coriolis mixing matrix when necessary. Second 

order perturbation theory is used to obtain the coefficients n a. 
l 

since 

the matrix elements are always small compared to the energy of the 

one-phonon octupole states. 

In the notation of (28) and (29) we can,for example, write 

explicitly the wave function components necessary to calculate the 

lIK = -1 Efl77 El transition probabilities. 
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The zeroth order wave functions '1'0 are 

'1'0. = I I . .2. + 
i' 2 [624]; n

30 = o ) 
l 

'1'0 = I If; t - [514J; n
30 = o ) 

f 

We can write the coefficients lli (when they are obtained by 

first order perturbation) for mixing of (~ = t +) components into 

the ~ + [624J band as: 

.11 2 
II = "--R' 

a.. 2"J' 
l 

( I. ; 
l 

(~. :: 12 +)a..; olI+j II.; 2
2
.+ 

l l ... l 
[624]; 0 ) 

(E .jl ... E J 
~ + [624] t + a. (30) 

The coefficients n in the case of second-order mixing of the a
i 

octupole band of the t - [514] (ground) state into the initial ~ + [624] 

band are given by: 

where the pair reduction factors RI = (U
I

U
2 

+ V
I

V
2

) and R = (U
I

U
2 

- V
I

V
2

) 

refer to the Coriolis and vibration-particle matrix elements, 

respectively. 
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The expression giving the "~otal El transition strength for the 

Hf177 t 't' b 'tt ranSl lons can now e wrl en. We introduce for clarity the 

following expressions for the initial and final nuclear states: 

= AO II; ~ +[ 624 J; 0) + L L )In I II; W.+)a.; 0) 
" •. a. l l 

S"2. a. 
l l 

l l 

nn II; (S"2.-)a.; 1 ) 
H.a. l l 

l l 

(fl = BO(I;t- [514]; 01 + L L (I; (S"2f ,-)af ; 01 
S"2

f 
a

f 

(32b) 

The total reduced transition strength will be a sum of quasi-

particle and collective components. The quasi-particle portion is 

. 177 
obtained from Eq. (9) and with constants appropriate to Hf reduces 

to 

+ 

. 34 38 while the collective part is glVen by , 

I 
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(34) 

In order that we may add the El amplitudes~ we normalize the 

collective portion and the total reduced strength becomes: 

Btotal (El) = 0.320fB (El) 
qp 

2 
± 8.0 Bcoll(El)) . 

The uncE?rtainty in sign results from our lack of knowledge about the 

phase relation between the quasi-particles and octupole phonon. Though 

we have no reason to prefer one phase over the other~ we find that the 

positive sign in (35) gives results in'good agreement with e)Cperiment~ 

while the negative sign does not. 

Using the wave functions (32) and the general form (35), we have 

calculated the reduced transition probabilities for all the El transitions 

. Hfl17 In . The G):nstants in (33) and (34) assume the nuclear charge 

radius R = 1.2A3 Fermi, and the permanent quadrupole deformation n = 5. 

h2 
As before, the rotational constant 2JS is taken to be 15.4 keV 

o 
throughout. For each set of calculations, a single value of (a

3
), 

the octupole transition amplitude, was chosen to optimize the results, 

h 
where v'2B EO is related to Co and to the octupole-particle coupling 

3 3 
constant X I by Eq. (23). We have, talcen E3 = 1. 2 MeV. The semi-empirical 
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pairing reduction factors R have been calculated using the form 
a{tf 

(18), invoking appropriate constraints on the location of the Fermi 

level A as indicated by experimental data for Hf177. The average 

single particle field energies E~ from Ref. 9 have been used·to 

approximate E:., and the gap parameter !J. has been taken to be 0.60 MeV. 1 . 

The pertinent wave function coefficients were obtained by a quadratic 

interpolation between n =·2, 4 and 6 using the Nilsson coefficients 

in Ref. 7. 

4. Results of calculations 

Table 8 shows the results of our calculations for the absolute 

El transition rates in the nucleus Hf177. Also shown for comparison are 

the values of B(El) obtained using the three-parameter phenomonological 

treatment described earlier. Absolute values of B(El) calculated with 

an appropriate choice of < a
3 

) in several cases of interest are 

displayed. Column 1 (NC) of the "microscopic theoryll shows the results 

obtained when reasonable assumptions with regard to Coriolis mixing and 

pairing are taken into account and the calculations are performed within 

the Nilsson model, but no octupole mixing is assumed. There is clearly 

little relation between these results and experiment. Columns 2 and 

3 (NCO and NCO') show the results for a calculation similar to that 

represented in Column 1, but wi thinclusion of the octupole-particle 

coupling influence. The results labeled NCO are obtained when the 

Ikegami:-Udagawa approximation for R is assumed valid, and 

A ~ E: 

1. - [514J 
2 

In order to give agreement wi th experiment for the 
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Table 8. Theoretical reduced El transition strengths for Bf177. 

reduced strengthB(El) (MeV...:.rm3) x 105 

ini tial final 3-para-
spin spin meter 

K~9/2+ K=7/2- fit 

9/2 

9/2 

9/2 

ll/2 

11/2 

ll/2 

13/2 

13/2· 

15/2 

15/2 

17/2 

17/2 

19/2 

19/2 

21/2 

21/2 

7/2 0.034 

9/2 7.5 

ll/2 3.5 

9/2 0.69 

11/2 9.7 

13/2 7.6 

11/2 2.6 

13/2 10.1 

13/2 5.0 

15/2 9.7 

15/2 7.3 

17/2 8.9 

17/2 8.2 

19/2 7.9 

19/2 11. 0 

21/2 6.9 

microscopic theory 

3.4 0.031 

0.74 10.0 

0.05 6.5 

2.1 0.69 

0.87 12.4 

0.0611.5 

1.3 3.5 

0.77 ll.9 

0.74 7.0 

0.59 10.4 

0.34 10.7 

0.40 8.6 

0.14 13.6 

0.24 6.8 

0.01 16.3 

0.10 5.1. 

NCO lc NCOBCSd 

0.038 

6.3 

3.9 

0.42 

7.8 

6.9 

2.3 

7.4 

4.6 

6.4 

7.2 

5.2 

9.2 

4.0 

11.2 

2.9 

0.034 

2.4 

1.6 

0·70 

2.9 

3.1 

2.3 

2.8 

4.4 

2.3 

6.8 

1.9 

9.1 

1.4 

ll.8 

0·93 

experiment 

0.034(4) 

9.0 (6) 

3.1(2) 

0.66(5) 

10.3(7) 

2.32(13) 

ll.6(9) 

4.3(3) 

11. 5(1. 3) 

7.0(7) 

9.4(2.4) 

8.9(9) 

8.6(2.9) 

11. o( 2.0) 

aAssumes A = E7/ 2-[514]' (a3 ) = 0, and RO = (U9/ 2+[624J U7/2-[S14] 

- V9/2+[624JV7/2-[514]) = 0.42. 
b ,~ 

A = E7/ 2-[5141' (a3 ) = 0.180,RO = 0.42. 

cA = E7!2-[S14J + 60 keY, (a3 ) = 0.142, RO = 0.34. 
d ~ 

A = E7!2-[514] + 70 keY, BCS solution, (a3 ) = 0.142, RO = 0.16. 
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highly hindered 321--keV EI,< a
3

) must be adjusted toO .170. 'However, the 

apparent value RO indicated by the three-parameter fit of data 

(Figs. 13 and 14) is ~ 0.34. In the column labeled NCO' therefore 

we show the results for A. === \ E + 60) keV, RO ::: 0.34, and 
1. - [514] 
2 

< a
3

) ::: 0.142. Finally, in column NCOBCS we include a tabulation of 

results obtained using pair reduction factors calculated by Vergnes and 

14 
Rasmussen from a solution cif the BCS wave functions for N::: 105. 

The values B(EI) labeled NCO and NCO' obtained using semi-

empirical pair reduction factors are within a factor of two of 

experimentally derived values for all fourteen of the observed Hf177 

EI transitions. Moreover, the strengths predicted for the unobserved 

17.2- and 41.0-k'eV transitions indicate that indeed their gamma-ray 

intensities should be below the detection limit of presently available 

systems. The agreement with experiment using the BCS pair reduction 

factors, though still within an order of magnitllde for all cases, is 

somewhat poorer because the orbital energies differ from the 

best values for this particular nucleus, and this BCS solution predicts 

In summary, although more accurate knowledge of the pairing reduc~ 

tion factors and of the collective strengths B(El) and B(E3) in odd-mass 

nuclei is essential to confirm the validity of our treatment, the 

results of our calculations indicate that the theoretical basis for the 

quatitative interpretation of El transitions in odd-mass, deformed 

nuclei is established. 
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5. "Discussion 

Because of the uniquely abundant information on ~K = 1 El 

transitions (and therefore on nuclear structure) provided by the nucleus 

Hf177 , we shall devote essentially all of the ensuing discussion to a 

careful consideration of the significance and reliability of the results 

we have obtained in our calculations for that nucleus, and to a detailed 

assessment of the presumed nuclear parameters that have produced those 

results. The independent thesis work of Pie~enbring69 has recently 

proposed the general validity of an octupole vibration-particle coupling 

model in interpreting ilK = 1 El transitions as well as K-forbidden El 

transitions in odd-A deformed nuclei; therefore we will not belabor the 

point by extending our calculations to other cases for which extensive 

experimental data are not available,though we shall discuss some very 

important differences between our assumptions and th0se of Piepenbring. 

To extract maximum information from the single experimental case 

for which excellent data are available, it is of course necessary to 

consider carefully the various parameters involved in the calculations, 

and the results they yield within the model we have chosen. It is, 

first of all, interesting in this regard to consider the various com-

ponents contributing to the total El transition strengths. Counting both 

collective and single-particle components a total of some 35 terms has 

been considered, bf which perhaps 10-15 (depending on the spin) are 

found to be of major significance. 

It is evident that the total El transition moments are rather 

compli cated mixtures of several components. Some of the components Vle 
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considered are of course small, and particularly at low spins, do not 

contribute significantly to the El transition strength. In general, 

the experimental El transition strengths may be considered to arise from 

three sources: 

(i) single-particle components having large wave amplitudes but 

small G(El) values in the Nilsson model, either because the wave functions 

do not overlap appreciably, or more frequently because they have rti Ci.
i 

+ rtfcx
f 

transition amplitudes of opposite phase, e.g., the principal single 

particle component ~ + [624J + 1 - [514] and the large Coriolis mixed 
2 2 

component ~ + [633] + ~ - [514]; 

(ii) single-particle components having small wave amplitudes, but 

large allowed Elmatrix elements; e. g., ~ + [624] + ~ - [514], ~ + [624] 

+ 1 - [514]; 
2 

(iii) collective octupole components arising from the vibration-

particle coupling, HvpC ' The results of our calculations show that 

these terms, introduced via the ~K = 0 Coriolis-mixed particle com-

ponents, dominate the ~K = 0 contributions to the total El strength. 

The complexity of the situation is perhaps best illustrated by 

comparing the values for the three parameters M
O

' M
l

, and M2 used 

in the experimental fit with the various contributing terms calculated 

from the theoretical model. The results of such a comparison are shown 

in Table 9 for the calculations assUr.1ing A = (s + 60) keY 
1 - [514] 
2 

and RO = 0.34. Since the parameters MO' Ml , and M2 were adjusted 

using the experimental strengths of the three Eltransitions leading 

from the 2.. + [624] band head, the calculated values are shown as they 
2 
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Table 9. 'Calculated contributions to the experimentally derived parameters 

M
O

' Ml and M2 (for t + + ~- - transition). for Hf177 El transitions. 

initial final 
band band 

9/2+[624] 7/2-[514] 

7/2+[633] 7/2'-[514] 
If Ii 

" " 
7/2+[624] " 

" " 
" " 

7/2+[613] \I 

" " 
II II 

9/2+[624] 9/2- [505] 

" " 
11 " 
VI 9/2-[514] 
II " 
" " 

octupole mixing (UiUf-ViVf ) 
phonons coeff. 

Elmatrix 

element
b 

product 

n. 
l 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

n
f product 

a 

0 0.96 0.34 

0 0.25 -0·57 

0 -5.lxl0-
2 

1 -8.9><10-2 

0 
-3 

-4. 4x 10 ' 0.64 

0 1. 7xl0-3 

1 3.0xl0-3 

0 6.4xlO·- 3 

0 8.8x10-4 

1 1. 5xlO-3 

-3 Experimental M
O

=5. 5X 10 

-8.3><10-3 

-7.3><10-2 

-7.3><10-2 

0.56 
-7.3><10-2 

-7.3><10-2 

6.2xI0 -2 

-7.3><10-2 

-7.3><10- 2 

'J 

3.7xI0-~ 

6 -3 
.' 5X 10 

-1.6<10-3 

. -4 
-1.2X 10 

-2.2><10-4 

2.5x l0 -4 

6 4x ·-5 
-. 10 

-1. Ox 10--4 

-
Swn=o. 96< 10 

-2 

/ ( ) 
. , -2 

Experimental I. I.-I -K. (K.-l) M
l

=3 M
1

=1.Oxl0 
l l l l 

0 

0 

1 

0 

0 

1 

-2 4x -3 -4 6.3xlO 0.87 -3. 10 -1.9XlO 

7.5xlO-3 -7.3><10-2 -5.5x l0- 4 

l. 3 xlO- 2 -7.3><10-2 -9. 5x l0-
4 

-3.5xlO-3 -0.31 0.54 5.9x l0-
4 

-7.9xlO-4 -7.3><10-2 5.8xl0- 5 

-1. 4 xlO- 3 -7.3><10-2 1.0Xl0-4 

-3 Swn=-0.94xl0 

-3 
M

2
=3 M

2
=-1. 3 xlO 

~epresent~ the wave function coefficient product for the indicated initial 
and final particle or particle-phonon states. 

bFor particle components, I3j1i:"n eeff(h/MWo)1/2G(El); for collective 
components, derived from Eq. (1). We have asswned eeff=-·(Zelf\.). 
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apply to one particular transition, the 
9 9 . 2+ + 2 - 208-keV El, for which 

ali first-orier~.,Coriolis-mixed components can contribute to the total . 
El strength. Despite the fairly large number of terms of first or 

second order magnitude which apparently are important already at 

such low spin, the results are seemingly unambiguous. Particularly 

significant is the fa,ct that the relative phases of the parameters 

MO' Ml , M2 are correctly predicted. Moreover, the results are not 

merely the consequence of chance cancellation among a series of large 

terms· of varying phase. Rather, the collective octupole El components 

between the I~-+ [633]; n = O,l} and <f- [514J; n = 1,01 particle-

phonon states are seen to dominate the Coriolis-mixed Ml term. Although 

the zero-phonon single particle components, as we have shown (cf. Table 

7), nearly cancel one another, the collective strength provides a clear 

explanation of the large Coriolis-mixed El matrix elements indicated in 

the earlier phenomenological treatments of Refs. 13 and 14. Finally, the 

proper prediction of both the phase and the magnitude of the smaller 

M2 parameter provides convincing evidence for the validity of the 

approach we have .chosen for our calculations. 

However, the relative simplicity of the situation for transitions 

from the lowest spin member of the ~ + [624] band deteriorates with 

increasing rotational energy. AsTable 9 shows, the discrepancy between 

experiment and theory grows with increasing spin, until at high spins 

a factor of two disagreement can be seen in some instances. Table 10 

shows a comparison of the important terms contributing to the total 

reduced El moment for the ~ + + ~ - El transition and for the 
2 2 
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Table 10. Theoretical partial reduced El moments for Hf177; 

1. I = 2_ and 1. 
21 * = = If = "2--' . 

l f 2 l 

1 
Octupole Partial El Amplitudes, B2(El)(xl03 ) 

Nilsson States phonons 

Oa. Dey,£- n. n
f 

-1=2- I = 21 
l l -2 2 

"Principal" Component 

2-+ [624J 
1 __ 

[514J 0 0 2.,34 2.27 2 2 

Second order S.P. Components 

Jl + [615J 2- - [514] 0 0 o. -0.14 
2 2 

2. -- [505] 0 0 o. 0.27 2 

11 + [606J 2- - [505] 0 0 o. 0.09 2 2 

1+ [633] 2._ [ 514] 0 0 0.05 0.49 2 2 

2 [532] 0 0 -0.07 -0.50 2 

2 [523J 0 0 -0.47 -3.03 2 

2 [512J 0 0 0.18 1.14 2 

1+ [624J 2- [505J 0 0 -0.01 -0.11 2 2 

2_ [523J 0 0 0.03 0.25 2 

1+ [613] 2_ [ 512] 0 0 -0.06 -0.60 2 2 

2+ [642 ] 1_ [514J 0 0 0.05 0.32 2 2 

2+ [633J 1 - [514J 0 0 -0.03 -0.09 2 2 

(continued) 
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Table 10. .• Continued 

1 
Octupole Partial El Amplitudes, B2(El)(xl03) 

Nilsson States phonons 

Da. Da n. n
f 

I=2- I = 21 
l f l . 2 2 

S.P. Components with Collective Enhancement 

.2.+ [624] .2._ [514] 0 0 0·52 0.55 2 2 

1 0 .0.05 0.05 

0 1 0.10 0.10 

. .2. _ 
[505J 0 0 -0.17 -0.16 2 

1 0 -0~50 -0.48 

0 1 -0.86 -0.63 

.1+ [633J .1 [514] 0 0 0.84 0.78 2 2 

1 0 2.66 2.45 

·0 1 4.60 4.25 

.1+ [624] 7 [514] 0 0 -1.11 -1. 57 2 2"-
1 0 -0.09 -0.13 

0 1 -0.15 -0.22 

l+ [613] l - [514J 0 0 0.17 0.23 2 2 

1 0 -0.05 -0.07 

0 1 ";0.08 -O.ll 

2+ [642J 2_ [523] 0 0 0.07 0.43 2 2 

1 0 0.17 1.09 

0 1 0.30 1.90 

(continued) 
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sta. 
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2. + [642] 
2 

* 

2. - [512] 
2 
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Table 10. Continued 

1 
octupole 2 ( ( ~ ) Partial El Amplitudes, B . El) XIO
phonons 

n. 
l 

o 

1 

o 

o 

1 

I = 2.. 
2 

-0.02 

-0.19 

-0.33 

Sum = 7.94 x 10-3 

B(El) = 6.3 x 10-5 

I = 21 
2 

-0.12 

-1.19 

-2.06 

5.25 x 10-3 

Calculation NCO' in Table 8. 
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Of partic~~ar interest are the higher order 

and ; + [6L2J -+ ~ ... [512J components which 

exhibit rather large collective contributions to the total El strength 

for those transitions between the higher spin members of the two rotational 

bands. However, because these contributions are nearly equal and opposite 

in phase, they essentially cancel. We conclude from this 

result that the quality of the three-parameter fit may have been some-

what fortuitous, resulting microscopically from a near-cancellation of 

several terms important for large values of the spin-dependent RPC 

matrix elements. On the other hand, the theoretical model we have 

chosen that indicates the presence of large third-order ~ + [642J 

-+ ~ - [523J and ~ + [642J -+ ~\- [512] collective El components may be a 

deficient or partially incorrect model, which brings us to the next 

part of our discussion: a consideration of the uncertainties and weak-

nesses of the model. 

Although the point is not crucial to the description of collective 

El transitions,60,69 Faessler et a~.38 pointed out the convenience of 

representing phenomenologically the nuclear charge polarization giving 

rise to collective El transitions as resulting from small admixtures of 

the giant dipole resonance. The timely contribution of Donner and 

Greiner34 provided an explicit interpretation of this effect, and the 

authors presented expressions whereby the collective El moments in 

deformed nuclei could be related directly to the giant dipole admixtures. 

We have chosen therefore to relate our expression (3~) describing the 

collective El moments in odd-A deformed nuclei to the parameter CO' 
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representing the magnitude of the giant dipole admixture to the octupole 

vibrational mode. A significant test of the consistency of our results 

with the general model of Ref. 34 is then provided by examining the 

( ) _ . h 
a30 - hB E' 

3 3 
parameter 

Because of the near-cancellation of two El components nearly equal 

and opposite in phase~ the calculated strength for the highly hindered 

321-keV El transition in Hf177 is extremely sensitive to the choice of 

(In general the remaining transitions are much less sensitive~ 

though the calculated branching ratios are rather easily upset.) Although 

there exist unique values (a
30

) which yield the best fit to experimental 

data; we should not attach too much significance to the last decimal 

places. Nevertheless, it is clear that the values indicated for (a
30

) 

in the El "best fits II are in the range 0.1-0. 2 ~ consistent with the .. 

octupole amplitude expected in this region~ and hence consistent with 

the "giant dipole model" and wi th such experimental data as are 

available. 34 The parameter (a
30

) can best be determined from experimental 

values of B(El) and B(E3) for collective transitions between the ground 

and octupole vibrational states in even-even nuclei. Unfortunately, 

no such data are available to date for the even-even nuclei Hf176 and 

Hf178. Experimental B(El) and B(E3) information for at least one of these 

two nuclei is necessary for a more critical evaluation of our choices 

for (a
30

) 

The uncertainties associated with the collective model description 

of octupole vibrations also deserve consideration. If we concede that 

the simple octupole harmonic oscillator Eq. (27) provides an 
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approximately correct descriptio~ of the excited nuclear surface, then we 

also assume that the nucleus possesses a static quadrupole deformation, 

and we further assume a constant moment of ine:r-tia. Both of LLese 

[i8swnptions ought to be good ·~o first order for the strongly deformed 

177 Hf nucleus although, to be sure, at spin 
21 
2 

and energy ~ 1 MeV 

the situation may become more complex under the influence, for example, 

of Coriolis anti-pairing effects. 70- 72 For the sake of simplicity, 

however, we have assumed the parameters I), QO' and J associated uith 

the equilibrium quadrupole deformation to be constants. Having dis-

posed of these problems, we finally note that the octupole vibration-

particle interaction Hamiltonian (25) is taken to be proportional to 

2 
r 'Y30 rather than the r3 Y

30 
of Ref. 69. 36 Vogel has pointed out 

that the octupole potential of the type 
2 

ex: r Y
30 

describes more 

" accurately the equipotential surface of the nuclear mass possessing 

quadrupole and octupole deformation. 

There are also, of course, uncertainties associated with the 

Nilsson single-particle energies and wave functions upon which we have 

so heavily relied. For example, the term 

~ 0 ffr hw r2 Y
20 3 ~ -5, ,0 

of the Nilsson Hamiltonian (5) has non-vanishing matrix elements between 

states for which 6N = 0, ± 2, but the terms for which 6N = ± 2 are 

neglected since they are usually small compared to the average energy 

separation between such !3tates. However, the sensitivity of El 

transition strengths tci small wave function admixtures having large 
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"unhindered" El matrix elemen-cs has been clearly shown (cf. Table 6), 

and we consequently should not dismiss out of hand the possible effect 

of liN = ± 2 mixtures in the K = ; + [624 J and K = f - [514] band::;; 

in Hfl77. 

The Nilsson diagram for odd neutrons, 82 < N < 126, (Fig. 9) shows 

. that the situation in the case of Hf17T is relatively uncomplicated. ~To 

candidates for direct mixing in either the .2. + [624] 
2 

or 1 
2 

[514] 

bands are to be found within at least 6 MeV of either state at defoJ~';J.tion 

E. =0.25 . The matrix elements (N I Q I I Ho I NQ) being of the order ~ 100 keV. 

we expect to find wave function admixtures generally <2%. These could "be 

significant for unhindered El matrix elements (cf. Table 5), but in t.he case 

of the most eligible . .2. + [404] -+ 1 - [514] transition moment, the 
2 2 

asymptotic quantum number selection rules indicate that the hindrance "ill 

be similar to that for the ~ + [624] -+ f - [514 J principal El compClent. 

We therefore conclude that the changes in our results introduced by 

excluding liN = ± 2 mixing from the calculations'will be small. It is 

well to remember, however, that in some cases the liN = ± 2 mixing can be 
. p, 

quite large and can exercise a significant influence on both energy level -

and transition probability69 calculations. 

Finally we note with regard to the 'single particle wave functions 

used in our calculations that new wave functions in the asymptotic 

representation have recently become available. 74 At large deformations 

these may be more desirable than those employed in the present work; 

Another more significant departure from the original Nilsson wave functions 

can be achieved by replacing the single--particle harmonic oscillator 
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potential with one of the Woods-Saxon type. 69 There are indications that 

this form of the nuclear potential, applied to deformed nuclei, may give 

better agreement with experiment than the harmonic oscillator potential 

employed by Nilsson and others. 

We must also consider the limitations of the rotational model,upon 

which we place heavy reliance in deducing the experimental El strengths 

. Hf177 d' bt·· th ft·· t f . th In ,an In 0 alnlng e ·proper wave unc lon mlX ures or use In e 

theoretical calculations. Although the band-fitting procedure described 

earlier allows one to arrive at what seems ,to be a lIunique" eigenfunction 

describing the rotational band in question, there is often some difficulty 

interpreting the parameters required to achieve the fit. For example, it 

is not clear whether the "cutting" of Coriolis matrix elements, particularly 

between states on opposite sides of the Fermi surface, is the result of 

deficiencies in the rotation~l model and the presumed RPC interaction 

itself, of inadequacies in pairing theory for interactions near the 

Fermi surface, or simply of more subtle phenomena not yet detailed in 

present theory. Nevertheless, the effect. is noted here, as it has been 

elsewhere in calculations of this type. 75 Moreover, the tluniquenessl! of 

the solution achieved is also open to some question, for although there is 

usually a single best solution, there are often .other good solutions 

obtainable with somewhat (though not greatly} different eigenfunctions. 

In short, the method appears to be valid, but the interpretation of the 

results in terms of present theory is sometimes difficult. 

We also note our omission of any explicit accounting for the 

l'otation·-vibration interaction. Though the coefficient "B'! of the· 
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22· 
I (I+l) term commonly used as a "vibration correction" in rotational 

band calculations is known to -oe of second order and, judging from 

F - 8 t· 1· . Hf177 t·ll h d btl . 19. cer aln y lS so In , S l we ave ou ess In our 

calculations included small terms no more deserving of consideration 

than the neglected !!RVC" terms. In lieu of ·further experimental evidence, 

this fact should again make us cautious about too literal an interpretation 

of the results here obtained. 

Finally, the extreme sensitivity to the pairing reduction factor 

RO for the fit to the highly hindered. 321-keV El transition has been 

remarked upon earlier. In view of this sensitivity, it seems appropriate 

t . th· f th Th F . f . Hf177 . d t o examlne e lssue ur er. . e erml sur ace In lS assume 0 

lie nearly midway between the tvo Nilsson single-particle states 

~ + [624J and ~ - [514J (cf. Fig. 9). It is evident from the form of 

the reduction .factor, R = (U1U2 - V
1

V2 ) for electric transitions, that 

this circumstance can result in near total cancellation of the single-

particle transition amplitude. But the quantitative theoretical inter-

pretation of the effect is difficult, as· evidenced by the rather discouraging 

display of data in Table 11. It appears that we may select a value to our 

liking anywhere in the range 0.07 - 0.93! Consequently, in our calculations 

we have adopted a fairly simple semi-empirical approach in determining 

the single particle orbital occupation parameters U and V. The 

eminently simple form .( 20) requires only a knowledge of the energy 

gap !:J., a parameter that can be estimated from odd-even mass differences. 

We have chosen the value !:J. = 0.60 MeV in our calculations as a good 

compromise on the basis of the calculations of Ref. 2T. The odd-even 



-100- UCRL-18651 

Table 11. Theoretical pair reduction factors for Hf177 transitions. 

(U U - V V ) 
.. -42 [624] 27 [514] -4[624J 1..[514] 22. 

0.17 

0.07 

0.14 

0.58 

C). 74 

0.93 

0.60 

Method Ref. 

B.C.S. "Model A!I (14) 

B. C.S. "Model B" 

B.C.S., without blocking 

B.C.S. Projected wave functions 

B.C.S. with blocking 

B.C.S. with blocking and 
projected wave fUIlCtions 

I.U. method, different 

values for average 

. field energies E. 
l 

(46) 
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neutron mass difference pexp is calculated by Nilsson and Prior27 
n 

to be 0.66 MeV. One set of resl.:,lts in Table 8 (NCO) has been shown for 

the value R = 0.42 calculated frcm Eq. (20) for the critically important o 
pair reduction for the ~ + [624] ~ ~- - [511~ J strength, This value 

(0.42) is quite close to the value 0.34 indicated by the experimental 

parameter MO used in the very successful three-parameter fit of El 

data. It might thus appear we have been able to approximately determine 

the occupancy numbers for the t + [624J and f - [514J orbitals in Hf177 

from experimental El transition probabilities (if we assume the Nilsson 

wave functions are reliable for calculating such very small (~- 10-2 ) 

G(El) values). 

178 177 We are fortunate in now having the recent Hf (d,t) Hf and 

Hf178 (d,p) Hfl77 reaction data of Rickey and Sheline26 and their derived 

single-particle orbital occupation probabilities, U2 The data of interest 

to our discussion are shown in Table 12. Using the DWBA predictions of 

Satchler for the (d,p) and (d,t) cross~sections for a particular state, 

the authors are able to obtain the ratio U
2

/V
2

, and thus determine U 

d V · U
2 + V

2 = 1. an ,Slnce We also show their results for the experimentally 

derived Nilsson wave,' function coefficients for each state. 

The experimental pair reduction factor 

- V V ")calculated from these 
~ + [624 J f - [514] , 

(U
9 -+ 
2 

, U
7 [624J 2 - [514J 

data is 0.18, about a 

factor of two smaller than that, indicated from the experimental El 

data. The two data are certainly not, however, mutually exclusive, in 

view of the approximations inherent to the DWBA calculations, and of the 

undertainties in the Nilsson El moment calculations for such highly 

hindered transitions. 
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Table 12. 
. 2 2 

Occupation numbers U and wave function coefficients C
J
.Q 

IT' for HI·· ., (Ref .26) . 

Level r2[Nn 1\J Derived 
C2 C2 C2 2 C2 2 z 

U
2 energy Cll Cll 

(keV) assigned r2a 2_ 3 1.3 .2.5 -- 5 24 -- 6 
2 2 ·2 2 2 2 

Gnd 1_ [514J 0.427 ·0.048 0·700 0.065 2 

324 2+ 
2 [ 624J 0.724 0.092 0.148 

504 2- - [512J "D.3 . "-(). 64 "D.7 2 

. 1058 1_ [503] 0.94 0.542 2 

851 1+ 
2 [633J 0.01 0.40 
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It is also of some interest to compare the values in 

Table 12 with the values for those parameters assumed in our calculations. 

Though the authors caution against attaching too much significance to the 

2 
absolute values CjQ~ the relative values are thought to be fairly reliable. 

7 . 177 For the 2" - [514J (ground) state In Hf we see, as expected, that the 

Q = 5 component associated with the h2 orbital dominates. Mixing from 

the hll and the 

2 

f1 orbitals is seen t§ be quite small, as expected. 

2 
It is more difficult to understand the fairly large component from ill 

indicated for the ~ + [624J band, but the strongly perturbed nature 2 

of this band may provide at least partial explanation for the magnitude 

of that term. It is, however, comforting to see the relatively weak 

contribution from g2' indicating the ll.N = 2 mixing, ~ + [624J ++ ~ + [404] 

2 
is indeed quite small, as we assumed in our calculations. 

To conclude this discussion, we make reference to the recent work 

62 63 . of Soloviev and coo-workers ' whereln the interaction of phonons and 

quasi-particles in odd-A deformed nuclei is examined in considerable 

detail for several cases in the rare-earth region of deformation. With 

use of their "superfluidl' model. of the nucleus, the authors show that 

such interactions can lead to sUbstantial mixing of phonon and quasi-

particle states, and to the appearance of non-rotational collective 

states and states having complex phonon-quasiparticle structure. It is 

particularly interesting to note that their calculations for the Hf177 

nucleus (disregarding rotation-particle coupling) show the ~ + [624J 

state to be e~sent:i.ally free (99.5%) of quadrupole or octupole phonon 

perturl)8.tion, lending further support to our assumption in both the 
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Coriolis matrix diagonalization and throughout the calculation of the 

El strengths that the strong perturbations observed in the 2_ + [524 J 
2 

.. 177 
band of Hf are essentially "RPC" in nature. Moreover, these results 

are consistent with our assumptions with regard to the magnitude of the 

octupole phonon interaction. For example if we apply the vibration-'particle 

coupling matrix element (fIHVPC1i) in a simple' perturbation calculation 

to obtain the first order mixing of the phonon-particle state 

I~- + [633]; n3 = 1) into the ground band ~ - [514] of Hf177, we have 

a mixing coefficient 

[633];11 Rypc1f - [514J; 0 ) 

- [E .. - E ] 

[514J I + [633] 3 
2 

=== 0.15 

where the notation is consistent with that used earlier, and (8.
3

) = 0.14, 

E3 = ~ = 1. 2 MeV. If, for the sake of argument, we assume the above 

component to be the only "impurity" in the f - [514J band, the normali

zation condition indicates abo~t two percent I f + [633J; n3 = 1> 

11 character'l in the ground band of Hf177. Soloviev finds the H?-77 ground 

band to be 96% f - [514 J, but his calculations for the parameter E3 

yield 1. 9 and 2.2 MeV for Hf176 and Hf178 , respectively, somewhat high 

when compared with the value'for E3 indicated by the experimental 
-

levels ITIK=l-O at 1643 and 1722 keV in Hf176 {cr. data reported for Hf176 

in part II). Since the above case is the most important in Hf177 , we 

may conclude that the modelw.e have employed in our calculations is not 

inconsistent with the more sophisticated calculations of the Dubna 

school of theoreticians. 
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ln order to confirm the validity of our treatment,the following 

experimental data would be of special interest: 

1) Careful measurement of the conversion electron spectrum of 

Lu177m ought to· be performed using a high-resolution magnetic spectrometer 

comparable to the iron-free instrument at Berkeley. These data would 

presumably provide an independent check of the assumptions we have made 

regarding the highly perturbed ; + [624] band in Hf177. It would be 

particularly desirable to be able to verify the MI-E2 mixing ratios we 

have predicted in Fig. 11. We have made some investigation into this 

experimental problem, especially with regard to the difficulty of 

bt " II f II • t f L 177m o alnlng a mass- ree , In ense source 0 u . The details are 

discussed in Appendix A. 

2) Additional direCt lifetime measurements for members of the 

t + [624] rotational band wO:.lld be desirable, although present techniQues 

-10 and electronic limi tatioris make such measurements (~ 10 sec ) extremely 

difficult if not impossible. 

3) The reduced strengths, B(El) and B(E3), to the collective 

, 176 / 178 t b d t 'd octupole states In Hf and or Hf mus e measure 0 provl e an 

experimental check on the value of (a
30

) ,the collective model 

octupole transition"amplitude in this region. Though the recent data 

of the Ris ¢ group on" even~-even gadolinium,76 dysprosium,77 and 

erbium 78 nuclei provide some encouraging insight for uris problem, 

the results for Hf nuclei are to our knowledge not yet available. 

4) Other information of interest might be provided by measurement 

of the g-factor of the l.l-sec. three-quasiparticle state in Hf177. 



-·106- UCRL-18651 

5) Finally, the obvious need is for more systematic, precise data 

on 6K = ± 1 and K-forbidden El transition strengths in other odd-A 

deformed nuclei. As we have seen earlier, although there are a few other 

cases of more than minor interest, to date there has been no candidate 

of the caliber of Hf177 that has presented itself for review in either 

the lanthanide or actinide region of deformation. 

The interpretation of anomalous 16KI = 1 and K-forbidden El 

transitions in terms of pairing, Coriolis coupling, and octupole collective 

contributions was suggested in principle by Ref. 14 and treated later 

in Refs. 18 and 69; we have, it is hoped, tentatively confirmed the 

explicit validity of the model,' at least. as it applies to Hf177. There 

is, however, some disagreement on interpreting the origin of collective 

El t . dd A 1" p' b' 69 th' 'h d h d componen s In 0 -, nuc el. lepen rlng, on e one an, approac e 

the problem by performing a microscopic Soloviev-type calculation assQming 

a somewhat different mean field and (neglecting the effects of blocking 

and the refinement of projected wave functions) obtained values for 

E3 apparently in somewhat better agreement with experiment than did 

, " . 176 
Soloviev for Hf . However, the microscopic model chosen in Ref. 69 

to describe the octupole force results in a transition strength ratio 

T (El)/T (El) that is a rather sharply decreasing collective particle 

function of spin. For example, increasing the spin from 3 - to 
2 

2-
2 

decreases the ratio by a factor of 80. Consequently, it is significant 

that the calculated octupolar c~ntribution in Hf177 is relatively small, 

and the calculated absolute El strengths (results are shown' in Ref. 69 

only for. the and 

agreement with experiment. 

.2.+ -+ 11 _ transitions) are not in good 
2' Z 
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On the other hand, we have adopted a simpler model which interprets 

the collective El components as arising from small admixtures of the giant 

dipole resonance, an assumption based on a purely phenomenological pic-

ture of the charge polarization associated with the octupole vibrational 

mode. That we have been able to obtain good agreement with experiment 

using reasonable values of the single adjustable parameter (analogous 

to the free parameter in Ref. 69) describing the octupole strength seems 

to indicate that the restrictions placed upon the octupole vibrations in 

Ref. 69 are too severe, and that coupling of the dipole oscillations of 

the nuclear core with the giant dipole resonances is at least important, if 

not dominant in the case of Hf177. More experimental information of the 

type mentioned earlier is certainly necessary to resolve the issue. 

6. Summary and conclusions 

The 16 El transitions arising from the decay of 161 d. Lu177m 

provided the opportunitY for an exceptionally rigorous and detailed 

experimental test of the theory of 6K = 1 El transitions in odd-A 

deformed nuclei. We were able to show that the "anomalous" electro-

magnetic transition strengths of this type can be explained within the 

framework of the unified model, and we examined in detail the significant 

information on nuclear structure and nuclear models provided by the 

nucleus Hf177 .. Although the general applicability of the interpretation 

of 6K = 1 El transitions in terms of Coriolis coupling, pairing, and 

octupble vibration-particle coupling remains to be shown, the results 

of our calculations for the nucleus Hf177 indicate that the theoretical 

basis for the quantitative interpretation of El transitions in odd-mass 

deformed nuclei is established. 
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We have also demonstrated the wealth of, information on nuclear 

structure that can be derived by a careful analysis of second- and third

order nuclear decay information now obtainable using optimized Ge(Li) 

detector systems. The problem we have discussed and the method used in 

its solution illustrates one more case where experiment has led the 

way to a better understanding of the essential unity and consistency of 

contemporary nuclear theory. 
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III. THE DECAY OF Ta.176 TO LEVELS IN Hf
176 

A. Introduction 

In part I of this work we have described in detail the rather 

extensive information on nuclear theory that we have in one case been able 

to extract from a careful study of second order nuclear decay properties. 

Needless to say, such work would have been impossible before the advent 

of the Ge(Li) and Si(Li) lithium-drifted semiconductor !lfamily!l of detectors. 

The initial impact of these devices upon the field of nuclear physics and 

chemistry has been described by several authors (cf. e.g. Ref. 79 and 

references cited therein, or for a more general discussion the review 

article by Hollander 80}. Still, it ought to be realized that the 

measurements reported in Appendix A became feasible only some two years 

ago, after numerous second-order breakthroughs in the fabrication of the 

Ge(Li) and Si(Li) devices themselves and, more importantly, after major 

improvements in the design and quality of the component parts available 

for low-noise electronics. It is therefore no longer uncommon to find 

3 large volume (7-40 cm ) Ge(Li) detectors yielding system resolution of 

60 2.0 - 3.0 keY (FWHM) fpr Co ,depending on the size of the device, and 

small diodes ~ 1 cm3 in volume capable of giving resolution considerably 

less than 1 keY at energies below 150 keY. The result of these develop-. 

ments in detector technology ha.s been an avalanche of data on nuclear 

properties, data which have in a, few short years placed the theoretician in 

the unenviable position of being asked to explain a myriad of complex 

nuclear properties _after they have been observed. 



-llO- UCRL-18651 

However, at the same time that the semiconductor revolution in 

radiation detection was in its boisterous youth, a quieter revolution 

in data acquisition and reduction techniques .was occurring. Arid in the· 

past two years, the age of the on~line computer for data acquisition and 

analysis has become a reality. 

In the following pages we shall describe a practical consequence of 

the combined impact the above revolutions have had on the field of nuclear 

spectroscopy. We have chosen for consideration the highly complex decay 

f 8 T 116 t 1 1 . H·f
116 tl b ' f . . 1 t o -hour a 0 eve s In ,par y ecause 0 lts re evance 0 

the theoretical calculations described in part I for Hf117 , and partly 

because we felt at the beginning of this study that we finally had 

available equipment equal to the task of unravelling one of the most 

complicated natural decays known. The degree to which this feeling was 

correct can be judged from the work we now report. 
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B. Jjackground 

Very little was known of the decay of Ta176 at the time this study 

was begun. The complexity of the decay was perhaps first witnessed by 

H t t 1 81. th··· 1 t t . 1 t arma z, ~~. In· 81r ear y permanen -magne converslon e ec ron 

study. No attempt was made at that time to construct a decay scheme, and 

subsequent attempts to do so using NaI(Tl) scintillation detectors were 

.. 82 83 . 84 
largely unsuccessful.' The recently published Table of Isotopes 

consequently shows only the levels of Hf176 reprod~ced in Fig. 15. 

The proposed spin (1-) of the parent Ta176 nucleus presumably results from 

coupling of a t - [512]neutroh with at + [404J proton. If this 

assignment is correct, then the ~-decay is first-forbidden hindered 

(./::'/I. = -2), and it is not expected that the posi ti ve parity ground band of 

176 + ; 176 
Hf will .be heavily populated by the B -EC decay of Ta . Moreover, we 

do not expect that states of spin greater than 3 will be appreciably 

populated~ 
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C . Experimental. 

1. Target and source preparation 

The Ta176 activity was prepared by the Lu175 (a,3n)Ta176 reaction. 

Samples of approximately 35 mg. of isotope separated 99.94% enriched 

Lu~7503 were irradiated at the LRL 88-inch cyclotron with 43 MeV alpha 

particles. The powder target was distributed in an aluminum backing plate 

so that the maximum depth of target material was ~ 0.15 mm. A 0.13 mm, 

175 aluminum foil covered the LU
2 

03 powder so that the a-particle energy 

incident on the powder was about 40 MeV. Irradiation periods of two 

hours at 18]JA beam current were found to produce ample activity (~ 3-4 

R/hour gamma field at surface). 

The Ta activity was Beparated from oth'er reaction products by 

extraction from 6N HCl solution using 2,4-dimethyl-3'-pentanone (diiso-

propyl ketone), a procedure described in Ref. 85. Sources for counting 

could generally be readied within three hours after the end of irradiation. 

Small amounts of Ta178 , Ta177 and Ta175 contamination were noted in the 

y-ray spectra. 

The sources for y-ray counting were prepared by evaporating to 

dryness small 'quantities of the carrier-free extracted Ta in water 

solution deposited on aluminum counting plates, or in the case of the 

samples for'the Compton-suppressed singles work, on Teflon discs. To 

prepare electron sources, the activitywas liquid deposited onto 0.25-

mil gold-anodized mylar sandwiched with aluminum lacquer between 5--mil 

aluminum annular discs to provide electrical contact and structural 

stal,:i lity. 



-114- UCRL-18651 

2. Description of experimental·apparatus 

A variety of detection systems has been used to make measurements 

of: a) the singles y-ray spectrum; b) the conversion electron spectrum; 

c) the y-ray "pair" spectrum; d) the entire y-y coincidence spectrum 

of Ta176 . We shall describe briefly the pertinent apparatus in each case, 

the method of calibration where appropriate, and any problems encountered 

with each system. 

. . 176 . 
a. Singles y-ray spectra of Ta· decay were taken using 1) a 

10 cm3 planar Ge(Li) detector with resolution 2.5 keV at 1.33 MeV (Fig. 16); 

2) a 1 cm3 "thin window" Ge(Li) detector with resolution ofo.8 keV 

at 122 keV; 3) a 7 3 planar Ge(Li) detector used in conjunction with cm 

the Compton suppression system at LRL Livermore, and displaying resol'.ltion 

2.3 keV at 1.33 MeV. 

The energies and intensities of the y-rays from decay of Ta176 

were first determined using detector (1) described above. The crystal 

was calibrated for photopeak efficiency using a set of eight absolutely 

* calibrated standard y-ray sources obtained from the IAEA laboratories. 

Hf180m was used to obtain additional relative efficiency points in the 

rather poorly defined region from 130 - 500 keV, and Na
24 

was used as 

* .( 24157 203 22 Cs137, Mn54, These 10 llCi standard sources .Am ., Co ,Hg ,Na , 
Co60. y88) are all now calibrated to ~ 1% by the lAEA and may be obtained 
from the IAEA Division of Research and Laboratories, Vienna. Distribution 
is annual, and orders must generally be placed at least eight months in 
advance of the January 1 distribution .date. 
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··Ge(Li) detector efficiency 
(7.5 cm 2 x 13 mm deep) 

o Absolute IAEA 
o Hf '80m (relative) 

A Na 24 (relative) 

Energy (keV) 

Fig. 16. Absolute photopeakefficiency vs. energy for. the 10 cm3 
planar Ge(Li) detector. 
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a relative intensity standard to extend the curve as shown in Fig. 15 

to 2.75 MeV. A linear extrapolation of the curve was assumed valid 

for measurements> 2.75 MeV. The H:f18Om relative intensities were 

taken from the compilation of Haverfield. 79 

Low energy singles data were also taken using the similarly cali-

brated "thin window" detector described in Appendix A in connection with 

the Lu177m work. 

Finally, we have been fortunate to have been able to retake the 

Ta176 singles data using the Ge(Li) Compton-suppression system at LRL, 

Livermore. This apparatus has been described in detail in the recent 

review article by camp.86 The combination of a 7 cm3 Ge(Li) diode and 

a 9" diameter by 9" long cylinder of NaI(Tl) shielding surrounding the 

diode allows excellent resolution to be combined with a 70:1 Co
60 

peak-

to-Compton ratio. Although relatively "hot" sources are required, 

because of the 10" source-to-detector distance, the 8-hr. half-life of 

Ta176 was sufficiently long to allow us to gather excellent data in only 

two expe'rimental "runs". 

In all of our work we have used the high-rate amplifier system 

designed by Goulding, et al. 87 and built at LRL. The pole-zero 

compensation and base-line restoration features of this system in conjunction 

with a pulse pile-up and slow rise~time rejection unit enable one to 

achieve counting rates up to 7500/sec with no appreciable loss in 

energy resolution or peak-to-background ratio. The operating characteristics 

of the system at count rates up to 50 kHz ~e described in Ref. 87. 

In Fig. l7-a we show the essential features of the high-rate amplifier 
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system currently in use at this ::'.aboratory. Figure l7-b shows a b'lock 

diagram of the linear gate and pile~up rejection units intended for 

use with the amplifier system, 17-a. 

With the exception of the Compton-suppressed data, which were taken 

with a Nuclear Data Model 161-F4096-channel analyzer, nearly all of O1.:!.r 

singles data have been taken using a PDP-7 computer "on-line" as a 

sophisticated pulse-height analyzer capable of performing numerous 

functions simultaneously_ Pulses from the amplifier system (Figs. 17 

and 18) are received by a computer-interfaced 4096-channel ADC of the 

"successive binary approximation" (SBA) type described by Robinson et a1. 88 

and built at LRL. The remaining data--acquisition hardware peripheral to 

the PDP-7 and the computer software have been developed by Robinson 

and Meng and are described briefly in Ref. 89. 

Two of the most important functions that can be simply performed 

by the computer are gain and base-line stabilization. Since the computer 

is required to generate a very stable DC level for control of the 

CRT "y axis", a convenient and simple feedback control to insure detection 

system gain and baseline stability suggests itself. Robinson and Goulding 

have designed and built a device to perform this function and it is 

currently in use at both the LRL HlLAC and in our laboratory. A computer 

subroutine continuously moni.tors digital information on the centroid 

locations of the two peaks falling in the windows chosen for gain and 

. base-line stabilization. The incrementally adjusted "y axis a CRT signal 

is fed several times a second into high quality (drift less than 1 mV/sec) 

voltage stretchers of the same variety used in the multiplexer described 
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in (III.B.2d). In the case of the baseline control unit the stretcher 

output is used directly to modi.fy the output DC !(pedestal!! level of the 

high rate linear gate CFig.17-b), while in the case of the gain stabilizer, 

it supplies the gate voltage to a single FET in a variable gain inverting 

amplifier normally inserted bet1-teen the detector preamplifier and main 

amplifier. The inverting amplifier can in this way effectively modify 

the gain of the preamplifier output up to 2% and thereby insure system 

stability. 90 Performance of the above stabilization system has been 

remarkably good. We are unable to notice significant degradation in 

system resolution at' count rates as high as l5000/sec. 

The gain and base-line stabilization functions have been carried 

out by using reference peaks internal to the spectrum where practicable, 

or when necessary by using an external tail-pulse generator input to the 

detector preamplifier. The DC reference level of the pulseris taken 

directly from a precision voltage source of commercial manufacture with 

* . long-term drift stability specified as less than 0.0025%. This device 

also provides a switch-selectable DC voltage output precise to 0.0025%, a 

feature we have used to check system linearity (Appendix B).' 

Figure IS shows a block diagram of a typical setup for acquiring 

precision "singles" spectroscopic data. 

* "Dial-A--Source ii Model No. DAS .... 46L, General Resistance Inc., New York 
55, N.Y. 
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b. We have also gathered conversion electron data using a 3 mm 

deep x 1 cm2 Si eLi) diode· fabricated by R. P. Lothrop and coworkers at 

this laboratory. With 650 volts bias and an operating temperature 

~ 110oK., we were able ·to obtain resolution of 2.5 keV FWHM for t,he 1".06 

M V B·207 K .. l' bl t th G (L·) h t 1 t· t .e 1 converslon lne, compara e 0 e e. 1 p 0 on reso u lon a . 

similar energy. Using an experimental arrangement similar to that described 

by Easterday, et al .. 91 it is possible from the relation 

A 
e:-

CI.. = (wE:) 
e-

to calibrate absolutely the Si(Li) electron detection efficiency (wE:) 
e-

and thereafter to obtain directly and simultaneously conversion coefficients 

by finding the appropriate peak areas, A 
e- and Ay ' provided the Ge(Li) 

gamma-ray photopeak efficiency (WE: \ is previously known. The technique 

has been discussed in detail by Haverfield. 79 In Fig. 19 we reproduce 

the Si(Li) detector efficiency curve obtained us{ng a number of standard 

sources. 

c. Of the three possible interactions between a photon and matter 

only scattering is ordinarily of no use to the spectroscopist. If 

sufficient ene~gy (> 2moc
2

) is available, the phenomenon of pair production 

can be utilized advantageously to yield significant additional information 
( 

on the photon emission spectrum of a nucleus. The advantages of the 

so-called "pair" spectrum are two: 1) improved resolution because of 

the statistical advantage of using only (Ey-2m
O

C
2 ) of energy in the Ge(Li) 

diode to define an event of energy E . 
y' 2) remarkably good peak-to-·back-· 

ground ratios at energies greater than about 1.5 MeV. A distinct 
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Fig. 19. 8i(Li) electron full--energy peak efficiency vs. energ-.f', Error 
bars represent the combined uncertainties of the Ge(Li) efficiency and 
the standard conversion coefficients. 
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disadvantage of the "pair" spectroscopy method is, of course, its 

low efficiency, resulting from the triple coincidence requirement 

between the Ge(Li) diode and the two detectors needed to identify the 

511 - 511 keY, events at 1800 geometry. 

We have used the 5-crystal pair spectrometer designed by Yamazaki 

and Hollander92 to obtain the pair spectrum of Ta176 . The apparatus 

consists of a NaI(Tl) annulus split into four optically isolated sections 

encircling a Ge(Li) planar detector 10 cm3 in volume with resol1,ltion 

2.2 keY FWHM at 1333 keY. Figures 30 show the pair spectrometer and a 

block diagram of the associated electronics. Although this device 

could in principle also be use'dto obtain Compton-suppression in 

normal y-ray singles operation, the size of the NaI(Tl) annulus and the 

relatively unfavorable geometry afford only about a factor of three 

reduction in the co60 Compton continuum. 

d. Finally, we describe the system used for the on-line acquisition 

of Ge(Li)-Ge(Li) y-y coincidence data. The hardware for this system 

was designed, built, and interfaced to the PDP-7 at LRL by Robinson, 

Gin, and Goulding. 93 In Figs. 21 we show the PDP-7 data acquisition 

'system and a close-up photograph of the peripheral hardware required 

for multiparameter data taking. The block diagram of the system can be 

interpreted from the paneling shown in Fig. 21-b. , 

Two programs have been written by Robinson and Meng94 for computer 

control and handling of multiparameter data. The first of these programs, 

MULTIDR, controls the initial analysis, display, and digitizing of the 

data for incremental storage on IBM standard magnetic tape. The details 
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~. 

XBB 6811-7296 

Fig. 20-a. The five-crystal Ge(Li) pair spectrometer shmm disassembled. 
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XBB 6811-7295 

Fig. 20-b. The pair-spectr.ometer with the Ge(Li) detector in position. 
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Fi g . 20-c. Bl ock d i agram of the pair spectrometer. 
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XBB 688 -51 65 

Fig. 21-a. The PDP-7 data system. 
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can be obtained from Ref. 94, but we will discuss briefly a few salient 

points of particular interest to. the experimenter. In its present form 

the multiparameter system i.s capable of accepting four-parameter 

coincidence data, although provisoion has been made for expansion of this 

capability to handle eight-parameter input. For simple y-y coihcidence 

work of the type we have carried out, two Ge(Li) energy signals and a 

timing signal generated by a conventional start-stop time-to-amplitude 

converter (TAC) are fed into the analogue storage and multiplexer unit. 

If a "valid event" coincidence pulse is received, the analogue pulses are 

stretched for several hundred microseconds until they can be individually 

encoded by the single ADC. Two points ought to be mentioned in connection 

with this highly important phase of the data-taking process: 1) we have 

found in practice that the stability and reproducibility of the analogue 

stretchers is remarkably good. In fact, we have been unable to discern 

any loss in system resolution when the Ge(Li) signals "are subjected to 

stretching. 2) It is not unreasonable to expect that if the ADC employed 

were of the "rundown" or Wilkinson variety this exceptionally favorable 

condition might be altered because of the variable analysis time 

characteristic of that type of ADC. And although the potential problem 

itself ought not to be insurmountable (e.g., by inserting a rather long 

fixed dead-time before encoding each pulse), it must at least be conceded 

that the SBA-type ADC introduces to the system welcome speed and simplifi

cation, if not indispensable precision. ' 

The total time required by the multiplex unit and ADC to process 

each coincidence event is of the order 200~sec, so that the multiparameter 
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system is capable of handling about 1000 four-parameter coincidence 

events per second. We have found this to be more than adequate in all 

our work to data; the rate limitation is normally found to be in the 

Ge (Li) detector system itself, not in themul tiparameter data handling 

system. 

The PDP-7 computer is used for buffer storage of the incoming 

coincidence data and for generating a live display of the amplitude 

distributions for ~ach of the input analogue signals. When full, the 

512-word record in the data buffer is dumped on magnetic tape via an 

AMPEX TM-7 unit. In this way, all 'of the experimental information 

from an entire run is preservedseTfally in a 4096 x 4096 x 512 x 512 

channel matrix for later analysis. 

A second program, MULTIS, is complementary to the actual data 

accumulation program MULTIDR, and allows the user to do simple 4-parameter 

"coincidence" sorts on the PDP-7. It is not, however, practical as a 

rule to use the small computer for extensive multiparameter data analysis, 

since about 20 minutes is required for each pass over a 2400' IBM tape. 

All of our data have been sorted on the CDc..,.6600 computer at LRL using the 

code MSB (with minor modifications) written by Don Lebeck at LRL. This 

program allows one to sort and manipulate simultaneously data describing 

coincident photopeaks, backgrounds, and random coincidence events so 

that the resulting output presumably represents only "true" photopeak 

coincidences. The only real limitation of the sorting procedure on the 

6600 is the size of the 6600 memory .. We presently can sort up to 23 

4096-channel coincidence spectra simultaneously. (A proportionately 
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larger number of compressed 1023- or 2048-channel spectra can be obtained 

instead, if desired.) A practical limitati_on, hoW-ever, is the basic 6600 

circuit speed. A large number of sorts with a high density of valid 

events may require 10 - 12 minutes of central-processor time per 2400' 

tape. 

The triumphs and frustrations associated with "computerized 

science" are well-known by now; the topic is interesting but extremely 

time-consuming. Therefore we return at this point to the subject at 

176 hand--the decay of Ta --and refer the interested reader to the several 

references already cited for additional details, 

In Fig. 22 then, we show the block-diagram of the experimental 

y-y coincidence system, with the computer and peripheral equipment again 

reduced to a single box. As indicated, we have employed a leading-edge 

discriminator in conjunction with a conventional stop-start TAC to extract 

timing information from the detector pulses. The apparatus shown is not 

atypical for this type of experiment, except perhaps for the logarithmic 

pulse-height compensation unit indicated at the TAC output. We have found 

this module to be capable of reducing the width of a typical Ge(Li)-Ge(Li) 

time distribution by a factor of two. The method of effecting this 

reduction is simple. Leading edge timing introduces an approximately 

exponentially increasing centroid shift of the time distribution as a 

function of decreasing energy, i.e. pulse height (cf. Fig. 23). By mixing 

appropriately attenuated energy analogue signals with their corresponding 

timing signal, one can roughly compensate for the "energy walk" of the 

timing pulses. The details of this simple but effective technique have 
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been discussed in Ref. 95. It is also possible to achieve somewhat more 

crudely a fairly effective pulse height compensation by simply employing 

two linear amplifiers having a flat, stretched pulse output (e.g., two 

"bi.as amplifiers") saturating at about 600 keV, above which the "energy' 

walk" is relatively small. The two linear amplifiers then replace the 

logarithmic amplifiers in Fig. 22. 

The 176 . y-y coincidence data on the decay of Ta have been taken 

using a 35 cm3 "5-sided" coaxial drift Ge(Li) detector with resolution 

3.4 keV at 1333 keV in conjunction with the 10 cm3 planar detector 

described earlier. In Figure 24 is shown the time distribution curve for 

176 
Ta y-y coincidences measured with these two detectors. The FWHM 

resolving time is 24 nsec. This allows'one to set a digital time gate of 

about 65 nsec for the purpose of sorting. The large "spike" to the left 

of the main time distribution peak represents events arising from the 

coincident pulses fed into the two Ge(Li) preamplifiers for the purpose 

of gain stabilization. 

3. 176 Experimental results--the decay of Ta 

. 176 The Compton-suppressed singles y--ray spectrum of the decay of Ta 

has allowed us to identify over 300 transitions associated with the energy 

176 levels of Hf . Many of the transitio.ns are, to be sure, weak, but the 

interfering activities from Ta178 , Ta177 , Ta175 , and its daughter, Hf175 

were also found to be relatively we~k, and in any case none of these 

nuclei has lines of significant intensity above about 1 MeV. In Figs. 

25 and 26 we show the y-ray singles spectrum obtained with the Livermore 

apparatus described earlier. The data shown represent two separate runs, 
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one from;::::! 75 - 1250 keV, the' other a high energy run from 1. 06 .- 3.00 

. . 175177 178 175 .. MeV. The llnes from Ta ,Ta ,Ta ,and Hf contamlnatlon are 

appropriately labeled. 
. i 

It should be noted that one does not expect to 

see the escape peaks appearing prominently in the Compton-suppressed 

spectrum, since single-escape peaks will presumably be suppressed just 

as efficiently as are Compton-scattered events, while the double-escape 

lines will be even further suppressed. To illustrate the point, we offer 

for comparison in Figs. 27 the low· energy Ta176 singles spectrum taken with 

the 10 cm3 planar detector in our laboratory. Note that the double-escape 

lines measured at 801.7 and 840.6 keV arising from the very strong. 

1823.8- and 1862.8-keV transitions show up prominently in the spectrum, 

whereas they are hardly to be seen in the anti-Compton spectrum, if 

indeed they are present at all. We therefore feel confident that escape 

peaks are essentially deleted from the low energy anti-Compton spectrum. 

Unfort.unately this is not quite so for the high energy Compton-suppressed 

spectrum in Figs. 26. A glance at the background in the region around 

1200 keV reveals on comparison with Fig. 25d the fact that the Compton-

suppression anti-coincidence unit was operating intermittently during 

this run. Therefore the strong double-escape lines from the 2832- and 

2920-keV transitions, though sharply reduced in Fig. 26b, are still 

prominent. We did not consider it worthwhile to retake the data, however ,. 

since·we were able in our laboratory to. obtain a pair spectrum to resolve 

any ambiguities in the high-energy portion of the Ta176 spectrum. 

Energy caliqration has been carried out employing both "internal" 

and "external" techniques. Numerous appropriate standards (cf. Appendix B) 
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have been used at energies less than 1.35 MeV, and primarily Co 56 has 

been used at higher energies. T':"' • .e recent excellent standardization work 

96 by Gunnink, eLaL. has been especially valuable in this regard. In 

Appendix B, the details of the energy determinations are discussed. 

An aid to both the energy measurements and to resolving stronger 

multiplets in the low energy region·of the spectrum we.re the high resolution 

data shown in Fig. 28. This spectrum was obtained with the "thin 

window" 1 cm3 crystal described in Appendix A. 

176 Finally, in Figs. 29 we show the "pair" spectrum of Ta . 

The resolution here is considerably better than in any of the other high-

energy spectra, and from about 1600 - 2700 keV the peak-to,-background ratio 

is also more favorable. Unfortunately, the low rate at which the data 

can be gathered does not in this case enable one to exploit fully the 

advantages of the pair technique other than for the stronger lines in 

the spectrum. 

We have combined the data from these several sources to determine 

the energies and intensities of the y-raytransitions following decay of 

Ta176 . In general, the intensities are derived from the Compton-suppressed 

data, checked against the data taken in our Oiom laboratory. Where the 

"thin-window li and Ilpair" spectra provide better information, we have made 

use of those data. 

176 ' . () Analysis of the Ta spectra for peak centroids energies·. and 

intensities posed no small problem. For the past 18 months we have 

been fortunate in having at our disposal for this purpose the spectral 

analysis computer code, SAMFO, developed by Routti and Prussin97 
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and now in extensive use at LRL. To bring the interested reader up to 

date on ou1' pn.'sent "EtCLte of the art!! in reduction of nuclear spectro-

scopic data we present a brief discussion of the topic in Appendix B. 

In Tables 13, then, we list the observed y-rays from the decay of 

176 176 Ta to levels in Hf . We have chosen to classify the y-rays into two 

categories depending on their intensity. In Table 13a are listed only 

those lines observed to have intensity ~ 1% relative to the 710.5-keV line. 

Table 13b lists those lines having intensity < 1% of the 710-keV intensity. 

With very few exceptions, we have been unable to definitely place in the 

decay scheme any of the transitions in the latter category. Although we 

believe the energies (of the stronger lines) to be precise to 0.2 keV 

or less over the entire energy range of the spectrum, because of the 

extreme complexity of the spectrum we have not considered that simple 

energy sums and differences alone provide sufficient information for 

definite placement of a transition in the decay .scheme. 

As a consequence of the ease with which complete and, for the 

most part, statistically satisf'ying coincidence data can nOw be gathered 

using the PDP-7 multiparameter .data system, it is no longer unreasonable 

and in the case of Ta176 it is necessary to require y-y coincidence 

confirmation of all assignments to a proposed level scheme. The data we 

present in Appendix C were gathered with the l~ cm3 planl;l.r and 35 cm3 

coaxial detectors described earlier. The two detectors were placed in 

90° geometry with a lead absorber between the detectors to minimize 

scattering effects. Calibrated absorbers, of ~ 15 mil Cd and ~ 5 mil 

eu were placed before each detector to reduce the number of ImT energy 
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.Table 13-a. y-raytransitions observed in the decay of Ta176: a) Transi-,· 
tions observed with intensity ~ 1% of the 710.5-keV y-ray intensity. 

88.35 (4) 

91.23 (4) 
\25.(4)f 

146.74 (5) 

156.84 (7 ) 

158.19 (7) 

175· 50 (7) 

190.36 (7 ) 

201. 84 (6) 
* 207.(5)h 

213.50 (6) 

216.00 (7) 

236.19 (7) 

239.62 (6) 

264.13 (6 ) 

315.50 (15) 

346.90 (20 ) 

350.18 (20) 

358.72 (20 ) 

380.48 (20) 
. 414.34 (15 ) 

426.34 (15 ) 

445.52 (8) 

461;41 (8) 

466.16 (7 ) 

473.21 (7) 

1174.64 ( 8) 

1 b 
Y 

230. 

1.1 

~. 

3.9 

6.6 

4.2 

7.8 

7.6 
102. 

~1.5 

9.8 

2.2 

1.5 

10.0 

1.4 

1.5 

2.1 

1.5 

1.8 

2.4 

1.4 

1.2 

1.0 

1.1 

20.6 

5·1 
1.6 

(2) 

(2) 

(2) 

>8. (-1) 

>6.0 T 

8. 8( -1 )'1· 

3.7(-1)T 

8.6(-1)'r 
i· 

5.1(-1) , 

4.3(-1) 
.g 

1.65(-1) . 

2.9(-1 ) 

2.2(-1) 

2.5(..,.1) 

8.9(-2) 

1. 8(""2) 

6.2(,...2) 

4. I( --2) 

aK Multi- Levele 

placement '1:L pole 

>0.2 E2 . 88.35 

<3.7 t 1404.5 

1912.0 

1856.9 

1404.5 

1862.8 

5.6 1819.0 

7.2 1862.8 

2.0 E2 290.2 

1912.0 

1856.9 

1793.7-

1958.1 

~5·7 1912.0 

1577.6 

[2265.2J 

1924.6 

2308.3 

2308.3 

1958.1 

[1793.6 J,[1819.0J 

[1767.5J 

[2308.3J,11672.3J 

[(2944.1)J 

1912.0 

2944.1 

[(2066.2)J,[1854.oJ, 

(continued) 

\ , 
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Table 13-a. Continued 

E (k v)a,d I b c aK Multi- e aK Level y e y 
al:L pole placement 

507.46 (9 ) 26.7 3.8(-2) 6.4 Ml 2432.0 

512.34 (10) 9·5 3.1(-2) 7·0 Ml 1958.1 

* 519.7 (2) (6. ) 1924.6 

* 520. (6) (2) (5 ) 
* *521. 3 ~1 ~ ( 5. ) ~.6(-2) 2470.7 
52~.6 t ( 41:i (25) 

1862.8 
52 .90 11) 

532.54 (ll ) 4.5 (7) } 1912.0 

533.23 (16) 1.2 (4) 3.3(-2) [ (2482.9) J 

540.27 (13 ) 1.1 (2) 2307.8 

541. 24 (12) 1.7 ( 2) 

543.18 (11) 1.5 2265.2 

545.74 (11 ) 4.1 (7) 

546.53 (10) 9.8 ~. 5("-2) 2470·7 

569.77 (ll ) 2.1 (3) 1862.8 

570.76 (10) 8.5 } 1912.0,[(~482.9)J 

571·30 (9 ) 4.9 3.5(-2) [1819.0J 

579.08 (15) 1.1 1958.1 

586.72 (9 ) 1.6 

609.25 (9) 1.4 (2) [1856.9J 

6ll.16 ( 8) 23.4 2.6(-2) 6.8 Ml 1924.6 

615.22 (9 ) 1.9 (3) [1862.8J 

616.79 ( 8) 18.6 4. 4( -3) El 1958.1 

632.12 (9) 1.3 

638.83 ( 8) 3·7 ~.2(-2) 2432.0 

642.85 (8 ) 1.8 ~.3(-2) 

644.86 (8 ) 18.4 2.1(-2) 1958.1 

660.67 ( 8) 2.2 [2969.0J 

(continued) 



E (keV)a,d 
y 

I b 
Y 

~158-UCRL-18651 

Table 13-a. Continued 

Multi
pole 

e Level 
placement 

----.~~----------------~----------------------~---------

664.07(10) 1.6 (2) [ (2482.9) J 
665.01 (12) 1.1 (3) [2308·3l 

677.09 (8) 5.9 <2.1(-2) 1924.6 

678.85 (8) 3.8 1.9(-2) 2944.1 

685.55 (8) 2.2 1.5(-2) 

701.96 (9 ) 1.3 [1949.7J 
710.50 (8 ) 100. 1.8(-2) 6.0 Ml 1958.1 

717.45 ( 8) 1.2 

723.10 (8) 2.4 2.1(-2) [1949.7J 

740.97 (9 ) 2.5 3.1(-2) 

819.49 (10) 4.8 2265.2 

833.50 (10) 1.4 (2) [2791.5],[2878.2J 

839.25 (11) 1.3 ( 2) [2905.6J 

857.66 (10) 2.6 

863.19 (10) 2.2 

923.94 (8) 13.5 ~1.3(-3) E1 2265.2 

936.42 (8) 10.4 5.0(-3) 1226.6 

951. 86 (10) 1.3 (2) 2265.2 

957.40 (8) ·10.6 9.2(-3) 1247:7 

960.77 (12) 1.4 (2) 2817.6 

962·74 (14) 1.0 (2 ) [2912.2] ,[ 2921. 0 J 

967·06 (9) 2.4 (3 ) [2308.3J 

979.94 (22) 1.1 

994.46 (12) 1.0 (2) [2307.8],[2944.1J 

998.30 (10 ) 1.8 (3 ) 

1002.62 (ll ) 1.3 (2 ) 

1017.58 ell ) 2.2 ( 3) [2265.2J 

(continued) 

i 
\. 
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Table "13-a. Continued 

E (keV)a,d I b c aK aK Multi- e 
y y Level 

aL:L pole placement 

1023.10 (10) 49.4 1.6(-3) El 1313.3 

1043.29 (ll ) 1.1 (2 ) 

1051. 03 (ll ) 2.0 (3) 1341. 3 

1061. 61 (9 ) 10.0 5.4(-3) 1149.9 

1064.03 (12) 1.6 (2) <1.5(-2) 2921.0 

1066.20 (9 ) 11.9· " 3.7(-3) 2470.7 

1089.06 (10) 3·7 1379·3 
1090.94 (13 ) 1.4 (2) [2432.0J 

1097·24 (10) 1.2 (2) 

1l07·81 (9) 4.7 6.1(--3) 
* 1115·0 (9) 6.3(:-3) 9.2 1404.5,2969.0 

1122:80 (9) 1.9 (3) [1413.0] 

1125.45 (9) 2.6 

1138.26 (8) 12.6 2.8(-2) EO+E2 1226.6 
* 1155.5 (2) 11. 2 (1. 8) ~ (-3) 1445.8 

1157.41 (10 ) 62.9 5.6(-3) 4.2 2470.7 

1159·30 (10) 458. 2.9(;"3) 6.2 E1+M2 1247.7 

1174.17 (10) 3.8 2817.6 

1184.55 (13 ) 2.0 (3) <1.4(-2) [2432.0J 

1190.22 (10) 84.1 5.4(-3) 2912.2 

1198.15 (11) 1.2 (2) [2920.4] 

1201.48 (10) 6.7 7.3(-3) 2969.0 

1204.85 (10) 6.1 4.7(-3) 1293.2 

1211.30 (13 ) 1.5 (2) 

1213·20 (ll ) 2.7 [2885.5J 
1222.95 (10) 37·0 [3.3(-2)] [>5.9] Ml 2470.1 

1224.96 (10) 105. [6.4(-4)] El 1313.3 

(continued) 
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Table 13-a. Continued 

E (keV)a,d I b c CXK y Y 
Ci.K Multi- Levele 

Ci.LL pole placement 

1226.85 (25) 5·5 (1. 0) 1226.6 

1234.26 (15) 1.2 (2) 

1239.86 (12) 2.1 (3) [2817.6],[2912.2] 

1247.68 (15) 8.5 (9 ) 1.1(~2) M2 1247.7 

1250.01 (18) 2.3 (3) 

1252·90 (10) 57·1 3.4(-3) 7.6 (Ml+E2) 1341.3 

1258.75 (11) 3·5 ( 5) <6.2(-3) 2969.0 

1268.78 (10) 24.6 ' 2.5(-3) 2912.2 ' 

1277·90 (ll ) 2.9 

1287.40 (12) 1.7 1577.6 

1291.01 (10) 24.6 ~1.9(-2) ~ (EO+E2) 1379.3 
(11) 

.. 

1.4 [1591. 3] 1301.10 

1308.30 (12) 1.2 

1325.67 (13 ) 1.5 (2) [2969.0] , 

1341. 33 (10) 61.9 2.6(-3) 6.3 (Ml+E2) 1341.3 

1346.08 (25) 1.3 (3) 2791. 5 

1357·52 (10) 37·0 ~(-3) 1445.8 

1366.49 (11) 4.0 2944.1 

1371. 75 (12) 2.8 2817.6 

1379·29 (15) 1.0 (3) [1379.4] 

1412.84 (11) 2.1 [2817.6],[(1413.0)J 

1420.04 (10 )' 8.4 . 1710.2 

1427.64 ( Ii) 2.2 

1432.56 (ll ) 1.6 2878.2 

1450.40 (10) 6.7 2791.5 

1476.18 (10 ) 8.8 1.6(-3) 2817.6 

1489.33 (10) 13.5 1577.6 

1495,85 (15) '3.5 1786.1 
*1503.(7) ~. 1793,7 
15Q~. 2~ C] a} 14.1 2817,6 

(continued) 
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Table 13-a. Continued 

E (keV)a,d I b c ~ y y O'.K· Multi- Levele 
O'.IL pole placement 

1515.56 (13 ) 1.0 [2920.4] 

1536~62 (ll) 7.1 2878.2 

1540.82 (ll ) 6.5 2920.4 

1543.73 (15) 4.7 2791.5 

1555.05 (10) 74.1 7·8(-4) ~.6 El 1643.4 

1563.53 (13 ) ··3.6 (6) 1854.0 

1564 . 95 ( II ) 7.6 2878.2 

1579.9 (2) 5.2 ( 5) 1;8(-3) 2921. 0 

1584.02 (10) 97.6 1.7(-3) 1672.3 
1603.46 (18) 1.0 (3 ) 

1608.68 (11) 2.7 

1612.63 (12) 3.2 2762.6 

1616.18 (10) 23.8 2.4(-3) 1704.6 
* (10) 1621.87 10·7 1710.2,1912.0 

1628.53 (30) 2.5 (6) 

1630.83 (10) 32.8 2.2(-3) 2944.1 

1633.74 (10) 54~3 6.0(-4) El 1722.0 

1637.60 (18) 1.5 (3) [2885.5J 

1643.45 (10) 44.4 6.5(-4) El 1643.4 

1659.21 (11) 2.0 

1672.32 (12) 22.0 
(2.0) } 2.4(-3) }~ 1672.3 

1673.40 (16) 8.3 2921. 0 

1679.18 (ll ) 22.3 5·7(-4) El 1767.5 

1693.7 (2) 9.6 2.3(-3) } ·2920.4 

1696.55 (13) 85.8 2.2(,...3) 8.3 2944.1 
1697.8 (2) ~. 1786.1 

1704.70 (12) 25.9 1.4(,...3) ~.4 1704.6 
* (1705.4) <3 1793.7 

(continued) 
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Table 13-a. Continued 

E (keV)a,d I b c aK a Multi- Levele y y K 
aLL pole placement 

1718.1 (4) 1.8 (6) 

1722.04(13) 60.6 6.0(-4) El 1722.0 

1725.9 (4) 1.2 (4) 

1745.29 (14) 2.1 

1754.94 (16) 1.3 

1765.75 {15) 8.8 } 1854.0 

1768 .. 22 (16) 3.4 1.2(-3) 

1774.56 (15) 28.9 1.9(-3) 10 Ml 1862.8 

1793.17 (15) 3·7 
1820.0 (3) 1.6 (3 ) 

1823.70 (15) 83.4 1.6(-3) 1912.0 

1836.34 (16) 4.0 1924.6 

1855.69 (16) 2.2 

1861.15 (25) 4.8 (1.2) 1949.7 

1862.74 (15) 74.0 1. 6( -3) 7.6 Ml 1862.8 

1869.78 (16) 1.5 1958.1 

1948.40 (18) 2.2 ( 5 ) 

1949.80 (17) . 2.4 ( 5) 1.5(-3) 1949.7 

1956.48 (15) 15·9 1.1(-3) . 2044 .. 8 

1960.60 (16) 1.1 

1977.85 (15) 16.2 9·8(-4) 2066.2 

2044.87 (15) 25·0 9.4(-4) 2044.8 

2066.28 (16) 1.3 2066.2 

2192.33 (20) 4.2 4.3(-4) [El(+M2)] 2280.7 

2219.49 (20) 5.4 5.7(-4) 2307·8 
2246'.92 (20) 2.4 

2280.6 ( 2) 3.3 2280·7 

2307.7 (2) 3·7 7.7(-4) 2307.8 

(continued) 
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Table. 13-a. . Continued 

E (keV)a,d I b c aK y y aK Multi- Levele 

aIL pole placement 

2317.0 (2 ) 4.6 4.3(-4) [El(+M2)] 2405.4 

2361. 5 (2) 3.8 

2394.6 (2 ) 2.3 [2482.9] 

2405.2 (2 ) 9·1 4.6(-4) [El(+M2)] 2405.4 

2482.8 (2) 1.6 [2482.9] 

2513.82 (20) 12.4 2602.2 

2602.15 (20) 6.5 ( 7) 2602.2 

2674.2 (2) 3.4 

2703.4 (3) 1.3 (3) 

2773.8 (2) 2.1 (3) 

2789.98 (20) 1.5 

2797.14 (20) 1.2 [2885.5J 

2823.60 (40) 1.0 (2) [2912.2] 

2832.00 (20) 80.5 8.8(-5) El 2920.4 

2863.88 (20) 2.0 

2885.55 (22) 2.0 4.5(-4) [2885.5] 

2920.41 (20) 40.6 7.1(·-5) El 2920.4 

aThe energy errors indicated reflect the ,combined statistical uncertainty 
associated with the peak centroid, and the systematic errors expected from 
system non-linearity and from uncertainties in the standard calibration 
energies. 

bExcept where otherw.ise indicated, the errors in the relative intensities 
are about 8%, an error arising largely from the uncertainty of the detector 
efficiency.W11ere the indicated errors exceed this figure, they reflect 
the statistical uncertainty, cr, associated with the computer least squares 
fit to the photopeak. 

cConversion coefficients marked with a dagger (n have been computed from 
the data of Harmatz, ~t a1. (Ref .81). 

d'rhe starred (*) li ne~~ are complex groups we have been unable to resal ve. 

(continued) 
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Table 13--a. Continued 

eLevel assignments are· indicated by three notations, depending on the basis 
(and relative confidence) of the assignment: 

1247. 7 ~ consistent ·coincidence and singles data. 
Placement in the level scheme will be found 
in Fig. 34. 

[2265.2] ~ assigned on the basis of energy difference 
only. Placement is in Fig. 35. 

[(2482.9)~assigned by energy difference, and feeding or 
de-exciting a probable level indicated in 
Fig. 35. 

fObscured by. the. Ta175 lines at 125.9 and 126.6 keY. We assign a Ta176 

line on the basis of coinciden6e data. 

gTheoretical value. Assumed pure E2 for normalization. 

hObscured by the Ta175 line at 207. 4 and the Ta177 line at 208.4 keV. 
Assignment of the Ta176 line is made on the basis of coincidence data. 

/' 
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Table 13-b. The y--rays following decay cif Ta176 to levels in Hf176: 
Transitions observed with intensity 0.20 .. 0.99% of the 
710.5-keV. intensity. 

;;; ... ::::.===--===--.-=:: -

E (keV)- I, Level Placement y y 

110.1 ( 2) 0.36 ( 5) 

111.3 (2) 0.31 ( 5) 

117·5 (2) 0.23 ( 5) 

118.93 (2) 0.22 (4) [(1710.2)J 

131. 0 (15) 0.40 (10) [1924.6], [1949.7J 
140.9 (10) 0·97 (10) 

173.00 (7) 0.28 (4) [1577 .6J 
179·10 (6 ) 0·72 (1) 

185.12 (6) 0.50 (6) 

192.80 (8) 0.24 (4) ['1445.8J 

196.82 (14) 0.46 (12) [2602.2J 
c,· 

198.01 (12) 0·70 (15) 

230.88 (8) 0.49 (4) 

248.29 (8) 0·52 ( 5) 

271. 58 (9) 0.24 (4) 

277.14 (8) 0.20 (4 ) 

280.77 (7 ) 0.22 (4) 

292.88 (10 ) 0·73 (7) 

303·55 (15) 0.42 (4) [2905.6J 

306.79 (20) 0.50 ( 5) 

314.53 (20) 0·51 (7) 

318.83 (30) 0.21 (4) [2921. oJ 

321.05 (30) 0.26 (4) 

337·51 (20) 0.23 (3) 

343.38 (20) 0.69 (7 ) 

361.76 (20) 0.62 (9) [2066.2J 

362.71 (30) 0.38 (9) I1767.5J 

(continued) 
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Table 13-b. Continued 

Ey(keV) I y Level Placement 

366.20 ( 25) 0.24 (3 ) 

382.71 (25) 0.44 (8) 

383.60 (20) 0·97 (10) [2308.3J 
386.10 (20) 0.45 ( 5) [2791.5J 
388.06 (20) . 0.56 (5) [1767.5J 
401.) .. 4 (20) 0.36 (4) [2044.8] 

411. 67 (20) 0.34 ( 5) 

421.08 (30) 0.33 (7) 

423.15 (30) 0.32 (8 ) 

424.48 (15) 0·92 (10) [1672.3] 
428.85 (20) 0.27 (4 ) [1722.0] 

433.51 (9) 0.80 (9) 
---434.85 (10) 0.89 (9 ) [2905.6J 

440.01 (8) 0.41 ( 5 ) 

450.94 (13 ) 0.31 ( 5) [2307.8J 
452.18 (10) 0.45 (6 ) [1793.6 J , [1856.9J 
454.63 (9) 0.32 ( 5) [2762.6] 

459,10 (9) 0.60 (7 ) [2265.2J 
479.14 (10) 0.55 (7 ) 

480.83 (9 ) 0.54 (7) [2405.4J 
483.28 (9) 0.50 (6) / 

494.98 (13) 0.26 (4) 

517.4 (4) 0.60 (30) 

529.08 (17) 0.26 (10) 

550.4 (5) 0.81 (20) 

551.4 (2) 0.35 (6) [2405.4J 

553.5 (2) . 0.40 (6) [1958,lJ 

555.2 (2) 0.27 ( 5) . [2265.2J 
560;0 (2) ... 0·51 (7) 

(continued) 
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Table 13-b. Continued 
._-

E (keV) I Level Placement y y 

561.6 (3 ) 0.25 (6 ) 

566.6 (2) 0.23 (4) 

577.3 (1) . 0.83 (9) [( 2885.5) ] 

583.5 (2) 0.24 (4) [1924.6J 

584.9 (2) 0.36 ( 5) 

589.9 (1) 0.30 (4) 

594.9 (2) 0.23 (4) 

'598.6 (2) 0.46 (8) [1912.0J 
604.6 (1) 0.48 (6) [2885.5J, [2912.2J 
626.1 (2) 0.31 (5) . [( 2482.9 )] 

636.6 (1) 0.95 (10) [1949.7J, [2944.1J 
656.8 (1) 0.64 (7) 

, 
670.2 (2) 0.22 (5) 

. 693.2 (1) 0.38 (5) 

730.7 (1) 0.60 (7) [2308.3J 

735.9 (2) 0.30 (6) 

760.4 (2) 0.31 (5) [2470.7J 
766.5 (1) 0.56 (7) 
774.0 (3) 0.24 (6) 

779.3 (1) 0.54 (6) 

782.7 (1) 0.62 (7 ) 

784.2 (2) 0.34 (7) 
78,[.1 (1) 0·53 (6) 

789.4 (2) 0.26 (4) 

798.5 (2) 0.87 (15) [2470.7J 

799.5 (3) 0.39 (20) 

801.7 (2 ) 0.26 (5) 

803.8 (1 ) 0.65 (7) 

(coptinued) ,. 
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Table 13-b. Continued 

E (keV) I Level Placement 
y .y 

808.6 (1) .0.68 (8) 

837.7 (3) 0.35 (10) 

841.5 (2 ) 0.78 (18) [2791. 5] 

842.6 ( 5) 0.38 (20) 

861.0 (1) 0.75 (9) [2265.2], [2905.6], [(2452.3)] 

867.4 (1) 0.63 (8 ) [2912.2] 

872.3 (2) 0.31 ( ;5) 

876.6 (2) 0.46 (6 ) 

878.4 (2) 0.45 (6) 

884.7 (3) 0.26 (io) 
886.3 (2) 0·72 (9) 

893.3 (2) 0.48 (12) . [2470.7] 

900.3 (1) 0.69 (8) 
-- f 

907.3 (1) 0.89 (10) 

971. 8" (1) 0.89 (10) 

975.1 (2 ) 0.81 (10) 

977.0 (2) 0.91 (n) 

981. 0 (3) 0·92 (35) [2905.6] 

986.7 (2 ) 0.60 "(12) 

1011.1 (3) 0.57 (20) [2969;0] 

1021.0 ( 5 ) 0.66 (30) [2878.2] 

1035.0 (2) 0.46 (9) 

1052·7 (2) 0.80 (12) [2432.0] 

1112.9 (2 ) 0·94 (10) [2817.6] 

1148.3 (2) 0.85 (15) [2791. 5J 
1178.5 (2) 0·70 (12) [2405.4] . 
1281.2 (2) 0.87 (13 ) 

1333.1 (2) 0.69 (18) [ (2482.9) ] 

(continued): ' 
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Table 13-b. . Continued 

Ey(keV) I y Level Placement 

1438.1 (3) 0.55 (12) [2817.6] 

1462.6 (2) 0.49 (10) 

1467.5 (2) 0.80 (9) . 

1470.0 (2) 0·93 (20) 

1482.8 (3) 0.54 (14) 

1573.3 (2) 0.66 (16) 

1665.0 (2) 0.91 (14) 

1712.0 (3) 0.82 (20) 

1736.7 (2 ) 0·71 (8 ) 

1751.1 ( 3) 0.51 (9) . 

1875.1 (3) 0.47 (9) 

1911.6 (3) 0.24 (5) [1912.0] 

1937·9 (2) 0.45 C7 ) 

1970.6 (2) . 0·57 (7) 

2042.7 ( 5) 0;65 (22) 

2049.2 (4) 0.52 (11) 

2057.4 (3) 0;32 (5) 
2071. 0 (2) 0.31 ( 5) 

2077·0 (2) 0.76 (9) 
2090.6 (3) 0.26 (5) 
2140.1 (2 ) 0·72 (8) 
2162.1 (2) 0·72 (8) [2432.2] 

2257·9 (4) 0.44 (12) 
2260.4 (3) 0.57 (10) 
2272,1 (3) 0.32 (5) 

2278.6 (3) 0.49 (7) 

2304.5 (4 ) 0·50 (22) . 

2314.8 ( 5) 0·50 (25) 

(continued) 
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2971.6 (3) 

2978.7 (3) 

2995.4 (3) 
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Table 13-:-b. Continued 

0.21 (3) 

0.34 (3) 

0,092 (14) 

Level Placement 

NOTE: The convention followed for noting level assignments is the 
same as in Table 13-a~ 
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events. Nine 2400' tapes of serial data were gathered in a single 

36-hour run. At the completion of the ,run, a 65 nsec gate was set on 

the timing curve (Fig. 24) and three tapes of data were initially sorted on 

the PDP-7 in order t.o obtain a. gross coincidence spectrum for each of the 

two detectors. The higher resolution "planar" data were used to select 

digitally the coincidence,gates of interest. In Fig. 52 we show the gross 

coincidence spectrum for the planar detector and in Table 21 we indicate 

the location of the coincidence "gates" which were set. The background 

windows have been selected immediately adjacent to the peak windows on 

the h~gh energy side whenever possible. In Fig. 54 are shown for reference 

the gross "coaxial" coincidence data. These data were used as an energy 

calibration for later computer analysis of the sorted coincidence 

spectra. Intensity data for the sorted spectra were obtained with use of 

the efficiency curve for the coaxial detector + absorber shown in Fig. 53, 

(Figures and tables relevant to the coincidence data are in Appendix c.1 

Subtraction of background and random events has been carried out 

by the computer code during the sorti:ng process, so that the spectra sho\-m 

presumably represent only "valid" photopeak coincidences. The appropriate 

relation describing the spectra is just 

where 
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PT total coincidences' in the peak gate 

PR = random coincidences in the peak gate 

BT = total coincidences in the background gate 

BR = random coincidences in theoackground gate. 

UCRL-18651 

In Fig. 55 (Appendix C) we displ~y the 81 y-y coincidence spectra 

. . 176 
we have obtained from the decay ofTa . The quality of the data can 

perhaps best be estiniated by examining each spectrum in the region of the 

Hgate H peak. In nearly everycase~ there is l:i.ttleperturbation of that 
. . 

region to suggest departure fr'om a normal background continuum. 

Finally, in Figs. 30 -32 we show the conversion electron data 
2 '. 

gathered with the 3 rom x 1 cm 8i(Li) detector. Figures 30 display 

the low energy conversion spectrUm up to 1.6 MeV. In Fig. 31 is shown 

a high-gain spectrum of the region up, to about 300 keY, and Fig. 32 shows 

the high-energy (1.0-3.0 MeV) electron spectrum. These latter data for the 

most part represent electron energies beyond the supposed range (ignoring 

scattering) of electrons incident upon a 3 rom thick Si wafer. The statistics 

are consequently quite poor above ~ 2.0 MeV, and only gross features of 

the electron spectrum can be discerned. An unusual feature of this spectrum 

is the appearance of a pair of rather strong lines at 1811 and 1899 keY. 

These lines have no counterpart in the photon. spectrum. Moreover', they 

were not obs erved by . ei ther-. Harinat z, et a~~., 73 or by Verheul, .et al. 74 

though both groups should eas;ily h~ve seen the lines if they were present 

with the intensity seen in Fig., 35. We n?te that the energy separation 

between the two spurious_l!eiectronl1 lines is exactly 88 keY. These 

facts coupled with the observed ~ 2:1 intensity ratio of the lines leads 

us to believe 



9'tpt·tp + 

a '99 tp ====-=--

CS.i.1 DJ.) , 99a 

to 'QI £ + 

(N + ~) 9'6£<: 

.' 9·6£a 

, Ela' N+N 8'IOa-c... ..-..:.~ __ ....--' 

(IILIDJ.) 89a + l'tp9·a ~--~ 

, 8'10 a -<='=::::::::====~~ 
, tp'081 

, ·g'gtl 

O'91a + g'£lf+N (a'81;1+ 8'9g1 ? 
+ , (a'81;1+ 8'91;1)======-= . 

("ldW.').~~ 

8 'loa ==========:---" 
tp' 0 81 ==::===~

(g'l;tl'N+ W £11 " 9al) 
.aldwoO -====::==~-

(LL IDJ.)-========-~ . , £,,~ 

-174·-

,eUU04:l Jed sluno:) 

UCRL-18651 

0 

'" '" .. .. 
0 .!. 0 

'" .. .. 
..J 
ID 

0 

'" 
)( 

ro 

0 
0 

'" 

0 

'" ~ 

0 
0 
~ 

0 

'" '" 
0 
0 

'" 

0 

'" '" ~ 

Q) 

.0 
0 E 0 

'" :J 
c: 

0 

'" Q) 
" c: 

c: 
0 

0 .c 
0 

" u 

0 
en 
C> 

0 
0 

'" 

0 
en 
N 

0 
0 
N 

0 
en 

'" 

'. . . . 176 
Fig, 30~a. Conversion-electron spectrum from decay of Ta (160 .. -495 

keY). Taken with a 1 cm2x 3 rum deep Si(Li) detector. Unless otherwise 
noted, peaks are K-shell conversion lines corresponding to the 
indicated (photon) transition energy. 
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that they are caused by the strong photon transitions at 2832. '0 and 

2920.4 keV, a belief that is supported by the observation that both lines 

are just 1022 keY (2moc
2

) below the corresponding photon energies. We 

conclude, then, that the spurious "electron" lines in fact are the 2832.0-

and 2920.4-keV photon double-escape peaks, representing a feature we 

are not accustomed to seeing in Si(Li) spectra. The observation is not 

surprising, .however, when one considers that at 2.0 MeV the silicon pair-

production: cross-section is already equal to the germanium photoelectric 

cross-section at that energy, and at 3 MeV is a factor of five greater 

(see Fig. 33). 

The Si(Li) conversion electron spectra have been primarily useful 

in 1) revealing the locations of EO transitions present in Ta176 decay, 

and 2) providing rather clear indication of those transitions which are 

essentially El or: M2 in character. Unfortunately, most of the 

observed transitions in the Ta176 spectrum are undoubtedly of Ml, E2, 

or mixed MI-E2 or EI-M2 character because there is little or no population 

of states with spins exceeding 3 units 9f angular momentum (with the 

exception, of course, of the 4+ member of the ground band). Little 

information on transition multipolarity can be gleaned from K-conversion 

'coefficients alone in such cases. This fact, and the complexity of the 

Ta176 spectrum severely restrict the usefulness of the Si(Li) conversion 

data. We have indicated in Table 13 the meaningful and unambiguous 

information provided by the electron spectra. Conversion coefficients 

have been determined by normalization to the conversion coefficient98 

of the presumably pure E2 ground rotational band transition at 202 keY. 
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In Table 14 we list the conversion electron lines observed from the decay 

of Ta176 . Because the electron detection ~fficiency of the Si(Li) 

crystal is poorly known above 1.6 MeV, the relative intensity errors 

indicated reflect the rather large uncertainty associated with extrapolating 

the curve of Fig. 18 to 3 MeV. 
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Table 14. Conversion electron lines observed following decaYOf'Ta176 

to levels in Hf176. 

Transition Energy Conversion Electron Intensitya,b 

(keV) K, LL " L(M+N) e-e- e-

88.4 >1.0 x 104 ~4.8 x 10 4 ~.4 x 104 

91.2 >66t 180"1-

131.1 40 t 

146.7 190i-

156.8 135-1" 

158.2 200"1-

175.5 220't 39· 
190.4 180 25. 

201".8 960 471. 

213.5 " , 156 

236.2 18.5 

239.6 138 ~4. 

288.8 7.4 

314.5 + 315.4 4.5 

346.9 <7.2 

350.2 7.4 

361.8 3·7 
366.2 5.5 

380.5 2.4 

382.7 + 383.6 5.7 

393.2 4.9 

414.3 4.8 

436.4 6.7 

466.2 53.8 

473.2 + 474.6 ~3.4 

(continued) 



-184-

Table 14. Continued 

Transition Energy Conversion Electron Intensitya,b 

(keV) K LLe..,.. L(M+N)e~ 
e~ 

507.5 55·9 8.7 

512.3 16.2 2.3 ( 5) 

519·7 ~0.4 

521 (complex) 89·4 ~0.9 

532.5 + 533.2 10.3 

546.5 ~4.2 

571 (complex) 26.0 

611.2 33.8 ~.O 

616.8 4.5 

638.8 ~.6 

642.9 4.3 
"? 

644.8 21. 3 

665.7 ~.1 

677.1 ~.8 

678.9 4.1 

685.6 3.4 

710·5 100. 16.6 3.2 + 1.3 

723.1 2.9 

741.0 4.3 

923.9 1.0 (5 ) 

936.4 2·9 
957.4 5.4 

1023.1 4.5 
1061.6 3·0 (5) 

1064.0 ~.5 

: 1066.2 2.4 ( 5) 

1089.1 ~.O 

1107.8 1.6 (3) 

(continued) 



Transition Energy 

(keV) 

1115.0 

1138.3 

1149.8 

1155.5 

1157.4 

1159.3 

1184.6 

1190.2 

1201. 5 

1204.8 

1223.0 

1225.0 

1247.7 

1252·9 

1258.8 

1268.8 

1291. 0 

1293.2 

1341.,3 

1357.5 

1476.2 

1489.3 

1504.2 

1555.0 

1563.5 + 1565.0 

1579.7 

1584 .. 0 

1616.2 

-185- UCRL-18651 

Table 14. Continued 

3.2 

19.6 

5.0 

2.0 

19.6 

72.8 

1.5 

25.0 

2·7 

1.6 

67. 

3·7 

<5.0 

10·7 

~1.2 

6.1 

~5.5 

87.3 

8.8 

~.4 

0.8 

1.3 

2.4 

3.2 

1.2 

0.5 

9.4 

3.1 

. . a b 
Conversion Electron Intensity , 

( 4) 

(3) 

( 5) 

} 

LL - L(M+N) ~ 
e e 

~. 

4.7 

11.8 

11.3 

1.0 

1.4 

~.1 

13.9 

1.4 

0.8 

<0.9 

(continued) . 



Transition Energy 

(keV) 

1630.8 

1633.7 

1643.5 

1672.3 + 1673.4 

1679.2 

1693.7 

1696.6 

1704.7 

1722.0 

1765.8 + 1768.~ 

1774.6 

1820.0 

1823.7 

1862.7 

1949.8 

1956.5 

1977.9 

2044.8 

2192.3 

2219.5 

2307·7 

2317.1 

2405.3 

2832.0 

2885.6 

2920.4 
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Table 14. Continued 

Conversion Electron Intensitya,b 

Ke_ ELe_ E(M+N)e_ 

4.0 

1.8 

1.6 

4.1 

0.71 (13) 

1.2 (3) 

10.4 

2.0 

2.0 

·0.81 (20) 

3;0 (5) 

0.4 (1) 

7.5 (1.3) 

6.4 (1;1) 

0.21 (05) 

1.0 (2) 

0.88 (16) 

1.3 (3) 

0.10 (3) 

0.17 (4) 

0.15 (3) 

0.11 (3) 

0.23 (6) 

0.39 (10) 

0.05 (2) 

0.16 (5) 

} 1.4 

<0.6 

0.3 

0.8 (3) 

0.84 (17) 0.3 

a Except as otherwise ifldicated, relative intensity errors may be taken to 
be ~ 15%. These errors reflect the combined systematic uncertainties . 
arising from the following: 1) normalization to the 7l0.5-keV K-con
version line; 2) the efficiency of the Si(Li) device and of the Ge(Li) 
detector used to determine the Si(Li) e- detection efficiency by the 

bmethod des,cribed in Ref. 79. 
Intensities marked with a (t) are from Ref. 81, normalized to the 
201. 8--keV K-cmrrtcrsi on line. 

" ,. 



-187- UCRL-18651 

D. Data Analysis and Construction of the Hf176 Level Scheme 

In Fig. 34 we show schematically the decay of Ta176 to levels in 

Hf176 as derived from our data. We have been able on the basis of coinr 

cidence, singles y-ray, and conversi'on electron data to place in the level 

scheme all transitions with intensity;;;;' 4% of the 710.5-keV photon 

intensity. The transitions placed in Fig. 34 represent only those lines 

for which definite assignments could be made on the basis of y-y 

coincidence data. As we mentioned previously, we have not considered 

simple energy sums and differences to provide sufficient information for 

place~ent of a transition in the level shceme. There are numerous weak 

lines,which could be placed on the basis of energy information alone, and 
i 

undoubtedly some of these placements would be correct. Therefore in 

. '. 176 b' th· t . . d . t . th Flg.,35 we show agaln the Hf level sc ,eme, lS lme In lca lng ese" 

weak transitions which can be fit to the established levels on the basis 

of energy information alone. We emphasize that there are not sufficient 

coincidence data to support the assignments in Fig. 35. We also show 

a few low energy transitions (dotted lines) whose presence is indicated 

by coincidence data, but which we are unable to observe in either the 

photon or electron spectrum. 

A detailed exposition on the assignment of each transition to its 

proper place in the level scheme seems impractical in this case, and since 

we have included for inspection all of the y-y coincidence data (Appendix 

C), we feel such a discussion would be more confusing than enlightening. 

We do, however, wish to comment on a few key assignments of particular 

interest and importance to the correct construction of the level scheme. 
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Notes on Figure 34: 

176m ) 1) We have recently investigated the decay of Lu (3.7 h . 

The results of that study have been included in the figure and are in 

, 176·· 
agreement with the earlier assignments made on the basis of Ta decay 

. ,176m 
data. In Appendix D we present a brief discussion of the Lu' decay. 

2) The assignments shown 'in this figure are all supported by 

y-y coincidence data. 

3) Starred (*) transitions indicate lines not resolved in singles 

data, but expected to be complex on the' basis of coincidence data. 

4) Where energies are iriparentheses [e.g. ,207. (sU, this 

indicates the singles data are complicated by the presence of other 

lines, and energy assignments have been,made using coincidence spectra 

or level scheme systematics. 
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Notes on Figure 35: 

1) The transitions shown in this figure are neither supported nor 

refuted by coincidence data. They are assigned solely on the basis of 

energy sums and differences, and include. all poss::\.ble combinations 

falling within one standard deviation of the combined transition-

and level-energy errors. 

2) A few additional levels are assigned (broken lines) on the 

basis·of rather tenuous data, or on the basis of the 88.35-keV energy 

diffe~ence. 

3) Parentheses [e.g., (533.2)J here indicate a transition 

populating or de-exciting one of the tentative added levels; therefore 

these assignments are quite uncertain. 

4) . Starred transitions·fit between more than one pair of levels. 

5) A very few low energy transitions not observed but indicated 

by coincidence data to be likely assignments are shown as dashed lines. 
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1. Sample data analys$~ 

a. The 1159-keV multiplet 

A deceptive stumbling block that has consistently plagued all 

previous attempts to properly interpret the decay of Ta176 has been the 

strong "line" at 1159keV. On the basis of centroid shifts in coincidence 

data we first concluded that this line was in fact a triplet of close-. 

lying lines arranged in such a way as to make them extremely difficult 

to detect in y-ray singles data displaying resolution poorer than about 

60 2.8 keV at Co . Analysis of the three spectra coincident with the 

466-, 710-, and 1023-keV transitions reveals the following: 

Gate line "1159" centroid Centroid energy 
(keV) . location (chan) (keV) 

466.2 1469.3 1155.2 ± 0.2 

1023.1 1472.2 1157.6 ± 0.2 

710:5 1474.6 1159.4 ± 0.1 

Consideration of the singles Compton-suppressed data in this 

region (Fig. 25d) would certainly suggest that the line is a doublet, 

but the intensity ratios 11155:11157:11159 = 11:65:476 make it extremely 

difficult to visually detect the presence of a third line. The power 

of computer data analysis here becomes evident. Using experimental peak 

shape parameters obtained from strong "clean" singlets in the spectrum 

(cf. Appendix B) the resolution of the 1159-keV multiplet shown in Fig. 36 

is obtained. The three gates set on the multiplet confirm the analysis 

as can be seen from the 1155-, 1157-, and 1159-keV coincidence spectra 

(Appendix C). Finally, the pair spectrum (Fig. 29) clearly shows the 

1157-keV component, and indicates its intensity is 13.3% that of the 
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1159-keV line, in excellent agreement with the 13.7% value obtained 

from the fit in Fig. 36. 

The difficulties in analysis exemplified by the above case are 

repeated many times in the Ta176 spectrum. We have discussed this case 

in detail because of its importance to proper construction of the level , 

scheme, and because it yielded rather unambiguous results in the end. 

In other cases we were not so fortunate. 

b. The 508-, 511-, 512-, 521-keV complex 

Analysis Gf this region for both energies and intensities is 

severely complicated by several factors. Firstly, the presence of the 

511-keV annihilation peak between two bona-fide transition lines at 

508 and 512 keY complicates the computer fit. to the data because of the 

abnormal width of the 511-keV peak. Fortunately the electron spectrum 

provides some help here. Secondly, the dimensions of our peak analysis 

program, SAMPO, presently allow us to handle multiplets containing up to 

only six components. And finally, the line at 521-keV. it seems evident 

from coincidence data as well as from singles data, is quite complex. 

It appears certain there are components at 519.7, 521.3, and 521.6 keY. 

We have assigned these transitions to the level scheme and estimated c 

their energies and intensities from coincidence and singles data. There 

may also be other components at ~ 517 and ~ 521 keY. The former 

possibility seems quite likely, but it is difficult for us to draw 

further conclusions from the data. We simply are limited by the resolution 

of the detection systems. 
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c. Other complex lines of interest 

The 541 - 547 keV complex is another case similar to the one just 

discussed. Coincidence data allow us to fit two transitions at 543.2 

and 546.5 keV with some certainty, and a third at about 540.3 keV with 

less certainty. As nearly as we can tell from singles analysis (cf. 

Fig. 37) there are five lines present. 

At 1224 keV the presence of a doublet is quite evident. However, 

the assignment of the line at 1226.7 keV is much less obvious. We have 

noted a sligh~ asymmetry in all the computer fits of the 1223 -.1225 

doublet indicating the presence, albeit_weak, of a high-energy shoulder 

with intensity ~ 6% compared to-the 1225-keV line intensity. This fact, 

coupled with rather tenuous evidence from the 1694-keV coincidence 

spectrum seemed to justify assignment of the 1225.7-keV transition from 

the level of that energy to ground, an assignment consistent with the 

2+ spin and parity we proposed from K-conversion electron.data for the 

936- and 1138-keV transitions. Figure 38 compares the doublet and 

176m triplet analyses of the complex at 1224 keV. -The Lu decay data later 

confirmed ~he presence of the line at 1226.7 keV, and verified the 

176 
comp~ter fit to the Ta data. 

There are several other instances where the Compton-suppressed 

data show weak lines in the region of much stronger lines (cf. e.g., 

Fig. 39, the low energy side of the 611 - 617 keV "doublet"), but in 

general the presence of these lines does not seem to introduce ambiguities 

into our interpretation of the more prominent data. A factor of two 

improvement in resolution (impossible, of course, with Ge(Li) devices) 
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would undoubtedly unveil many lines in addition to the ones we have 

presently identified; but for now we shall have to be content to confine 

'our consideration to the stronger lines in the spectrum. 

d. Jhe 1149.9- and 1293.2-keV EO transitions 

The conversion electron spectrum (Fig. 3'0) reveals the presence 

of two lines that have no counterpart in the photon emission spectrum. 

These transitions, at 1149.9 and 1293.2 keY, presumably arise from pure 

EO conversion processes, and indicate the presence of two low-lying 

(K = 0+0) states in the Hf176 level structure. We shall comment further 

on this interesting occurrence during our discussion of the level scheme. 

e. The evidence for the low energy transition at 91.2 keY 

We find evidence, for the presence of a 91.2-keV transition in the 

81 
"thin-window" high resolution spectrum (Fig. 28). Harmat"z et al. 

reported the line in their conversion electron spectrum, and indicated 
" 

a likely E2(+Ml) multipolarity. We shall discuss this latter point more 

fully later on. For now it is sufficient to cite the experimental 

evidence we find for the presence of the line. Although we are hard

pressed to definitely assign the line to Ta176 on the basis of singles 

data, there is strong circumstantial evidence in the coincidence data that 

also indicates its presence. The 1066-keV coincidence spectrum clearly 

shows the presence of the 1225-keV line in coincidence, as well as 

some indication for the presence of the weaker 1023-keV line. '. Thi,s 

analysis is corroborated by the"1023-keV coincidence spectrum showing the 

1066-keV line, and the 1225-keV coincidence spectrum showing the same 
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1066-keV transition in coincidence. Thus, in this instance we are able 

by careful analysis to establish fairly conclusively the presence of 

a transition on the basis of coincidence data. We also point to this 

case as -an example of analy.sis performed on data that we consider very 

near ,the statistical ,limits of significance, i. e., in few cases have we 

assigned a transition on the basis of less reliable information. Since 

we haye not discussed the "coincidence mat~.i:X:" for each transition, we 

trust that the above'analysis will serve as a criterion by which the , . 

reader can attach some sort of "confidence rating" to the proposed decay 

scheme. 

2. Spin and parity assignments 

Assignment of the spins and parities to levels on the basis of 

K-conversion electron data and y-ray relative intensities alone is a 

hazardous endeavor, and it is principally for this reason that the work 

described here,must be considered incomplete, for it is exactly those 

nuclear parameters that are of primary interest to the theoretician. 

Still, we are able to draw some definite conclusions in this regard 

from our data, and it is worthwhile to indicate the basis on which we 

arrive at those conclusions. 

To begin with· (cf. Fig. 34), the two lowest·· levels above the 

ground rotational band almost certainly are themselves members of a single 

elementary rotational band. As we have indicated, the EO transition at 

1149.9 keY confirms unambiguously the assignment of a (K-:: 0+0) 

level at that energy. The level at 1226.7 is designated K . = '0+2 

on the basis of: 1) th·e enhanced K-conversion coefficient associated with 
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( -2 the 1138-keV line C'iK = 2.3 x 10 ) indicates either 'an EO component 

or? alternatively, a pure M2 transition; 2) the presence of the 936.4-

and 1226.7-keV transitions identifies the spin as 2, therefore the parity 

is necessarily positive. Branching ratios to the ground band indicate 

K = 0 as most likely (cf. Table 15). 

The level at 1247.7 keY can be definitely assigned as 2- on the 

basis of conversion coefficient data and y-ray branching. The 1159-keV 

transition to the ground-band 2+ state is very strong and the K-conversion 

indicates a probable El multipolarity. Moreover, the 957.4- and 1247. 7-keV 

lines can be identified fairly certainly as M2'in character (cf. Fig. 

40) from the conversion data. Not so certain is the Kquantum-number 

assignment. Although K =2 

is most likely, the M2 branching (I957:I1248 = 11:9) seemingly contradicts 

this designation. But a K = 1 assignment, though certainly otherwise 

acceptable, immediately raises the question of the spin 1 member of the 

band, a member which ought to be strongly populated if it is present 

at al'l. 

The level at 1313.3 keY is definitely spin 3 1:j.nd negative parity 

from conversion data and from the absence ofa transition to ground. 

Again, the Kquantum-number is less certain, though it is likely the same 

as that of the 1247.7-keV level. We thus prefer to consider these two 

levels as members ofa K = 2- band. 

The (K = 0+0 designation for the state at 1293.2 keY is, on 

the basis of the conversion data, again an obvious assignment. It is 

of pru"ticular interest, for reasons we will discuss at length later on, 
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Table 15. Squares of Clebsch-Gordan coefficients for low angular-
. l' f' t . t . ·T 176 d momentum coup lng 0 In eres In a ecay. 

K. 
l 

0 

1 

2 

0 

0 

0 

I. 
l 

2 2 

4 2 

1 1 

2 2 

3 1 

4 2 

2 2 

4 2 

-------------------------~ 
If = 0 If = 2 If = 4 

0.200 0.286 0.515 

0.286 0.260 

0.334 0.167 

0.200 0.072 0.229 

0.286 0.215 

0.239 0.020 

0.200 0.286 0.015 

0.120 0.351 
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to be able to identify the 2+ member of this second 0+ band. Unfortunately, 

though we have two candidates for the position, we are not able to 

unambiguously assign a definite (K = 0+2) classification to either one. 

The first possibility might be the level at 1341 keY, but it seems likely 

both from y-ray branching and from the relatively "normal" 1253-keV 

K-conversion coefficient~ that this state is (K = 2+2) K-conversion 

and the K/L ratio for the 1253-keV transition seem to indicate that it 

is (Ml + E2) in character. With this 2+ state apparently thus accounted 

for, we are next left to contemplate the 1379.4-keV level, a level that 

could be a relatively innocuous 2·- state with anomalously large branching 

to the 4+ member of the ground rotational band. At least if we adhered 

to this interpretation we would be in a less embarrassing position than 

'if we were to propose any of the alternatives. However, one most 

unsettling discrepancy remains if the 2- assignment is made--the K-· 

conversion coefficient of the presumed El~(M2) 1291·-keV transition may 

turn out in fact to .be far too large for even a predominantly M2 

transition. Our fit (Fig. 41) to the electron complex at 1290 - 1293 

keY indicates a K-conversion coefficient of perhaps 1.9 x 10-2 for the 

1291-keV line--a number that would seem to classify the transition as 

being M2 or EO - E2 in nature. But we must emphasize that the complication 

of the 1223 - 1225 (M+N) lines and the very strong 1293-keV EO K-electron 

line in this region may have compromised the reliability of the computer 

fit to the 1291-keV component. The l089-keV conversion coefficient 

is also uncertain, but it appears to be large enough to be compatible 

with an M2 assignment. The y-ray branching, though often anomalous for 
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transitions from (K = 0, 2+) excited states, is in this case so far 

removed from what one would expect that a 2- assignment would seem most 

likely if the electron data were ignored. 

-
Thus, the evidence is strong that, despite our protestations to the 

contrary, the fit to the electron data for the 1291-keV K-conversion line 

is correct (cf. Fig. 41), in which case we are compelled to propose a 

(K = 0+2) assignment for the level in question. The wea...~ 1379.3 keY 

transition has (because of its importance) in this single instance been 

included in the level scheme (Fig. 34) even though it is too weak to be 

identified in the coincidence data. If it does not belong to the level 

at 1379.4 keV,then of course alternative assignments of spin and parity 

that would not be offensively inconsistent with the electron data could 

be made (e.g~, 3+, 4+). If, on the other hand,the 1379.3-keV transition 

is properly placed,then we are obliged to accept the (K = 0+2) assign-

ment, a startling development for reasons we shall discuss in section E. 

The level at 1404.5 keY may be the 3+ member of the K = 2 band 

ostensibly beginning at 1341 keY, but we are unable to see the transition 

to the 2+ member of the ground band. In view of our earlier discussion 

placing the 91. 2-keV transition from thi.s level to the 1313. 4-keV level, 

it would be most pleasing to be able to label the level at 1404.5 keY as 

the 4- member of the K = 2 band with other members presumably at 1247.7 

and 1313.3 keY. This would be particularly satisfying because then we 

could call the 156.8-keV line the 4-+ 2- crossover E2 transition, and the 

91. 2- and the proposed 65. 7-keV (unobserved in singles) lines would fit in 

nicely as the cascade Ml - E2's. But unfortunately, tempting as it is 
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to try to impart this bit of orderliness to an otherwise chaotic 

situation, there are several reasons why we cannot be certain about the 

assignment. First of all, the K-conversion of the 1115-keV transition 

seems too high for it to be pure El; but this evidence is insufficient 

since there may be M2 admixture, and the 1115-keV line is itself apparently 

complex. The 156.8-keV transition and its conversion coefficient give us 

little additional help; the conversion coefficient is almost exactly 

what one would expect for pure E2--or mixed El - M2. The same conclusions 

81 
could apply to the 91. 2-keV transition, although Harmatz et ~1. 

propose an E2 assignment on the basis of L-subshell ratios. There is 

little feeding of the 1405-keV level from above, and about all one 

can say from branching is that we do not see a 1316~4-keV transition 

that one might expect from a 3+ or 4+ level. 

One additional comment should be made with regard to the appreciable 

discrepancy in the energy measured for the 115.0-keV transition thought 

to de-excite the 1404.5-keV state. The following energy sums apply: 

1114.96 
+ 290.19 

1405.15 

1247.64 
+ 156.84 
1404.48 

1313.30 
+ 91. 23 
1404.53 

We are not accustomed to tolerate errors this large, particularly at 

such relatively low energies, and if it were not for the 1115-keV 

coincidence data coupled with the known complexity of the 1115-keV peak 

we would be inclined to propose two separate levels at 1405.2 and 

1404.5 keV. Such a prQposal would seem in many respects to be more 

satisfactory, but we are unable to prove this hypothesis. 
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Finally, we prefer the 3- assignment at 1446 keV, although the 

K-conversion coefficients are here quite uncertain since both the 1155.5-

and 1357.5-keV K-conversion lines are complex. Some additional support 

to the assignment is afforded by the 466.2-keV transition, which is 

essentially El in character (from K-conversion data). We prefer the 2+ 

assignment for the 1912...,.keV level, which would be consistent with negative 

pari ty for the 1446-keV level. 

For levels above 1450 keV the information on spins and parities is 

for the most part meager. We quickly mention a few of the assignments 

that seem fairly certain, and the basis for each assignment: 

1643.4 keV: 1- on the basis of K-conversion coefficients and 

branching. Branching indicates K = o. The 3- member of the band. is 

likely at 1710.4 keV. 

1722.1 keV:Transitions from: this level are almost certainly El 

from electron data, and the branching indicates (K = 0-1). 

1767.5 keV: The 1679.2-keV transition to the ground 2+ state is 

apparently El from conversion data. One would suspect that one of the 

~ 

lines in the region around 1767 keV might belong to this level and 

represent the transition·to ground, but coincidence data seem to rule 

out that possibility. We therefore assign the level as 2-. 

1862.8 keV: Conversion coefficients indicate the transitions from 

this level to the ground band are probably Ml in character,· and branching 

indicates K ~ 1. In the absence of the transition to the ground 4+ 

member, we prefer (K = 1+1). 
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1924.6 keY: K-conversion coefficient data indicate the 1836-keV 

transition is E1. Moreover, y-ray feeding to other levels and associated 

conversion lines (e.g., 611.2 keY) seem to make the 2- assignment here 

fairly certain. 

1958.1 keY: The 616.8-keV transition is essentially pure El, 

indicating the parity of this level is negative. We prefer the spin 3 

assignment from feeding to other levels and perhaps also because of the 

near-lying 2- level, although spin 2 cannot be ruled out entirely. 

2920.4 keY: rhis level is fed strongly by the Ta176 EC decay 

[log (ft) = 6.8J and in turn decays predominantly to the ground and first 

excited states of Hf176. Branching to the groun~ band unambiguously 

indicatesJK = o-lho be the likely assignment. The parity is somewhat 

less certain, although we favor a negative assignment, both because of the 

strong EC decay to this level and because of the apparent weakness of the 

conversion lines. We are uncertain of the electron counter efficiency 

at 3 MeV, but our estimates of the efficiency at that energy would have 

to be off by about an order of magnitude for the K-·conversion coefficient 

to be raised enough to place the El assignment in doubt. 

Finally,after much vacillation and with great reluctance we 

have arrived at the conclusion that nature, in a p,ique, has seen fit to 

populate a level at 2921.0 keY. Consistent inconsistencies in the 

energy calibrations for the high-lying 2832.0 - 2920.4 doublet and con-

sideration of the feeding that would be required of a single level at 

2921 keY have forced this conclusion. Coincidence data indicate the 

1064.0-, J.579.7-, and 1673.4-keV transitions feed the J.856.9, 1341.3 
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(K = 2+2 ), and 1247.7 (K = 2-2 levels, while the 1540.8- and 

1693.7--keV transitions feed the 1379.4 (possible K = 0+2 ) and 

1226.7 (K =0+2 ) levels. These data are consistent with a (K = 0-1) 

state at 2920.4 keY, and a second probably higher-spin state at 2921.0 

keV. The energy data also suppor-c this conclusion. 

We have indi.cated a number of other possible spin and parity 

assignments for the variou~ Hf176 levels, but they are for the most part 

quite uncertain. The cases we have discussed above represent those 

levels for which we have felt definite spin and parity assignments 

could be made on the basis of the available information. 

3. + . EC- S branchlng 

It will be noticed in Fig. 34 that we have indicated absolute 

+ 176 176 EC-S feeding to the various Hf levels from Ta decay. These 

estimates have been obtained by using the preliminary results of 

Fominikh, et a1. 99 which indicate the rati'o of total positron emission 

176 .. 
resulting from Ta decay to K-conversion electron emission resulting 

fr'om tlte 1159-keV complex is I +/1 = 26. 
S Kl159 

By combining this 

. information with our ~onversion electron data and by then summing the 

observed y-ray (and conversion electron, where significant) intensity 

feeding and de-exciting each level, we were able to obtain the indicated 

branchings. The branching to the ground and first excited states must 

be considered a limit, since the authors in Ref. 99 indicate only that 

the (3000 ± 80)-keV positron component carries about 27% of the total 

positron intensity. In a.ddition; we have been unable to place in the 

decay scheme y-rays representing about 7% of the total observed photon 
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o 0 ° t °t f T 176 d .' emlSSlon In enSl y rom a ecay. The errors arising from this 

source should be relatively small, however, compared to the ~ 10-15% 

error resulting from the combined individual y-ray intensity errors, 

provided we are correct in presuming the unplaced photons to be about 

evenly di stri buted throughout .:the level structure. 

E. 
176 . 

Discussion of the Hf Level Scheme 

1. K = 0+ excited states 

176 Of the Hf levels for which we have definitive information, by 

far the most interesting from the standpoint of contemporary nuclear 

theory are the two excited K = 0+ levels at 1150 arid 1293 keV. We have 

been able to identify the 2+ rotational band member of the lower state, 

and as we have earlier indicated, it is possible that the lev~lat 

1379.4 keV is the 2+ member of the second K = 0+ band. 

These K=O+ states are deserving of special attention for two 

reasons: 1) y-ray branching from members of the excited K= 0+ bands to 

members of the ground state rotational band is a phenomenon of particular 

interest at the present time, primarily because of rather large observed 

deviations from Alaga's branching rules for the K = b I + K = 0 I 2 2 1 1 

transitions from presumed S-vibrational bands to the ground bands of 

deformed even-eVen nuclei; 2) the nature of the first excited K = 0+ bands 

themselves, interpreted in the microscopic superfluid model, is a 

question of theoretical significance that has also recently evoked 

considerable discussion. 
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The first subject has la'~elybeen considered experimentally in 

t " f 'd th 1 " Gd154 d Hf178 100,101 Th" t t s udles per orme on e nuc el an,. e lIDpor an 

theoretical ramifications associated with the problem have been discussed 

102 by Mottelson. 

The second topic may be related to the first. It has recently been 

proposed that some of the low-lying K = 0+ states in even-even deformed 

nuclei may be essentially characterized as pairing-vibrational excitations,103 

particularly near the middle of the rare-·earth region of deformation. In 

addition, it has also been suggested that such states may be significantly 

"fl d' b' " d 1" t t" 104 i l05 Th "b"l"t Id In uence y spln-qua rupo e In erac lons. e POSSl l l Y wou 

seem to exist, then, that pairing vibrations and/or spin-quadrupole 

interactions may influence the relative transition rates for the 

K = 0+ states in such nuclei. We shall consider these two, possibilities 

separately, bearing in mind that they may in fact turn out to be intimately 

related. 

a. y-ray branching from the K =0+ excited states 

In the relatively few deformed nuclei in the rare-earth region 

for which excited K = 0+ bands have been reported, y-ray branching from 

the 2+ members of the presumed S-vibrational bands to the 2+ ground band 

members ,has generally been found to disagree with theory. It is now 

thbught that because of the mixing of the excited K = 0+ bands with 

other K = 0+ bands, notably the ground band, the E2 branching is not 

expected to follow the intensity rules of Alaga, but rather should be 

given by the general expansion of the transition matrix elements in 

terms of the total angular momentum, 1. 102 To first order this 
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expansion is, for E2 transitions of the typeK = °212 -+ K = °111: 

The matrix elements Ml and M2 are related to the familiarZO 

parameter by Zo = M2/M
l

. In general, the linear expansion (36) and 

similar forms (e.g., for the Hf177 Ells we have discussed in part I) 

ought to be valid to the extent that first order perturbation theory is 

applicable. 

However, significant departures from even the form (36) have 

been noted for ail excited K = 0+ (S-vibrational) bands thus far observed. 

The disc~epancies between experiment and theory can in every case be 

attributed to an apparen-t enhancement of the 0222 -+ (:,121 transition 

intensity. It has been suggested that the presence of appreciable Ml 

admixture could account for this enhancement. Mottelson
l02 

has pointed 

out that although such radiation is forbidden in the I-independent 

approximation, if the nuclear rotational g-factor, gR' is deformation 

dependent, the transition operator 

+ .•. J 

_( eh ) 
x 1].1 2Mc-
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obtains, and the transition matrix element for the Ml decay of a. 

S-vibrational state can be written: 

x 

where 

= 3 
4 'IT ( 

eh ) 2 
. 2Mc 

is the amplitude of theS-vibrational motion, obtainable from 

the E2 transition matrix elements between the ground and B-vibrational 

( ~gBR) bands. If a is of the order unity, the observ~d enhancements 

ul b 1 · d 102 co d eexp alne. (Recent theoretical calculations by Krumlinde 

( ~gBR) suggest a . d d b 't 106) may In ee e near unl y. 

The obvious test for the presence of Ml mixtures in the~I = 0 

transitions in question is to perform a direct experimental measurement 

of the Ml - E2 mixing ratio, for example by Y-ray angular correlation 

studies on the nuclei of interest. Such measurements have recently been 

154 100 178. carried out for Gd by Hamilton, et al. and for Hf by Nlelsen, 

t 1 101 ea. The results of the two experiments are apparently contradictory-

-+ °121 transition in Gd154 to be essentially 

pure E2, while Nielsen, ~~ al. find only (17 ± 10)% E2 character in the 

d · t . t . . Hf17 8 correspon lng ranSl lon In . 

Mottelson has emphasized the important implications of the problem 

for the valid application of the rotational model in general to deformed 

nuclei; it seems clear that if indeed the postulated Ml mixture is found 

to be absent, then the commonly accepted picture of the K = 0+ excited 
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states as symmetric vibrations in the quadrupole field of these nuclei 

will have to be substantially modified. 

Because of the serious implications the problem bears for the 

collective model, we summarize in Table 16 not only the experimental 

. 176 . 
results we ha.ve obtained for, Hf ,but also the information presently 

to be found in the literature. The literature data in some cases 

represent a weighted mean of data from the indicated sources. 

It is significant that we apparently do not observe for the 
176 .'. . 

(K = 0+2) state at 1226.7 keY in Hf the spectacular departures 

from Alaga's rules observed in, e.g. Hf178. However, it should be 

noted that the error on the 2'+ ~ 0+ transition intensity is fairly large, 

and the only precise indicator we have of the relative branching is the 

2'+ ~ 4+/2'+ ~ 2+ intensity ratio. We also recall that the nature of the 

1379.4-keV state is still in doubt. If this state turns out to be the 

2+ member of the K - 0+ band beginhinga:t 1293. 2keV., the fOllowing· 

remarkable departures from Alaga' s rules will obtain: (see Table 17 

following Table 16) 
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Table 16. Summary of experimental data on y-ray branching from 
excited K = 0+ bands in even-even deformed rare-earth nuclei. 

Ey (keV) ITIK Yl . 
B(E2)I -+ II 

Nucleus 
1 n 

. ;)I
1

TIK
1 Ref. E (keV) Y2 B(E2)I -+ I I 

Y2 ITIKn ~ I~ TIKI 
1 

Sm152 444 
2+0 -+ 4+0 

107-2 1 
2.5 (7) 811 2+02 -+ 2+°1 109 

8n .. 2+02 -+ 0+01 0.19 (5) 
689 2+0 -+ 2+0 

2 1 

444 
2+0

2 
-+ 4+0

1 13 (4) 
811. 2+0

2 
-+ 0+0

1 

Gd154 444 
2+0 -+ 4+0 

107, 2 1 3.0 (5) 
693 2+0

2 
-+ 2+0

1 
108 

816 
2+0 -+ 0+0 

. 2 1 0.14 (3 ) 
693 

---
2+0

2 
-+ 2+0

1 

444 2+0 -+ 4+0 . 2 ·1 
18 (3) Si6 2+0

2 
-+ 0+0

1 

925 
4+0

2 
-+ 2+0

1 0.11 (n) 
678 4+0

2 
-+ 4+0

1 

Gd156 841 
2+0

2 
-+ 4+0

1 0.54 (24) 109, 
1040 

----_.-
2+0 -+ 2+0 no 

2 1 

n29 
2+0 -+ 0+0 

2 1 0.074 (29) 1040 2+0 -+ 2+0 
2 1 

841 
2+0 -+ 4+0 

2 1 
7.2 (3.7) ----.~---

1129 2+0 -+ 0+0 
2 1 

(continued) 
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Table 16. Continued 

Ey (keV) ITIK .. 
Y1 

Nucleus 
1 n ) I1TIK1 B(E2)I-+ I 

Ey (keV) 
, 1 

Y B(E2)I -+ I' Ref. 

2 . ITIK 2 >I'TIK 1 
n 1 1 

Er164 (134o ) ( 2+02 + 0+01 ) 
1242 2+02 -+ 2+01 

(0.48 (35)) 111 

1785 
2+03 -+ '0+01 

1698 2+03 -+ 2+01 
0.14 (8) 

Yb170 1534 2+02 -+ 0+01 

, 1450 2+02 -+ 2+01 
0.30 (6) 112 

Yb172 858 
2+0 -+ 4+0 

2 1 113, 
1039 . 2+0 -+ 2+0 2.5 (6) 

2 1 114 

1120 
2+0 -+ 0+0 

1039 
__ 2 ___ J 

1.3 (4) 2+0 -+ 2+0 
2 1 

858 
2+0 -+ 4+0 

2 1 
1120 2+0 -+ 0+0 2.0 (6) 

2 1 

Hf176 936 
2+0 -+ 4+0 

2 . 1 
1138 2+0 -+ 2+0 2.2 (2) This 

2 1 
work 

1227 
2+0 -+ 0+0 
21 

1138 2+02 -+ 2+01 
0.30 (6) 

936 
2+0 -+ 4+0 

2 1 
1227 2+02 -+ 0+'01 

7.3 (1.6) 

'Hf178 969 
2+02 -+ 4+0 _ 1 

1183 2+02 -+ 2+01 
0.45 (14) 101 

(continued) 
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Table 16. Continued 

E (keV) Yl 
. B(E2)I -+ 11 Yl I7TK ~. I 17TKl n Ref. B(E2)I -+ I' 

Nucleus E (keV) Y 1 Y2 I7TK 2 )I'7TK 
n . 1 1 

1276 2+02 -+ 0+01 
0.066 (29) 

1183 2+02 -+ 2+01 

2+0 -+ 4+0 
969 2 ~ 6.8 (1.6) 

1276 2+02 -+ 0+01 
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Table 17 . E2 branching from the 1379.4-keV proposed (K = 0+2) State. 

Experiment Alaga r s Rule 

BE2)2'+ -+ 4+ 
0~35 ± .04 l.80 B(E2 2'+ -+ 2+ 

2'+ -+ 0+ ± .06 0.699 2+ -+ 2+ 0.031 

2'+ -+ 4+ 1l.4 ± 2.58 2'+ 
- 2.2 

-+ 0+ 

These data appear to have more in common with the Hf178 data of Ref. 101 

than do the data for the other (1227-keV)2'+ state in Hf176 listed in 

Table 16. But the question of the proper assignment of the 1379.4-keV 

state is not yet resolved, so the data in Table 17 may not be applicable 

at all. 

Finally, we consider what appears to be an anomalously fast 

EO (or 1 E2) t ·t· . Hf176 It· . ·t f th s ow ranSl lon In . lS convenlen, or e purpose 

of comparing EO - E2 branching from a given state, to be able to write 

a sort of· l1 reduced" EO transition strength analogous to the familiar 

B(E2) reduced photon transition moment. 
.. 115 

Church and Weneser . have 

expressed the electric mbnbpole transition probability, W, as the product 

of an electronic factor ~, and a nuclear strength parameter, p, 

2 
W = ~ p . 

The electronic factor, ~, is to a first approximation independent of the 

intrinsic and collective nuclear properties, while 2 p describes the 

nuclear monopole matrix ~lements. Reference 115 contains in graphic 

form the values of ~ as a function of atomic number and transition energy. 

-" 
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116 Rasmussen has shown that for the case of a spheroidal nucleus 

undergoing quadrupole vibrations, the p2 of Church and Weneser 

can be written to first order as 

(38) 

The reduced E2 strength from the 0+ B-vibrational state to the 2+ 

d t t . 117 groun s a e lS . 

B(E2; 0'+ "* 2+) 

Then a dimensionless ratio of the redu~ed EO and E2 transition strengths 

can be given from (38) and (39), 

( 
B (EO; 0 '+ "* 0+) ) 

X B(E2; 0'+ "* 2+) = (40) 

without knowledge of the nuclear "spring constant" C, or the mass parameter, 

B, i.e. the dependence of the EO and E2 transition strengths on the zero

point vibrational amplitude . (BC)-1/4 is the same. 116 

Experimentally, if the relative EO and E2 transition probabilities 

are known, with r2 obtained from Ref. 115 the parameter X may be 

calculated and compared with the theoretical 

(41) 

of Rasmussen for a vibrating spheroid. 
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To this end, we summarize in Table 18 the available experimental 

data on E2/EO branching ratios from K = 0+ excited states in the rare-

earth region of defor!r..ation. It ought to be noted while considering the 

calculated values for X in column 5 that from Eq. (41) we would expect 

in general, for the deformed nuclei in this region, 0.15 ~ X ~ 0.50. And 

indeed, Table 18 indicates that this is approximateiy true, with two 

remarkable exceptions: 
176 . 170 

Hf and probably Yb . Even more noteworthy 

is the fact that in Hf176 , one of the EO transitions behaves in "normal ll 

fashion, while the other is in disagreement with theory by at least an 

f . d A t d f Yb170 1" 122 order 0 magnltu e. nd al hough the ata or are pre lmlnary, 

and we have no error limits for the indicated measurements, a similar 

* observation seems to apply to that nucleus. 

There are also large values of X 
164 

reported for Er ,but these 

are for 0+ states above 2 MeV, not likely to qualify as primarily 

S-vibrational in character. In fact, the authors suggest that they may 

124 
represent the two-phonon K = 0+ "y-vibrations" of Davydov and Rostovsky . 

expected at perhaps 1.5 - 2.0 MeV. 

116 Rasmussen also early derived an alternative formulation for the 

EO matrix elements based on a microscopic model of the nuclear 

S-vibration. Here, using an asymptotic anisotropic harmonic-oscillator 

representation for the appropriate Nilsson orbitals, the quadrupole 

oscillations were described as coherent superpositibnsof individual 

* . 170 . 170 
Detailed work on the decay of Lu to levels in Yb is in progress at 

Livermore. 
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2.4 2 

Tahle 18. X = 
e. RO P 

for EO--E2 branching in even-even deformed B(E2) 

rare-earth nuclei. 

Nucleus Ref. Transition 
Energy 

Rel. Int. X 
. (keV) 

Gd154 · 118, 682 ( -2 0+-*0+ 2.1±0.4)XIO 
119 

2 1 0. 071±0. 023 
02+ -* 21+ 557 1.1±0.3 

Gd156 120 02+ -* 01+ 1040 0.011 

02+ -* 21+ 951 1.4 0.27 

Dy15Q 121 02+ -* 01+ 676 

02+ -* 21+ 538 
0.06 

22+ -* 21+ 829 0.15±0.07 

4
2

+ -* 4
1

+ 1088 0.20±0.07 

62+ -* 61+ 1437 0.12±0.06 

Er
164 

11,1 ° + -* °1+ 1246 9.6xIO-3 
2 0.15±0.03 

° + -* 2 
2
1

+ 1157 2.84 (40) 

03+-* 01+ 1698 2.9xl0- 3 

0. 39±0. 06 
03+ -* 21+ 1614 1.36 (19) 

04+ -* 01+ 1766 6.4xl0-3 

0.78±0.11 
04+ -* 2

1
+ 1677 1. 55 (22) 

05+ -* °1+ 2171 4.5xl0- 3 . 
1. 76±0. 25 

05+ -* 21+ 2080 1.14 (16) 

(continued) 
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Table 18. Continued 

Nucleus Ref. Transition 
Energy 

ReI. Int. X (keV) 

06+ + 01+ 2185 2.5xl0-3 

5.6±1.8 
06+ + 21+ 2094 0.21 (8) 

Yb170 122 02+ + 01+ 1479 0.6 
9·1 

O;:t + 21+ 1395 4.8 

° + + ° + 1565 .0.1 
3 1 0.96 

.°
3

+ + 21+ 1481 10 

Hf176 Present 02+ + 01+ 1150 0.091 (14) 
work 0.16±0.03 

02+ + 21+ 1062 10.0 (9) 

03+ + °1+ 1293 1.58 (24) 
7. 3±1. 2 

03+ + 21+ 1205 6.1 (5) 

Hf178 123 02+ + 01+ 1199 ( 3. 5± ° . 7 ) x 10-3 

0.18±0.05 
,0++2+ 

2 1 1106 0.44±0.09 

1434 -3 
03+ + 01+ (1.9±0.4) 10 

0.10±0.03 
03+ + 2 1+ 1341 0.95±0.19 

04+ + 01+ 1444 (8. 4±1. 7) 10-3 

0. 38±0.11 
04+ + 21+ 1351 1.1±0.2 
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excitations of the easily pola:.."iza"ble protons in orbitals near the 

Fermi surface. The result. of this treatment predicts a first order 

branching 

x (B (EO; 0' + + 0+) ) 
B (E2; 0' + -+ 2+) 

somewhat more than twice as large as that predicted by the vibrating 

spheroid model, but still far too sma.ll to explain the value 7.3 for 

the transitions from the rri76 1293-keV 0+ state. 

The prediction of 
. 124 

Davydov and Rostovsky for the EO transition 

strength from the /3-vibrational state does not differ appreciably from 

that of Rasmussen: 

x = 4/3~Cl + ;) 

Here, lfs" is the ratio of the energy of the first member of the "anomalous" 

K = 2+ band (normally called the y-vibrational band) to the energy of the 

176 2+ ground rotational band member. For Hf ,l/s can hardly be greater 

than 0.1. Further ,it seems unlikely that the 1293-keV level of Hf176 

( ) 0 It"b t> 1" could be the normally higher energy K = + two-phonon y~-vl ra lona 

state of Davydov, but verifica.tion of this point requires· knowledge of 

the zero-point amplitudes of the- nuclear (3- and y.-vibrations that we do 

not possess. 

It is clear that more experimental data are required for other rare 

earth nuclei before we can correctly label·· the 1293. 2-keV 0+ state in 

Hf
176 

as Itanomalous", but nevertheless on the basis of the information 
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in Table 18, perhaps some guarded speculation about the factor of 20 

difference in the two EO branching ratiQs- in Kf176 would be in order. 

b. The nature of the K = 0+ excited states 

Since the early and successful treatment by Bohr and Mottelson 

of collective nuclear motion in terms of quadrupole shape oscillations 

and nuclear surface rotations, there have been numerous attempts to 

provide a microscopic description of these so-called collective nuclear 

motions in terms of long-range (quadrupole) and short-range (pairing) 

nucleon-nucleon interactions. The first of these has been generally 

treated by incorporating the major portion of the quadrupole force 

into an ellipsoidal binding field, while the pairing interaction has been 

successfully described, as we saw earlier, by the BCSsuperconductivity 

theory applied to nuclei. Thus the picture has evolved of the nucleons 

moving in a deformed, axially symmetric potential and exhibiting certain 

properties analogous to those associated with superconducting systems of 

particles. 

There remain, however~ residual quadrupole and pairing inter~ 

actions which have been used to explain a number of the properties of 

low-lying nuclear energy levels in deformed nuclei. The earliest 

descriptions of the collective S-- and- yo-vibrations (and also rotations) 

were carried out assuming an adiabatic separation of particle and 

collective nuclear motion. In particular, the collective nuclear motions 

were first treated by Bohr and Mottelson in terms of a classical 

vibrating, rotating liquid drop model. The collective and the single 

particle models were treated as essentially separate entities in this 
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early picture, although it was certainly known that they were intimately 

related. 

It has thus been common to treat the residual quadrupole inter-

actions as perturbations caused by slow fluctuations in the shape of 

the average nuclear quadrupole field. More recently, however, after 

the development of the superconductive theory of nuclear pairing inter-

actions, the method of variations, now commonly referred to (for the 

nuclear problern) as the quasi-boson approximation has been applied to 

describe the .collective nuclear vibrations in a kind of nuclear Hartree-

Fock treatment. 

A number of authors have investigated the problem of the S-vibrational 

states in deformed nuclei; we refer the interested reader to the work of 

125 51 . 126 Marshalek, Bes, and Solovlev, and references cited therein. The 

most recent investigations have primarily been concerned with the effects 

of the non-adiabatic couplings of collective and intrinsic nuclear motion, 

and of vibrational and rotational collective modes. The presumed inter-

action of the'S- and y-vibrational states with the ground state of deformed 

nuclei and their consequent contribution to the familiar B coefficient 

- of the ·second-order term in the rotational energy expansion 

has recently been discussed by Pavlichenkov, 127 Bes, S'~ al. ,52 and 

128 
Marshalek. References 127 and la8 contain predicted numerical values 

for the Zo parameters thought· to describe the mixing of the ground and 

,t". 
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S-vibrational bands, and Ref. 52 predicts similarly the - z2 parameters 

for y-vibrations. 

Thus, the more refined treatments of the quadrupole and pairing 

interactions have proved guite successful in explaining a large number of 

nuclear properties, such as trends in deformation) odd-even mass differences, 

observed trends in momenta of inertia, energy gaps in intrinsic spectra 

of even-even nuclei, etc. 
- 129 

Rowever, it was suggested by Bohr and Mottelson 

that, in a manner exactly analogous to the way in which fluctuations in 

the average quadrupole field of the nucleus give rise to the 8-vibrational 

excitations, so also can similar flu.ctuations in the average pairing field 

give rise to other collective excitations, now commonly referred to as 

pairing vibrations. Instead of a distortion in the shape of the nucleus, 

a distortion in the super conducting property of the nucleus can be con-

sidered' to occur. This distortion is registered by fluctuations in the 

energy gap, 6. Whereas the B-vibrations are interpreted as arisj_ng from 

changes in the average quadrupole moment of the nucleus, the pairing 

vibrations are associated with variations in the "diffuseness lt of the Fermi 

surface, or alternatively, with the coherent transfer of particles from 

states below to states above the nuclear Fermi surface. Although the 

superconducting solutions require that the nucleus have a fixed average 

number of particles, the non-conservation of the particle number now 

becomes a fundamental descriptive feature of the nucleus, just as the 

non-conservation (except on the average) of angular momentum in the 

deformed field is fundamental to the Nilsson ttparticle" description 

of the nucleus. The development of superconducting character in the 
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nucleus due to pair interactions is found to be exactly analogous to the 

development of a stable qmtdrupole shape deformation due to the quadrupole 

interactions of the nucleons'. An excellent discussion of the physical 

and formal analogies between the pairing- and quadrupole~field vibrations 

is given by Bes and Brogliain Ref, 130. 

Bes and Broglia conclude that a new set of K = 0+ collective 

excitations may be generated by the superconductivity fluctuations in 

nuclei. These fluctuations are thought likely to appear as low energy 

excitations, provided the nucleus is sufficiently close to the transition 

point between the single-particle (spherical) and superconducting system, 

. and provided there exist at least two well-defined groups of particle 

levels. such that the energy gap separating the two groups is large com-

. pared to the energy separation of the particles within each group. 

Experimentally, the most effective method for exciting the pairing 

vibrational modes ought to be by use of the (t,p) reaction. The cross-

sections in the rare--earth region for these reactions are predicted to 

fluctuate rather substantially with the appearance and disappearance of 

small gaps in the Nilsson single-particle spectrum. 

176 
It is of particular interest to our study of 72Hfl04 that a 

decrease in the single-particle level density has been found experimentally 

and reported by Burke, ~~ al. 13l in this nucleus. Of parallel interest 

is the recent extension of Mikoshiba, e~al.l03 of the calculations of 

Bes and Broglia to include the effects of quadrupole field fluctuations on 

the pairing excitations. The calculations of Mikoshiba include consideration 

of ,.hat are thought to be the most important hon-adiabatic couplings, 
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namely, centrifugal stretching and the Mottelson-Valatin132 or Coriolis 

anti-pairing (CAP) effect. The properties of the ten lowest excited 

K = 0+ states for a number of nuclei in the rare-earth region are 

investigated, and the contribution of the 8- and pairing-vibrations 

to these states is estimated. 

Particularly relevant here are the specific results reported for 

Hf176. Although for most rare·.,.earth nuclei, the K = 0+ excited states 

are predicted to be primarily- S-vibrational in character, notable 

. t' th d" t· f' E 170 Ybl72 Hf176 ,' and w182 . excep lons are e pre lC lons or r, , 

In these cases, the calculations of Mikoshiba et al. indicate that the 

S-vibrations ought to appear at higher energies than the neutron pairing 

vibrational states (for the same reasons cited earlier by Bes130 ), 

and the lowest energy(K = 0+ 0) excitations should have significant 

" 'b t' 1 h t For Gd154 and Hf178 the results of Ref. palrlng-vl ra lona c arac er. 

103 indicate that the pairing- and S-vibrational states coincide. 

If we assume for the moment that the calculations of Mikoshiba 

et ~l. provide an approximately correct description of a significant 

pairing vibrational contribution to the lowest-lying K = 0+ state in 

Hf
176

,then the question arises, how can one distinguish these K = 0+ 

states from those with predominantly S-vibrational character (other than 

by (t,p) reactions)? Unfortunately, the answer to this question does 

not augur favorably for our chances of being able to relate the 

expe~imental measurements we possess for Hf176 to any kind of pairing

vibration picture at this~time. Udagawa133 has pointed out that the 

predictions for y-ray branchings from members of a state postulated to 
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be strongly pairing-vibrational in nature are not significantly different 

frC?m the predictions of Bohr and Mottelson for branching from B-vibrational 

states. One might speculate that the pairing vibrations ought to give 

a smaller contribution to EO matrix elements since they presumably 

provide for monopole (volume~change) processes primarily when the pairing 

excitations involve orbitals from oscillator shells with appreciably 

different nuclear volumes. But our data simply do not allow us to draw 

any definite conclusions regarding the possible pairing-vibrational 

-nature of the K = 0+ states in Rf176. 

We can make some observations based on the Hf176 data~ however: 

1) Mikoshiba ~~ ~l. predict that the first three K = 0+ excited 

states in Hf176 should lie at about 1400, 1550, and 1700 keV. We shall 

include their energy level predictions in a later table along ,.vi th other 

theoretical calculations for Hf176. For now, it is important to note that 

the first and third of these states are predicted to be predominantly 

composed of neutron pairing vibration. The secondlpresumably the 

S-vibrational state, in this picture) is calculated to be somewhat more 

S-vihrational than pairing-vibrational in nature, and to carry a large 

fraction (perhaps 40%) of the trcollectivitytl of the f3-vibration. 

2) We observe in Hf176 K = 0+ excited states at 1150 and 1293 keV, 

considerably lower in energy than the above theoretical values would 

indicate. However, .the state at 1150 keV has a transition intensity 

ratio 
r(E2) IlEo) = 120, while for the state at 1293 keV the corresponding 

ratio is only 4 (cf. Table 18). 
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3) We find only moderate disagreement hetween the 0+02 -+ 2+01 

branching from the 1227."keV memher of the lowerK = 0+ band and the 

predictions of Alaga (cf. Table 16). 

4) The E2/EO branching from the lower K = 0+ state C1l50 keV) 

. Hf176 .. . t h Wl'th th . t 1 d t '1 bl 1n 1S 1n approx1ma e armony 0 er exper1men a a a ava1 a e 

for the rare-earth nuclei; however the relative weakness of this EO compared 

to the 1293--keV EO is qualitatively consistent with what one might expect 

of the E2/EO intensities if the lower state is primarily a pairing 

vibration and the upper state a quadrupole vibration, that is if one 

assumes the pairing vibrational mode has a relat;Lvel~ small EO 

transition strength. 

For the sake of completeness, we also. must mention the recent 

134 considerations of Belyaev. Here, another mechanism is proposed whereby 

the pairing fluctuations are seen to result in the formation of two types 

of 0+ states principally distinguished by their different EO transition 

probabilities. The two types of pairing excitations are derived by 

requiring gauge-invariance of the pairing interaction, and are of 

opposite time parity. The spectrum of T-even 0+ excitations begins 

above the pairing gap; 26, and these states are expected to have EO 

transitions to ground much weaker than the T-odd 0+ excitations, the 

lowest of which lies below the two-quasiparticle limit, 26. Though it 

is difficult to make specific comparisons between experiment and the 

qualitative calculations of Belyaev, if we assumed the 1150-keV 0+ 

state to lie below 26 (T-6dd?) and the 1293-keV state to lie above 26 

(T--even?) (a rather fine distinction to begin with), then the relative 
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EO strengths to ground for the two Hf176 0+ excitations would seem to b.e 

at variance with what is expected from Belyaev '- s preliminary investigation. 

But we are not, to be sure, able to draw any definite conclusions in 

this regard on the basis of the limited data we possess for Hf176. 

A second rather different contribution toward the interpretation 

of low-lying K = 0+ states in deformed nuclei has recently come from 

. 104 
Pyatov et al. The work of these authors seems to provide a more 

plausible explanation for the disparate characteristics of the two K = 0+ 

states in Hf176. 

It is suggested in Ref. 104 that the spin-quadrupole interactions, 

though relatively unimportant in spherical nuclei, become very effective 

in regions of permanent nuclear deformation and lead to significant 

qualitative changes in the behavior of collective excitations in such 

nuclei. They may, it is thought, give rise to secondary K = 0+ and 

K = 2+ collective states at energies below the two-quasiparticle 

excitations. The proposed effect basically results from the fact that 

spin-quadrupole forces manifest themselves primarily between shells, 

whereas the quadrupole-quaa~upole interactions are very important yithin 

shells. Since the degeneracies of the subshells are split in deformed 

nuclei and the single-particle levels are only doubly-degenerate, the 

spin-quadrupole interaction is thought likely to become quite significant 

in such nuclei. Inclusion of the spin-quadrupole interactions can sub-

stantially reduce the predicted electric quadrupole transition probabilities 

from the second excited 0+ states and generally, for nuclei well within 

the region of deformation, will favor creation of relatively long-lived 

0+ states at energies of the order ~ 1 MeV. Accordingly, if there were 
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no mixing between the spin-quadrupole and the quadrupole-quadrupole inter-

actions, two distinct types of collective excitations with_ different 

decay characteristics would be expected. However, mixing between the 

two modes does occur, and is thought likely to vary significantly 

within the region of deformation, and perhaps even from nucleus to 

nucleus. This is because of the great sensi ti vity of the spin-quadrupole 

interaction constant to the details of the average single-particle field 

104 
levels. 

Pyatov and co-authors conclude that it is necessary to consider 

both spin-quadrupole and quadrupole.,.quadrupole interactions to explain the 

observed low-lying 0+ excitations in deformed even-even nuclei, and they 

present results of their theoretical calculations for the energies, 

reduced electric quadrupole transition strengths, and wave functions of 

the low-lying 0+ states in nuclei with mass 150 174. Unfortunately, 

they do not, then, provide explicit results for Hf176 , so weare unable 

to make a direct comparison between their theoretical predictions and 

our experimental data. Nevertheless, it 1.s significant that we do 

observe in Hf176 two K = 0+ excitations at or below the Fermi surface, 

and the decay characteristics of the two states are indeed markedly 

different. : Moreover, .the relative EO/E2 branching from the 1150-

and 1293-keV 0+ states observed is in qualitative agreement with that 

predicted by Pyatov, et al., if we assume the lower-energy state to be 

predominantly quadrupole, and the upper state to be strongly influenced 

by the spin-quadrupole interaction. The anomalous branching of the 

upper state would in this picture be seen to arise from a retardation 

." 
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of the E2 de-excitation mode, rather than from an enhancement of the EO 

mode, i.e. the 1293-keV 0+ state would be expected to have a .longer 

lifetime than the 0+ state at ll50 keV. We ought also to point out that 

the tentative (K = 0+2) assignment for the state at 1379.4 keY now 

becomes of even greater importance since significant E2 retardation 

(perhaps as much as an order of magnitude) may be expected to result in 

the anomalous branching we apparently observe. It is thus conceivable 

that the 2+ member of this higher-lying band may have a very large HI 

. component, a possibility that warrants further investigation. Moreover, 

confirmation of the 1379.4-keV state as (K= °3+2) would provide strong 

evidence for the collectivity of the second 0+ excited state, since the, 

moment of inertia would then be nearly identical to that of the ground 

band. We conclude that the Hf176 data may provide tentative confirmation 

of the predicted strength of the spin-quadrupole interactions in deformed 

nuclei. 

It is clear that much more detailed systematics of the K = 0+ 

excitations in rare-earth nuclei are needed to clarify both the nature 

of the collectivity of these states, and the multipole composition of 

radiative transitions between the ground and excited K = 0+ band members. 

The Hf176 nucleus offers a most interesting case for further study, 

because of the appearance, 150 keY apart, of two low-lying K = 0+ 

states exhibiting such markedly different characteristics. Whether the 

one state is predominantly pairing·-vibrational in nature and the other 

essentially a quadrupole vibration, or whether, as I.e think more likely, 

the state at 1293-keV is longer-lived and is identified by retarded 
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E2 st.rengths as being strongly influenced by spin-quadrupole inter-

actions rem~ins to be seen. But this latter possibility is exciting 

enough to warrant immediate further study of the low'",lying 0+ levels 

in Hf116 . 

2. Comparison of the kn6wn Hf176 levelS With theory 

Because o.f the uncertainty associated with the majority of the 

Hf116 spin assignments, in the hope that mare definitive data (perhaps 

in the form of careful y-y and e ..:.y angular correlation studies) will 

become available at a later date) we shall at this point quickly summarize 

. 116 
the Hf levels for which we have been able to make definite spin and 

parity assignments, and compare the experimental data with several 

extant theoretical calculations. In Fig. 42 we show the relevant 

experimenta;t and theoretical data. The most recent of the calculations 

shown are those of Malo v and Soloviev, 135 and in general their calcu-· 

lations for the first excited states of indicated InK appear to be in 

good agreement with experiment. We have not been able to identify the 

1-1 level predicted to lie at ;::; 1. 4 MeV, but we find at least probable 

experimental counterparts to all of the other indicated theoretical 

states. The 2+2 state predicted at 1700 keY could be either of the 

1672.5- ·or the 1704.7-keV experimental levels we tentatively assign 

as 2+, but we also observe a likely 2+2 state at the somewhat unexpectedly 

low energy, 1341 keY. The calculations of Malov and Soloviev were 

carried out using single particle energies and wave functions from a 

Saxon-Woods potential for A = 181. The results obtained using these 

energies and wave-functions are reported to generally be in better 

agreement with experiment than the earlier results of Soloviev.
61 
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The calculations of Bes 51 , 52 for the S- and y·-vibrational. states 

are not very recent, and they did not include the non-adiabatic effects 

that the most recent calculations of this type include; nevertheless, 

Bes' prediction for the location of the S-vibrational state seems very 

good, if we can assume the experimental 0+ level at 1293 keY represents 

the S-vibration of Hf176. As we mentioned above, we are uncertain of 

the location of the y-vibrations in Hfl76. The solid lines in Fig. 42 

indicate Bes' calculations for deformation 6 = 0.25, while the single 

dashed S-vibrational level is calculated for 6 = 0.30. The deformation 

or Hfl76 is thought to lie between these limits. 52 

We have already discussed at some length the recent calculations 

of Mikoshiba et al. for the excited K =0+ states. We reproduce here 

all ten of the states indicated in Ref. 103. 

Lastly we have included for completeness the early results of 

Marshalek
125 

which, although obtained with a pure harmonic oscillator 

potential and Nilsson asymptotic wave functions, nevertheless appear to , 

show good agreement with experiment for Hf176. Unfortunately; however, 

the effects of the so-cailed spurious states (zero-energy K = 0+ roots 

corresponding to each of the three rotational degrees of freedom) that 

arise from the quasi-boson treatment of the quadrupole force were not 

considered in Ref. 125, therefore the results for the K = 0+ states 

should be considered as only of qualitative interest. 

The results shown are those obtained by Marshalek from solutions 

of a dispersion equation similar to that usually associated with the 

random phase approximation, but in this caSe deduced using a generalized 

I'! 
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version of the Inglis "cranking model". Two sets of solutions (both 

assuming deformation €. = 0.24) were reported corresponding to slightly 

different single-particle energy shifts. 
176 . 

For Hf the two results do 

not differ significantly, except for the predicted location of the 

K = 2+ y-vibration state, for which we have indicated both solutions. 

For the K = 0+ and the K = 2+ excitations, the higher lying state 

corresponds to the predicted first intrinsic state. For the.O+ state, this 

implies excitation of a pair of nucleons above the Fermi surface, an 

excitation that may be viewed as an elementary pairing vibration of the 

type discussed earlier. It is interesting that, in spite of the assumptions 

used to obtain these results, the predicted energies of the two 0+ 

states are in remarkably good agreement with experiment. Moreover, in , 

this case the lower of the two states predicted represents the S-vibration, 

and corresponds most closely to the "well-behaved!! K = 0+ state we 

observe at 1150 keV. The ~er (intrinsic) 0+ excitation, presumably 

lies approximately at an excitation corresponding to the energy gap 21':., 

and. could represent the notorious K = 0+ state we observe, with all its 

apparent.anomalies~ at 1293 keV. 
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F. ,Proposed Further Study 

One needs only to glance at Table 13 and Fig. 34 to arrive at the 

inescapable conclusion that much work remains to be done on the decay 

of Ta176 . The spectre of some 200 y-rays listed as unassigned is perhaps 

awesome, but we suspect that many years will pass before the last of those 

transitions is' properly placed in the Hf176 level scheme. 

The task of assigning unambiguous spins and parities to each 

of the levels in Fig. 34, though it might seem hopeless at first thought, 

is nevertheless not only feasible but for the most part practical with 

the, on-line multiparameter data acquisition system (and others like it 

elsewhere) described in this paper. And since it is essential to the 

purpose of establishing detailed nuclear' systematics that this phase of 

the work be completed, we would like to dwell on this topic at least 

briefly. 

The short (8 hours) half-life of Ta176 renders a complete high-

resolution electron spectroscopic study of the decay an extremely 

impractical if not impossible proposition in view of the single-channel 

limitation on the momentum scan of the best magnetic electron spectro-

meters now in use. And if the determination of transition multipolarity 

by measurement of internal conversion coefficients must thus be discarded 

as an unworkable, option, there-remains only the method of directional 

correlations as a means of attacking the problem. 

Yamazaki and Hollander136 designed and built at LRL as early 

as 1965 an apparatus whose purpose was to allow the simUltaneous, 

multi-channel, semi-automated acquisition of e -y and y-y angular 
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correlation data. The device consisted of a fixed Si(Li) detector for 

use as an electron spectrometer, a f'ixedGe(Li) detector for use as 

a y-ray spectrometer, and a 2" dia. by 2" NaI(Tl) spectrometer on a 

movable mount for use as the 'second y-ray spectrometer. The NaI(Tl) 

spectrometer was to be eventually replaced by an array of four large-

volume Ge{Li) detectors. Unfortunately, a severe practical limitation 

on the usefulness of this elegantly conceived device was imposed by 

the strictly "hard-wired" data recovery systems available at that time 

for extracting the information the apparatus w8:s capable of producing. 

Two sets of 10 single-channel analyzers were employed to set the desired 

electron and y-ray pulse-height windows. The singles counts and two-

dimensional coincidence counts for each of the ~o~ angular positions of 

the NaI(Tl) detector were stored in a 400-channel analyzer--a total 

of 10 x 10 x 4 bits of information for each scan! 

The results from the multiparameter experiments we have carried out 

176 on the Ta . decay indicate conclusively that, with the on-line computer 

systems now in operation, the serious data-recovery limitations on such 

a directional-correlation device have been removed. The apparatus of 

Yamazaki and Hollander, coupled with the 8-parameter analysis capability 

o~ the system in Figs. 21 COUld, in a single run of duration comparable 

to the 36 hours we required to accumulate y-y coincidence data alone, 

yield the entire 40966 x 512 x 512 matrix of information describing in 

detail all of the e -._y and y-y coincidences and their respective angular 

correlations and timing distributions. That such an experiment is now 

feasible goes without question. The statistical q.uality of the data 
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that could be expected can be judged to some extent by simply considering 

the conversion electron and y-y coincidence data we have obtained for 

Ta176 . 

However, since in angular correlation work one often wishes to 

measure accurately anisotropies of 10% or less, correlation data ought 

ideally to have a precision of the order 1%. Then the calibration of the 

correlation apparatus becomes crucially important. Although many of the 

electronic problems with regard to stability, resolving time, etc. are 

substantially reduced by the digital time and energy analysis made possible 

by the computerizedmultiparameter system, nevertheless certain of the 

old problems familiar to experimenters performing angular correlation 

measurements remain. Potentially the most limiting of these problems is 

perhaps that of determining the solid angle attenuation factor of the 

counters. The design of the correlation apparatus must be optimized 

by considering two factors: 1) the true-to-random coincidence ratio and 

2) the accuracy with which solid-angle corrections can be determined, and 

thereby the extent to which the ideal point-detector information can be 

approximated by correcting:the raw data. Needless to say, if (1) is 

optimized by placing the detectors in the closest possible geometry, 

(2) suffers, and the anisotropies may be "washed out ll entirely .. On the 

other hand, if (2) is favored by separating the detectors, then the 

random coincidence rate will b-e increased substantially, and the 

statistics of the coincidence data will suffer because of the large 

corrections for random events that will be necessary. 
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In practice then, the quality of the angular correlation data 

finally depends to a large degree "ipon the accurate determination of 

the solid angle correction factor for the detectors. For this reason, 

it must be carefully considered whether the factor-of-:N decrease in time 

required to accumulate data with an array of N detectors is worth the 

manifold increase in problems that would be associated with trying to 

determine unique solid-angle and photopeak,efficiency characteristics for 

each of the N detectors. Naturally, the argument in favor of the N-

detector array is that it would facilitate the study of isotopes with 

half-life liN times the half-life that could be meaningfully studied with 

a single movable detector. 

Assuming that the experimental problems are surmountable (and 

they are) then the procedure that would in principle allow one to 

uniquely determine the spins and parities of nearly all the Hf
176 

states 

indicated in Fig. 34 is clear. The usual expression 

K 
max 

W(8) ~ A2K P2K (cos 8) 
K=O 

for the angular distribution of a y~y cascade of pure multipolarity is 

generally expanded to the fourth-order term. 

W(8) 2 = 1 + A22 cos 8 
4 

+ A44 cos 8 (42) 

where the A22 and A44 now are normalized coefficients so that AOO = 1. 
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This is sufficient to describe all of the radiations for which angular 

correlations have to date been measured. If one of the radiations is 

of mixedmuli;.ipolarity, then the simple expression (38) becomes 

more complicated, and the EA-M(A+l) or MA-E(A+l).mixing ratio 0 must 

be determined, where 0 is. the ratio of the reduced matrix elements for 

1..1 1..2 
the two IDultipole transitions 11 ~ 1

2
, 11 ) 12 This mixing ratio 

can normally be uniquely determined if only one of the correlated y-rays 

is mixed (cf. e.g. the discussion of Frauenfelder and Steffen in Ref. 

137 and references cited .therein). The additional information necessary 

for determining spins and parities is obtainable from the conversion 

-coefficient measurements, and, more importantly, from the e -y angular 

correlations. For e--y correlations, (38) becomes 

W - (8) 
e-y 

2 4 = 1 + b22 A22 cos e + b44 A44 cos e 

where the so-called particle parameters, b22 and b 44 are the coefficients 

expressing the dependence of the correlation on the same factors that 

influence the internal-conversion process. Hager and Seltzer98 have 

also calculated and tabulated the particle parameters b
2K 

for K, L, 

and M shell conversion. 

It now is possible to outline exactly what information could be ! 

expected from e--y and y-y angular correlation studies of Ta176 decay. 

In the most general case, the expression (38) depends on seven parameters: 

. i 
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particular for H:r176 it is certainly safe to assume (except in the few 

cases for which EO-Ml-E2 mixtures occur) that the quantity. A in the 

ratio of dipole to quadrupole reduced matrix elements 

is always 1, i.e. that quadrupole is the highest multipolarity radiation 

present. This reduces to five the number of unknown quantities in the 

general case. If we know 12 and 13 (as we would in nearly every case 

1'(6 
for Ta ), and if we can select "2 to be a pure transition of known 

multipolari ty (as we can in most cases), and if further the A22 and A44 

parameters are then determined experimentally, knowledge of these five 

quantities in principle allows us to uniquely determine the unknown 

quantity of interest, namely 01. 176 In Hf the pure E2 ground-band 

transitions would thus provide a useful starting point by providing ° for 

a number of the stronger transitions feeding the 2+ and 4+ ground-band 

states. 

Now in contradistinction to y-y correlations, e -y correlations 

depend not only on the multipolarities of the radiations involved, but 

also.on the parity changes of the converted transitions. Therefore the 

final bit of information necessary to the unique determination of spins 

and parities is provided by the e--y correlation data--provided 01 can 

be obtained from the y-y correlations. 

To balance the argument, however, in more gloomy and realistic 

176 . 
terms, the complexity of the Ta spectrum ought to be recalled. There 
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is little doubt that in many critically important cases the presence 

of a near-lying line might seriously compromise the results one could 

in theory expect to obtain for every strong line in the spectrum. 

Nevertheless, the prospects for the measurements proposed above being 

carried out simultaneously literally by the score· are indeed now 

excellent. 
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G. Summary andConclusion~ 

Considering the plethora of data we have just presented, it 

seems desirable to recap briefly the results of this work. Of some 

350 transitions that we have observed to be associated with the decay 

. 176 
of T.a ,about 140 have, on the basis of coincidence data, been placed 

with relative certainty in the proposed Hf176 level scheme (Fig. 34). 

Approximately 90 additional transitions have been tentatively placed 

(Fig. 35) on the basis of energy sums and differences, though coincidence 

data are not sufficient to confirm (or refute) these assignments. The 

level scheme for Hf176 deduced from the data consists of nearly 50 energy 

states, for which the spins and parities of 14 (in addition to the ground 

rotational band members) have been definitely established. There is 

reason to believe, as we have shown in the previous section, that most 

of the remaining levels could be assigned appropriate quantum numbers 

if the proposed angular correlation experiments were carried out. 

Perhaps the most interesting feature of the level scheme, at 

least for contemporary nuclear theory, is the presence of the two low-

energy K = 0+ excitations at 1150 and 1293 keV, both ostensibly 

"COllective", but each displaying distinctly different decay characteris-

tics. Further work to elucidate the natvre of these states is certainly 

called for. 

In conclusion, it seems that by exploiting fully the precision 

inherent to carefully controlled stUdies of natural radioactivity, finely 

detailed second·-order systematics of nuclear properties can now be 

obtained simply and quickly by using the many advantages and capabilities 



-248- UCRL-1865l 

of the on-line computer for data acquisition and analysis. In this 

section, we hopefully have not just deduced in a considerably more 

176 . 
efficient way some properties of the nucleus Hf ,but have also 

shown the form if not the substance of the remarkably complete 

information on nuclear structure that contemporary spectroscopic studies 

should provide. 

/ 
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- APPENDIX A 

P:recisionSP:ctroscopy Of'Lu
l77m

Decay 

177m In the high-resolution y-ray spectroscopic study of Lu decay 

by Haverfield, ~t ~l. ,20 the authors reported 12 of the 16 ~K = -1 El 

transitions presumably arising from this decay. A simple analysis of 

the data at that time revealed the likelihood that two more of the El 

transitions of interest could be observed and their intensities measured 

by using somewhat better detection systems. Because of the importance 

of obtaining precise experimental information for as many of these 

transitions as possible, we expended considerable effort in an attempt 

to obtain the best possible measurements for the relative intensities 

of the Ells accompanying the decay of the unique nucleus, Lu177m to 

6 177m Samples of 1 l-d Lu were prepared by neutron irradiation of 

natural Lu
2

0
3 

powder. The samples were allowed to decay for six months to 

177 insure the absence of 6.8 d. Lu . The Lu
2

0
3 

powder was then dissolved 

in 3N HCl and the Lu activity was separated by ion exchange using 

a-hydroxy-isobutyric acid as the eluant for a room-temperature Dowex 

50W-x4 resin column. The procedure for the chemical separation is 

described in Ref. 138. 

Singles spectra of Lu177m decay were taken using the Ge(Li) 

Compton-suppression spectrometer at Livermore (resolution 1.1 keV 

at 122 keV) and a l-cm3 high resolution (0.77 keV at 122 keV) Ge(Li) 

crystal in our mm laboratory. The latter spectrometer was carefully 
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180m . 
calibrated using absolute y-ray standards and Hf as a relative 

intensity standard. In Fig. 43 we reproduce the efficiency curve for 

this l-cm3 "thin window" device .. We ·are confident that the curve is 

accurate to ~3% in the region of interest (75 - 500 keV). 

In Fig. 44 we display a portion of. the Lu177m y-ray spectrum 

taken with the anti-Compton device. The favorable peak-to-background 

ratio obtainable with this device has enabled us to identify the 

242.5-keV Ml - E2 cascade transition leading from the 21/2 to the 19/2 

spin level of the K = 7/2- band. More importantly, Fig. 45 shows the 

observed 88.4-keV El transition leading between the spin 19/2 members 

of the two Hf177 rotational bands. 

The high-resolution spectra taken with the l-cm3 crystal have 

facilitated the confirmation of the 69.2-keV"El transition tentatively 

20 . 
assigned earlier and have allowed more accurate measurement of 

relative intensities for several of the previously.reported weak El 

transitions. In Fig. 46 we show the linear plot for the 69.2-keV line. 

Figures 47 show two particularly interesting regions of the Lu177m 

high-resolution spectrum. The 117.2-and 145.8-keV El transitions seen 

. - 20 1 1 f" 6 47 earller as on y poor y de lned shoulders on the 11 .~and 1 .2-keV 

lines are now resolved. The second partial spectrum shows that the 

very weak 283.4-keV El is nearly resolved from the 281.8-keV photo-

peak, and the El doublet at 292 keV now clearly shows the 292.5-keV 

line to be weake"r than the 291. 4-keV E1. 

The experimental results representing our "best values" for the 

Hf177 El transition intensities have been derived from a number of 

jndependent measurements and are sholV"n in Table 8. Deduction of t~e 
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o IAEA- absolute standards 

• Hf
l80m 

(relative) 

UCRL-1865l 

"Thin window"· Ge (Li) 

detector efficiency 

(I cm 2 X 9mm deep) 

Energy. (keV) 
XBL6812-7340 

3 Fi,c;. 43. Absolute photopeak efficiency vs. yo-ray energy for the I--c:n: 
"thin--,,rindow; Ge (Li) detector .. 
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177Lu m . 
partial Y-ray spectrum 

[from t-cm3 "thin window" Ge (Li) crystal] 
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121.6 

105~~~~~~ __ ~~~~~~~~ __ ~~~ __ ~~ __ ~~ __ ~~~ 
o 400 

Channel number 

I77
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XBL 691-'95 

Fig. 47. High·-resolution y-·ray spectru.rn of Lu
177m 

in the regions 100·-150 
and 275-330 keV. 
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absolute El lifetimes from the rotational model also required precise 

knowledge of the K = 9/2+ intraband transition intensities. The 

results of these measurements seemed to indicate a small (maximum 

~ 10%) systematic error in the earlier published intensities for the 

177m 20 177m higher energy Lu y-rays. . Because of the usefulness of Lu 

as a low-energy relative intensity standard, we feel it worthwhile to 

compile a corrected list of relative intensities for the most prominent 

singlet lines in the spectrum; Table 19 shows that listing, together 

with the new error limits. A word of caution to the user is included 

as a footnote. 

Finally, in connection with this experimental work we had hoped 

to be able to carry o;ut conversion-electron· spectroscopy studies on 

L 177m . . th· .. ft· t . u uSlng e lron~ ree magne lC spec rometer at Berkeley. The 

feasibility of the experiment depends to a large extent on being able to 

obtain a strong, "maSS-free!!, line source of Lu177m . The only way to 

meet these requirements is to produce the source with a high Quality 

isotope separator equipped with a device for ion deceleration at the 

target position. The paper by Bergstrom, et al. 139 provides an excellent 

discussion of the method and problems involved in preparing such sources 

for precision electron spectroscopy. 

We planned to use the Berkeley isotope separator to carry out the 

all-important source-preparation phase of this project, but unfortunately, 

repeated delays have forced us to abandon the undertaking. However, 

since one must allow at least. six months for the Lu177 + Lu177~n,y) __ 

177 produced activity to dec?y so that the 6.8 day Lu fraction has 
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Table 19. 177m' Relative intensi t<ies for selected prominent Lu . y-rays. 

Lu177m Relative Intensities 

Energy 
(keV) 

71. 7 

105·3 

113.0 

128.5 

153.3 

204.1 

208.3 

228.4 

281.8 

327.7 

~78.5 

413.6 

418.5 

466.0 

tNormalized to 105.3--keV line = 100. 

J. 

Intensityi 

7.2 (4) 

100 (4) 

184 (7 ) 

131 (5) 

144 ( 6) 

117 (5 ) 

512 (20) 

310 (12) 

118 ( 5) 

152 (6 ) 

240 ,( 10) 

135 ( 5) 

172 (8 ) 

20 (1) 

CAUTION: The user should take care that the'Lu177m source is sufficiently 

distant from his detector so that the probability for sum-coincidence 

events is negligible. For reasons that are obvious from Fig. 6, it is 

generally not advisable to employ complex relative intensity standards 

such as Lu177m if calibrations very near the d.etector surface are 

desired. The experimenter has only to place the Lu177m standard at ~ 0 

source-to-detector distance and compare the relative intensities of the 

413.6-- and 418.5-keV lines for this geometry with the intensities for 

a very small solid angle to convince himself of this fact. 
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entirely disappeared, the irradiation of 70% enriched Lu176 samples had 

already been carried out before the project was dropped. Therefore we 

shall report the results 'Of our preliminary work so that the requirements 

for the experiment will be better defined for possible future work on 

the problem. 

The thermal neutron cross-section for the desired Lu176(n,Y)Lu177m 

reaction has recently been measured by Nethaway and Mendoza to be 

+ 22 7 - 2 barns. 176' 177 The competing reaction Lu In,y)Lu(6.8 d) has a much 

. 140 
larger 2100 ± 150 barn cross section. This unfavorable ratio for the 

production of the desired161-day isomer becomes an important consideration, 

the question being whether one can prepare a sample with high enough specific 

activity to ,make isotop~ separation practical. Since the efficiency of the 

electron spectrbmeter is roughly 0.1%, source strengths of at least 

10 llCi would be required to achieve reasonable counting rates. Fortunately, 

177m -. "·177 no Lu S -decays dlrectly to the ground state of either Lu Hf177 or , 

so all of the decays syrengthen the desired conversion electron spectrum. 

However, the isotope separator can be expected to operate with only 

% '. 177m about 10 efficiency; therefore, to produce a 10 pCl source of Lu , 

::::; 1 mCi of activity is required. 

We have found that, using 70% enriched Lu176 samples, this 

requirement can be just met., Five mg. . 1 " f th "'. h d L i 760 sampes o' e enrlC e . u 2 ' 3 

were irradiated for 9 days with a thermal neutron flux > 1015 cm2sec-l 

at the Savannah River test reactor. One year after the end of the 

irradiation, the samples were counted to estimate the Lu177m activity. 

The total activity at that time was found to be about 5 x 107 disint/sec, 
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or ~ 1. 4 mCL Satisfactory results were also obtained by irradiating 

14 --2 -1) a similar sample for 21 days at the lower flux (</J ~ 5 x 10 -__ cm sec 

MTR reactor at the Idaho Falls site. Counts on this sample .six months 

7 _ 177m 
after irradiation showed 7 x 10 disint/sec, or 1.9 mCl Lu to be 

t Th It h th t ff - . t L 177m t - . t - t presen. es~ resu s s ow- a su lClen u ac lVl y was presen 

to prepare the electron sources as planned. 

However, it would be desirable to enhance further the Lu177m/Lu177 

production ratio. The large Lu177 cross section arises primarily from a 

- - 140 
thermal neutron capture resonance at ~ 0.15 eV~ Unfortunately, no 

b t - d t - --1 bl f -L- 'l'77m compara Ie _ cross-sec lon vs. energy a a are avin - a - e- or u -. We 

have therefore carried out a simple experiment to see whether the ratio 

177m 177 _ .. - b" - t-of Lu to Lu productlon mlght be enhanced y effectlvely ellmlna lng 

the thermal neutron flux in an irradiation. 

The procedure used was as follows: Two 50 mg. samples of natural 

1u
2

0
3 

powder were sealed in quartz tubing. One of the quartz tubes was 

wrapped in 25 mil Cd foil to eliminate the thermal neutron component. 

The samples were then irradiated for several days in the LRL research 

( 13 -2 -1) reactor at Livermore ~ = 5 x 10 cm sec . The Cd ratio (thermal/ 

epithermal) for the unprotected sample was ~ 7: 1 ,while for the Cd-wrapped 

- 141 
sample the effective Cd cutoff energy should have been about 4.5 eV. 

The results of this crude experiment indicated that the ratio 

° /0177 was indeed effectively enhanced by about a factor of three 
17~ 

for the Cd-wrapped sample, though the production rate of the Lu177m was 

decreased by a factor of 10. Still,this enhancement may be most welcome 

177m ---
to the experimentalist interested in preparing a Lu sample for electron 
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6 8 . 177. . 176 " spectroscopy, since the huge . d Lu . cross-sectlon makes Lu burn-

up" a major consideration for preparing Lu177m samples of high specific 

activity. The proposed experiment is certainly feasible, and if carried 

out would provide an abundance of data of particular importance to 

nuclear theory. 
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APPENDIX B 

Technigues ofPrecisionSpectroscoPl 

The 
. 176 

extreme complexity of the Ta decay makes it imperative that 

one be able to obtain very precise energy measurements for all lines in 

the spectrum. This in turn requires: 1) highly stable electronics; 

2) a consistent and accurate method of phbtopeak analysis; 3) a way 

of estimating the departure of the data-taking system from ideal linear 

response to photon energy; and 4) precise energy calibration standards 

spanning the region of interest. These requirements are perhaps generally 

well-recognized, but we suspect that what is not so well appreciated is 

the difficulty of satisfying all four of the requirements consistently 

and reproducibly to yield experimental energies within what ought ideally 

to be only statistical deviation from the calibrated standard values. 

Consequently, we would like to devote some time to a discussion of the 

problem, and recount both our attempts to contribute toward its 

satisfactory solution, and the timely and welcome recent contributions 

from other quarters. 

The prime ingredient essential to producing precision spectro-

scopic data has already been discussed. We have described in section 

(II. C.l) the feed-back gain and base-line stabilization control system 

that we have employed for nearly all of our measurements. The stabilization 

system has! been a comforting bit of insurance during many 48-hour counts, 

but significant improvements in.the long-term stability of the primary 

pulse cuuplification and analysis systems have also imparted to the 



--264- UCRL-18651 

experimenter a new confidence in the likelihood (as opposed to the 

possibility) of his system remaining stable during extended measurements. 

The "weak link" in our feedback stabilization system is still the pulser 

that must be employed as a stability reference if no strong peaks 

convenient for the purpose appear in the spectrum, or alternatively, 

if one wishes to perform an energy calibration before and/or after an 

extended count of an unknown spectrum. We will discuss this problem 

further under point 3. 

Considering the four points in order, we ought next to recall that 

until very recently there was appreciable error associated with the 

presumably simple operation of finding peak centroids. Particularly 

in the case of complex peaks, hand analysis was a tedious and often 

inaccurate process, and the assumption of a simple Gaussian peak 

shape for computer analysis of Ge(Li) spectra was of questionable validity 

since peak shapes can vary significantly from detector to detector, and 

small gain shifts may make such a simple routine inconsistent even within 

a single spectrum. 

Then of course there was the related knotty problem of subtracting 

properly the background to obtain the correct peak area. Haverfield79 

discussed this problem in some detail and pointed out that the "standard" 

Ge(Li) photopeak has the approximate functional form of a Gaussian with 

exponential tail. Routti and Prussin97 have made use of this model and 

have developed a rather sophisticated FORTRAN IV computer code for the 

analysis of Ge(Li) y-ray spectra. We have for some 18 months now made 

extensive use of the routine, and can report increasing satisfaction \.Ji th 
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the consistency and the reliability of the results we are able. to obtain 

with the code. All of our spectra have been analyzed lIon-linell to the 

LRL CDc-66oo computer using this code. A CRT light pen program option 

allows the user to visually define the peaks to be fitted and the 

fitting interval, and to immediately inspect the results of the fit for 

accuracy and statistical precision. In Fig. 48 we display another 

complex portion of the Ta176 singles y-ray spectrum which has been 

fitted by the code. The impressive consistency and reliability of the 

analysis has been described in detail in Ref. 97. Although the method 

of fitting Ge(Li) photopeaks to a function consisting of a Gaussian with 

hlgh and low-energy exponential tails has doubtless been tried with varying 

degrees of success elsewhere, we would like to comment briefly on the 

philosophy behind the specific method followed in Ref. 97 for the all-

important determination of "standard" response functions for each 

region of a given y-ray spectrum. 

The parameters that ostensibly define the single y-ray photopeak 

are: 1) the Gaussian width, 2) the joining distance of the exponential 

tail on the low energy side, and 3) the joining distance of the 

exponential on the high ~nergy side of the Gaussian centroid. Experimentally 

each of these parameters will be variable, even for a single giVen detection 

system, as a result of count rate effects and system instability. And 

certainly it is well known that not only the peak width, but also the 

tailing characteristics can vary significantly from one detector to 

another. Consequently, Routti and Prussin have chosen the only possible 

metllod for a.ccurately determining the var iation 'di th energy of the c.etector 
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response function"";'-direct empirical calibration of "clean" (preferably 

strong)·· single lines internal to the spectrum. The resulting parameters 

(CW, CL, CH) obtained by this method ideally form a series of curves, 

smoothly-varying with channel number (energy), and providing within the 

limits of experimental error the exact parameters required to properly 

fit each line in the spectrum. Plots of the peak shape parameters 

obtained from functional fits to a number of single lines in one of the 

176 4 Ta spectra are shown in Figs. 9 and 50. The values CW. and CL 

read from the c~rves were used to define (by interpolation) the standard 

peak shapes at each point in the spectrum.: (CH is quite large for these 
.. ' 

data, and is not plotted since it does not':: significantly affect the 

analysis.),. 

The principal advantage (other than speed) afforded by computerized 

spectral analysis using standard line shapes generated as described 

above is the mathematical consistency required of each fit. This 

greatly reduces if it does not eliminate entirely the deviations that 

necessarily are always introduced by the subjectivity of the "hand" 

analyst. The old problem of performing properly the background 

subtraction under a photo'peak, a critically important procedure if 

accurate relative intensities are to be obtained, is substantially 

solved, if not by accuracy, by consistency. And finally, we have 

shown in the text of this paper illustrations of the indispensible 

ability of the computer code to analyze not only multiplets, but to 

reveal apparent singlets to be multiplets. In summary then, we now feel 

that we indeed do possess a reasonably consistent and accurate method 

of photopeak analysis. 
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It is unnecessary to stress again the importance of being able 

to obtain precise photopeak energies if one intends to resolve a decay 

- 176 as complex as that of Ta . Weare now confident that we can 

reproducibly determine the location of peak centroids to less' than one 

percent of the peak FWHM, and the peak a::oeas to :v:ithin three' percent 

This statement holds for all cases except those where counting statistics 

or spectrum complications (e.g. multiplets) are dominant. An e~ually 

important and related problem is defining the deviation of the detection 

system from the ideal linear response to pulse height. This is the 

third subject we now treat--the method we have employed to obtain precise 

energy calibrations and an estimate of system integral linearity. (~he 

differential SBA ADC linearity may be ~nferred from the specification 
, 

in Ref . .88 which states that the counting rate is equal to within 1% for 

all channels above channe16b when the ADC is fed with a source .of ran-

damly distributed pulses.) 

In general, either of two methods can be easily used to determine 

unknown photopeak energies., Both methods require the use of well-known 

y-ray energy standards, and which method is to be preferred depends only 

on the form of the unkn6wn spectrum. If the spectrum to be determined 

is not overly complex, it is often preferable to just count a number of 

standard sources sim~ltaneously with the unknoWn sample, so that calibration 

lines internal to the spectrum can be used to determine the unknown 

photopeak energi'es. This very simple procedure is attractive because 

no gain or baseline stabilization is in theory required, provided the 

"unknown" count rate is maintained to be relatively constant, and provided 

no severe drifts occur in the system during the counting time. 
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Unfortunately, in very complex spectra, the above method is 

often impractical, because of the likelihood that "unknown" photopeaks 

will interfere with standard :peaks. I~ this case, the only alternative 

is to employ a.gain and base-line stabilization system in conjunction 

with either pulser-generated reference peaks, or possibly with two 

mono-energetic y-ray sources (for obvious reasons it is highly undesirable 

to enlist a y-ray source as the gain reference at the high-energy end of 

the spectrum). In principle, the only limitation to absolute reproducibility 

using this method ought to be the stability of the reference pulses; it 

is essential that the pulsers 'be- stable to 50 ppm. We do not consider 

that we have yet achieved in the system described in section (IILC,l) the 

pulser stability that is both desirable and feasible. The p1:l1sers employed 

in our work have been of two varieties: 1) a dual "pulse train" 

. 142 
generato·r with transistorized choppers at the preamplifier input;· 

2) a Hg-switch relay pulser_of the type described in Ref. 143. The 

DC reference level supply (section II.C.l) used with both of these 

pulsers is easily stable to the desired 50 ppm. (specification, 

< 25 ppm/year). But the active stages in the tail-pulse generator (1) 

have not 'yet been optimized for maximum stability; therefore we at this 

point can only quote an empirical long term stability ~ 0.01%. The 

Hg-switch relay pulser .(2) ought to have better stability characteristics 

than the system (1), but we are in this case not yet equipped with the 

dual system including appropriate delays required for generating 

independent gain and base~line stabilization reference pulses. 
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Ideally, in order to p:coperly check system linearity, three 

pulsers arenecessary--two to insurecor..tinuous base-line and gain 

stability and the third to generate the variable, precisely known pulses 

for the linearity check itself. We prese~tly do not have a convenient 

way to feed a third pulser into the detector test capacitor, although 

the necessary pre-amp modification is certainly simple. This capability 

is essential if reproducible linearity checks are ,to be performed, since 

small level shifts of the order Of those being measured can easily occur 

during the linearity check if the gain and baseline levels are not 

stabili zed. 

Despite the above-noted deficiencies of our experimental system, 

we were able to obtain what we felt were adequate system linearity checks 

in a usually reproducible way. The switch-settable precision reference 

voltage source was used to IIstep ll the pulser amplitude in ~ 0.1 V 

increments over the entire range of the spectrum. The pulser peaks 

were computer analyzed for centroid positions using the code SAMPO described 

earlier,. Enough counts were accumulated in each pulser peak so that 

the error in the centroid location was < O.QLehannel.ln Fig. 51 we 

show a typical curve displaying the deviations from linearity for a 

Ge(Li) detector system. It is seen that (without bias amplifier) the 

deviations are generally < 0.015% over the region from channel 350-4000. 

Similar integral linearity characteristics have been observed in other 

amplifier-ADC systems of this type in use at LRL. 

In all of the non-linearity measurements we have made, the 

singularity ,at about channel 2048 appears. This presumably represents 
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the differential non-:!.inearity expected :£'or the SBA ADC at the "binary 

channel" locations (2047-2048~ ana. to a ::!.esser degree, 1023-1024, 

88 511-512, etc. ). Our curves indicate t~at the most important of these 

differential non-linearities (204';-2048) ~as been successfully smoothed 

to < 0.01% by the method described in Ref. 88. 

In principle, a precision pulser could be used to calibrate an 

entire spectrum, given only two standard er .. ergy peaks; the feasibility 

of this calibration techniClue being performed under computer control is 

currently being 
144 

explored at our laboratory. The problems of such an 

undertaking are 145 well-known. . Not the least of the uncertainties is 

that inherent to any attempt to simulate with a pulser an actual photo-

electric event occurring in the bulk germanium. Even though the pulsers 

we employ inject charge directly onto a test capacitor at the Ge(Li) 

diode input, we still cannot be absolutely certain that the simulation 

is exact. The HS'afest" way to check linearity and obtain precision 

energy data in practice is still then to simply haVe a large number of 

standards that essentially define the non-linearities of the system. We 

must concede that, despite our attempts to develop more precise and 

sophisticated methods for determining non·-linearity, this is the method we 

have had to resort to in our work because we do not yet consider the 

"pulser" techniClues reliable enough to merit our complete confidence. 

An additional note should also be included regarding the analysis 

of calibration and linearity data once it has been obtained. It is 

customary in many laboratories to use a least-sCluares polynomial fit to 

the·experimental::!.y determined detector system non-linearities, and thereby 
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to correct the energy calibration. In general, this is no doubt an 

acceptable procedure, particularly for routine work. carried out on a 

single well-calibrated apparatus maintained at constant gain. However, 

when numerous detectors and a variety of system components are employed 

for independent, unrelated measurements, as is usually the case in the 

typical laboratory, it is a hazardous practice to employ as a matter of 

course a polynomial fit to the energy calibration data without examining 

very closely the behavior of the polynbmial function. Consider as a 

c~se in point the data shown in Fig. 51A. Clearly, it is possible in 

some instances for a polynomial fit to "pass through" all of the energy 

calibration points~ but behave in a most unrealistic fashion in regions 

between the points. In such cases, a simple linear interpolation between 

successive calibration points can be more accurate than a polynomial fit 

to the points. Alternatively, small portions of the data can be fitted 

separately to appropriate polynomial functions. The'obvious conclusion 

is simply this: If one wishes to measure photopeak energies to less 

than·O.OI% precision, as is now possible, the utmost care must be 

employed to properly correct for the non-linear response of the detection 

system, an effect that can easily introduce errors an order of magnitude 

greater than the errors associated with the standard calibration 

energies. 

Finally, what preCision we were able to obtain in the Ta176 energy 

determinations we owe in large measure to the recent standardization 

results from two sources: Gunnink, ~~ al. 96 and J. B. Marion. 146 The 

former have carried out precise y-ray energy determinations for a number 
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, . t t 'c 55 nih228 d' t 'I' b' d ht of lsotopes, mos no ably 0 ,1. an l, s equl l rlUIn aug ers? 

~ 226 
and Ra , Of particular interest is the discussion in Ref. 96 of the 

hazards involved in us ing II es cape n peaks for energy calibration, i The 

point of this discussion is worth repeatin'g, If the experimenter wishes 

to employ "escape" peaks as standard calibration lines, he must position 

his source so that the photons impinge on the detector at an angle 

perpendicular to the electric field set up in the diode by the high 

voltage bias, A moment I s reflection about the difference between t he pair 

and photoelectric interactions reveals the reason for taking this pre-

caution: The positron produced by a pair event experiences an acceleration 

exactly opposite to that affecting a photoelectron, At the electric field 

strengths up to 350 vlmm now commonly associated with Ge(Li) diodes, it 

is easy to imagine that the opposing effect of this acceleration can be 

appreciable. For the 13 rum deep, 10 cm3 planar detector which we operate 

at 365 Virum bias, we obserye shifts of almost 0.3 keV for the Ta176 

2832.0- and 2920.4-keV double-escape peaks when measurements made with the 

source perpendicular to the electric field are compared to those taken 

with the source parallel to the electric field in the diode. 

In Table 20 we list the energy standards we have employed in our 

work. This tabulation has been compiled from Refs. 96, 146, and 147. 
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Table 20. Energy calibration standards for y-ray spectroscopy. Compiled 
from Refs ... 96, 146? and 147. 

Source tl y-ray Energy Source tl y-ray Energy - -
2 2 

Am241 458'y 26.348 ±. 010 Hg203 47d 279 .191±. 008 

59· 543±. 015 .. 11~ 
Sn - 115d 391. 712±.050 

Ta
182 

115d 65.722 ±. 001 .' Th228 and 698d 39.85 ±.01 
67.747 ±.002 daught~rs 238.624±.009 

100.106 ±. 001 510·723±.020 . + 
:1,52. 435~. 004 583.139±.023 
179.393±.003 *. 

1592.696±.050 
222 .. ll0 ±. 003 * 2103.70'±.07 
264. 072 ±. 006 2614.708±.053 

1121.40 ±.09 
2 

, 1221. 53 ±.ll m c 511.005±·002 
0 

Cd109 453d 88.010 ±. 030 Bi207 30y 569.65 ±.05 

C0 57 
1063.60 ±.05 

270d 122.03 ±~ 03 1769.71 ±.13 
136.44 ±.04 

Cs137 
Ir192 

30y 661.615±·030 
74d. 136.333 ±. 010 

Mn54 
201. 282 ±. 010 303d 834.810±.030. 

y88 * 205. 782±. 014 108d 814.12 ±.06 

295. 938±. 009 898.03 ±.04 

308.435 ±.010 1836.13 ±.04 

316.488 ±. OlO Zn65 245d ll15.46 ±.05 
377.44 ±.04 . :60 
468.060±.010 Co 5·3y ll73.22± .03 

588. 557±. 017 
1332. 505±. 025 

604.385±.017 ;Na
22 2.6y 1274.55 ±.04 

612.435±.017 
C0 56 77d . 846. 782± .060 

1037.851±.060 

(continued) 

; 
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Table 20 .... Continu.ed 
------------------------------------~--------------~--------------

Source 

Co56 (cont) 

* 

y-ray Energy 

1175. 085± .070 

1238.29ot .040 

1360.219±.040 
* 1576.561±.050 

1771. 33 ±.06 

2015.33 ±.O'? 

2034.90 ±.06. 
* 2180.17 .±.07 
* 2231.60 ±.06 

'* 2251.15 ±.07 
* 2429.28 ±.10 
* 2598.52 ±.05 
* 2691.17 ±.08 
* . 
* 
2742.60±.07 

2762.15 ±.08 

3202.18 ±. 07 

3253.61 ±.06 

3273.16 ±.07 

3451.29 ±.10 

3548.11 ±.18 

Escape peak energy. The user should read the caution in Appenq.ix Band 

in Ref . 96 'concerning the, use of escape peaks for energy calibration. " 

We have added certain single,-:-escape ~nergies to the listing of Gunnink, 
96 56, 228 2 . 

et al. for Co and Th by assuming the value formOc llsted 

above. 
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APPENDIX C· 

The Y·:·YCoiriCidence Data fox' the Decay 61' Ta176 to Levels in Hf17
6 

In the folloWing pages we display in its ·entirety the Ta176 

y-y coincidence data on the basis of which we have constructed the level 

scheme of Fig. 34. A few coIiunents about the Figs. 52-55 are necessary to 

aid the reader in interpreting the data. 

Figure 52 shows the gross coincide?ce spectrum for the 10 cm3 

Ge(Li) planar crystal which was used as ·the "gate" side of the coincidence 

data. The gates for the coincidence sp~ctra (Figs. 55) are all keyed by 

channel nu,mber to Fig. 52, and the reader can determine the exact channels 

included in each gate. For example, above the first coinGidence plot, 

(Fig. 55) we find the numerical identification (1 134 137 o 0). 

The second and third numbers are of interest, and define the gate channels 

134~137 for the 88-keV transition, as.can be verified in Fig. 52. Similarly, 

~the second spectrum is identified as that arising from a gate set on 

channels 283-286 in Fig. 52, i.e. on the. 201.8..,.keV transition. The 

remaining spectra are· ordered according to the gate energy. For con-

venience we in~lude in Table 21 a summary of the peak and background 

. gates and their approximate corresponding peak energies. 

Figure:54 shows the gross coincidence spectrum from the 35-cm3 

coaxial detector. This spectrum serves to identify the peaks in the 

coincidence spectra 55. The efficiency curve in Fig. 53 can be used to 

obtain qualitative relative intensities for the coincidence spectra. 

We have not attempted to label every peak appearing in the coincidence 

plots, but have generally noted only the stronger lines, and those lines 
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which have been used to deduce the decay scheme in Fig. 34. Wherewe 

have not accounted for the presence of a prominent line, we so indicate 

with a question mark (?). 
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3 Absolute photopeak efficiency vs. energy for the 35-cm 

co~~ial detector used for obtaining the y-y coincidence spectra 
176 of Ta shown on the following pages. The lower curve (Cd---Cu 

absorber) applies. 
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FiC:. 54·d. Gross y--y coincidence spectrum for the 35 cm3 coaxial 
detector. (Resolvin,s time, 65 nsec) 2410 - 3150 keV. 
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Fig. 55. (continued) The 
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207·-keV~ Middle: 213--keV~ Bottom: 

decay 
2l6--keV. 
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?ig. 55. (continued) 

(90° geometry). 

The y-y coincidence spectra from Ta176 decay 
Top: 507--keV~ Middle: 512 .. ·keVj Bottom: 52l-keV. 
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Fig. 55. (continued) The y-y coincidence spectra from Ta- deca~r 

(90° geometry). Top: 570-keV; Middle: 611-keV; Bottw.: 617-keV. 
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~ig. 55. (continued) The 
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679·-keV; Middle: 7l0·,keV; Bottom: 

decay 
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Fig. 55. (continued) The y-y coincidence spectra from 
(90° geometry ). Top: 1062-keV:, Middle: l066-keV; 

UCRL-18651 

176 Ta,' decay 
Bottom: 11l5-1\:eV. 
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Fig. 55. (continued) The y-y coincidence spectra from 
(90 0 geometry). Top: l124-keV; Middle: l138··keV; 

UCRL-1865l 

176 Ta decay 
Bottom: l155~keV. 
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The y._y coincidence spectra from Ta176 decay 

Top: 1157-keV: Middle: l159··keV; Bottom: 1174 .. keV.-
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176 Fig. 55. (continued) The y.y coincidence spectra from Ta decay 
(90 0 geometry). Top: 1225·-keV; Middle: l248·keV! Bottom: l253--keV~ 
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Fig. 55. (continued) The y-y coincidence spectra from Ta176 decay 

(90° geometry). Top: l269··keV; Middle: l287··keV; Bottom:1291-keV. 
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Fig. 55. (continued) The 
(90°' geometry). Top: 

y-y coincidence spectra from 
l34l,-keV; Middle: 1358·keV; 

176 Ta decay 
Bottom: l366-keV. 
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Fig. 55. (continued) The y-y coincidence spectra from Ta176 decay 
(90° geometry). Top: 1420--keV; Middle: 14 76-keV; Bottom: 1489~·keV. 
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Fi!> 55. (cont.inued) The y'y coincidence spectra from TFl.176 c1ecay 

(900 geometry). Top: l504··keV; Middle: l537-keV; Bottom: l54l~'keV. 
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Fig. 55. (continued) The y-y coincidence spectra from Ta decay 

(90 0 geometry). Top: 1544-keV; Middle: 1555-key; .Bottom: 1564-keV. 
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Fig. 55. (continued) The y-y coincidence spectra from Ta decay 

(90 0 geometry). Top: I580· o keV; Middle: 1584· .. keV; Bottom: 1622·-keV. 
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(continued) The y-y coincidence spectra from Ta decay 

Geometry). Top: 1631··keV; Middle: 1634··keV; Bottom: 1643-·keV. 
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Fig. 55. (continued) The y-y cOincidence.spectra from Ta176 decay 
(900 geometry). Top: .1672-keV; Middle: 1679-keV; Bottom: 1694~·keV. 
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Fig. 55. (continued) The y .. y coincidence spectra from Ta. deca~r 

(90 0 geometry). Top:16n·keV; Middle: lT05°,·keV,. Bottom: 1722-keV. 
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176 Fig. 55. (continued) The y-y coincidence spectra from Ta decay 
(90 0 geometry). Top: 1766--keV; Middle: 1824···keV; Bottom: 1836~keV. 
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Fig. 55. (concluded) The y-y coincidence spectra from Ta decay 

(90 0 geometry).' l863-keV. 
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Table 21. Peak and background gates for the coincidence spectra, Fig12· 55. 
. • J 

The channels gated refer to Fig. 52. 
----------=:---. --- --~.-----

Peak Channels Channels Peak Channels Channels 
Gate in Peak in Bkgd. . Gate in Peak in Bkgd . 

Energy (keV) Gate Gate Energy (keV) Gate Gate 

88 134-137 141-144 677 926-930 937-941 
126 184-187 195--198 679 931-935 937-941 

147 212-215 216-219 710 974-979 980-985 

156 224-226 221-223 924 1266-1270 1271-1275 

158 227-229 221-223 936 .1282-1288 1272-1278 

175 249-252 241-244 957 1312-1315 1316-1319 

190 268-271 273-276 1023 . 1401-1406 1407-1412 

202 283-286 287~290 1062 1454-1458 1465-1469 

207 291-294 295-298 1066 .1459-1464 1465-1470 

213 298-301 295-298 1115 1525-1531 1547-1553 

216 302-305 295-298 1124· 1538~1544 1547-1553 
240 334-337 338-341 1138 1558-1564 1565-1571 
264 367-369 375-377 1155 1582-1585 1594.,.1597 

348 479-485 488-494 1157 1586-1589 1594-1597 

436 600-604 595:"'599 1159 1590-1593 1594-1597 
466 642-645 646-649 1174 1607-1611 1613-1617 

474 652-655 656-659 1190 1629-1634 1635-1640 

507 698-702 693-697 1203 1646-1653 1654-1661 

512 704-708 709-713 1223 1674-1678 1683-1687 

521 716-721 710-715 1225 1679-1682 1683-1686 

533 732-737 758--763 1248 1709-1711 1720-1722 

542 744-748 758..:.762 1253 1715-1719 1720-1724 

546 751-754 755-758 1269 1736-1743 1745-1752 

570 784-788 789-793 1287 1763-1765 1775-1777 
611 838-843 832:""837 1291 1766-1771 1773-1778 

617 847-851 852-856 1341 1835-1840 1828-1833 

639 876-880 871-875 1358 1857-1862 1863-1868 

645 885-889 891-895 1366 1871-1874 1866-1869 

(continued) 
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Table 21- Continued 

Peak Channels Channels Peak Channels. Channels 
Gate in peak in Bkgd. Gate in Peak in Bkgd. 

Energy (keV) Gate Gate Energy (keV) Gate . Gate 

1420 1943-1946 1948-1951 1631 2228-2233 2240-2245 

1476 2019 ... 2024 2027-2032 1634 2234-2239 2240-2245 

1489 2037-2042 2031-2036 1643 2247-2252 2253-2258 

1504 2057-2062 2065-2070 1672 2286-2293 2303-2310 

1537 2100:"'2106 2090-2096 1679 2295-2301 2303-2309 

1541 2107-2112 2118-2123 1694 .2316-2320 2326-2330 

1544 2113-2115 .2118-2120 1697 2321-2325 2326-:-2330 

1555 2126-2132 2119-2125 1705 2330-2336 2338-2344 

1564 2139-2144 2145-2150 1722 2353-2360 2361-2368 

'1580 2160- 2L65 2172-2177 1766 2413-2420 2402-2409 

1584 2167-2171 2172-2176 1824 2493-2496 2498-2501 

1622 2218-2222 2256-2260 1836 2509-2514 2516-2521 

1863 2543-2551 2552-2560 
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APPENDIX D 

The Decay of 3.7_hourLu176m toLevelSiriHf176 

A 3.7-hour isomer of Lu176 has been identified in previouswork,84 

and was found to rf--decay essentially 100% to the ground and first 

excited states of Hf176 (cf . Fig . 15). The isomer has been tentatively 

assigned a spin and parity (1-·). 

However, scintillation spectroscopy carried out by Rezanka, et 

a1. 148 indicated very weak S--feeding to a. Hf176 level proposed to lie 

at about 1.14 MeV. Weak y-rays a.t 1.14 and 1.05 MeV were reported in 

this early work, and assumed to decay to the ground and first excited 

states of Hf176. 

176m It thus seemed reasonable to expect that Lu decay feeds one 

176 or more of the low-lying levels previously deduced from Ta decay 

d t d th t f L 176m. th' d' a a, so we re-measure e y-ray spec rum 0 u In e reglon aroun 

1 MeV. 

176m Sources of Lu were prepared by irradiating 99.94% samples of 

LU~7503 with thermal neutrons (¢ ~ 5 x 1013 n/cm
2

/sec) for periods of 

time ranging from 15 minutes to one-half hour. Because of the rapid 

growth of the Lu177 (6.8 day) activity, no chemistry was performed, so 

that the samples could be counted as soon as possible after the end of 

irradiation. An appropriate calibrated absorber was employed to 

attenuate the Hf X-rays and the very strong 88.35-keV y-ray. (Pb was not 

used as an absorber because of the proximity of the Pb KS X-rays to 

the 88.35-keV y-ray.) 
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In Fig. 56 we show the spectrum of Lu
176m 

in the region 900 -
3 . . 

1300 keY taken with a 35 cm Ge(Li) detector. The spectrum clearly 

indicates feeding to the 1150-, 1227-, 1248~, and 1293-keV levels in 

Hf176. The weak unlabeled peaks are due to an unidentified longer-lived 

(t l / 2 '> 5 hours) impurity. In Table 22 we list the relative intensities 

of the y~rays observed from the decay of Lu176m . The Lu176m data support 

176 the level scheme earlier deduced fromTa decay data (cf. Fig. 34). 
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Table 22. Relative intensity of y.,..rays 
176m from decay of Lu to levels 

. Hf176 ln . 

Ey (keV) Relative 176 . 
Intensity 

.Hf Level 
Assignment 

88.35 . (1.2 ± 0.2) x 106 88.35 

936.4 13 ± 2 1226.6 

957.4 2.0.± 0.4 1247.7 

1061.6 54 ± 5 1149.9 

1138.3 15 ± 2 1226.6 

1159.3 100 ± 8 1247.7 

1204.8 6.0 ± 1.0 1293.2 

1226.7 8.6 ± 1.2 1226.6 

1247.7 .1.1 ± 0.3 1247.7 
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