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ABSTRACT
‘In Part I we combine elements of the collective and single-
particle nuclear models to provide a ﬁnifiéd model interpfetation of
' the'vIAK[ = 1 electric dipole ffansitions in odd—A deformed nuclei.

Attention is focused on the uniquely informative set ‘of El transitions

in Hf177 that resulfs from decay of the singular"lLu177m nucleus.v We

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

"vibration-particle cdupling may be used to successfully account for the

anomalous El transition rates in Hf1775 and by implicatibn; in'other

0dd-A deformed nuclei. Precise experimentél data havé been gaﬁhered
for comparison with the theory.

In Part IT we describe a detailed eXperiméntalbstudy of the decay

176 176

of Ta to levels iﬁ Hf ' 7. Numerous semiconduétéf detection systems

have been employed in conjunction with an on-line PDP-T7 data‘dcquisition
éystem to gather y-ray singles, cdhversidn electron, and Y-Y coincidence

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

observed to follow the Ta176

176

in the proposed Hf level scheme. We comparevthe experimental data.

decay, and some 140 of these have been placed

on levels in HflTb with contemporary theoretical expectations.
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Wé also call attentioﬁ to the ekceptional'quaﬁtity and quality
of information on nuciéér propértiés that can now be. expected from the
timely marriage of semiconductbr—detéctor:and.oh—liné édmputer technology.
The téchniques and problems aésociatéd with prgcision Y—fay spectfo;i

scopic data acquisition and anzlysis are discussed.
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I.;fINTRODUCTiON

Tﬁe‘rapid devéloﬁméhﬁ of éemiéohdﬁétbr:nﬁé1éar radiation detection
technology and the concomitant Birth and_devélopmént of én—line'computers
for rapidvacquisition and'énalysis'of—ﬁuclear data has iﬁ the past
three yéars ushered in an éra‘thatfmﬁst surely be the "éolden age' of
nuclear spectfoscopy.>vThe initiél flood of date from the first émall
Ge(1i) and Si(Li) detectors quickiy verified to a.lérge extent many
features of the Unified Model of low enefgy:nuélear.structure as it had
vdeveloped during the decade of_ﬁhe 1950’8.

By nOWuhoWeﬁer,‘the anticipation and excitement tha{,accompanied
" the placémént of any radioadtive éource'béfore_éveﬁ the most modest
Ge(Li) device, an excifément'sﬁéred dniy.a few short years ago by
nearly every experimentalist Wifh acéess to'a-séurce of neutrons or a
particle aéceierator; has‘iargely'pésséd. ‘The riches of the mother
" lode are now not so easily-wbn, though they afe»still'dbundant,
providedbthe prospeétive.researcher has an accelefatdr.nearbyf' Still,
the reserve of easily obtainéble information on nuclear structure is
:_fast'running ouf,‘énd barring another order-of—magnitude breakﬁhrough
in detector resolﬁtion? even the in-beam spectfoscopist will soon be -
left to‘cdnfemplate é refurn to the plundéred,fieldS'of ﬁuciear study

to painstakingly sift out the fihervdetails that it iS hoped will
: ultimately result in a truiy unified description of the atqmic nucleus.
‘In.this paper,‘ﬁe shall describe two studieg that we feél

represent well this transition from the_”Eurekal” days of nuciéar

© research to the perhaps less exhilarating but in many ways more
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rewérding and certainly more effiéienﬂ-age of programmedfnuclear
study. vIﬁ'Part I we discuss the abundance of information on nuclear
structure that we haVe béen able to obtain ffomva serieé,of rather
simple but precise measuréméﬁts of théaphqtoﬁ spéctrum afisiﬁg from
| 17Tm

decay of thé singular Iu nucleus. A theoretiéai study of the

T

electric dipolé”transition strengths in Hfl is described in detail

. as the definitive'ekémple of the |AK| = 1 El transitions in odd-mass
-» Jdeermed nucléi, a class of transitiohé that:long ago earned a
' repufation for anomalous béhavior. ‘The‘méaSUrements'thaf madé possible
| this study’aré described in Appendix Al
In‘Part-iI, we turn full-éircle from the rather involved
theoretical interprétéﬁion of simple, "secoﬁd4orderf-eXperimentai
data to describe ah:iﬁvqlved eXperimenfal”study,'the results of which
: arg.foun& to be sQ'gbmple# that'oniy the most méagér.cémpariSOns With‘

176 176

.contempofary theory are possible; The decay of Ta to levels in Hf

"is one of the most complicated nétufal decays known. Ité study was
~undertaken parfiy becaﬁse of some obvious'réievance to the Hfl77
nucleus disbusséd inxsﬁch'detail in Part I, and_paftly becauéé, for
the‘first fime,'fhe marriage of the computer and the semiconductor
detector ﬁade praétical’the study bf this»mosf intricate decay. As is
often-fhelcasé in‘thié typé of work, the resuits were at once exciting
: ana sobefing-—exciting because 6f the enormoﬁs complexity'that rature
‘has_séen‘fit,to revéal in'this cése; sobering'because of'the.great
améunt df work that still reméins'to'be ddne beféré aitruly accurate

76

and detaiied picture of -the Hfl nuclear energy levels can be developed.
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The.sheéf véluﬁé énd comélexity Of the T5176 deéayvdafa, and
~ the abundance of meaningful infofmation we-have_dérived from that
data have forced a break With the fré&itional éustom of.reporting the
logic behind eaéh assignménﬁ to the levei.séheme. We havexinstead
chosen tovdiéplay in what we trﬁét ié-reasbnably'iﬁtéliigible form all
of the data,'and to select for cloéer scrutiny'on1y a few features of
'special interest. |

Finally, a word about'thé philosophy.Withvwhich.we:hévé}approached
this writiﬁgi From our few years éxperiehce és a gra&uate student , we
: havé concluded with a gobd nﬁmber of our comrades that thé finai
‘ pfactical function offé thesis, beyond fulfilliné the academic and
personal requirement; is that of paséing on éome informatibn-tb the
next generation of‘gradua.té.sfudents5 most of whom will doubtless feel
as we did (and still do at'times)'that hopéleés sensation brought on
vbyvan apparently immense gulf of‘knowledge lying bétWeen’themsélves_and
~the speaker at their first nuclear chemistry seminar. If we at times -
seem to have inclﬁdea an excessive number_ofvsuperfluous paragraphs
‘of references, it was wifh tﬁié purpdse in mind." We'trust.that the_
frequent small "review" sections will not prove too distracting to the

more sophisticated reader.
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II. THE |AK| = 1, ELECTRIC DIPOLE TRANSITIONS IN ODD-MASS DEFORMED NUCLEI

A. Theoretical Background

1. El transitions in the extreme single particle model

The conditions defining Elvtrensitions eccording to tne theory
of multipole radiation for a system going fron initiai.stete lliﬂiy
to final state (I ﬂ ] are | |

I -1 | <1<
7 ifl SIS+ I

and.

- Where. Ii* and If 'sre the initial’end final total:angnlar'momenta or
splns of the system, and m™ represents correspondlngly the parlty In
pr¢n01ple, then El radlatlon can be emltted (or absorbed) in trans«
formlng into" eaeh other any two nuclear states whose splns differ by
0. or 1 and are of opposite parity'(o t——30 ? excepted).

In 1951 Weisskopf published a highly 51mp11f1ed model for
estlmatlng multlpole radlatlve tran51t10n probabllltles .His 51ngle
proton formnlae for,calculat;ng transition strengths were based on.
,en'extreme.indepenaent—particle model of the.nucleusl and were set
forth'primariiy "pecause of tne rather unekpeéted agreement with
experiment” encountered nhenrcalculations using his model of a proton’
changing ouantum statesIWithin a uniform nuclear'potential-nere_ |

compared with measured lifetimes of nuclear isomeric states. - The
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Weisskopf estimate for nuclear radiative transition>probabilities is

e "{3'}2'('f L )2k+l R?A X lOQl‘Seé“l
A[(oA+1)11]e 3T 19T MeV X

CT(EMN) =

- for electric multipole  transitions, and

T(M)\) = —
YN CIRERD

1.9 (1) .3 )2 ( R oML

) 2A-2 21 -1
A+37 Y197 MeV

R x 1077 sec

for magnetic multipole transitions. The final proton state is always
assumed to be an S—state (2=0) in these'simple approximations. For

.El transitions, the former ofythese expressions reduces to

. Wp2/3 43 gL ey .

T (E1 ; 1.5 x 10
(B = 25 < 100 AT B By

We have introduced here the Weisskopf estimate for two reasons:
1) Because the "hindrance-factors", i.e. the ratios of theoretical-to-
‘experimental mulfiﬁole,transifidn strengths are oftentimes expressed in

Weisskopf units,

.TW(El)

P =7 D

exp :

" and 2);to‘demonstrate the féct thaﬁ Whefeas unexpecfedly good'égreemént_
with éxperiﬁ§nt has often been oﬁtained by applying the single—ﬁroton
. estimates to Mi'and higher-order multipole transitioné (except whefe
"collectiveh effects afe dominant), this has not in general been the

case Tor El transitions. In fact, the recent compilation of
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Perdrisat2 lists some lSOHEl transitidns,‘ali-bf Wﬁich ére ?etardéd
compared to the'Weiéskopf éstimates.

Qf'particular ;ﬁterést hére'aré,thé El transitions in odd-mass
deformed nuclei. Asbof 1966; Pérdrisat found feéofdéd in the'literature
lifetime measurements for 65 éuch ElLs in the lanthanide'and‘actinide
" regions of nﬁélear deformatian. The Wéisskopf hindrance factors for
these El transitions are scatteredﬁover séme,six‘ordersfbf magnitude,

from = lO3

1up to 109, a iarge departure indeed from the
simple:sihgie'protoﬁ fransifion strengthsﬁ

Closefhexamiﬁation of thé.hdéléaf:pérémetéré iﬁfluencing El
transitions revealé;‘however, that it is uﬁrealistié to expect good
agreement between the Weisékopf estimates and'experimentffor these
transitions. A cursory'glancé af.thé‘nuclear shell model as originally
cohsfructed by Mayer and jenseng‘fevealsyno two single particle states
‘of opposife rarity and spin difference of 0 or. 1l units eéisting
v.in.what is supposed to be a singlefﬁshell"Q This facf itself, in the
light of.the consideréble success of the shell model, limits the useful~
ness ofvthe'originalvéimple'éingle;particle'treatmenf.of El transitions
té no more than a convenient téol for cbmparison of experimenﬁél data.
Moreéw}er9 the‘Conclusion necessarily.follows that the initiél and
final’ﬁﬁclear states involved in E1 transitiéns are not pure sheii
model states, but.consist of'mixtﬁres of states which allow the

radiative E1 transitions to proééed.
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2. The collectivé model

The prbposéd imbortant.méchahisms,fof coﬁfiguration mixing of
nuclear states were sﬁmmarizéd_in thé 1952 paper by A.'Bohr,h.whérein
the coupling of intrinsic or siﬁglé partiéle‘motion to collectivev |
motion of the nuclear surface WaS‘analyzédf

Observation ofvunusuallf large éﬁadruéple moments,Aand rathef
distinct rotational'band structure in the»maés regions A = 25,

: 150 < A <'190, and A > 222 gave experimental support tO‘fhe arguments
‘fbr the existence of rathef-Strong‘permanent nuclear deférmations in |
the regions between closed she}is; JMoreévef, it soon became clear that
the assumption ofA”stroné'coupiiﬁg” of partiéleéto—colleCtive'motion

. in these regions provided thé beét agféement'between théory and
experiméﬁt.5 |

Although théée historicél?noteé ma& seeﬁafar fémovéd from the
specializea'prbblem.of intéfpreting'Ei radiﬁtivé trénsition rates, the
foundation fof an understéndiﬁg Of:ﬁﬁé seVeral fadtors influencing the
electric dipole fadiativé transition probabilities résts squarely ﬁpbn
the concept of the stfong coupling of intrinsic and collective.(both

" rotational and vibrational)‘nuclear motion.

3. The nuclear Coriolis interaction

Before proceediﬁg with an examinatidn‘of thé influence bf a
vdeformed, i.e. non-spherical, nuclear potential on fhé singlejparticlé
:shell model nuclear states, lét us write explicitly the form of one
" of the mechanisms of configuratioﬁ mixing—-thé rotation——partiéle

‘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 Schrddinger equation

- where V¥, the wave function, is of the general_form.'

by D

v Xpart vib rot -
' suggésted by;Bohr. The treatment of the nuclear wave equation as the
product of separable‘rqtational, vibrational, and particle modes

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

~ vibrational components) to be written:
+ H, . . +.: :
Hrotation intrinsic _Hcoupling
The third portion of the Hamiltonian/includeé the Coriolis intéraction.
For the sake of clarity the apprbpriate wave function ¥, we refer to
. now as

MR ) = IR oy Dy + (-)I‘J'X‘pébi_ I S (2)

167 ‘ K

‘Usihg the wave functions (2) 6f'Bohr, we may solve for the

g a1t i :
_rota 1§nal energy T . of Eq _(1).
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| ~ XxBL68I2-7350

Pig. 1. Angular momentum vector diagram for a deformed rotating
-nueleus. | ' '
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S i : i > >
where the 1 1indices 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

D N
h > 2 2 h 2
( = = _[¢ s - _3 i s
Trot) »2:;[ (1 ]) ) (13 ‘33) ] + =3 (13 J3)
where G';%Fl = ‘32 and T?) is small. Then-v
, )_.hg[ (1a1) + (2o (o) 2.
jTrot'— ¥ I(I+1 f J = 2J~J - (Kfﬂ?.]
2 oy
L+ == (k=)
3
ee
and251nce_ I-j = 1333,+ IQJQ +-1131 = KO + I+J~ + I“J+

: 2 ) 2
() = ’% [T(I+1) - K& - §2] + A (k-0)°

The diagonal contribution to the rotational_enérgy is now contained
in the first two terms of the above expression. Since j2 involves only

particlé 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
- oz (T3 +1.3,) B - (%)

‘corresponding to Bohr's U of f~diagonal matrix elements coupling

1
étates differing by * 1in K quantum numbef. There is here a diagonal
'Contribution to the energy only for K = 1/2. The effect Qf this RPC
termbhas.been considefe& in detail by Kefman.6 The form is'seen to be
analogous_tb that describing the classical Coriolié interaction.

Assuming a single particle coupled to the rotating nuclear mass, the

. general form of the RPC matrix eleménts is given by:

(1,x|1,|1, ¥¥1 > = /(T3K)(T7K+1)

C30li;lsee1 ) = VTR0 (GEwLT -

The influencé Of_the'nucleariCOrioiis.interaction on E1 transitions
.will be‘éxaﬁined in greater detail later; For now, sufficé it to say
“‘that when the work described here was‘begun, it wés already suspected
that the RPC term (L) exercised a profoundﬂinfluence on AK = *1 El

‘transitions.

k. The Nilsson mOdelb—'fhe single'particle in a aefofmed nucleus

The proper choice of the ﬁaptiéle (XQ) porﬁion of the generalized
“wave function (2) is, of course, éssential to the success of the unified
ﬁodgl}b In.the regions of presﬁmed permanént ﬁuclear deformation, oné
must choosevan appropriatéiy "deformed’ potentiél'within which the |

single particle energy levels may be éalculated. The now widely
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accepted paper of Nilsson7 described the resulté'of éuch calculations,

and correétly foretold the applicability of the results to "a wide

range of different problems of nucléar ﬁhysics". | |

.Nilsson's tréatment is a lbgical‘extension of'fhe_unified model

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

In Fig. 1, the projeétion L of thé total parficleaanéular momentum

on the nuclear symmetry axis is made up of a sum, ; Qi;,of the indiyidual
v _ i
.:particle projections on the nuclear axis.v Each'particie state 'is

doubly degenerate, cofresponding to iQi and the‘total Xq is thefefore
I.the antisymmetriéea prbduct of individual wave functions ,XQ_' Ignoring
as before fhe_higher order vibrational modes of nuclear moti;nz the
deformed nucleus caé once again be considered within the framework of
the Boﬁr strong coupling app£oximatioﬁ, except that the problem how is
that of a ;ingle pérticle moving in an avérage spheroidal nuclear potential.

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

<> . -+2

H=H +Cf% - s +0D +CL -s+DX (5)

0

-> > —-> -
Q2_=f{ + H

0 $

_ where HO represents_éimply the three-dimensional harmonic oscillator

 potential, to which is added (as in ﬁhe simple shell model) the spin-
‘orbit coupling term, £ * s. The £ term provides a crucial modification
to the harmonic.oscillator potential that effectively raises the nuclear
potential near the cénter and lowers it near the edges. The.practical
consequence 1s a depression of high angular momentum states. The 92
term may also be considered to provide an interpolation:between the

harmonic'oscillatqr and squafe well potentials appropriate to the

spheroidal nuclear potential.



13- - UCRL-18651

,The~Nilssonvtreatment proceeds by aséuming éxial_éymmetry (an
vassumption which seems in the light of récént expefimeﬁtal’evidence
to have Been quite valid) aﬁd réqUiring that the Hamiltonian yield
the .empirical séquence of présuméd sinélé;particleuievels conSidefed '
in the shell model. |

In this.way fherparamétersv C andn Dv-ére fixed. ‘A déformatibn
parameter & related to a sééond parameter N _and fhe Bohr-Mottelson
B by the following expressions |

' . ~1/6
62 - 1853770

s = 0.958  and n = g-[i - %- o ,

where

.:is introducéd to deséribé the ﬁermanent‘nuciear'défbfmétion charactérized
be a "strétching” along the Sphenoidal éymmetfy axis-.

vFinally, the basis vectors |NQAZ f' are éhosen corresponding to
‘each parﬁicle quantum numberﬁ Q. (N represenfs thevtotal oscillator
quantum number.) The reader is at this point referred to Fig. 2 for.
definition of ﬁhe various -quantum numbérs_ﬁséd in the Nilésoﬂ
 representation. |
By considefing the‘ﬁon—vanishing matrix elements of H .betweén
-fbaée vecfofs’bf the same N and 9, Niléson ébtaiﬁed his well{known.
“and remarkably successful set of‘energy levels for the single ﬁarticle,

.fstatés_of the nucleus in a spheroidal potentiai. In the'Nilssdﬁ
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XBL6812-735!

Fiz. 2. Angular momentum vector coupling diagram for the Nilsson

representation of a deformed nucleus.
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potentiai; the degénefachof;théishell:mbdellstates:is>remov¢d;'resulting

in J + l/é ”separateAstatés difféfing‘in‘enéfgy by & 200 kéV, ﬁell

within the rahge of_rdfétional‘énérgy eicitations. As a féSult, it

should not‘be surprising that'apﬁfeciéble intéractibn bétween particle

and collective modes of nﬁcieaﬁ motion can and.does occur in the regions

of permanent'nuclear deformation. | |
Nilsson,haé_tébulatedbas a function.of deforﬁation the eigen-—

K funétions of the single particle. states 'xé in terms of the bésis

- states |NQAZ )' so that the appropriate single particle wave functions

. may be obtained_as a sum of basis states:
X = ji: ag .z QL)

'By use of Nilsson's tabulafibns, a variéty of nuclear.problemsvin the
regions of perméﬂent.nuCleérvdeformétion'may’be in?estigated.  In
particular, we will mgke frequent‘uée of the Nilsson wave  functions for
éaléulaéing.electromagnetic radiatiQe transition probabilities and.the
- effects of rotation;particle cpupling Qh radiative transitions@

FInrhis original calculations Nilssoﬁ-uses the.eigenvectbrs of a
spheroidal isotropic harmonic oscillatdr potential as a basis_;et to
jwpaiculate the single particle levels in a deformed nuclear potenﬁial.

(Eq.. (5)) into

~ ‘Nilsson splits the spheroidal H.O. potential  HO

two terms, one of which is spherically symmetric, andvéne of which
represents the coupling of thé‘particle to the nuclear symmetry axis
"~ as a function of deformation. The reader is again referred to}Ref. T

for details. The Nilsson basis set is chosen such that the spﬁerically
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symmetric term in the Hamiltenian is diagonal. The consequence.of this
treatment is.that at large_deformations, trere occurs an approximate
separation‘of'particle:motion into two eombonents With'OSCillations (1)
along the nuclear symmefry axis and (2) in a plane'perpendicular to the
'symmetry axis. As Niisaon poinfsvout;‘it isApossible to choose a
representation fhat éives a more'useful‘picﬁure"Of the nucleonic’moﬁion
at large deformations-—-one which may provide significant new selection
* rules for particlevtransitions ih the limit of streng deformations.
Rassey8 carried out such a calcalation by using as a basis set
the eigenvectors of a three—dimensidnal'anisotropig H.Of> The appro#i-
-mate "purity" of the single parfiéle states in the limit of large
deformation had already.been used as a conVenieht basis for claSsifying
statesvat large deformatiohs in terms bf their "almost good" asymptotic
. gquantum aambers; [NnZA]; (nz here fepfeéents the prejection of N;
the.total.oscillatof-Quanta, oh tﬁe‘naclear eymmetry axis.) Af infinite
deformatioﬁs, the Ni13son states tend toward the pure single particle
statee characterized by."good” quantum numbers N, n  and A.
Gustafson, et al. have also recently'carried out a set of calculations
in the asymptoticVrepresentation:with‘emphasis_qn'the applicability to

9

studies of nuclear fissien, With this understanding of the approximate
"goodness" of the Nilséon 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 multipolarity

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

5

terms of the reduced transition probability

: UL 2 -
B(X, I, +va) = j{: |<IforrUKA, u)]IiMi > ] - ~(6)
pr ’ v :

) ' ' .
where (A, W) is the u-component multipole transition operator of order
- A. The probability for emission of a photon of frequency -w is
S 2A+1

_ B (A1) 1 W -1 D
T E P BT

Al(2a+1)

Confining our'consideration to electric dipole transitions this
expression becomes:

3

: _16m Yy & v
T(E1) = =3 G BB | (8)
where E represents the transition energy measured as the gamma-ray

Y

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

independent) reduced transition probability (Cf. Ref. 5) as

h 3 2 2
——} = (LIKAK|T K )T x 6%

eff (Mwo yw El)‘ ) (9)

B(E1l) = e
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 for each single particle state. e is the effective charge of -

eff
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the_nucleén,vusually taken as (1 - %ﬁ e, althqughvBerloviéh haS‘pointed
out the errors that may-bé introducéd by use of this simple approximation
in.transitionvprobability calculations.lo
One consequence‘of‘the inténsiﬁy rulé (9)'is.immediately seen::'
to be | . |

_ <
Ko - K| <1

for El transitions. Aithough the "K éelegtion_rule”:mayibe;viélated
because of "impurities" in the total wave fuﬁction, violation éccurs
only at ﬁnitvéost'of a féctor of 10-lOO‘increése in theblifetime of fhe
' initial state;

A number of mofe frequently>violated selection rulesvare
‘associated with the asymptbtic'quantum numbers discussed'earlier.ll’12
The rules appropriate. to El tfansitiohs_are‘gi#en ip Tabie‘l.;gAll
~E1 transitions'obser?ed‘td‘daté.ére af.least.twiCe—forbidden by_these'

asymptotic selection rules.l3 

Table 1. E1 selection ruleé for the asymptotic'Nilssonv

qﬁantum numbers.ll’12
Operator S AQ(A) - AN -Ané AR AX
+1 o *1 0 +1 0
x % iy ' o : '
' -1 ) 0. - -1 0
0 +1 T+l 0 0

™
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In summary,‘wé note thét the.Nilsson model, by‘correctly'predicting
the’splitfing of thé'isotrépié shellémodelbstatés af large‘permanent‘nucleaf
deformations, provides at least aﬁ initial éXplanation for the

observation éf El transitibns in odd-mass deformed nuclei. The crossing
of Statesiwith N quantum numbérs diffefing by *1 at»deférmations‘

§ = 0.2‘4 0.3 is nét uncommon, and thérefbre the criterion for opposite
_parity states with spins differing <§l.unit‘is frequently satisfied.
 However,»as we shail seé, the Nilsson E1 hindrance factors are:still

~ often ‘as muehvas 103, and display ambiguities-that cannot be explained
‘without invoking compléx’interactions between single particle and

collective nuclear motion.
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B. The Understanding of |AK| = 1 El Trensitions in 0dd-A Deformed Nuclei--

A’Phenomenolqgical'Approach
1. Method | |
iﬁitiationvof the préjécttdéscribéd it the'foliQWing pages was

promptéd by_thé efforts of Grin and Pavlichehkovl3 and Vérgnés and.
Rasmussenlu_to account for the AK =1 El tfansitioﬁs in odd-A deformed
vnuglei,on a pﬁrely phenomenological Basis. Because.of.thé scarcity of
1ﬂbrecisé expéfimental data with ﬁhiéh to test the'early theoretiéal
investigationé by these author55 a seérch was‘beguﬁ in the literature
~and experimental meaéﬁrementS'Were made for Elvtransition intensities
in several nuclei of interest. We wiil describe‘briefly the application
' tovthe data of the early Simpié theory:of_ AK = 1 El's. The good
qualitétive»agreement with éxperiment'resulting from these applications
. seemed to justify a more.detéiled-anéiyéisvof thé problem, and we
 describe the fésuits of é ﬁore précise thenomenologiCal approaéh that

- yielded remarkably good agréement.with.the singﬁlarly_interestihg data
‘ géthered in.ouf laboratory fér the numerous El1 tfansitions in Hfl77.
_Becéuse of the success encountered at this point, the fiﬁal.stép of

' attempting a microscopic calcﬁlation of absolute El transition probabilities
§ in the unified model seemed justified.‘ We wiil describesiﬁ'detail the
nature and reéults of those calculations.
We haVé chésen to present the results_of our work in this

'i_chronolbgical fashion because we feel that.it demonstrates_rather
vconvincingiy'the:ﬁséfulneés of.the inductive approaéh to the solution

of a préblem in nuclear physics—~an approach that has become more and
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more commoh as researchers seek to explain the details of nuclear

structure.

2. The'Coriolis'interaction4~g*phen0mendi0gical explanatidn'for

AK = * 1 El branching ratios
The'experimental_El transition probaﬁiliﬁiés‘in odd-A deformeq
nuclei may be roughly separated into two clasées on the basis of the
quality of fheif agreement ﬁith fhe Nilsson model: 1) AK =0
_transitidns, for which agreement.is éeneraily good, and :2) AK =+ 1
transitions, fdrlwhich the agreement of ekperiment with the Nilsson
>

vpredictibns tends to be poor. Vergnes proposed in 1962l that the

discrépancies'between theory and'experiment for IAK| - 1 El's R
resﬁlted from a.perturbation éf the single.ﬁarficle.wave fﬁnctions by the
rétating.nuéleus._.The papers of both Grin and Pavlichenl%ov13 and
Vergnes and Rasmusseh in IL96511'll iﬁdepeﬁdently suggested é_simple
 phenomenological firét order perturbafibpbtfeatment‘to explaih the
observed anomalous branching ratioé @f AK = % 1 El3trénsitions_between
v members of the same pair:.of rotational bahdsf The method was to simply
.regard the principal and Coriolis—hixed El matrix elements.as two
 adjustab1e parameters; conseqﬁently; in casés where experimental
measurements of three or mofe El's between thé same two rqtatisnal bands
were available, the validity oftthe assumption could be fested.;

The reduced El strength for the [AK]Iﬁ.l El's may accoféingly'be'

written as

: o 2
(IilKi(f)O!IfKi(f))]

B(El) « [MO(IilKiAKIIfo)-+ M VI(I#D) - KK,

(10)
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_ where MO and ‘Ml' are'adjusﬁable.parameters.répfésenting the -
principal and Coriolis—mixéd El matrix éléments, respectively. ‘The more
general.analysis of Grinl3 ShOWed‘that; in a simple'NilSSon caléulation
including the effécts of the Coriolisfadmixed compsnents, Equ'(io) in
fact describes all fifst—ordér contributions to the E1 ﬁoment;‘ It

* should be.emphasized that the Validity of~Eq..(lO) isvdepéndent upon
the_assumption‘that the magnitude of the.Coriolis'ﬁafrix elemenfs is
 small‘relative to the enérgy separation betwéen the stafes couﬁled by
thé Coriolis opéfator, i;e. one assumes thaf‘the use of simple first—.
.order perturbatioﬁ theory is valid. .Then wevcan write the wavé_fuhctions

‘relevant to (10) as

‘

]I,K,OLK- )

K+1

N o | o ‘ Z . 2" <I,(K—1),‘0§K_'l|j_
v= |1, K, o) + /D) - K(K-10 x ) b 2¥(E,_ -8 )
oy SR <5 R
. : . 22 _ K+1'"+ K
x |1, K-1, aK—l> + ﬂlﬂ) - K(K+l) z h RAG TE )
o O’K+1 . +1 OLK
x II,(K+1),d ) ’ . ‘ S ) | ’ ‘. (ll)

‘where the dK refer to the appropriate single particle waﬁe fu_nctionsT
f:The only spin~dependence in the wave functions is containéd in phe
' Coriolis matrix elements associated with the,,Ii operator. ’ |

The validity of this model propbsed in.Refs;.i3 and 14 and its
'remarkable success in predicting lAK] = lIEl branching»rétios'for a

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

Becaﬁse of the rathér stringenﬁ féquireménts whichbﬁust be met in
order that a'givén nuclidé'might‘dispiay thréé or mo?e AK‘= +1E
£ransiti0ns between membérsfof thé samé two rotational bands, the
gquantity of data available for tésting the simplé Coriolis mixing form
(10) applied to E1 branching ratios is quite limited. Theré are six
cases of interest known in the rare earfh-region of deformation:

voi 73, ™, welTT, a2 the Tb series 155, 157, and 159. In each of

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

7T

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

. El transitions arising from the decay of the lél—day isomer Lul77m.

In Table 2 we display the experimental data of interest pertaining

to all but the Hf177 EL1 photon ihténsities. The data for LulTB, Tbl55,

valsT and Tbl59 wefe taken,invthis 1aboratory. The Ybl73.dat$,are

from the 1iteratﬁrefl6' Figures_B—S compare the relafivé'experimental
reduced E1 branéhing_raﬁios for these five isotopes with fhe simple
cériolis mixing theory of Refs. 13 aﬁd 14, and with the geomeﬁfic bfanch—
ing rules ofAlagal7 which.réquire, aé is'seen from Eq. (9) that thé
gamma—ray‘branching from meﬁbers of a rotétibnal band be proportional to

the squared ratio of ClebscheGordan”vector addition coefficients

B(EL) N NG I
e (IilKiAKIIfo) -
: T D o
B(El)Ii o1 (IilKiAK]Ifo)
‘provided the K-quantum number is "good". It is noticed that there is

a division of the "Theory including Coriolis mixing" bars in the oda-A
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Table 2. Experimental relative intensities for AK = - 1 El1 transitions
in some rare-earth odd-A deformed nucleil.

Isotope - Nilsson Statés L 'Ii _.If ‘EY(keV)‘_Ii Ref.
Lu 5 [Slh],+'2 + [hok] 5 5 396 : 68 | Ou#,
2 og2 3 data
11 '
-3 1&5» 3.?
oy l73 T 2 I 32 e
Yb 5 + [633] » 5 - [512] z 2 /L 53 (16)
. .
; 272 1960
9 ' '
| 3 172  &06
155 5 L3 | 5 3 o
Tb™" 5 .[53‘2]:+}2 + [L411] 5 > 227 100 k Our
2 16 7.5 data
! | ;o oo
T u 2.3 36 100 o
g- 265 0.18 data
2 182_ : 2.2
159 5 3 . ’
Tb 3 363 100 . Our
g. 305 -0.5Q 'aata
7 e
2 '225‘_ ; 1.9.;’_ S

S ¥

Since some of our data are unpublished, we note that errors on these

“data may be taken as lOﬁ, except for the 71 -keV Tb 155 E1l, where 20% is
‘ADploprlate _ ‘
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lYS_display. The two different values

Tb series (Fig. 5) and in the Lu
designated ari;e from éolutioh of the quadratic Eq.‘(lo). Since we have
no wa&’of émﬁirically deﬁermining the correct relative phases for the
MOv and Mi parameters; wevdisplay 5bth:éoiutioné. (Tﬂe'two solutions
give similar'resplts for YblTS,“therefore we have iﬁ this case indicatéd
only a single theoretical value.)

Table 3 shows the much more extensive data we have oObtained from -

17T 177

" ‘the decay of Tu ' '™ to levels in Hf ' '.  Sixteen AK = - 1 El transitions
leading from the K = %—+ [624] to the K + % - [51k] rotational band

_ presumably arise from this decay. Fourteen. of these transitions have
been observed, and their relativé intensities have been precisely
measured in our labbratbry.l8 vThe relevant experiment details are

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

17Tm

well established decay scheme'of Lu

. 18-22

, as reported and modified earlier
‘and in the present work.

In Fig;'7 the results of the simple Coriolis treatment applied

7

to the»Hfl 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 %-+ and %;-+
. members of the K = %'+ [624] band is particularly impressive.

It seems‘clear on the basis of_the evidence ?resented in Figs.
_3, M, 5, and 7, that ﬁhe presence of wave?function components pfésumably
admixed via_the Coriolis interéction is exerting a strong inflﬁence on
the AK = - 1 El1 transifions strengths in the odd-A deformed nuclei.

Morebver, the behavior of the El branching from a given single particle
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Table 3. Experimeﬁtal relative intensities and derived reduced

transition strengths for HfX ! El transitions.

Init?al Fiéal . E, , ‘Ihtensity* CnE)
e e (ke¥) | " (MeV-fd)x10°
9/2 7/2 321.3 : 8&8(5) . - - 0.034(k)
9/2 - 9/2 208.3 v 512(21) _ 9.0(6)

9/2 11/2 T T.e(y) o 3.1(2)
o11/2 9/2 313.7 10.0(5) 0.66(5)
S 11/2 11/2 177.0 27.8(1.2) 3 10.3(7)
11/2 - 13/2- . | (17.2)
13/2 1172 1305.5 14.3(6)‘ | 2.32(13)
13/2 : 13/2 _;hS.B i - T7.7(5) ' 11.6(9)
"15/2 | 13/2  4 299.0 : 12.6(7)' . ' 4.3(3)
1572 1s/2 .117-2-,"- T 2.0(2) o _i1.5(1.3)
17/2 | 15/2 201.4 o 8.&(8i\ | '7.0(7)
o 17/2 BRI '88.h_ | 6.32(8) 9.4(2.4)
C19/2 /2 292.5 6.7(7) 8.9(9)
19/2 ‘ 19/2 . 69.2-'.  0.088(30) 8.6(2.9)
S 21/2 o 19/é' 283k 2.9(5) ' 11.0&2.0)
. 21/2 o120 (41.0) | | |

y-%NormaliZed to 105.4-keV y ray = 100. 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 of the discrepancy between our -
measured intensities for the strong lines and those quoted in Ref. k.
In general, we now measure I. - about 10% greater than in Ref. L for those
" strong lines > 200 keV in energy. L
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state, or from aertational band member of that state seémé to be well-
explained by the simple phenomenological approach of Refs. 13 and 1k4.
However, the proper interpretation of the1absolutevEl transition

strengths requires a more rigorous analysis.

177

b. Deduction of experimental redﬁqed transition strengths in HF

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

177 has
to be T, ,. = (6.9 * 0.3) X 10710 sec
1/2 . :3) .

from two sources: 1) The lifétime of the 321-keV level in Hf
" been measured by Berlovich §§_§g323
Using this value and thé M2/El mixing ratio 0.18'for‘the'32l—kév El

-transition,2h it is possible to calculate from relative intensity

measurements the reduced strengths of the three El1 transitions-ieading

9.,

‘:Zfrom the".2

[624]  Dband head.
2) The other §alues for the reduced El moments can in pfinciple
be indirectly derived using the rotational model of Bohr and Mottelson.

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

degree to which the model properly describes the rotational band in

question. .
in chtrast to thé similar analysis first performed forinl77
by Alexander gﬁ_ﬁi,lg whiéh assumed the "goodness' of the |
K‘= §-+ quantum number, Wé have in our tfeatment taken ihto accounf.the

contribytions to the intraband transition strengths introduced by'
Coriolis-mixed components. In order to calculate these contributions,
it is nécessary to estimate the amplitudes of the various terms

comprising the total single-particle wave function.
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- The wave equation for the E-+ [62L] band, including the proper

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

obtained by diagonalizing the determinant describing the Coriolis

secular perturbation:

“(11a)

xr o * 3 2 I 9 11 i3
| \ 2 2 2 2 2 2 2
AN
1 1 v '
5 Eq ~W H_l_ 3 0. 0 0 -0 0
222
3 I I
3 H;. 3 Eo, W Hii 0 0 0 0
2’2 ' 2°2
.5 .
2 H :
3 0 Hii E:f[za'w 73 0 0 0
- 2°2 2’2
I ' Lo ' =
5 0 0 Hli Emw.le; 0 o
_ 2°2 2°2
9 : I .
5 0 0 0 Hgl oy~ Hg 1 O,
: 2°2 : 2’2 _
11 N .
5 0 0 0 0 H_l_l_ 9 Eog™W H—l_l;i
2’2 ' 2’2
13 . : - » T
3 0 0 0 0 0 H_lil_l_- _—
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.Here, the HI

KK are the Coriolis matrix elements coupling two

rotational states of spin I and _Q' =Q* 1 based on the appropriate
gquasiparticle states. The unpérturbed energy of the spin I rotational
band member is denoted by Eéa, where 0 denotes the Nilsson quantum

numbers Q[NniA] identifying the quasiparticle state upon which the
' 9 13 '

the particular rotational band ié constrﬁcted. For E-SQI { 5—5 the

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

The computer code BETABLE used to solve the Coriolis secular

2> It employs an

determinant wés ﬁritten by T. C. Clements atvLRL.
iterative least-squares minimization routine that allows one to:vary

selectéd parameters and theréby obtain a best fit to the experimentally
' measured energies of rotational band membérs. The function minimized is

25 -

in this case

9
: , ) - E2 (mL ) + W'
A QQ '2; Enol QQ | %+{62u1 0
2 : 5
2 I
-Wo + A(HZ A, )]
%+[62h] e

where the quantity - A 1is defined by

e 9
I 2 T 2
EE:[E - E + W -V + Al =0
-l §+[62u] %+[62u] |

I

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

~ required to Tit. The_notation_above is consistent with that used in
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Eq. (1la). The fuhction, S(ﬁéﬂ')- is seen to provide a raﬁher.sensitive
estimate of the ”goodneéquf fit”,.éince it is’simply the sum of the |
squareé of the differénées between the experimentél and the fitted
energies. We will in the féllowing diséussion indicate Values for
S(HéQ') (in units keVg)'since they provide-é convenient criterion for

evaluating the overall quaiity of the fits.

In this case, we are inte?estea in fitting the.strongly perturbed

%-+ [624] band in w77 ror the pﬁrpose of deriving the eigenvectors
.associated'with the "best solutibn of (1lla). Figures 8 show:plots
of the quantity [E(I) - E(I-l}/EI_véfvele for the K = %—+ and

K = %ﬁ- bands in Hf177. If tﬁe'simple sgcond brder rotational form
E(I) = Ai(1+1)'+ Bi?(lﬂ)2 were valid, both plots would define.a
straighf line. It‘is seen that, while the'v%'— [514] band has its

problems, the % + [624] band deViateé:Wiidly’from the predictions of

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

some T keV, and'ﬁhé”él/Z member of this band'is of f by neafiy 30 keV.
It is to be hoped that theée large,deviations can be accounted for by
considering the rotaﬁional—partiple‘coupling'eleménts, HK,Kii in
Eq. (11a).
| The.first step in solving the problem-is to determine Wﬁich are
the important admixtures in thé rofatignal band. For an initiai guess,
one.usually COnsultsxthe Nilsson level diagram for the region iﬁ
iQuestion. In Fig. 9 we display'the‘latest éuch diagram for thé regién'

182 <w <1267 One salient and fortuitous feature of the neutron

level scheme in this region is the presence of only a single positive



~36- o . UCRL-18651

1.0 .

|l 1 T ¥ T T ] A T T
Q<
10.5 _
>
< )
= 0.0 |~ -
£ _
(BTN}
w
9.5 |- _
9.0 _ I ] ]
0 : 40- 80 120 - 160 ZOQ' 240

212

XBL68I2- 7339

Fig. 8a. Rotational energy plot for thée K = 9/2+ band in Hf 77.
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parity orbital, the i3 between the closed shells 82 and 126. This

5 .
greatly simplifies the problem, since we immediately expect the

177

2-+‘[62)+] band in Hf to arise

~ Coriolis perturbations affecting:the' 5

principally from the other members of thé 'i13 orbital.

.2 .
Solution of the Coriolis secular"determinant_(lla) for the
.2 P77 .

5+ [624] band of Hf

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 éxperimental information availableidn the

77

positive parity states in Hf
' 177

Assuming a deformation n = L for

~the Hf nucleus, Holtz was able, with use of the Nilsson energy

9

eigenvalues from Ref. 7, to fit all meﬁbers-of the K = % + band and

2
the first two members of the K =_g-+ band to within 0.2 keV of

experimentally determined energies. Only four parameters were allowed

to vary in this initial fit, the Coriolis elements. Hg 7; H$ 9,'
o | | 32 22
and H9 117and (within limits) the assumed quasiparticle energy
ey -

2

S A%+ p°

§+ 62&] —+[62h] -
for the %-+ [624] Nilsson state. The.fit for the preferred deformation
n = 527’28.was found by Holtz to be less satisfactory, though still

Cwithin 3 keV of experiment in all cases. As we will show, the eigen— .
- vectors are not particularly sensitive to this sizeable differéhce_in

‘the guality of the fit.
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Fig. 10. Positive parity states in BfL7T ) from Refs. 20, 2k, and 26.
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We have since repeated the calculations for the X ='%~+
band, this time using the new,eneréies E; taken from Ref. 9.
Although the Nilsson wave functions used in the initial guess for the

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

. Coriolis elements
especially imppftant since the program.is alioWed to vary those
elements anyway. | | |

In Table k4 we sﬁow the results of the three different fits

177 %-+ [624] band. Calculation 1 is from the

- performed for ‘the HF
" earlier unpublished data of M.'Df'Holtz, which data were used.to obtain the
‘results published in.Ref. 18.  It is seen that even with the revised
quasiparticle ene;gfes (Calculation 2) fhe:fit.for n=>5 is
vbconSiderabiy poorér>£han‘forv ﬁ #lh.- But if all six off-diagonal

glements are allowed ﬁo Qary,’thé reharkably'good fit dénoted (3) is
'vobtained. We must temper our entﬁuéiasm fqr the quality of this fit
somevwhat, hoWéféf, recqgnizihgbthat oﬁe.might arguevthat by varjing a

" total of seven parameférs to'éxpiain'fen exfériﬁentalvbits of data, we
Véould expect to fit nearly énythiﬁg;‘ | |

| It is possible to.coﬁnter this ériticism someﬁhat, though-not

to dispose of it, by coﬁéidering the cfedibilit& of the "bést'fit"

- values. for the Coriolié matrix eleménts. Table S'shows a compérisdn
:,of.the apparent values for‘those Cdridlis matrix_eléments Whiéh‘were
~‘allowed to vary in each of the.ﬁhree cases under Congiderafion;w The

E strikiﬁg feature of the data is'the sizable attenuation of the RPC

matrix elements near thé Fermi surfaéei Thié effec£ &an be pértly

fdr»fhe

fexpiained by the pairing reduction‘faptof (UlU2 + V1V2)‘
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Table 4. Experimental and fitted energies for:Hf177 positive

parity rotational bands.

Energy of State (keV)

- ' ¥
Theoretical Fit
Experiment.

Qo . Spin 1 o | 5 3 Refs: 20, 2k’ and 26
I.pes31 1 6.0 TWE.E 6.0 Th6.O
% 848. 2 gll.T  gue.2  8l8.2 |
= ;;_ v,. 1102.1 iioi;ov. - 1i6;;o
. %‘+ [62k] %‘ 1.2 321.0 i 321.3 321!3
Lo et leree w6t o6
52 5553 5559 o sss2 o 5ss.l
| %2- '768,3. 76870. - 708.1 708.4
o 8.8 882.»8} 893.0 8828
%2 1056.5'  1083.5 - 1086.9 ; 1086.9.
'gl! 13015 1304.6 1301.3 1361.3
(1) n= N, €, from Ref. 7’, %&%’.%%3%: ?%?%iAand E%+[6éh] variable,

2. - ' ' . .
h
23 = 15 Y keV; ..3( QQ') = 0.13.

. (2) n =5, éi from Ref.'9, other conditions the same as for (1).

(3) n =35, e, from Ref. 9, all off-diagonal elements:vatiable,

varlable, N 15k kev; (H ,) = 0.11.
2+[62h] - -?} | E |




“Tgble 5. Values of the Coriolis matrix elements. <f+j+|i }used

in Hfl77 %-+ [624] band fits.

Coriolis (Q*1|J,|Q) Matrix Element

. Initialized . . Fitted

Fit 1.3 3.5 5.7 1,9 9,1 11,3313 3.5 5.7 1,9 9,11 11,13
4272 -2 2. 22 222 2 22 22 22 22 2.2 2 2

™ [
o Jw

1 (6.60) (6.26) 6.20 5.65 4.86 (3.60) | . 5.36 3.0 2.3

_€1—(_.

2 (6.&1)»(6.3&) ‘6.Q9 ’ 5;61_"u;8h' (3.59): ‘ . 6.01 " 2.92 2.72

3 641 6.3k 6.09 5.61 b8k 3.5 | 9.20 6.66 5.54 -2.84 3.01 4.8

.Pérentheses.indicate matrix elemént_held constant.

T$9QT~THON
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Coriolis-matrix elemehﬁs. In eaees where the two particle states are
very near the Fermi surfaee bf When both etates are roughly.equidistant
above and below the Fermi surfaee, this?factor ean become substantially
less‘than unityf For;exampie, ﬁe find iﬁ'the simple peir occupation calw~
culations discussed later that #he. %-+;[62M] > %-+ [633] factor
| (U1U2.+ V1V2) should be aboqt 0}56. This number is quite consistent with
the 50% "cut" observed for‘that matrix element in all three cases in
Table 5. In general, heweeef,:thezpair reduction factors for the
Coriolis matrix elemegts are ﬁredicted to be near 1.0, and in few cases
are they less than 0.9. |

If is therefore difficﬁlt to accOﬁnt for the equally large cut
in the f%:+ [62L4] +?'%£ + [6l5].ceriplis matrix element on the basis

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

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

of the indicated. g-+ hd %-+ metrix element with simple pairing theory
and 2) the fact that the cutting of the ‘%-++ %l-+ matrix element is

less in the 7—parameter n=-5 bestvfit than in either of the other two
fits, and, thus more censistent with first theofeticai expectations.
However, it ought also to be noted that we do’not possess experimeﬁtel
information on the locatioﬁs of the loW—spin or high—spin members of

the family of states., The Nilsson eigenvalues may not accurately

13 |
v descrige the location of - those quasipertiele states that are relatively
far removed from the Fermi surface, in which case the mixing between
various il3 states may be appreciably different from that we ‘have

—2"‘ . .

- assumed.
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For example, one possible explaration for the surprising increase

we observe in Table'S-er the calculated %—«+’%~ and %lff+ %§.

- matrix eleménts might be advanceg-on the pfemise thaf deformation shifts
occur when a partiélé ié'promotedvto é sffongly upsloping Nilssonv
orbital, (e.g. %l-+‘[615]; %§-+i[6063).or'altérnatively when a hole is

created in a stronglj'downsioping orbital_(%;+ [660]; §-+ [651]).
Smaller deformation for sucH configuraﬁioﬁs Would'imply a decrease in
the amount of inertia and theféfOre an effective increase in the
Coriolis matrix elements. MoreoVef, it is expected that at lowéf
vdeformations'the ehérgy separation bétweén the indicéted states would
decrease, thus increasing both the ﬁixing betweenvthe states and the
size of the Corioiis matrix elements.

A simple modél*wheréby.we‘can estimate the size of the postulated
effect might be constructed aé‘fblloﬁéf

Neglebting pairiﬁg, one can‘assﬁme a Hamiltonianrfor the even

o opposing deformation.

B».

nuclear core that includes a "stiffness” term, H

We have then

where Beq defines the equilibriim quadrupolebdeformafion. Adding this
to theaenefgy—dependence.of an -odd particle in the Qi Nilsson orbital

above the Fermi level, the energy expression becomes
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The Nilsson ehérgy, €, can be Taylor-expanded to include slope:

' EQ.(B) = 8Q.(Beq)‘*- SQ.(B_Beq) +""
1 l',:' 1 .
whére
s=(5)
g
““eq

and the dependence of the ehéféy on deformation changes may be evaluated._

Lettihg X_é (B—Beq), we have, for -an energy minimum

(3E
BX)

=0=85, +C.x
o, " B

and

: Ugﬂz@

Then to promote a particle from, e;g;:fhe&»%f+ [62&] level of HleT

to the %§-+ [606] level, = deformatiqn shift

S - 8
2,
2

CB'

13,
2

by =

is expected. Here, Ay - is negaiive'since 813 > 89 =0, aﬁd'the
. . ) N = = '+ :
. : ) o

postulated effect is simply deséribed}_ Similarly, to promote a
particle from the %—+ [660] level to the gj [624] level, thereby

creating a hole ‘in the formerfstate,jWe expect a change in deformation
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again a negative quantity, implYing a deérease in deformation..

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

Hfl77

deformation expected for creating a hole in the %-+ [660]

state. From Fig. 9 we have

1.2hwq
0.5

[65]
Sy
+
IR

=17 MeV .

We now require an estimate of the stiffness parameter, C

8"

Ideally, one would like to obtain C from experimental B(E2) values - °

8

for exciting the B-vibrational- state in neighboring even-even nuclei, .

h . .
since B(E2) « ——— . Unfortunately, no such information is available

VBCB

for the Hf nuclei, so we must rely upon theoretical estimates of CB
 to complete our calculation.
Recent calculations by Tsang. Nilsson, and Swiatecki29 using a

modified Nilsson deformed harmonic oscillator potential indicate CB

for Hfl76 is 664 MeV. This value is a factor of 10 greater than that

predicted by a pure 1iquid‘dr0p model, and perhaps_roughly a factor of

two larger than the value prediétedvaOm\the semi-empirical mass formula

30

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

appfoximétely correct, we obtainiférfthe,shift"in deformation
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AX=———C——e—f=-%76—EEo;026 ,
or only about 10%. vH0wevef, it appears that the limited ex?erimental
data available for CB in the fere—earth euclei can deviate substantially
from theoretical predictions in many caéés.3l It would tﬁerefore not be
too surprising»if the.above estimate'were off by a factor ef two. But
granted even a 20% deforﬁatiQnIShift, assuming an approximately linear
dependence of mement of ihertia :Fg.oﬁ B,.it'appearS'at.this peint that
the postulated effect is not‘sufficient fO'explain the apparent 50% -
increase in’ the -%-— %-Corioiis:matrix element in question. We conclude
that, although it is diffieult to infer the genesis of the "abnormal”
Coriolis matrix.elemeﬁts_iﬁ Table 5; if is clear that some modifications
in the coﬁmenlyéapplied siﬁple'theory are hecessary to properly explain
the observed effects.‘v ‘

We must also fefer oncevmore to Fig. 9 and mention that the members

of the &
2

-2 , v .

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

'orbital were found by Holtz not to significantly affect the

as well. It is'expectedvthat they are unimportant,.since the Coriolis

13

matrix elements between members of the gg and i, orbitals are less
. by at least a factor of six than the analggous int§a~orbital matrix

femily of etates. Naturally, the

v'elements between members ofvthe il3
-
possibilities that the Nilsson wave functions do not accurately describe

the situation, or that pairing theory is deficient in some respect

L7
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should not be overiodked.’ Whét'ﬁéihéﬁé;éhbﬁh is perhéps not as clear
as Tables 4 and 5 might indicafe; ‘We can‘only say that.it is possible;
within the framework 5f'presenﬁnthe0ry, to obtain rather pfecise fits
to the experimental daﬁa'with_parametefs‘whqse values are not unreasonable.
Finally then, iﬁ'Tab;e'6 we-display_the quantities of specialv
interest, namely thevcbmputéd éig@hvectors‘for each of the members of
9 T

the K = = + band in Hf

> ‘As we remarked earlier, the eigenvectors

are not particularly sensitive to fhe detaiis of the energy fit, and
we illuétraté the ﬁoint by reprddﬁcing fof‘cémparison the three sets of
eigenvectors obtained for eaéh-oflﬁhe thrée différent calculations
described earlier}: Aithough.vg(HéQ!) ‘Vafies ffom 0.11 for (3) to 39
for (2), there is very little.difference in the computed‘wave function
éoefficients. We have therefore“nét repeated the calculations we
describe in the sﬁbseqﬁenﬁ pégeé, But reproduce résults obtained
earlier18 using the eigenvectérs (1). |

..The immediaté:ﬁse for'£he Waﬁe function coefficients in Table 6
is in determining fhe‘intraband.réduced transition streﬁgths B(E2), for
the %—+ [624] band in HflT7T_IThe El transition moments in Table 2 (with-
' 9

the excéption of those leading from the >+ [624] band head) can be

deduced from experimental relative intensities by use of the following

5,

forms:

=15 242 (I+1-K) (I+1+K) (I+2-K) (I+2+K)
T+2+1 ~ 321 © S0 (T+1) (21+3) (1+2) (21+5)

| BK(Eé) (12a)

~ for levels depopulated by "crossover” transitions, or



Table 6. Computed wave function coefficients associéted with the eigenvectors describing the

fitted energies for the Hfl77"g-4_{62h] band.

| . 2, il3/2 orbitalv
| 4 1 3 s 1 g 1 13
oo me 2 2 2 > E 2 2
1 0.00k 0.014  0.062 - . 0.255 0.965
2 > 0.002 - 0.011 0.059 0.2k 0.968
¢ 3 0.003  0.011  0.053  0.23%  0.971 :
1 0.006 = 0.029 0.110 0.35k4 0.916 0.148
SN 2 0.00k . 0.02k 0.106 0.343 0.921 0.1k47
2 3 0.005 0.023 0.09L 0.325 0.926  0.165 ,
1 0.020 0.052 0.159 0.k27 ~ 0.867  0.194 0.021
i3 > 0.011 0.0k1  0.15L 0.416 0.87F  0.19% 0.016
2 -3 - 0.017 0.0Lk2 0.136 - 0.340 0.882 0.221 0.025
- 1 0.017 0.073 ~  0.206 0.477 0.822 0.219 0.033
1 > 0.012 0.059  0.202°  0.h73 0.827 . 0.219 0.026
e 3 0.017 0.059 0.178 0.439 0.839 0.256 0.0b1
1 0.056 0.113 0.260 0.519 0.770 0.228 0.0k2
i o 0.031 0.086 0.250 0.518 0.779 0.231 0.033.
.2 3 0.051  0.097 0.227 . 0.k81 0.792 0.27h 0.053
: 1 0.033 0.127 0.298  0.598 0.732 . 0.235 0.050
12 2 0.023 ° 0.10h - 0.292 0.552 0.736 0.237 0.039
2 3 0.035 0.109 - 0.262 0.510 0.756 0.288 0.065
| 1 0.119 0.195 0.359  0.570  0.665 0.222 0.051
el 2 0.063 0.1b2.  0.339 0.579 0.685 0.232 0.0k2
< 3 0.120 0.183 0.326 0.539 0 0.278 ~0.069

.688
% . : :
The results from calculations as follows: ‘

(1) n =14, e from Ref. 7, k variables, g = 0.13 keV®. (2) n =5, e, from Ref. 9, b variables,

g = 39 keVg. (3) n=5, Ei from Ref. 9, 9 variables, g = 0.11 keVg.

—

-05-
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15 o2 Qé K2 (T41- K)(I+1+K |
T+1-T 167 © %0 T(T+1)(: I+3)(I+2)

(E2) (12v)

for levels giving rise to "cascade" M1-E2 transitions. These expressions,

howéver, assume the purity of the K quéntum“number. We know from the

Coriolis band-fit for the %—+ [62L4] band that each spin state is in fact

characterized by a wave equation containing appreciable mixtures of

'components for which K # %3 which we represent by

13/2
‘P:Z'ad).. a2=l
KK " K =
: 1 K .
K“z

The expressions (12a) and‘(lEb)'are now

Nr\au—' .

L5 2 2 Z ;
B(EB)I+2+I =S5 © 9% | a, B (E2) (12a')
‘ L K
| L >
15 242 Z 2 \
B(E2) 157 = 167 € 9 aK B, (E2) (12p')
- L K

“In deducing the E1 strengfhs, itbig»of course preferable to‘use»(l2a)
and the presumably pure E2 crossover gémmafray intensity as a reference,
and- this We'have done, excépt of'course.for the E1l transitions leading
 from the %;~+ member of the_band. Hére,.fhe M1-E2 mixing fatio isvalso

' required. This quantity can ndrmally_be_deduced from the crossover-to-

_cascade gamma-ray intensities and is given by
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PR
1 T'(Ml; _ K 1
2 T m(E2) [ 2 T
5 A TT(E2) a b
ik KK
where
2
| | | [ZTKEQ aKCK]
\ T(E2) _ _ ___ K
- T(ER) 4 T f[z:n%mmaﬂk]% [ V‘T@Mﬁﬁ42
| L E o K

The primed and.unpriméd quantities fefer to cascade.and crossover
v fransition probabiiities, respectively, and the coefficients ays bK’ and
¢y are the wave function;amplitudes‘fromvTablé 6 for the I, I-1, and
I-2 spih members.of the band. All bfsthe'transition probébiiities'are
bf courée fof pﬁoton emis;idn onl&. |
The'experimenfal crossoVer;to~caééade ratios A frdidecay of

Lu177m have thus béén used to Cbtain the plot in Fig. 11, shbwing the
MlmEEImixiné ratios for calcﬁlations carried out both with and Without
conéidering the effeéfs of Cofidlis mixing. Extrapolation to spin‘
| %l'yieldS’the desired guéntit& 1/62(= 8.8) for ﬁhat spin state, and.
_allows us to compute the.fémaiﬁing El transifion strengths. In -all the
calculations we haﬁe assumed the intrinsicquadrupole-momént
32

.QO ='6f85_barns. Thé 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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| MI-E2 ‘branching ratios in K =3+band of '77Hf
o éz assuming Coriolis mixing

- ' i - =-§. .
12.0F 032 for pure K =73+ band

l J
52
10.0 -
gor- | - A

|
21
2

L |
3 15 |

2 2 -
Initial spin, I;

6.0

|

M)
3l

.XBL675-3026

" Fig. 11. The M1-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. Lul77m.?
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7T

probabilitiés of all the AK = =1 El‘é ;ﬁ Hf for which we have
measured rélativé'y*raj‘inténsities. Moreover, the magnitude of the
various.components of diffefiﬁg K mixed with the "K = %—+ [624]"
rotational band is seeﬁvtq be»largé, and it'ié'nqvionger unexpected thet
the admixed components might.éxercise prbfound iﬁfluence.bn the E1
transiticn moments;

i 3-zarameter phenomenclogical interpretation of the Hi~ STl

LA

transitions utilizing properly normalized wave functions

We have seen.from diagonalization of the full rotational energy
matrix including'the pérturbihg Coriéiis off--diagonal elements that the
simpie firét—order.wavé.functions of Eq. (11) wili not be proberly
" normalized, and if used in a calculapioﬁ; they theréforé.cannot be
expected to yield cbrréct absolute El.transition probabilities. A more
sophisticéted,phenomenologiééi treatment of the probleﬁ would simply
make-use of the Nilsson~waﬁe_amplitudes obtained'from the Coriolis matrix
vdiagonalizaﬁion described in the-previous section. The terms which
should then be considered up to first éfder in analysis of the Hf177 El

transitions are the following: (1) the principal 2 4 [624] » g*~ [514]

2

component {oli . =L e : :
_ ponent, (2) the Coriolis-admixed (X = 5 +) > 5 - [514] components and

) O'. ,- ) N ’

{(3) the §-+ [624] » (K = %——) Coriolis-admixed components. Using the

wave amplitudes for the strongly cbupled. £'+ [633]_i13 component listed

in Table 6, and estimating by first order perturbation theory the much smaller
mixing of ¥ = 2 Qémponents'intb the X = g--'[Slh}_ground band, ve can

2
modify Eq. (10)

ot
O
=
[0
W
1
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_ 9 e Ty -
B(E1) = [M (1,15 1|If 5) ag.b—.+ M (1,150 ]I 8z by
2 2 2 2
' (15)
' 2 9 2
+ MA(T15 o!If >) ?Q‘bgﬁ
22
: where it is assumed
V. = a_ +a_ Y + . ,Za2=l
i 99, 11, K
2 2 2 2 K
| (16)

=N

Vembp b emg
2 2 2

AS

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

because it is not wvalid to assume'that a =1, If a =1=0b

9 9 1’
5 2 2
then (15) becomes ' :
~ 941 T T id
B(E1) —-[MO(I 15 - ;l;f 5) + M (1.1 o];f_g)

17712

- e (112 oz, 2 Txx, 2
VI(T+1) - KK+ My(1,15 o] T, 5)VE(IHD) - KK,

-Using the algebraic forms. for Clebsch-Gordan coefficients, this

E may be reduced to

—]_— B
B(E1)° . s
S e W) - /BT - D)+ M,
(r.12 - 1l1. D 2 £ 20
iT2 °f ?
for the cases'wgere -AI = <1, to
B(E1)"
5( e E (1 + VF'M L)+ it’ [, + 1]
(T35 - 11, %) 2 12
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for the cases where AI = 0, and to-
1
B(EL)® . T
. = (M, + V2 M)+ V2 (I, + %) M, + M]
9. T 0 2 f 2 1 2
Ufg"lﬁ =) ot

T2

for AI = +1. We see (éf. Ref. 33) that indeed the reduced E1l moments

can be described in terms of two new variables A = [MO + /§1M2] and

1
A2 = {Mi + M2]. Therefdre-(lS) reduces to (10) if the‘principal
K = % + [624] and K.= g—— [514] components are assumed to dominate the

wavé function for all spin states of their réspective rotational‘bands.
The validity of thisvappfoximétion, and fhe accuracy of the

treatments first applied to the AK =v—l El's in Refs. 13‘and 1L cén

vbe evaluated by-conéidering the plots in.Fig. 12.which comparevwith

" experiment the absolute El transition strengths predicted by simple

“theory for the AI = -1 and AI =0 El's in net T, (The single
AT = +1 transition [Ii = %—+ If = %;J observed agrees well with the

theory, as we have seen from the branching ratios displayed in Fig. T7.)

To obtain the parameters MO and Mi’ the experimental values of
B(El) for the highly-hindered 321-keV %—+‘+ %—4 transition and for the
essentially unhindered 208-keaV %-+ 4’%‘— transition were used in Eq.

(10) andvthe quadratic ééuatioﬁs‘were solved 'simultaneously to yield the
two étraighflline solutiéns indiéated; |

" It is seen in Fig. 12 fhat?féf_spins gréater than %is phe
calculated absolute transition.f¥obébiiities ¢xhibit increasing positive

disagreement with experiment because of the predominance of the

‘spin-dependent factor in the Coriolis matrix'elemeﬁts <f|I+j¢li )
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Fig. 12. Comparison between éxperiment and the theory of Refs. 13
and 14 for the absolute E1 transition strenztiis in Hf177.
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‘The inadequacy of the flrst‘order perturbatlon treatment is here
clearly evident. In fact, 1nterference from AK 0 components is so
large in this case as to be comparable invmagnitude to the "principal"
AK = ~1 component.

When normalized Coriolis-mixed uaVe functions (16) from a full
matrix diagOnalization'arepused, however; the two parameter theory no
longer gives a linear plot and mucb closer agreement with experiment
can be obtained. Moreover, theitbird term in Eq.'(ié)"can éive still
better fits to experimental’ualues of the El strengths. Figures'13 and
14 show the normaliied‘three parameter.fit in comparison with the simple
two—parameter fit and with experiment. In this case a system of three
equatlons in three unknowns was obtalned from the El triad leading from

9 7 -9

the < + band head to the =

5 5T 5 s and .l}'- members of the ground

.2

rotational band, and solution'of the equations yielded appropriate values

‘for the parameters M. in Eq. (15).

My> Ml’ and M

2
The remarkable quallty of the fit thus obtalned prompted an
attempt to account for the observed absolute El. strengths w1th1n the

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

results of that study.
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' Fig. 13. The normalized three-parameter fit of absolute reduced El

strengths in 1|1 for the AT = -1 class of transitions. Theory
for M = 5.5 X 1073, M = 3% x 1073, and My = =h.5 X 107t
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17T

C. AK = -1 El Transitions in Hf*'' in the Unified Model

1. Deficiencies of the simple Nilsson model

17T

The 16 El's in Hf provide an exceptionally}rigorous,experimentalv

 test for theoretical study of IAK|.= 1 Bl transitions. As is typical for
| | ' 177

this class of transition, the Nilsson hindrance factors for the Hf

El's vary radically from near unity in several cases 1o ~103 in the case

of the 321-keV transition between the %—+‘[62h] and g—— [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.théory.
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 oﬁserved'ébsblute transition rates. The results

of such a caléulatioh are displayed in Table'7. The wave functionsz

assumed were of the form_(l6), where the coefficients for the’lérge_

wavefamplitudes»associated'with the membérS'of the il3 single particle

) o o) ‘
state were taken from the matrix diagonalization described earlier. In

addition, all other significant componenté'were considered, including

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

amplitudes, but large unhindered El transitidn moments according'to the

Nilsson asymptotic selectioh-rules. ‘Cancellation of the:two large
Coriolis-mixed compohents:_%'+ [633]-+'g'—,[51h] and 'g-+ [624] -
g g~— [514] reduces‘fhe'calculated'magnitude of any Coriolis-mixed El

‘ components to the order ~'1o‘¥, much too small to_éccount for the large

interfering components evidericed by experinent.
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Table 7. Calculated partial El moments for 'Hn‘_‘l'.(7 El transitions.

Obtainedvusing the Nilsson model estimates only.

Estimated E1

G(E1) transition amplitude
9/2 + [624] » 7/ - [5141% 2.6 % 1072 5.7 x 1075
/24 [633) » 7/2 - [s14]  -1.3x 1072 1.x 1070
/2 + [624] > 7/2 - [514] | 1.0 L1 x 1073
7/2 + [613] » 7/2 - [514] 0.137 o5 x 107
T/2 + f6oh] > 7/2 - [514]  -0.190 very small
9/2_4'[62uj > 9/2 - [514] 0.960  -3.8x 107"
9/2 + [624] ~ 9/2 - [505] | -6.2 x 1073 1.0 x 107"

* : : -
"Principal component.
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‘The possible iﬁfluence-of pairing oﬁ'the AK = 0 ana
|AK] = 1 E1 transitions in odd—A:nuclei was discuésed in Ref. 1bh.
It was found.by Vergnes and Rasmuésen:ﬁhat inclusion of pair-reduction
factors tended to déstroy the already rélatively good agreement'withvthe
Nilsson model of the AK = 0 El's, while aidiﬁg the agreeﬁeﬁt betweén
experiment and theor& for the IIAK! =1 El'transitions. But it is clear

from Table 7 that in the case of Hf177

even the‘éffeéts 5f pairing could
not repair fhe»situafion——there simply is not availablé a calculated
admixed term of suffiéient amplitude'tpvaécount for»thé effects seen
in Figs. 13 and 1bh. | | |
Vergnes ahd.Rasmuésén_also prdposed, howevef, that the coupling
of single particle statés with collective.excitations of the even nuclear
core ought to be cohsidered in attempting to expléin the enhanced E3
tranéitioh'rateé obséfved in rare eafth,nuﬁlei. Moreover, the possible
influence of such‘"odd—particle with octupole—phonOn” components on

AK = 0 El transitions was firstAsuggestedvby these authors.

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

17T El's

34-36

Tﬁe'strong influenée of‘Coriolis coupiing on the Hf
has already been discussed'and demonstrated. Recent developments
in the theoretiéal ihterpfetatibn bf the collective octupoie vibrational
mode-in.deforméd nucleiband itS‘appérent épplication to-the iﬁferpretation
. of the AK = O.clasé of El1 ﬁ:ansitioné‘stfength337’38 suggest g'éimiiar
importént influence on'the>'AK.= 1 E1 transitions, éll of which evidently

have relatively large AK = C‘Coriolis—mixed components. In the following

pages we will show that a deﬁaiied”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) bctupole vibration-particle

17T

coupling on the: AK = -1 El1 transitions in Hf is capable of explain-
ing rather well the anomalies of the absolute El trensition rates in
this particular ease.l9 We first consider briefly those elemenfsvof

pairiﬁg theory and of the collective model necessary to an understanding

of the ensuing discussion.

a.. The inflﬁence'of pairiﬁg on . the.transition rates

The influencé of péiring on the multipole transition matrix
elements and on thé COridliS'C6upiiﬂg matrix elements must be carefully
assessed in orde? to carry oﬁf the proposédvbaiculations.

Thé.suécessfuludevelopmént of the theory of superéonductivityBg’ho
 suggested that,.éven'aé eleétrons'in ﬁhé supercoﬁducting'state
apparently havé_a'ténd§n§y féjpair inﬁd'Quasi"bOuﬁd»states of ‘equal and
'opposite momenta, soO nucleohs near thé nﬁéleér Fermi surface may dis-
" play pair»correlatibn properties of a type similar to thoée found in
superconductors. vMore_specifically, the .appearance of a sizeablé
enefgy gaé Eetweeq the ground-ahd first excitéd states of éven—even"
.nuclei,was»cénsideredbto be analogous to fhé énergy gap.in super-—-
conductors arising ffom the cohefent»interaction of electr@ns.

- “_In a sémi—qﬁantitative way, we'may‘pictufe tﬁe origin of pairing

.effects on nuclear electromagﬁetié transition probabilities és folles:
Ir ﬁhé nuclear fermi surfagé'isvreprésented b& X, and the single~

.particie average field level by Ei,:the Boyolyubov—Valatin transformation
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of the Hamiltonién describing a system of intérééting particles leads
to the new quasi-particle nuclear sfafes; a superposition of the old
nuclear "hole" and particle states.hl» Thebpréviously coﬁpletely
occupied "Fermi sea" becomes.a "Vacuum”,‘a ﬁodification analogous.tb
that.occurring to tﬁe Fermi gas of electrons in a grystal,lattice when
the superconducting state is achieved. The»oecupation pafame£ers Ui
and Vf ~are then QSed to denote the probabilities of finding the qﬁasi—
pafticle nuclear state‘unoccupied orIOCcupied by a pair of nucleons.
Transformation from particle and hole states to the new guasi-particle
states depends on the particular éhoice, Ui =1 (Vi = 0) for states
above the Fermi sgrféce (Ei'>vk) and Ui =0 (Vi = l) for states below

the Fermi surface. Ui and Vi may be determined from

€. - A
2 1 ;. i o
Uy = =g
V2 = l-[l _ E1 - A]
172 T TR

‘which also expfesées‘the-nbrmalization condition U? + Vf = 1. Ei
is the energy of the quasi-particle state, which is (for Ei’ as usual,

. relative to the Fermi level \)

where A, the nuclearugaﬁ_is1approximatelyvone~half the observed

energy gap in even-even nuclei, and is defined by
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A=GZ'U.V.
} 1.1
. i

~

G being the pairing forbe.constant} ‘The Ei are defined by

where Si is the averagékself~cOnsistent field energy of the single

. particle state 1. The pairing_fdrce'parameters G are usually chosen

to be approximatelyQT
G = l§'MeV fdr ﬂroto and
P A _ ! P ns‘ n
G E~22'Mevr for neutron
Oy Ta n ‘ S.

In even-even nuclei the pairing gap manifests itself as an
energy difference bétWeen the'ground'and_first excited state( Formally,
. the ground staté is considered to be the vacuﬁm state of the quasi-

particlés, defined by

Creétion of two quasi-particles produces a new state

Y = a0 o, WO with'enérgy approximately.equal to the sum of the
1 2 . ) : ) : . e

~two individual gquasi-particle state energies:

E = E_‘+_E‘ = vasl,n_A)2_+ A?-+A\/(eé.u A)g + A2 .
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~ o

so that for ei 5582 = -the minimum excitation energy is 2A. For

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

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

WO = az WO has the energy. of the lowest one—quasiparticle state, (i.e.
1 o o '

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

are given by the quasi-particle excitations, and there is no observed .
energy. gap. The energy of the single quasi~partiéle state is therefore
- ~ >, 2 |
just E, =.\/(e. - M)+ AT
i i

The effect of pairing interactions on spherical nuclei was con-

sidered invdetail‘by-Kisslinger and Sorensbn,h2 and of special interest
to.us isvtheir'expression for the influence of pairing on electro-
magnetic transition probabilities; Here, the one guasi-particle matfix_
élements of the elééfromaghetic multipole operators are related,to the
single-particle matrix elements by
0 o0 | T |
( Q = - (- {3 3 )
Yo% m |10 )l“j.m.wo Y= (U - (21)VT) meflMlJimi
fr il S
(17)

. . : : . R

where 0-=M or E corresponding to the magnetic or electric 2 -pole

- T
operatgr? ajm(a.

Jm) is the quasi-particle creation (annihilation)

operator, and T is 0 or l,‘depending.upon whether the operator does
nbt or. does change sign -upon time reversal. The reduced transition .

strength then becomes

. s
= } e = (. +
B(ol) BSP(OQ) R°, 3”} (UiUf yiv
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The effect on_electrbmagnefic transition probabilities of  the
so~called pairing reduction factor R ﬁas also considered by Grin,LL3
U:r‘inLLh aﬁd,.more exteﬁsively, by Sol'ovievu5 for the case of deformed '
nuclei.  Vergnes and Rasmussen diécussed in some detail the effects of
pairing on El'transitiohs'in odd-A nucléi5 and,.as we ha&e méntioned,
demonstrated the inadeqﬁacy of péiring effects alonerin_attempting tb
explain anbmalieé in the E1 rates; The éonclusidns of Vergnes and

10,46
- a

Rasmussen were supported in similar studies by Berlovich, nd

Gadetskii and Pyé.tov.h7

The laﬁtef autHOré, it should be noted, havé
made detailed calculations employing coﬁventional and projected BCS
wave fun¢tions, both with and.without consideration of the effecfs
- of "blocking" (excluding for péif.occupation the sihgle—particle
orbital).iﬁ each"case. Neveftheless, they qonclude "our calculations
have nbtsled to satiéfactory égreement between the theoretical and
experiméﬁtal B(E1l) values.”

Finélly, men£ion shoﬁla be made of the Ikegami—Udagawah8 (1U)
method of apprqximating‘the pair reduction factors for electric gamma-
ray transition probabiliti¢s with use of experimental data on the odd-even
mass differénce. Their method, applied originally only fo spherical'_-
nuclei, is of some interest to the El tfénsitions We consider, although
. theblefel_density in defdrméd nuclei may cast some doubt on_thejvaliéity
f.of the assumptions in these céses. ”

~ Briefly, the IU method.assumeéfthe'enérgy of the lowest quasi-

Al
~

particle state, E =‘/Q€f - A)e + Ad_‘ﬁo be given by E

£ = A, i.e.

f

it is assumed that efEE A and that the lowest single particle state
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is close to the Fermi surface. The quantity A -is evaluated from

Ly

odd~even mass differénces21L9 where-it is assumed A = E— b(n

)(Z, N). Then

the hindrance factor R for electric transitions is reduced from the

L8

form

)2 =

e
i
-
}_I
+
o
o]

(UiU

£

—‘Vin

to
2 ,
)

o (E, - E E. + E.\2 ' '
25 £ ( i 7By > : . x
R = et - . . (19)
L Ei Ef 7 ai . Ef ‘ _

For trahsitions’to the ground State, where (sf —Ik) =0, this becomeé

Rl Y I ()

the form used by Berlovien® in applying the method to a study of
anomalcus Bl transitions. In the calculations we will describe, we
have generally used the form (18) to determine thé vair reduction

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

b. The influence of collective motion on El transition rates

The theory of collective vibrations in nuclei; first dealt with .

B

in quantitative detail by'Bohr and Mottelson, suggested the interpre-
tation of cértain nucléar’states as afising‘from'core vibrations of the
nuclear matter. In the région of strong permanent nuclear deformation, the

quadrupole vibrational modes can be_éither'of two types: 1) those

: Which preserve cylindrical symmetry (Beﬁibraﬁions) and 2) those which

>
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lead 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 staﬁes of even parity

in heavy nuclei.sov—s’)‘L

In addition to these quadrupole vibrational modes the existence
of higher-order vibrations was early suggested by Christy and Aldé?,'

55

et al. to explain the systematic occurrence of hegative-parity states

" of excitation less than 1 MeV iﬁ the actinide regioﬁ of deformation..56’57
~ The obéervation of‘oétupole Vibrational states in deformed nuclei in both
the lanfhanide.and'actihide reéiéns has since become a rather common
;occurrence,'but a quaﬁtitative theoretical e#planatibn of the experimental
: dafa introduces conéiderable hathematical difficulty. Lipas and

58

Davidson have_treated quantitatively the octupoie ¢ollective vibrations,

:simplifyihg the problem by assuming the occurrence of only the Y

30
' ahd Y3+2 harﬁonic modes, together with the B- and Y-vibrational modes
in describing the nuclear shape. Further consideration of the topic has

36

comé’from Leper,59 Lipas, gﬁ_g&,;éo and Vogel.
Recently, Soloviev.and co-workers at Dubna have carried out
exténSive calculations enfirély within the framework of théir "superfluid"
ﬁucleaf.model, ﬁsingvfhe method of approximéte second qﬁantization.6l;63
The Dubna group has éttemptediwith coﬁéiderable'succesé to explainbthe
 vqtadrupolé and octupoieTéollective viﬁrational'modes at the ﬁost
fﬁndameﬁtal level, i.e}.in fermé éf residual ihteractioﬂs Between tﬁe'
‘ individual nucléons. 'éﬁéh ihteractibns give rise not only to paifing

correlations, but also to the collective surface vibrations usually

]
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interpreted accordiﬁg:fo the"liéuid drpp model; /Usiné>éuch a truly-
microscopic, mahy—Bédyvapproach to the nuclear problem, Solé&iev has
predicteé a Variéty of'broperfieévof the;nﬁclei in the lanthanide and
actinide regions of deformation.i:

It is‘possibié, hdwever5.by using a phenomenological approach, to
treat the problem éf-non—rotatiOnal collective states in a more simple
but; for our purposes, quite meaningful wéy. Donﬁer and Greiner have
recently extended further the eaﬁlier work of Lipas and Dévidsoﬁ6
describing the nuclear octulee harmonic oscillafions and, using the
"dynamic collective.;cheo’ry”,éh ha&é made detailed calculations and
_predictions éoncérning the ﬁroperties of the nuclear octupole states in
deformed nuclei.sh Proceeding entirely within the framework of fhe
collective model, the authors consider the electric dipole transitions
in these nuéiei to arise from admixtures of the giant diﬁole resonances
into the octupole.excifatibns, and ﬁake quantitative estimates of these
admixtures énd their'consequent electric transition rates: We'pfesent
here the points necessary to our later discussion. -

_ The'octupole states are freated using’a’Strong¥coupling-mode1
wﬁich coupies the octﬁpole'phdnoﬁs to a spheroidal nucleus. The form of

29

the total Hamiltonian describing thevsystem_is:

= H_ + H_o 4+ + +
i H2 H3'+ H23, Hrot Hvib,rot Hcor

where H2A répresenté the quadrupole vibrations, " H3

the'intefaétiOn,between'these two vibrations, H

the octupole

vibrations, H23 rot

the rotational motion of thé Qucleus,“H the rotational-vibrational

vib,rot
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interaction, and HCor 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. + H +
: rot

The last term repreSents the major (diagonal) energy contribution:
from the rotation-vibration interaction, and removes the degeneracy of

, th ial -
3 e axia

projections of the total and octupole angular momenta, respectively.

the several octupole stafes characterizéd‘by K and J

Four sets of.octupole states are predicted; three of them bésed bn a one-
phohon octﬁpole’vibration supérimpésed Qn.thé 1) groﬁnd, 2) vaibrational,
and 3),Y;Vibrational’states, and the fourfh being COmpésed of fhe two phénon
positive parity octupoie states. The predictéd octupole_vibrational bands are

23

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

further;split by the interaction H which is treated as e ?erturbation.
‘aﬁd Hamiltonian used.

of particulaf interesﬂ,to cur problem are the caléulations carried
',out in Ref. 3k estimating the maénitude of the Couloﬁb interaction between
'.the giant dipole resonances énd the ocfupoie_vibfations; since;it is
“this interacfion that”ié-présumed to give rise to the céllectife El
transitions in thé eveh—évén deformed'nuElei. Detailed wa&e fuﬁctions
for thé giant dipolefresonances have beén given byﬁAfénhﬁvel, g£&§;.65
Since the energy of’thé giaﬁg difole'fééonaﬁcés is ® 15 MeV, and the

3L

interaction energy is estimated to be ~ 0.7L MeV" ' a first order

perturbation treatment is sufficient, and the perturbed
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octupole wave functions are

'IMKJ

' n n, n ’K—Jél::> :

n n,.n ]K J. I::>

3720722 30720 22

(21)

E: x[wlw |

3

|5, o>

20722

_ "0

where the Y are the unperturbed dctupole‘states, X represents thg wave
fnnctinn of the giant-dipolé resonange, W is‘the Coulonb intéracfion,

the n representvthé nnmber of phonons in coordinate.spéce aém(Q=l,2,3),
and O .is the projectién ofxfne gianﬁ dipolevreéonance on tne symmetry

axis. We are cbncerned with the simplest octupole state, for which

K=0,J,=0,n,=1,n, =1, n,,=0 aéd 0 = 0. Then (21)
" becomes
MO I IMOO I MO
: +
IQllOO : LPlQOO CO X100 (22)
with the giant dipole admixture coéfficient given by
10 0 T3 3 3
. C3O . ,
for E3 =h 3 60 the permanent quadrupole deformation parameter,’
. v 3 .
3

- and the coupllng constant ‘7C
Using the dipole operator given by Refs. 6L and 65, the reduced
transition strengths Tor the collective El transitions arising from

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

- .+
relation for the (K, =0 +K.=0), ]Ki - J3! =0 class of El
transitions is:

_B(E1) _ .. =22 o ' "
B (5] - 5.74 x 107 A ¢g (1,100]I, 0), (2k)

where C, 1is given by (23).

Equation (24) provides a useful estimate of the collective E1

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

encountered case. If the coupling constant K is known,&t’66 the

3 2B E

' . ' - h
. only free parameter is the octupole transition amplitude (a_ ?= .
: , S o , , 3E53

It is this parameter that is crucial to the calculations for

MK = 1 E1 transitions in odd-A nuclei. {a,) can be determined from

3
B(m3) = [ z B Ca,) (3300]00)1%

if B(E3) is eXperimentally measured by Coulomb excitation, for example,

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

176 178

the value of f{a_) for Hf or Hf Consequently, in the

3

éalculations we describe, (a_) 1is allowed to be a free parameter.

3 ,
3. Method of calculating absolute AK = 1 El transition strengths

17T

in odd-A deformed nuclei
-Before proceeding with thevcalculation of the Hf 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'tne‘Elvtraneition moments within the Nilsson
model; even when the effects of Coriolis coupling and pairing are
considered. The difficultiesbwere‘not unexpected, however. When viewed
from the perspective‘of the Niisson model in the iight of later develop~-
ments in the ?superconducting" theory of nuclear matter, it was seen
in 2a that electric dipole trénsitions'provide a most sensitive test
of the adequacy of present'nuclear.modelsf' Finally, the early suggestion. i
of_Vergnes and Rasmussenlu conoerning‘fhe nossibleoimportance of the -
octupole vibrations in expiaining the anomalies of E1 transitions has
fecently been followed by'calenianions which apparently demonstrate 
the significant inflnence of oCtupole vibfeiional modes on AK = O
El transitions in ooo—A deformed nuelei.37f38 Theée‘resuits;vCOﬁpied with
the conclusions we have noted in.(i,B.S)'have suggested a similar
important infiuence on |AK| = i El tfanéitione, ail of whicn apparently
have relatively large AK =0 :oomponents;

In our calculations we heVe adapted the apnroachnof Faessler
et a1;,38 while making use of the reoent oonnfibution by Donner and -
Greiner3h toward the.understanding of the.Ei'traneitions originating from.
octupoie vibrational states'in deformed eVen-even nuclei;_ We use as a
starting point the,Nilseon modei, bnt include the ciearlyvimnortanf
.Coriolis coupling effects."'ﬁowever, the nueleus is now_tneateabas'an
assemblage-of quasiwpafticlee,iand;,éifhough wé ston'short of'fhe microF _.
sCopic treatment of Solovien,62 neveftheiess_partioular—attention is.“

given to the quasi-particle'stateerin the vieinity of the Fermi snrfaeeQ:
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Finally, the_interactionibetWéen quaéi4particles and nuclear surface
vibrations is consiaeréd and found thbé of éfiticalvimporténCe to the
success of the calculéﬁions.

We begin by writing the Hamiitonian‘for theiodd—quasiparticle system.
of stable quadrupole déformatién andwharmonic octupoleivibrationé. Tﬁié.
is

B=fgp * By * Hype ™ Hrec

which is a,compoéite in.four*termé:Of: 1) the Nilsson Ha.milto'nian7

+ s+ D82,

- 2 2
Hep = %h@o ( Atz O H Y20

and 2) the_Hamiltonianvdescribingvthe collective motions

_ - . v
Hcoll : Hrot_ Hvib'

"which is a sum associated wifh the: single particle coupled to a rotating
symmetric top
22,

]

24
)+

2 o
h > 2 .
(1 3 = J3

ot =2, -1

and with theiharmonié'octupqle oscillator

C
_ : o ~30 .2
H .. =- , + a
- vib 2B3 3&2 : “2 30

30

is the oscillztor

wvhere B., 1is the nuclear mass. parameter and C3
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"spring constant'; finally;’we have the 3) rotatioh*particle and

4) vivration-particle coupling interaction Hamiltonians:

2
h S . '
Hgpe T T 2¥, [T+ 13,1
| | B (25)
H = -hy a o f
“vpe 0 %30 30

In the abdve5 the moment of inertia is-given for the spheroid by
- ap g2
:fo = 3B,8,

where B, is the mass parameter associated with the permanent quadrupole_

2.
deformation and BO is the déformation parameter mehtioned earlier.
 The unperturbed wave functions will be of the product form

Y= X d

vibéDrot or more expllcltly

part

. . | 1 :
. v - T
_ el (9T L, .y 2. gk
¥ = V 162 JDMK-XQQ + ) T By XQa)

and will be denoted by .

n3o:::>

WQ = |I;Qq;:§30 ?

-whére the Qa: ére'the'abpropriate Nilsson single particle states

end n is the number of octupole phonons with J, = 0. The octupole

~30 7 3
oscillator wave functions are conveniently described to first order in

second_quantizatioh nbtationIQSBS
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1 oF 30, o S
= : + ...
Ingy? 7T (B30) Tlo> + ... | (27)
‘where B;O is the well-known phonon. creation operator related to the
a coordinate by

30

_h ~g
830 © 75%3 ; (830 "'830)

The groundvstate'wave'function'(QT), !n.'= 0) , it will be

(@3]

recalled is just

P3%
“oh 2

e 8

Jo) = 20

0
The wave function (27) gives no contribution in firstvofder to the E1
transition probability, sinbevit describes in no way the nﬁclear'charge
o : o . 66-68
polarization required to generate electric dipole transitions. The
El transitions themselves can be interpreted as arising from small
-admixtures of the giant dipole resonance, as we have seen in (IT.C.2.b).

For. now, we wish only to make use of (27) to. . find the perturbéd wave

" in the odd-A nucleus Hf' (!,

functions appropriate to'calculating.ﬁhe' AK = -1 El transition strengths
To that end, we require ‘the ﬁétrix!elements cdupling the ground

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

, i 3
elements are
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Z s
) aSZiAia!ZfAf AiAf

<I., QOLf, lIHVPCII, Qai" 0) = —-hwvﬁ;ﬁ?
| irtilr

x \/7(2Qi+1)/yn(22f+1) x (2.3A.00¢ A)(2 300]2 0)

2y o
X<N¥flrlmfi>

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

coupling states differing in K quantum number by one unit:

1
: 2 =
. Qo N =
(T3 B03 Offpe|Ts @053 00 = - g~ {[X(141) -, (x,+1)]
| 2
x 6KfKi+l <Qf|J+]Qi ) ‘+ [I(Ifl) -_-_Ki(Ki_l)]

SCRINEI

We nowiwrité the wave functions describing the odd-quasiparticle

subjected to both rotational and vibratiohal perturbations as a sum:

=40 * Yree * Hyee

where the'subscriptsbdehote the origin of ﬁhéfferms.

In general, the vibration;particle coupling Hamiltonian HVPC will
- have éignificant matrix elements between those states having the same K

quantum number (and of course opposite parity). This coupling, in effect,
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‘mixes the octupole band of the one state with the other state and vice
versa. Although thére'can-alsc be mixing between parﬁicle states for

which AK = % 1, in general these matrix elements will not be more than

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

the K = 1~ oCtupolé band is_higher;in énergy and the E1 étrength from
34,38

this band is expected to be cdnsiderablvaéaker. Therefore we can

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

AK = * 1 E1 components:

¥ = |I; Qo n=o_> + E:.,‘p&lll;'(ﬂil)ai; Q)_'
| (@), 7 |

.f zz: nd.]IE (ﬁil)qi; 1)
(Qil)ui + :

where n 1is the number of octupole phonons; 0. are the appropriate
Nilsson single-particle ané functions, (Q * l)ui are the significant

Coriolis-mixed wave function components of aﬁplitude Ua , and ni are
the amplitudes of the particle-octupole phonon states. The coefficients

v“a —are obtained by a first order perturbation treatment, or by
i S : o
diagonalization of the full Coriolis mixing matrix when necessary. Second

‘order perturbation theory is‘used to obtain the coefficients. nd. since
the"HVPC' 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 compohents nécessary to calculate the

177

AK = -1 uf~' ' El transition probabilities.
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The zeroth ordér wave Tunctions 'WO are

0)

It

: % + [62hl; n

S
I
=

30

- [514]; ﬁ =0)
f - 30

=

We can write the coefficients ui (when they are obtained by
first order perturbation) for mixing of (9 = g'+) chanents into.

the %7+ [62&]_band as:.

‘;  = L. ColT s .9 1.
L2 (Iié (Qi_f 2 +)oss Q{I+q;|Ii2 S+ [624]; 0)
U = - R' = v - ™ -
a, 2F (E . = E J
i v 9 - 4 ,
: : E + [o2h] s+ o (30)

‘The coefficients -na .iﬁ the case of second-order mixing of the
oy .‘ | . ,
octupole band of the %‘— [514] (ground) state into the initial %-+ [624]

band are given by:

(1.0 =Tevecolr s 17 .2 N

noo= o h° R"<Ii’ (@ = 5 +)oys 0T, 4 |T;5 5+ [624]5 0
oy ¥ -0%2 - E )

- 2e o] Lo

(31)
(1.; L - [514]; n '¥11|H-: 1.5 & +) o3 0, =00
xR 2 > 30 YPC i 2 i’ 30
. 32 ] —'[-ET L E3] '
Zeteal Lol

where the pair reduction facférs Bi_= (UlU2 +vVlVé) and R = (UlU2 - V1V2)

refer to the Coriolis and vibratioh—particle matrix elements, -

respectively.
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The expression giving the <otal El.transitionrstrength for the
177 | -

Hf transitions can now be written. We introduce for clarity the

following expressions for the initiai and final nuclear states:

|i) -="AOI-I; %* 162415 0) + Z ' Z ug.u_.lr; (Qi+)q'i;v 0)
' ’ o o i1

, N S . (32a)
+»Z Z g o 155 (Qi—)ai;b 1)
0 - 11 :
1 1
(£| = BO<I,_2:_ [514]; of + Z Z (13 (2-)ogs 0

(32b)

+ z: §: Tkla' I (Q +) f;.ll
Q >

The total reduced transition strength will be a sum of quasi-
-particle and collective components. The Quasi—particle portion is

obtained from Eq. (9) and'withfconstants appropriaté to Hfl77 reduces

to

B,qp(El) 0. 32O[AOBOG0(E1)RO(I 1% - :L]If 5)
(33)
2

Z Z uQa“ro 1.( LR .af(IlKAKIIff}
Q a, Q0. . 1
i : . S
34,38

 while-thé collective part is given by
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Y (e * s oo toa, ©
& Qioci Qfozf> Qiai_Qfocf 0
£7f ’ :

Bcoll(El) = 0.906
S ' Q

O,
1.1

, 1,
x (IilKiOIIfo)

In order that we may add the El amplifudes, we normalize the

collective portion and the total reduced strength becomes:

oll

ST, |
By oty (FL) 0-3?0[BqIfEl) 8.0 B_

)P, (39

The'uncgrtainty in sign resuits'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 ih'good agreement with experiment,

while the negative sigh does not.
Using the wave'functions_(32) and thebgeneral form (35), we have

calculated the reduced transition probabilities for all the El transitions

in BeY 1. The constants in (33) and (3L4) assume the nuclear charge

3

radius R = 1.2A -Fermi,uand the permanent quadfupole deformation n = 5.

L ‘he .
As before, the rotational constant Eﬁf‘ is taken to be 15.4 keV
throughout. For each set of calculations, a single value of (aQ >,
‘the octupole transition amplitude, was chosen to bptimize the résults,.
‘ 0 ﬂ | o ) | ‘
e — 3 ) . -' — . .
where ;EE%FE; }s related to. CO and to the octupo*e particle coupling

constant K' Dby Eq.v(23)._ We have taken E3 = 1.2 MeV. The semi-empirical
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pairing reduction factors Rd o have been calculated using the form
‘ i'f ' _ :

- (18), invoking appropriate constraints on the location of the Fermi

177 |

level X as indicated'by experimental data for HF The average

single particle field energies '€, from Ref.- 9 have been used to

—~

‘approximate Ei’ and the gap parameter A has been taken to béVO.6O MeV.
The pertinent Wave'fﬁnction cdefficients were obtained by a quadratic
interpolation between n =2, 4 and 6 using the.Nilsson éoeffibients

in Ref. 7.

L. Results of célculafiqns

Table 8 showé the resﬁlts’of-our caiculations‘for the absolute
El transition rateé iq the'nucleué.Hfl77g  Also shown for comparison are
the &alues of B(E1l) 6btained using the tﬁree—parametervphenoﬁonological
treatméht déscribed earlier. Absolute Valugs éf_B(El) éaiculated with
an appropriate choiée of <aé > in séverai cases of interest are
displayed. Column 1 (NC) of fhe "microscopic theory" shoWs the results
obtained wﬂen reasonable aséumptions with fegard to Cofiolié nixing and
pairing‘are taken intdﬁaccbuht and the calculations are performed within
the Nilsson modelgvbut no octupole mixing is assumed. Thefe is clearly
little relafion betﬁeen ﬁhese results énd experiment; Columns 2 and
3 (NCO and NCO') shéw the results for'é calculafion similar to that
vrepresenﬁgd in‘quumﬁ 1,‘buf_withAinc1usion'of the oétupole—particler
~cdu§1ing influén¢é.‘ The fésults’laﬁeled NCO are ob£ained when the
IkegamifUdaga%a apprOximatioh qu R is:assumed‘falid, gnd

A =e . In order tqvgive”agreément with experiment for the

.f [51k]

=
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T V9/2+[62h]v7/2—£51h]) = Ofyg'

UCRL-18651
Table 8. Theoreticél reduced El transition-strengths for Hfl77.
reduced strength B(E1) (Mev;fm3) x 10°
initial final  3-para- microscopic theory experiment
. spin spin meter
K=9/2+ K=T/2- = fit
‘ ne?  meoP wco'®  wcorcs®
9/2 T/2 0.03k 3.4 0.031 0.038 0.03k 0.034(L)
9/2 9/2 7.5 0.74 10.0 6.3 2.1 9.0 (6)
9/2 11/2 3.5 0.05 6.5 3.9 1.6 3.1(2)
11/2 9/2  0.69 2.1 0.69 0.k2 0.70 0.66(5)
11/2 /2 9.7 0.87 12.4 7.8 2.9 10.3(7)
11/2 13/2 7.6 0.06 11.5 6.9 3.1
13/2  11/2 2.6 1.3 3.5 2.3 2.3 2.32(13)
13/2° 13/2 10.1 0.77 11.9 7.h 2.8 11.6(9)
15/2 13/2 5.0 0.7% 7.0 4.6 bk %.3(3)
15/2 . 15/2. 9.7 0.59 10.% 6.4 2.3 11.5(1.3)
i7/2 15/2 | 7.3 0.3 10.7 7.2 6.8 o(7)
17/2 17/2- 8.9 0.ko 8.6 5.2 1.9 h(2.h)
19/2 17/2 8.2 0.1k 13.6 9.2 9.1 .9(9)
19/2 19/2 7.9 0.2k 6.8 4.0 1.4 .6(2.9)
01/2 19/2 11.0 0.01 16.3 11.2 11.8 11.0(2.0)
21/2 21/2 6.9 0.10 5.1. 2.9 0.93
“Assumes A = €1/p_[514]° (a3 ). =0, and Ry = (U9/2+[62M]U7/2—{51h]

by _ oy - 0180 B = o)
)\ = €r/o [514] 50 keV,‘(a3 ) ‘-Q'?“Q{ 30_‘_0'3“'
d - ~ . X o . 3 ‘ . = =
A f_€7/2—[51h] + Tg keV? QCS §olut19n, (a3 )_ valME, R, 0.16.
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highly hindered 321-keV El,;(a3 ) must be adjusted to 0.170. ‘However, the
apparent value RO indicated by - the three-parameter fit of data
(Figs. 13 and 1k4) is = 0.34k. In the column labeled NCO' therefore

we show the results for A = (é% _+60) keV, R, = 0.3k, and
5" [514] ‘

<a3 ) = 0.1k2. Pinally, in column NCOBCS we include a tabulation of =
results obtained using @air féduétion factors calculated 5y‘Vergﬁes and
ﬁasmussenlh from a solﬁtion éf.the BCS waﬁe functiéns for N = 105.

The values B(El) lébeled NCO and Nco' obtained using semi-
empirical'pair rédué£ion factors are Within a factpr of two of
experimentally defivéa values for allvfourteen of £hé oﬁser&ed Hf177
E1l tranéitions.. Moreover, the strengths preaicted for the unobsefved
17.2—.and 41.0-keV tranéitions indicate that. indeed theif gamma-ray | "
intensities should bé.below the detecﬁién limit of presently available
systems. The agreemeﬁt With éxperiﬁéﬁt using the BCS pair reduction |
fa;tors, though still within'én Qrder of magnitude for gil caées, is

r~

somewhat poorer because the orbital energies € differ from the

§20,
best values for this particular.nucleus; and this BCS solution prédibtsv
RO'= 0.16. | | |

In summary., alfhougﬁ mQré.accurate knowledge of £he'pairing reduc-
tion factors and of the colleétive strengths B(El).and B(E3) in odd-mass
hucleifis éssentiéi_fo confirm tﬁe Validity of;ouf‘tfeatment, the
reéuits'of:oﬁr calcﬁlétions ihdiééfé tﬁatfthe‘theoreticai basis for £he

quatitative interpretation'of El t?ansitions in odd-mass, deformed

nuclei -is established.
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5. 'Discussion
Because of the uniquely abundant information on AK = 1 El
transitions (and therefore on nuclear strudture) provided by the nucleus

HleY

» we shall devote essentially all of the ensuing discussion to a
careful consideratién of the significance and feliability éfvthe 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 Pieﬁenbring§9 has recently
proposed the general validity of an octupole vibrationéparticle coupling
quel in interpreting ‘AK =1 Elvtransitions as well‘as K-forbidden El1
transitions in odd-A deformed nuclei; therefore we Will not belabdr’the
poiht by extending our calculationsg fo-other cases for which extensive
ekperimental data are not available, though Wé shall discuss some very
important differenées between our asSﬁmptions and those of Piepenbring.
'To extract maximum iﬁformation from the single experimental case
for which excellent data are available, it is of course necessary to
consider carefully the variousvparameters involved in the calculations,
and the results they'yiéld wifﬁin the model we have chosen. It is,
first of all, interésting in this regafd to cénsider the various com-
ponents contributing té the totai El transition strengths. Counting both
collective and single—partiCle componehts a total of some 35vterms has |
~ been considered, of which perhaps lQ~i5‘(depéﬁding on the spin) are
found to be of major significance; |
If is evident that thé'tbtal El trénéition mbmenté'are‘rathef

complicated mixtures of several components. Some of the components we
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considered are of course small, and partigularly at low.spins,-do not
>contribute significantly to the El1 transition‘strength.” In general,
thé‘experiﬁéntal El transition strengths may be considered to arise from
three sources:

(i) single-particle Eémponehfs.haﬁing large wave aﬁplitudes but
smallvG(El) values in the ﬁilsson model, either because the wave functions
do not.ove?lap appreciébly, or -more frequently because they have Qiai > Qfaf

transition amplitudes‘of opposite phase, e.g., the principal single

particle component %*+'[62h] -+ g-— [514] and the large Coriolis mixed

component %-+ [633] ~ % - [5lh];
(ii) single-particle componenfs having small wave amplitudes, but
large allowed El matrix elements; e.g., §-+ [62L] - g-— [514], g'+ [624]
T _ fsyn].
> - s

(iii) collective octupole components-arising from.the vibration-

HVPC' The resulfs of our caléulations show that

particle coupling,
these.térms, infroduced Via the AK = 0 Coriolis-mixed particle com-
ponents, dominate the AK = Q contributions to the total E1l strength.
The complekity,of the situation is perhaps best illustrdfed by
qomparing the valges fo? the three pafameters ‘MO"Ml’ and M2 ﬁsed

in the experimental fit with the various cohtributing terms calculated

from the theoretical model.. The results of -such a comparison are shown

~

in Table 9 for the calculations assuming X = (87 + 60) keV
. : : ' L 5" [51k4] '
and RO = 0.34k. Since the parameters MO’ Ml,_and M2' were adjusted

using the experimental strengths of the three El;transitions leading

O

"~ Trom the + [624] band head,~the‘caléulated.values ére shown as they

~
<
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‘Calculated contributions to the experimentally derived parameters

Table 9.

MO, M and M, (for = + - g-- transition)ffor net 7T Bl transitions.
initial final octupole mixing (U.Uf-Vin) El matrix product
band band phonons coeff. t o b

n a element
i f product '
9/2+[624] T/2-[514] .0 O = 0.96 0.3k 1.7x107° 5.5 1073
Experimental MO=5.9<10"3'

7/2+[633]1 T/2-[514] 0O O 0.25 =0.57 -8.3x1073 1.2¢10
" " 10 -5.1x10 e ~7.3%107° 3.7x107°
m " 6 1 -8.9x1072 | 731077 6.5¢1073
7/2+[ 624 ] " 0 0 _-h;hxlo 3 0.6h 0.56 ~1.6¢1073
" " 1 0 ~ 1.7x10 -3 =7.3x10 -2 -1.2’><1o‘h
" _ " 0 1 3.0x107° ~7.3x1072 _2.2x107
7/2+[613] " 0 O 6}hxlo -3 0.64 6£.2x10 -2 ‘ 2.5x10—h
" " 10 8.810 " ~7.3%107% -6.1x10™°
" " 0 1 1.5%107° ~7.3x107% J1.0c10™"
Sum=0 . 96x 1072
| ,Expefimental VI (1=K, (K1) My =3 M1=1,0xlo‘2
9/2+[624] 9/2-[505] 0o 0 6. 3xlO "2 o.87 ~3.1x1 073 1.ox20™
" ' ﬁ 1 -0 T7.5x0 -3 --7.3><:Lo‘2 -5.5><1o‘ll
" " 0 1 1.3€0 -2 —7.3x10'2 '-9.5x10_h
" 9/2-[514] 0 0 =3.5x075 -0.31 0.5k 5.9x107"
" " 1 0 -7.9x0 = ~7.3x1072 5.8¢107°
" " 0 1 -1. u>ao 3 _7.3%107° 1,0x10”u
L .3

Experlmental ,/I f+l)-—Kf(Kf+ly

-3 ..

Sum=~0.94x10

M2=3 M2=~l.3>d0‘

-3

aRepresents the wave function coefficient pfoduct for the indicated initial
-and final partlcle or partlcle—phonon states.

bFor particle components,
components, derived from Eq.

3/ e

(1). €ff

(h/Mw )1/2G(El); for collective
We have assumed e

eff

=-(7e/A).
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apply to one particular transition, the %—+ > g-~ 208—kéV El, for which
all first*orieQQCoriolié—mixéd comﬁonents can contribute to thé total

E1l strength. Deépite thé'fairly large number of terms of first or .
_second order magnitude Whichiapparently.are important already at

such low spin, the results a£e seeﬁingly'unémbiguous, Particulafly

significant is the fact that the relative phases of the parameters

1 M2 are cofrectly predicted. Moreover, the results are not

MO, M
merely the consequence 6f chance cancellation among a series bf large
: tefﬁs-of varying phase, Rather, the cqllective octﬁpéle El components
between the |1 + [633]; n = 0, 1) and (L (5145 n =1, 0] particle-
phonon states are seéﬁ to dominafe the Coriolis-mixed .Ml term. Although_
the'zero~phonon single particle éomponents, as we have shoﬁn (cf._Table
7, nearly cancel one anothef, thé:collECtive stfength provides a clear
explanation of the large Coriolis—mixed El matrix elements indicated in
the earlier,phenoméhologicél treatments of Refs. 13 énd 1k, Finally, the
proper prediction bf_botﬁ the,phasé and‘fhe magnitude of the'émaller'
M, parameter provides convincing.évidence for the vaiidity of the
approach we have chosen for our calculations.:

| However, the relatiﬁé,éimpiicity of the_situation for transitions
from the lowést spin member of the %—+ [624] band deteriorates with
iﬁcfeasing rotational eﬁéfgy,_'As.Tablé.9 shdwé, the discrepancy between
experiﬁenﬁ and theory gréwé Qith increasing.épin, untii.at.high spins
a factor of‘tﬁo disagreement can be seen'in épme instances. Table 10
shpws”a comparisop of the imbortaﬁt ferms confributing to the total

9 9

reduced El moment for the < + »

> ! transition and for the
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Table 10. Theoretical partial reduced El moments'fpr Hf177;

=1 = Zoea T =1 =50"
' : L
Nilsson States ’§§Z§§§§e Pertial Bl Ampiitudes"BQ(El)(xlo3)
Qo o Qaf n, -. D I =f%‘ ' I= %l
"Principal" Component'. |
%—+ [624] '% S5 0 o . 2x3E o 2.e7
~ Second ordervS.P.'Compbnents |
S+ [615] Z- (514 0 o o, 0.1k
| % - [505] o 0 0. - - 0.27
Lyreos] 2-1s051 o o 0. o 0.09
,g-f [633] 2 - [51&]1'  o o 0.05 | 0,49
_ g»— [532] O -0 - -0.07 ~-0.50
2-0523] 0 0 0. -3.03
| g-— [512] _6 ‘. 0. ‘o.i8 ' © . 1.1k
Telead]  Z-1s05] o o0 ~0.01 -0.11
| gq— [5233 o 0o 003 | 0.25
+(613] Z-(s12] o o  -0.06  -0.60
+ [612] g-— [51%] R -;.  0o 0.05 ‘,. N 5;32
+ [633}‘» %-— [51&] , ;'o ‘, ' 0 o ~o;03 | -0.09

PR O O

(continued)
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" mable 10. -Continued
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Octupole

L

ok

NN

' . . ' 2 3
Nilsson States phonons Partial E1 Amplltudes, B7(E1) (>107)

' L =2 -2

fhouy o By Pr =2 =53
S.P. Components with Colléctivé Enhancement

2+ [620] 2 - [514] o o 0.52 0.55
10 .0.05 0.05
0 1 . 0.10 0.10
Z-1505) 0 o ~0.17 -0.16
| 10 -0.50 ~0.48

o 1 -0.86 -0.83
‘% + [633] . %-— [51k4] 0o o0 0.84 0.78
10 2.66 2.45
01 4. 60 k.25
+ [624] %—- [514] "o 0. -1.11 -1.57
10 -0.09 -0.13

01 -0.15" ~0.22
g:+ [613] %-— [514] o,"ro 0.17 0.23
| 1 0 -0.05 -0.07
01 ~0.08 -0.11
+l6k2]  2-1523] 0 o 0.07 0.143
10 0.17 S 1.09
0o -1 0.30 1.90

(continued)
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‘Table 10. Continued

o 1
o octupole . - . ' 2 3
Nilsson States phonons  Tertisl EL Amplitudes, B (E1)(x107)
' ' ' =2 - ek
roi Qaf : n,  n, I= > | »I =3
5 5. : | ‘
2+ [6h2] 5 - [512] 0 0 -0.02 -0.12
1 o -0.19 o -1.19
0 1 -0.33 . -2.06
Sum = 7.9% x 1073 5.25 x'lo'3
B(El) = 6.3 x 107 . 2.8 x 1077

% ' g
Calculation NCO' in Table 8.
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21 21

E—-+ 5 - transition. Of particuldr interest are the higher order
% [6Lh2] -+ 2 [523] - and ~é—+ fglo] » % ~ [512] components which

exhibit rather'iarge>éolleCtive contributions'to the total E1 strength

for those transitions between the higher spin members of the two rotational
bands. Howeﬁef, becausé these contributioné are néérlyleQual and'opposité‘
in phase, they essentially cancel. We conclude'frdm fhis

result that the quality ofrthe threé—parameter fit maj have been some;

what fortuitous, resulting microscopically from a near-cancellation of
several terms important for large values of the spih-dependent RPC

matrix elements. On the other hand,'the theoretical model we have

chosen that indicates the presence of large third-order §'+ [642]
- g'— [523] and ~'+ [6&2] ‘— [512] collective El components may be a

deficient or partlally incbrrect medel, which brings us to the next
"part of our discuséion: a cénsideration of the uncerfainties and weak- .
nesses of the ﬁodel.

Although the point is not Cruciél to the description of collective
£l transifions,6o 69 Faessler et al. 38 poiﬁted out»thé con?enience of
representing phenomenologlcally the nuclear charge polarization giving
rise to collective El transitibns as-resulting from small admixturés of
the giant dipole .resonance. The-timelyugontribution of Donner and
GreinerBh provided‘aﬁ explicif inferpretation of this effect, énd the
éuthors pfesented expressions whereby thé collecti?e El moments in
~ deformed nuclei could be related directiy to-fhe giant dipole admixtures.

We have chosen therefore to relate our expression (34) describing the

collective El moments in. odd-A deformed'ﬁuclei to the parameter CO’



95 | | UCRL-18651

representing the magnitude of'the giant dipole admixture to the octupole
vibrational mode. A significant teét‘of the consistency of'buf results

with the general model of Ref. 3k is then provided by examining the
parameter (a__ ) =';fs£L=q‘ . |
' 30 2B3E3

Because of the near-cancellation of two El components nearly equal

and opposite in phase, the calcuiatéd strength for the highly hindered
177

321~keV El1 transition in Hf is extremely sensitive to the choice of

(aBO > (In general the remaining transitions are much less sensitive,

though the calculated branchipg‘ratios are rather easily upset.) Although

ithere exist unique values f(a_.?  which yield the best fit to experimental

30

data, we should not attach too much significancé to the last decimal

places. Nevertheless, it is clear that the values indicated for (a3o >

in the E1 "best fits" are in the fange 0.1-0.2, consistent with the -
octupole amplitude expected in this region, and hence consistent with
the "giant dipole model" and with such experimental data as are

. L S . _ '
available.3 The parameter <a30 > 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. Urif'ortimately9

no such data are available to date for the even-even nuclei Hf;76 and

Hfl78.

Experimental B(E1l) and B(E3) information for at least one of these
two nuélei’is necéssafy for a more critical evaluation of our choices
-
for 234 )
The uncertainties associated with'the‘coileCtive model description

of octupole vibrations also déserve consideration. _if we concede that

the simple octupole harmonic-oscillatdr Eq. (27) provides an
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approximately correct descriptiion 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 inertia. Both of tlLese
aesunptions ought to be good o first order for the strongly deformed

17T

nucleus although, to be sure, at spin 2l and énergy =~ 1 MeV

HT >
the situation may become more complex under the influence, for examplé,
of Coriolis anti-pairing effects.'-(o"72 For the sake of simplicity,

however, we have assumed the parameters 'n,’QO, and F ‘associated with.
the equilibrium quadrupOle deformation fo'be constants. ‘Having dis-
posed of these probléms,;we finally note that the octupole‘vibraﬁionm
particle interaction Hamiltohian'(QS) is taken to be proportiocnsl to

2 3 36

. r 'YBO rather than the r Y5 of Ref. 69. Vogel™ has pointed out

that the octupole potential of the type « r2 Y describes more

30
- accurately the equipotential surface of the nuclear mass possessing
quadrupole and octupole deformation.

There are also, of cdurse, uncertainties associated with the

Nilsson single-particle energies and wave functions upon which we have

so heavily relied. For example, the term

of the Nilsson Hamiltonian (5)‘hésvnonfvanishing mafrix elemeﬁté between
states for which AN =v=v0, * 2,.but the termé fbf.whicﬁ AN. = £ 2 are
neglehﬁed since they are usually sﬁall compared to‘the average energy
separation bétween such states. However, the sénsitivity of El1

" transition strengths to small wave function admixtures having large
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" "unhindered" El matrix elements has been clearly shown (cf. Table 6),

and we consequently should not dismiss out of hand the possiblé effect

of AN = % 2 mixtures in the K = §-+ [624] and K = L. [514] bands

2
in HflTT.

The Nilsson diagram for odd neutrons, 82 < N < 126, (Fig. 9) shows

_that the situation in the case of Hf177'is relatively uncomplicated. o
candidates for direct mixing in either the %-+ [62Lh]  or g-— [51h]

bands are to be found within at least 6 MeV of either state at defermation

€ =0.25. The matrix elemeﬁts' (N'QYIHG}NQ) being of the order =~ 100 keV.
we expect to find wave function.admixtureS'generally < 2%. These could he
significant for unhindered El matrix'elements (cf. Table 5), but in the case
of the most eligible. g—+ [ﬁbh} > %‘- [51k4] transitiop moment, the
asymptotic quantUm'number'SEIécfign rules ihdicate_that”the hindrance will
be similar to thaﬁ fof the %—f [62L] » %i; [514] principal E1 compénente
We therefore concludevthat the changeé in our results introduced by

excluding AN = * 2 mixing from the calculétions>will be small. It is

. well to remember, however, that in some cases the AN = * 2 mixing can be

T

Al

quite large and can exercise é significant influence on both energy le&el
and transition probability69 calculations.

Finally we noté with regard to the single pérticle wave functions
gsed in our calculations that newvwave functions in the asymptotic

Th

represéntation.have recently becdme available. 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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69

potential with one of the Woods-Saxon type. There are indications that
this form of the nuclear potential, applied to deformed nuclei, may give
better agreement With experiment.than the hgrmoﬁic oscillator potential
employed by Nilsson and others.

We must also consider the limitations of the roﬁational model,-ﬁpon
which we place heavy relia;ce in deducing the:experimental El stfengths
in Hfl77, and in théining the pioper wave function mixtures for use in the
theoretical calculations. Although thevbahd;fitting procedure described o
eaflier alloﬁs one to arrive at what seems .to be\a "unique" eigenfunction |
describing the rotaiional band in question, there is often some difficulty
inﬁerpreting the parameters required to achieve the fit. For example, if
ié not clear whether the "cutting" of Coriolis matrix elements, particulariy
between states bn opposite'éides of the Fermi surface, is fhe result of
deficiencies in the rotatiénal model énd the presumed RPC interaction
itself, of inadequééies in.féiring theory for intéractions near the
Fermi surface, or simply of more subtle pﬁenomena not yvet detéiled in
present - theory. Nevertheless, the effect.is noted‘here, as ifvhas been

>

elsevhere in calculations‘of'this'type. Moreover., the "uniqueness" of
the solutién achieved is élso open to somé questioﬁ, for although there is
uSuallyva'single bestvsolﬁtidn,.there'afe often other good solutions
obtainable with éomeWhaf (thdugh not greatly) different eigenfunctions..
In short, the method apéears to bé &alid, but the,interpretation.of the
results in ferms of present,theory.is sometimes difficult.

We also note our omission of any explicit accounting for the

rotation-vibration ihteraétion. Though the coefficient "B" of the’
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2, 2 ' ' M. . . . .
I7(I+1)"term commonly used as a "vibration correction” in rotational

band calculations is known to oe of second order and, judging from

177

Fig. 8 certainly is so in Hf , still we have doubtless in our

calculations included small terms no more deserving of considergtion
than the neglected "RVC" terms. In lieu of further experimental evidence,
thié fact shoﬁld aéain make us cautious about too literal an interpretation
of the results here obtainea.v

Finally, fhe extreme sensitivity to fhe pairing reduction factor

RO for the fit to the highly hindered.32i—keV El transition has been
remarked upon earlier. In view bf this sensitivity,. it seems appropriate

7T

to examine the issue fﬁrthér;; The;Fermi surface in Hf is assumed to

lie nearly midway_between the tﬁo Nilsson'éingle—particie states

92—+ [624] and %- [514] (cf. Fig. 9). It is evident from the form of

the reduction factor, R ='(U U V.V ~for‘electric transitions, that

27 1%

-this circumstance can result in near total cancellation of the single-

1

partiéle frahsitionlgmplitudé; .But the quantitative theoretical inﬁer4
pretation of.thé efféCt is- difficult, as evidenced by the rather discouraging
diéplay.of data in féblé ll;” It appéars that Wevmay select a value to our
liking aﬁywhere in the raﬁge’0.0Y = 0.93F Consequently, in our calculations
we have adoptéd;a_fairly simple seﬁi—empirical approach iﬁ detefmining

the singlé pafficieborbital occupation parameters U and V. The_

emineﬁtly simple féfm.(QO) requifésloﬂly a kndviédée of tﬂe‘energy

gép A, a parametervthaf éan be‘éstimated frém édd—even mass differences.

We have chosen the value  A ; §.60.MéVvinqur §alculations as a good

.compromise on the basis of the calculations of Reff 27. The odd-even
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T

Table 11. Theoretical pair reduction factors for Hfl ~transitions.
RO = .
S Method Ref.
(U9 U, - Y v, )
Ly Z+ ] -
prieah] o-[51h] - S+[6eh] >-[51h]
0.17 B.C.S. "Model A" (1k)
0.07 - B.C.S. "Model B"
0.1k ~B.C.S., without blocking  (L7)
0.58 : - B.C.S. Projected wave functions
0.7k T ~ B.C.S. with blocking
0.93 % B.C.S. with blocking and
: : projected wave functions
0.60 , : I.U. method, different (46)
0.79 ' - . . values for average

0.76 - field energies ¢ -
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neutron mass difference szp is. calculated by Nilsson and Prior27
to be 0.66 MeV. One set of results in Table 8 (NCO) has been shown for

the value R, = 0.42 calculated frem Eq. (20) for the critically important
pair reduction for the %—+ [624] > g—— [514] strength. This value

(0.42) is quite close to the value 0.3h indicated by the.experimental

parameter M uéed in the very successful three-parameter fit of El

0
data. It might thus appear we have been able to approximately determine
9 . 1 . . 177
the occupancy numbers for the + [62h] and 5 - [51Lh] orbitals in HF

2

from experimental E1 transition probabilities (if we_assume'the Nilsson

wave functions are reliable for calculating such very small (~ 10_2)
G(E1) values).
We are fortunate in now having the recent Hfl78 (d,f) Hfl77 and

178 ( 177

Hf d,p) Hf 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) crossesections for a particular state,

_ the authors are able to obtain the ratio'U2/V2, and thus determine U

andv'V, since U2 + V2 = 1. We also show their results for the experimentally

derived Nilsson C?Q Wave;function'éoefficiénts for each state.

The'expérimentalvpair'reductioh factor (U

§)
2 T
2+ [624] L - [514]

-V o V? : _”).calculéted from these data is 0.18, about a
factor-of'two smaller than that_indicated from”the experimental E1

~data. The two data are certainly not, however, mutually exclusive, in
view of the approximations inherent to the DWBA caiculations, and of thebf

undertainties in the NilsSon-El moment calculéfions for such highly

hindered transitions.
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Table 12. Occupétioﬁ numbers U° and wave function coefficients Sy
' for HETC, (Ref. 26). !
EEZi;y .é[NnZA] | D32§ved cg c? cg cil cg cil
(keV) assighed (o 3 $3 55 55 Aé-u 56
Gnd g-- [51L4] Q.h27 1 0.048 0.700 6.065
32l %-+'[62h] | 0.72k | - 0.092 0.148
S0k g-—‘[512] '40.3. o mo.Qh- ;0.7
1058 1 - [503] 0.9 , "o._s'liz_
851‘ g-+ [633] .Q.01  ” | _:' | - oko
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It is also of some interest to compare the values C?Q in
Table 12 with the values for those parameters assumed in our calculations.
Though the authors caution against attaching too much significance to the

absolute values C?Qa the relatiﬁe values are thought to be fairly reliable.

For the g-— [514] (ground) state in Hfl77 we see, as expected, that the
£ =5 component associated with the h9 orbital dominates. Mixing from
the hll and the f7 orbitals is seen tg be quite small, as expected.
2 B | -
It is more difficult to understand the fairly large component from ill
" indicated for the g—+ [62L4] 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 gy indicating the AN = 2 mixing, %‘4 [624] <« %>+ [hok]
| 2 - , '
is indeed quite small, as we assumed in our calculations.
To conclude this discuSsion, we make reference to the recent work

62,63 wherein the interaction of phonons and

of Soloviev. and cb"workers
quasi-particles ih‘odd—A deformed nuclei is examined in considerable
detail for several cases in the fare—earth region of deformation. With
use of their "superfluid" ﬁodel,of the nucleus., the authors show that
such interactions cén.lead to substantiai mixing of phonon and guasi-
particle states, and to the appearaﬁce.of nén—rotational,co;lective
states and étates having complex phoqbn—quasiparticle structure. It is

7

particularly interesting to note that their calculations for the'Hf}

hucleus (disregarding rotation-particle coupling) show the %—+ [624]

state to beé eésentially free'(99{5%) oquuadrupdle or octupole phonon

perturbation, 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'+ [52&]

2
177

band of Hf are essentially "RPC" in nature. Moreover, these results

are consistent with ourAassumptions with regard to the magnitude of the
octupole phonon interaction. For example if we apply the vibration-particle
coupling matrix element (leVPCIi ) in a simple perturbation calculation

to obtain the first order mixing of the phonon-particle state

| 633], n, = 1) into the .ground band %-— [514] of HflTT, we have

a-mixing coefficient

R(%,—;L+ (63313 l]H_VPCI _ [514]; 0)

=TT [, S IR

L] Lees) 2

n.=-=

2

where the notation is consistent with that used earlier, and <a3 > = 0.1hL,

E. = == = 1.2 MeV,‘ If, for the‘sake of argument, we assume the: above
component to be the dnly'"impurity"ein.the ’%'— [51k4] band, the normali-
: Zation condition indicates about two percent %ﬂ+ [633]; n3 = l:>

177

"character"” in the greund-band of Hf Soloviev finds the Hf' ! ground

3
o alT8 e et W ah
and Hf , respectively, somewhat high

- band to be 96% L. [514], but his calculations for the parameter E

>
yield 1.9 and 2.2 MeV for Hfl7,6-

when compared with the Value'for E indicated By'the experimental

3
levels I7K=1-0 at 16L43 and 1722 keV 1n Hf (cf data reported for Hf176
in part II). Since the-above case 1is the most important in Hf177, we

may conclude that the model we have employed.in our calculations is not -
inconsistent with the more sophisticated calcuiations of the Dubna

-school of theoreticians.
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In order to confirm the validity of our treatment, the following
experimental data wouid be of special interest:

1) Careful measurement of the conversion electron spectrum of

lTTm

- Lu 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

177

regarding the highly perturbed = + [624] band in Hf Tt would be

2

particularly desirable to be able‘te verify the M1-E2 mixing ratios we
have predicted in Fig: ll.'vWe have made some investigation into this

experimental problen; especially with regard to the difficulty of
' 17Tm

obtaining a "mass-free', intense source of Lu The details are

discussed in Appendix A.
2) Additional direct lifetime measurements for members of the

%-+ [624] rotational band would be desirable, although present techniques

and electronic limitations'make such meaeurements (= 10_lo'sec) extremely
difficult if not impossible.
3) The reduced strengths, B(El) and B(E3), to the collective
178

octupble states in Hf176 and/or‘Hf vmust be measured to provide an

experimental check on the value of (a_ ) , the collective model

30 |
octupole transition amplitude in this region. Though the recent data

(e

of the Ris® group on'evenée#en.gadolinium,Té'dysprosiumsl' and
erbium78 nuclei provide‘SOme eneouraging insightfbr this prdblem,
the results for Hf nuclei are to our'knowledge not yet a&aileble.
‘4)  Other information ef_interest might be provided by measufement

" of the g-~factor of the l.l-sec. three-quasiparticle state in HleT.
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5) Finally, the obvious need is for more systematic, precise data
on AK =% 1 and K—forbidden El transition strengths in other odd-A
deformed nuclei. As we have séén earlier, although thére are a few other
cases of more than minor interest, to daté thére has béen no candidate

177

of the caliber of Hf that has presented itself for.review in either

the lanthanide or actinide régioh of deformation.

The interpretation of anomalous IAKI . 1 and K-forbidden EL1
transitions in terms bf pairing; Coriolis coupling, and octupole COliective
contributions was sﬁggested in principle by Ref. 1L and treated later
in Refs. 18 and 69; we have,'it,is hoped;-fentatively confirmed the
explicit validity,of“thé.mo&élP'at least aS it applies to Hf177.: There
is, howevef, some disagréement-on'intefpreting the opiéin of collecfive
E1l comﬁonents in odd-A hucléi.» Piepenbriné,69 oh the_dne'hand, approached
the problem by pérformingia microscopic Soloviev-type calculation assuming
a somewhat different mean_fiéld'ahd'(néglectihg the effécts of blocking
and the refinement of projected WaVé.fﬁnctions) obtainéd'values‘for
E3 apparently in sdmewhat bet%ér agreement with‘experiment than did

76

Soloviev for Hfl However, the microscopic model chosen in Ref. 69

to describe the octupole forcé results in a transition stfength_ratio

TCOliectiVe(El)/Tparticle(El)‘ that 1; a rather sharp;y déc?ea81ng
fuhction'of spin.. For example; increasing the spiﬁ from g' to -%

decreases the ratio by a factor 6f:80,  Consequently, it is significant
that the_calcUléted octﬁpqlar contribufion{in HflTY-is felatively'small,
‘and the calculated ébsolute El-strengths (results are shown in Ref. 69

9 9 -~ .. 9., 1L

only for. the o+ + 5 - ‘and E5+ sdraie transitions) are not in good

agreement with experiment.
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On the other hand, wé have adopted a simpler model which intefprets
the collective E1 components as arising from small admixtures of the giant
dipole resonance, an assumption baséd 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 restrictiéns placed upoﬁ thé octupole vibrationé in
Ref. 69 are too.severe, and that cbuﬁling.of the dipole'oséillations of
the nuclear cére with'the giant dipole resonances is at least important, if
not dominant in the case:of.Hfl77;' More experimental information of the

type mentioned earlier is certainly necessary to resoclve the issue.

6. Summary and conclusions

The 16 Elrtransitions‘arising from the decay of 161 d.‘.Lul77m

provided the opportuniﬁy’for an exceptionally rigorbﬁs and detailed

' experimental‘test‘of the'theory of. AK =1 El.transitions in odd-A
deformed nuélei. We were abie to show that_thé "anomalous" eiectro—
magnetic transition strengths of this type cén be'explained within the
framework of the unified model, and we examined in detail the significant
informafion on ﬁuélear‘étruqture and nuciear models providéd by the
nucleus HflTY{_ Alfhoﬁghf£he éenéral aﬁplicébilify'of the interpretation
of AK =1 El‘transitionéiin ferms of.Coriolis coﬁp}ing,vpairing,_aha
octupble'vibration—parficle céupling remains to be shown, the results

177

of our calculations for the nucleus Hf " .indicate that the theoretical
basis for the quantitative intérpretationvof El transitions in odd-mass

deformed nuclei is’esﬁabliéhed.
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We have also demonstrated the wealth of information on nuclear
structure that can be derivéd by a careful analysis of sécond~ and.third—
order nuclear decay information now obtainablé using optimized Ge(Li)
detector sygtems. The problem wé havé.discussed and the method used in
its solution illustratgs one mbré case where experiment has led the
way to a better underétandihg of tﬁe éssential unity and cdnsistgncy of

. contemporary nuclear ﬁheory.
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176 176

TII. THE DECAY OF Ta™ '~ TO LEVELS IN Hf

A.  Introduction

In part I of thié'workvwé have désqribéd in detail the rather
extensive infofmation'on nuclear théqry that wé havé in oné case béen able
to extract from a caréful study of sééond ordér nucléar decay properties.
Needless to say., such work would have beén impoésible béfore the advent -
of the Ge(Li) and Si(Li) lithiumfdriftedvsemiconductor "family" of detectOré.
The initial impactvof these devices upon the fiéld of nuclear physics and
chemistry has been described by‘éeveral aﬁthors (cf. é.g. Ref.‘79 and
references'citéd therein,'or:for a more geﬁéral discussion'the review
‘article by HollanderBQ}. Still,.if dught-to be realized that the
measurements reported in Appeﬁdix A pecame feasiblg only some two years
xago, after numerous secénd—ordér breakthroﬁghs in the fabrication of the
Ge(Li) and Si(Li) devices themselves and, more impo?tantly, after major
improvements in the design’ and quélity Of the componént‘parts available
for low-noise electronics. It is therefbre no longer uncommon to find

large volume (7-40 cm3) Ge(Li) detectors yielding system resolution of

2.0 - 3.0 keV (FWHM) for 0060; depending on tﬁe size of .the device, and
small diodes <1 cm3 in volume capable of giving resolution considerably
less thaﬁvl keV at energies below 150 keV. The result of theée develop—
ments in detector teChnéiégy has Béen:an éﬁalanche of déta on nuclear
properties, data wﬁich have in a-few shoitfyears piaced the theoretician in

the unenviable position of being askéd to explain a myriad of complex

nuclear properties after they have been observed.
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Howevér, ét the éamé timé thét thé sémiconductor revolution in
- radiation detection was.in its bdistérous yoﬁth, a quiétér revolution
in data acquisition and rédqction;tééhniqués,was occurring. And in the-
past two‘years, the age of thé 6nfliné cémputer for data acquisition and
.analysis has becomé a‘reality.

Iﬁ the following pagés'wé shall déscribé a practical consequence of
the combined impact thé above revqlutions have had on the fiéld of ﬁuclear.'

spectroscopy . We.have chosen for consideration the highly complex decay

76

176

to levels in Hf’ Ty paftly becauselof its relevance to

177, and partly

of 8-hour Tal
the theoretical calculations dgscribed in part I for Hf
because we feit at-the beginning of this study'thét'wé finally had
afailable equipment eqﬁgi to tﬁé:task of unravelling one of the most
_complicated natural decajs known. The degree to which_this feeling was

‘correct can be judged from the work we now report.
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B. Background

T€ 4% the time this study

Very little was known Qf-thé décay of Tal
| was begun. The complexity of thé decay was;perhaps first witnessed by
Harmatz, 53_3;,81 in-their éarly pérmanent-magnét conversion electron
study. No attempt‘was‘madé at thatvtimé to construct a decay scheme, and
subsequent attempts to do so usihg.NaI(Tl) scihtillation detectors.were

82,83

largely unsuccessful.

The recently published Table of Isotopés8h

consequently shows only the levels of‘Hf176

The proposed spin (1-) of the parent Ta176

coupling of a ]grf [512]:neutrén,with a‘vg-+ [LOL] proton. If this

reproduced in Fig. 15.

“nucleus presumably results from

assignment is correct, then the Budecay is first-forbidden hindered
(AL = -2), and it is not expected that the positive parity ground band of

176 76-

v IR +
Hf will be heavily populated by the 8 -EC decay of Tal Moreover, we
do not expect that states of spiﬂ greater than 3'will be appreciabiy

populated.
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Fig. 15. The level scheme of Hfl f:'rom‘ previous work.
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C. 'Experimental

1. Target and source preparation

176

175( 176

The Ta activity was prepared by the Lu o,3n)Ta reaction.
Samples of approximétely 35 mg. of isotope separated 99.94% enriched
Lﬁ;7503 were irradiated at the LRL 88-inch cyclotron with 43 MeV alpha

particles. The powder tafget was. distributed in an aluminum backing plate

so that thevmaximum depth of targeﬁ material was < 0.15 mm. A 0.13 mm

175

aluminum foil covered t.hebLu2

O3 powder so that the a-particle energy
incident on the powder was about 4O MeV. Irradiation periods of two
hours at 18pA beam cufrént were found to produce ample activity (N 3=k
R/hour gamma field at surfacej.’.'

The Ta activity was separateddfrom other feaction'products by
extraction from 6N HC1 solﬁtion using 2,&—dimethyl—3_pentanone (diiso-
propyl ketone), a proceduré described in Ref. 85. Sources for counting
couid generally be readied_witﬁin thiee ﬁours.after the end of irradiation.

Small amounts of Ta178, 'I'a177 175

and Ta contamination were noted in the
Y-ray spectra.

The sources for Y—raylcoﬁnting we?e prepared«by evaporating to
d?yness small‘quantitiés of the carrier-free extractéd Ta in water
solution deposited on aluminum counting pléte53 or'in the case of the
‘samples'for'the.Compton—sﬁppresééd singles Work, on Teflon.diScsi To
prepare'electrén souréeé; thé_activity'was liQuid deposited onto 0.25-
mil gold—anodized mylar\sandWichéa with aluminum 1écquer between 5«ﬁil

aluminum annular discs to provide electrical contact and structural

stability.
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2. Descrlptlon of experlmental‘apparatus

A variety of detection systems has been used to make measurements
of: a) the singles Y-ray specﬁrum;_ b) the éonversion'electron spectrum;
¢) the y-ray 'pair" spectrum; d) the entire Y-Y coincidence spectrum

176

of Ta . IWe shall dessribe briefly the pertinent apparatus in each case,

the method of calibration where appropriate, and any problems encountered
with each system.
. o N 176 : .

a. Singles y-ray spectra of Ta decay were taken using - 1) a
1o_cm3 planar Ge(Li) detector with resolution 2.5 keV at 1.33 MeV (Fig. 16);
2) a1l cm3_"thin window!" Ge(Li) detector with resolution of 0.8 keV
at 122 keV; 3) a 7 cm3 planar Ge(Li) detector used in conjunction with
the Compton suppression system at LRL Livermore, and displayingvresolution,
2.3 keV at 1.33 MeV.

' . - L , 176

The energies and intensities of the y-rays from decay of Ta
wére first determined using detector (1) described above. The crystal
was calibrated for photopeak efficienéy using a set of eight absolutely

S _ ' %
calibrated standard y-ray sources obtained from the IAEA laboratories.

‘HflSOm was used to obtain additional relative efficiency points in the

- ' 2h
"rather poorly defined region from 130 -~ 500 keV, and Na  was used as

*These 1Q UCl standard sources (Am?ul; 0057, Hg 3, Na22, Cs137 MnSh ‘
0060, Y88) are all now calibrated to < 1% by the TAFA 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.



o-115- 0 . UCRL-18651

T 1T T T 1 T'J T L --.'  I
-~ Ge(Li) detector efficiency
3 (7.5 cm2 x 13mm deep)
07° |— —
— o Absolute TAEA -
o~ B o . o Hf'80M (relative) B
3 | | ' & Na24 (relative) ]
[¢5]
= | _
c
o - _
°
= - _|
w
~
e~ 0 N
: w)-.\ |O - -1
> in =
. E
Yo : .
e .
') = _
-
5 B |
o
w
Qa
<< A
1075 — -]
[ 1 ljili RS N B T B T 11, I

~ Energy (keV)

XBL68I2-7347
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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
180m relative intensities were

79

for measurements > 2.75 MeV. The Hf
taken from the compilation of Haverfield.
Low energy singles data were also taken using the similarly cali-

brated "thin window" detector described in Appendix A in connection with

177m

the Lu work.

-
Finally, we have been. fortunate tc have been able to retake the

176

Ta singles data ﬁsing the Ge(Li) Comﬁton—suppfession system at LRL,
Livermore. This apparatus has beeﬁ described in detail in the recent
review article by Camp.86. The combination of a 7 em> Ge(ii) diodé and
a 9" diameter by 9" long cylinder of NaI{T1) shielding surrounding the
diode allows eicellent resolution to‘be combined.wifh a 70:1 Co60 peak—
to~-Compton ratio. Although relativély "hot" sources are required.
because of the.lO” sourcé—tofdetector distance, the 8-hr. half-life of

Tal76 was sufficiently loﬂg to allow us to gather excellent data in only

1"

two experimental "runs".

In all of our work_wé have used the high%rate amplifier system

designed by Goulding, et al.>!

~and built at LRL. The pole-zero

compensation and base-line restoration fea#ures of this éystem iﬁ conjunction
withré puise pile—ﬁpbana.sloﬁffiseftimé rejection unit ehable one to

. achieve éounting rétes ué to TSOO/sec_Wiﬁh no appreciable loss in

Aenergy resolution or peak-to—backgrouﬁd ratio. The operating characteristics

of the system at count rates up to 50 kHz are described in Ref. 87.

In Fig. 17-~a we shéw the eSsential features of the high-rate ampiifier
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system currently in use at fhisAlaboratory. Figure 17-b éhéws a block
diagram of the linear gate aﬁd pilé*up rejéétion units intendéd for
use with the amplifier systém; 17-a.

~With the eXcepﬁion of thé.Comptoh_suppressed data,which_were taken -
with a Nuclear Dsta Model 161-F L4096-channel analyzer, nearly all of our
singleé data have been taken using a PDP-7 computer ﬁoq—line”'as a
sophisticgted pUlsg—hgight_analyzer capablé of performing numerous
functions simuitaneously. Pulses»from the amplifier system (Figs. 17
and:l8)_aré received by a computer—interfaced 4096-channel ADC of the |
o | . 88

"succeséive binary‘approximation".(SBA) type descriﬁed by Robinson gﬁ_g;.
and fuilt'af LRL. The remaining daté«acqﬁisition hardwaré‘periphéral to
" the PbP—T and the computer s6ftwgre h#ve been developed by Robinson

and Meng and are described briefly in Ref. 89.

"Two of the most impoftanf functioné'that can be simply performed
by the'computé? aré gain,aﬁd basé—liﬁe sfébiliéation.‘.Since the computer’
is_fequired.to éeﬁefate é‘ve}y stable DC level for control of the
"CRT 'Y axis'", a confénientvandvsimple feedback cdntrol to insure detection
system gain and baseline stability suggests itself. Robinson and Goulding
have deéigned ana bﬁilt a device to perform fhis function.and it is
curreﬁtly in use ét both the LBL HILAC and in oﬁr laboratory. A cémﬁuter
subroutine continudﬁle'mdﬁitors digital information on the centroid
locations of the tWo péaks falling in the windows chosen for gain and
‘bgse—line.stébilization; The incrementally adjusted "Y axis’ CRT signal
is fed several times a-sgcond intQ high quality: (drift less than 1 mV/sec)

voltage stretchers of the same variety used in the multiplexer described
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in (ITI.B.2d). In the case of the baseliﬁé control unit the stretcher
.output is used directly to mddify~thé output DC "pedéstal” lévél of the
high rate 1inéar gafe (Fig.‘17~b); while in the'casé of thé gain stabilizer,
it supplies the gaté voltagé to a single FET in a variable gain inverting
amplifiér normally insértéd bétwéén the détéctor preamplifier and main
amplifier. The inverting aﬁplifier can in this way éfféctively modify

the gain of the preamplifier output up to 2% and theréby insure system

90

stébility. Pérformance of the above stabilization system has been:
" remarkably good. Wé'aré unablé to notice significant degradation in
- system resolution at count ratésbas high as 15000/sec.

The gainvand base;line stébilization functions have been éérried
‘out'by'using reference peaks internal to the spectrum where practicable,
of Whén necessary by using aﬁ external tail—pulse generator input to the
detector preampli'fierf The DC referencé levél of fhevpulséféié‘takeﬁ
directl& from a ﬁrecision voltage source of commercial manufactﬁre with
 long—term drift stability specified as less than 0.0025%.* Tﬁis device
also provides a switchfselectéblé>DC Voltaée output precisé to 0.0025%, a .
feature we have used to check systémvlinearity (Appendix B).’

Figure l8 shows a block diagram of a typical setup for acquiring

precision "singles" spectroscopic data.

"Dial-A~Source” Model No. DAS~LEL, General Resistance Inc., New York
55, N.Y. i ‘
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b. We have also gathered conversion electron data using a 3 mm
deep X_l cm2 Si(Li) diode'fabricatéd by R. P. Lothrop ahdrcoworkeré ét
~this laboratory. With 650 volts bias-and an opéfating temperaturé

~  110°K, we were ablé-to obtainvrésolution of 2.5 kéV FWHM for the 1}06
MeV Bi2o7 K convéfsion liné; éomparablé to thé Ge(Li) photon resolution at
similar energy. Using an eipériméntal arrangément Similar to that described

by Easterday, §§_§;391 it is possible from the relation

A 'v(we)
| (we)e_ AY

to calibrate absolﬁfely the Si(Li) éléctron defectibn effiéieﬁéy” (w;) _
aﬁd thereafter to obtain directly and simulfanecusly conversion coefficients
v‘-.by findiﬁg the apprépriate peak areés; Ae? and AY, provided the Ge(Li)

is previously known. - The techniQUe

79

gamma-ray photopeak efficiency (we)Y

has been discussed in detail by Haverfield. In Fig. 19 we reproduce

. the Si(Li) detector efficiency curve obtained using a number of standard

sources.
c. Of the three possible .interactions between a ?hdton and matter
only scattering is ordinarily of no use to the spectroscopist. If

sufficient eneigy (> 2m c2) is_évailable;'the phenomenon of pair production

0

can be utilized‘advantageously to yield,significanf additional information
14 . .

on the'photoﬁ 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 cg) of energy in the Ge(Li)

0

diode to define an event of energy Ey;‘ 2) remarkably good peak-to-back-

ground ratios at enérgies greatér than about 1.5 MeV. A distinct
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the standard conversion coefficients. ' ‘
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disadﬁantage of the "paif" spectroscopy method is, of course, its .
low efficiencyg'resulting_from the triple coincidénce réquirément
between the Ce(Li) diode and the two détectofs néédéd to identify the
511 - 511 keV. events at 180° géoﬁétry;. |

We have used the‘S—crystal pair spectrometer designed by Yamazaki
and Hollander92 to obtain the paif épectrum of Ta176. The apparatus
consists of a NaI(T1) énnulus split into féur optically isolated sections
encircling a Ge(Li) planar deteétor 10 cm3 inrvolume with resolution
2.2 keV FWHM at 1333'k¢V. Figures 30 show the pair spectrometer and a
block diagram of the'assOciated elgctronics. Although.this device
could in principle also bé usgduto:obtain Coﬁptonnsupbfessian in
normal Y-ray éingles operation,.the size of the NaI(Tl) annulus and the
relatively unfavbrable‘gepmétry‘affdrd bnly about a factor of three
reduétion in the_Co60 Compton continﬁum. |

d. Finally, we describe thg system used for the on-line aéquisifion
of Ge(Li)-Ge(Li) Y-y coincidence data. The hardware for this system
was designed, built, and interfaéed to the PDP-T at LRL by Robinson,

93 In Figs. 21 we show the PDP—? data acquisition

Gin, and Goulding.
‘system and a plose—up pho%ograph of the péripheralvhardwafe required
for multiparameter data‘taking. The Block diagram of the system can be
interpreted from the paneling shdwn iﬁ Fig. 21-b. ;v.

Two programs have been ﬁfitﬁen by Robinéon and Méng9h fbr7cbmputer
cOntrol‘and handiing of muitiparamgtéf data} The first'of these programs,
MULTIDR,‘controls the initiél analeis, 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 shown disassembled.
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XBB 6811-7295

Fig. 20-b. The pair-spectrometer with the Ge(Li) detector in position.
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XBB 688-5165

Fig. 21-a. The PDP-T data system.
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can be obtained from Ref. 9&,.butiwé will discuss briefly é few salient
points of particular interest to. the experiménteri. In ité present form
the multiparaméter system is capablé of accépting féur-parémetér
coincidence data, although provision has béen madé for eipansion of this
capability to handie eight—paramétér igput. For simple y-Y coincidence
work of the type we have carried out, two Ge(Li) energy siénals and a
timing signal generated by a conventional start-stop time-to-amplitude
converter (TAC) are fed into the analogue storage and muifiplexer unit.
If a '"valid event" coincidence pulse is received, the analogue pulses are
stretched for several hﬁndred microseconds until they . can Be ihdiVidually
encoded by the single ADC. 'TWd points ought to be mentioned in.connectionv
with this‘highly important phase of the data-taking process: 1) we have
féund.iﬁ pfactiéé thatvthe'3£ability énd reproducibility of the analogue
stretchers is rémarkably good. In fact, we have been unable to discern
anyiloss iﬁ sysfem resolutidﬁ when the Ge(Li) signals ‘are subjected to
"~ stretching. 2) It is not unfeasbnable to expéct that if the‘ADC empléyed ‘
were of the "ruﬁdown” or Wilkinson variety this exceptionally favorable
condition might be altered because of the variable analysis time
charécteristic of tﬁat type of ADC. And although_the potential problem
itself ought not to be insurmountable (e.g., by inserting a rathef long
fixed dead—fime befofe ehcoding éach‘pulsé),:ii must at least bevconceded
that the SBA—type ADC introduces to the.sysfem welcomé speed and simplifi—
cation, if not indispensable precision.

The total time required by the multiplex unit andﬁADC to process

each coincidence event is of the order 200 Usec, so that the multiparameter
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system is capable of handlingvabout'lOOO four-parameter coincidence
events per second. We have found this to Bé more than adéquate in all
_our work to data; the rate limitation is normally found to be in the
Ge(Li) detector.systembitsélf, not inrthé.mulﬁiparamétér data handling
system.

The PDP-T computér is used for buffer storage of the'incoming
coincidence data aﬁd for géneratingva livé display of the amplitude
distributions for each of the input analogue‘signals. When full, the
512-word reccord in the data buffér is dumped on magnetic tape via an
AMPEX TM~T unit. In this way, all‘éf the experimental information
from an entire run is preserved Sefiallyvin a 4096 x Lp96 x 512 x 512
channel matrix for later analysis; | |

A second program, MULTIS, is cqmplementary to the actual data
accpmulation program MULTIDR; and allows'the_uSér to do simple heparameterv
"cdincidencé" sorts on the PbP—7. Tt is not, however, practical as a
rﬁle té'use.the small compuﬁer for extensive multiparamefer data analysis,
since about 20 miﬁutes is required for each pasé 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
coincidént photopeaks, béckgrounds, ahd random coincidence eventsvéo
that the resulting output présumably represents only "true" photopeak
coincidences. The'only real 1imitation of the sortihg procedure‘on the
6600 is the size of the 6600 memory. " We preséﬁtly can sort.up to 23

L09G-channel coincidence spectra simultaneously. (Avproporfiohately
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larger number of compressed 1023- or 20L8-channel spéctra can be obtained
instead, if desired.) A practical limitation, however, is the basic 6600
circuit speed. A large numbér Of sorts with a high density of'valid’ |
events may requiré 10 - 12 minutés of céptral—proceSSor time ?er éhOO'
tape.

The triumphs and frustrations associatéd with "computerizéd_
science" are well-known by now; thé topic is interesting but extremely
time—cénsuming. Tﬁerefore we'réturn at:this point to the subject at
hand——the decay of Tal76;jand refér the‘interested reader to the séveral
referencés aiready cited for additional details, |

In Fig. 22 then, we show the block-diagram of the experimental
Y=Y coincidencé system, with the computer and peripheral equipment again
reduced to a single bog. As iﬁdicated, we have employed a leading—edge
discriminator in cbﬁéunction with a conventional stopwsfaQt TAC to extféct
timing information.from.the deteétof pulses. The apparatus shown is not
atypical for this type of experiment, exdépt perhaps for the logarithmic
pulse—height compensétion unit indicated at the TACHoutput; We have found .
this module to be capable of redﬁcing the width of a typical Ge(Li)-Ge(Li)
time distribution by a féétor of two. The method of éffecting this
reduction is simple.. Leading edge timing introduces an approximately
exponentially igcreasing:centroid“shift of the time distribufion:as-a'
functidn of decreasing energy,'i.éf pulsé height (cf. Fig. 23). ‘By mixing
.appropfiatély attenuafed énérgy analogue éignals_with their cofresponding
ztiming signal, one‘can roughly.gompensate'for the "energy walk' of the

timing pulses. The details of this simple but effective techni@ue have
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distribution. The lower. curve shows the effect of mixing the log E

- compensation signal with the TAC output.
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been discussed in Ref. 95. It is also possible to achieve somewhat more

crudely a fairly effectiVe'pulsé héight:compénsation by simply employing
two linear anplifiérs having é flat, stretchéd'pulse cutput (e.g., two
" "pias amplifiers") saturating at about 600 kéV, above which the "energy
walk" is relatively small. Thé twp.linéar amplifiers thén répiace the
logarithmic amplifiers in Fig. 22.

176

The Y-y coincidence data oﬁ the'dééay of Ta have been taken

3 "5-sided" coaxial drift Ge(Li) detector with resolution

using a 35 cm
3.4 keV at 1333 keV in COnjunctibn with the 10 cm3 planar detector
described earlier. 'In_Figure 2k is shown the time distribution curve for

Ta176

Y—Y.coiﬁcidenées measuréd with these two detectors. The FWHM
resolving time is 24 nsec. This allows one to set a digital time gate of
aboutl65 nsec for the-purPOSé:Of sorting. The large "spike" to the left
of fhe mein time distribution peak reﬁreSehts evehts arising from the
~coincident pﬁlses fed into the two Ge(Li) preémplifiers for the purpose
of gain stabilization.

3. Experimental results—-the decay of Ta176

176

The Compton—suppressed singles Y-ray épectrum of the decay of Ta
has allowed us to identify over 300 transitions associated with the energy
176 '

levels of Hf Many of the transitions are, to be sure, weak, but the

interfering'actiVities from TalTS, TalTY, Tal75, and its daughter, Hfl75
were also found to be relatively weak, and in any case none of these
nuclei has lines of significant intgnsity 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,



Fig. 2b. Time distribution for Ta
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~ The Compton-suppressed Ge(Li) Y-ray sihgles spectrum of Ta
region 667 - 970 keV. . : . . :
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one from & 75 - 1250 keV, the other a high energy run from 1.06 - 3.00

5 0atTT 0278 ana metT®

MeV. The lines from Tal contamination are

| appropriately labeled. It should be notéd*that oné does not expect ta
see the escape peaks appéaring prominentl& in the Compton—suppressed
spectrum, since single;escapé péaks will présumably-be suppressed just

as efficiently_as ére Compton—scattéréd evénts, while the double—eséape'
lines willbbe even further supprésséd. Té illgstrate thé point, we offer

176

for compérison in Figs. 27 the low energy Ta singles spectrum taken with
the iO cm3 planér detector in our 1aboratory. Note that the double—escape 
lihés measﬁrea at 80i.7 and 8L40.6 keV ariéiné from the very stronng

: i823.8— and 186é.8-keV transitions show up prominently in the spectrum,
.whereas they.are hardly to be seen in the anti-Compton spectfum, if

indeed they are présent at all. Ve thérefore feel confident that escape
peéks are eésentially deleted from the low energy anti-Compton spectrum.
Unfortunately this is not quite.so for thg-high energy Compton-suppressed
spectrum in Figs.‘26. Abglahée'aﬁvtﬁe background in the region aroﬁndv

1200 keV reveals on cbmpaiison with Figf 254 the fact that thé Compton—
suppfession anti¥coincidence unit was operating intermittently duriﬁg

this ruﬁ. Therefore the sfrong doubie—eséape lines from the 2832~ and
2920-keV transitions, though_sharpiY'reducéd in Fig. 26b, are still
prominenﬁ. We did not consider it wprthwhilé to retake the' data, however,j 
since-we were able in our laﬁOraﬁdry:to,obtaiﬁ a ﬁair spéctrum to resolve: :

176

'bany ambigﬁities in the high—energy portion of the Ta spectfum.
Energy calibration haslbeen carried out employing both "internal"

and "external"‘techniques. Nﬁmerous appropriate standards  (cf. Appendix~B)
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have been used at energies less than 1.35 MeV, and primarily C056 has

been used at higher energies. Tae recent excellent standardization work

96

by Gunnink, et al . has been espécially valuable in this regard. In
Appendix B, the details of ths éngrgy aeterﬁinations are discussed.

An aid to both thé énérgy.méasurshents and to'résolving stronger
multiplets in the low enérgy region'ofAthé spéctrum wére’the high'resslutiOn_
data shoﬁn in Fig. 28. This spectrum waswobtainéd with the "thin
window" 1 ems crystal described in Appéndix A. »

| Finally, in Figs. 29 we show the "pair" spectrum of Ta176.

‘The resolution here islconsiderably better than in any of the othé}:high— B
energy spectra, and from about i600'— 2700 keV the peakffsebackgroundvratio
is also more favorable. Unfortuﬁately, the low rate at'ﬁhich the data
can be gathéred does nqt in this case enablé one to exploit fully the
advantages of the pair technique other than.for the stronger linés_in
the spectrum. | |

We have combined thé data from these several sources to determine
the energies and intensities of the Y&ray_transitionsIfollowingvdecay of

176

Ta In general, the intensities are deriVed.from the Compton-suppressed

data, -checked against the data taken in our own laboratory. _Where the
"thin-window' and "pair" spectra provide better information, we have made

use of those data}

176

spécﬁra-fbr-péak_centroids (energies) ‘and

Analysis of the Ta
intensities poéed no small problem. For the past 18 months we have
been fortunate in having at our dispésal for this pufpose the spectral

97

analysis computer code, SAMPO, developed by Routti and Prussin
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and now in extensive use at LRL. To bring the interested reader up to
date on our present "state 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

17 176

Ta, 6 to levels in Hf Wé havé chosen to classify the Y-rays into two
categories dependiné on théir-intensity. In Table 13a aré listed only |
those lines observed to havé inténsity =19 rélativé to ﬁhé_?lO.S-keV line.
Table 13b lists those lines having intensity < 1% of the T710-keV intensity.
With very few exceptions, we have been unable to definifely place in the
decay scheme any of.the transitions in the latter category. Although ﬁe
" believe the energies (of the stfoﬁger lipes) to be precise to Of2.keV
or less over the entire eﬁergy range of the spectrum, bec@use of the-
extreme'compleiity.of the spectrum we ha&e not considered that simple
energy sﬁms‘ahd»differendes élone pr§vide sufficient ihformafion for
definite placement of a'tranéition in the decay.scheme.

As a conseqﬁehce_of the ease with Which'complete and,Afér the
most part, statistigaliy.satiéfying.coincidence data can now bé gathered
using fhe PDP-T7 multiparameter data system, it is no longer unréasonable

176

and in the case of Ta it is necessary to require Y-y coincidence

. cénfirmation of all assignments to é»prépoSed level scheme. The data we
pfésent in Appendix C were gathefed with the ldvcm3'planérband 35 cm3
.coaxiél detectors déscribéd eériier...The‘two detectdré were,placed.in
. 90° geometry with a’leadbabsorﬁer b§twéén the detectors to minimize

scattering effects. Calibrdted ébsorbers.of ~ 15 mil Cd and = 5 mil

Cu were placed before_each.detectbr to reduce the number of low energy
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.Table 13-a. Y—rayftransitidns observed in the. decay of.Tal76:‘a) Transi~
tions observed with intensity = 1% of the T710.5-KeV Y-ray intensity.

Ey(kev)a’d be' | ch .gfg" fﬁizi“ pliiiiiit
88.35 () 230. >8.(-1)  >0.2  E2 88.35
91.23 (k) 1.1 >6.0" <3.7" 140k. 5

*125.(u)f <. ' 1912.0
146,70 (5) 3.9 8.8(-1)" 1856.9
156.84 (7) 6.6 3.7(f1)? | 140k.s
158.19 (7) b2 8.6(-1)" 1862.8
175.50 (7) 7.8 5.1(-1)" 5.6 v  1819.0
190.36 (7) T-6 b.3(-1) 7.2 - 1862.8

© 201.8L (6) 102. 1.65(-1)8 2.0  Em2 - 290.2

*207.(5)8 <1.5 o ‘ 1912.0

213.50 (6) .8 - 2.9(-1) ) 1856.9
216.00 (1) 2 | 1793.7
236.19 (7) - 1.5 2.2(-1) | 1958.1
1239.62 (6) 10.0° 2.5(~1) 25,7 1912.0
264.13 (6) 1.4 - 1577.6
$315.50. (15) 1.5 (2) [2265.2]
346.90 (20) 2.1 | | ] 19246
350.18 (20) 1.5 8.9(-2) | 2308.3
358.72 (20) 1.8 _ 2308.3
380.48 (20) 2.4 1.8(=2) 1958.1
“L1k.3b (15) 1.4 6,2(,2)'- | -  [1793.61,[1819.0]
C426.34 (15) 1.2 (2) ho7(-2) [1767.5]
445,52 (8) 1.0 - - ' [2308.3],[1672.3]
46141 (8) 1.1'(2) o : [(29Lk.1)]
466.16 (1)  20.6 T 1912.0
k73,21 (7)' 5.1 29Lk .1
1.6 [(2066.2)],[185k.0]

L7k.6h (8)

(continued)
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Table 13-s. Continued .

£ (kev)®d _IYbV - o % Multi- Level®
' aZL pole placement
507.46 (9) 26.7 3.8(-2) 6.4 M1 2432.0
512.34 (10) 9.5 3.1(-2) 7.0 Ml 1958.1
*519.7 (2) (6.) | 102k.6
¥520. (6) (2) (5) _ o
_:531._.2 ) (5.) .62 8 oo
B1:50 Hy i (es) | o 1862.6
532.54 (11) k.5 (7) - . 1912.0
533.23 (16) 1.2 (L) } 3.3-2) .  [(2482.9)]
540.27 (13) 1.1 (2) | - £2307.8
s41.24 (12) 1.7 (2) '
' 543.18 (11) 1.5 po65.2
- shs.Th (11) b1 (7) PR |
- 546.53 (10) 9.8 <Q.5(=2) - ebrout
569.77 (11) 2.1 (3) 7 o ‘ 1862.8
570.76 (10) 8.5 | L 1912.0,[(2482.9)]
571.30 (9) .. L.9 ‘})‘ 3-5(-2) | [1819.0]
579.08 (15) 1.1 1958.1
586.72 (9) 1.6 o . _
609.25 (9) 1.4 (2) D [1856.9]
611.16 (8) - 23.h 2.6(-2) 6.8 M 192k4.6
615-22‘(9>, 1.9 (3) o [1862.8]
616.79 (8) 18.6 o hau(-3) n 1958.1
- 632.12 (9) 1.3 B | | '
638.83 (8) T S<e.2(-2) o 2k32.0
6L2.85 (8) 1.8 - <.3(-2) :
64L.86 (8) - 18.4 2.1(=2) - 1958.1.
660.67 (8) 2.2 L  [2969.0]

(continued)
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~ Table 13—5.. Continued

Ey(kev)?’d Iy? ' : O‘KC, X Multi- Leveie
R ' o - %r pole placement
664.07 " (10) 1.6 (2) o | - [(2k82.9)]
665.01 (12) 1.1(3) | B _ [2308.3]
677.09 (8) 5.9 <.1(-2) 192k .6
678.85 (8) 3.8 1.9(-2) | 29hk.1
685.55 (8) 2.2 1.5(-2) | |
701.96 (9) 1.3 - [1949.7]
710.50 (8) 100. 1:8(-2) 6.0 ML 1958.1
T17.45 (8) 1.2 u _
723.10 (8) 2.h 2.1(-2) | , [1949.7]
740.97 (9) 2.5 3.1(-2) | |
819.49 (10) L.8 _ _ 2265.2
© 833.50 (10) 1 (2) - | 12791.5],[2878.2]
839.25 (11) 1.3 (2) © [2905.6]
857.66 (10) 2.6 '
863.19 (10) 2.2 - ,
923.94 (8) 13.5 A1.3(-3) | ~ E1 2265.2
936.42 (8) 10.4 5.0(-3). 1226.6
951.86 (10) 1.3 (2) _ - 2265.2
957.50(8)  10.6 9.2(-3) o 12477
960.77 (12) 1.4 (2) R - 2817.6
962.7k (1h) 1.0 (2) o o [2912.2],[2921.0]
967.06 (9) 2.4 (3) T | [2308.3]
1979.94 (22) . 1.1 ' '
994. 46 (12) 1.0 (2) [2307.8],[20kk.1]
998.30 (10) 1.8 (3)
_'1002.62 (11) 1.3 (2) - , ) o ,
U 1017.58 (11) o2 (3) | | [2265.2]

(continued)
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Table 13-a. Continued

Ey(kev)a’d be | o’ ;25—- Multi-  Level®
: “LL pole - placement

1023.10 (10) 4o.L 1.6(-3) Rl 1313.3
1043.29 (11) 1.1 (2) | |

1051.03 (11) 2.0 (3) S 1301.3
1061.61 (9) 0.0 s.4(-3) 1149.9

1064.03 (12) 1.6 (2)  <1.5(-2) ' . 2921.0
1066.20 (9) 119 3.7(-3) o 2k0.7
1089.06 (10) 3.7 o 1379.3
1090.9% (13) 14 (2) o [2432.0]

- 1097.24 (10) 1.2 (2) - |

11107.81 (9) bt 6.1(-3) o

*1115.0 (9) 9.2 , 6.3(=3) 1kok.5,2969.0.
1122.80 (9) 1.9 (3) o : o [1413.0]
1125.45 (9) 2.6 | N
1138.26 (8) 12.6 2.8(-2) ~ EO+E2 ©1226.6
*1155.5 (2) 11.2 (1.8) a3 (-3) - ';uu5.8=
1157.41 (10) 62.9 5.6(-3) k.2 | 2470.7
1159.30 (10) u58: 2.9(=3) 6.2 E1+M2 i2h7.7
1174.17 (10) 3.8 | ' 2817.6
118L.55 (13) 2.0 (3)  <1.W(-2) - © [2432.0]"
1190.22 (10) 8h.1 5.4(-3) o ’ © 2912.2
1198.15 (11) 1.2 (2) o - |  [2920.4]
1201.148 (10) 6.7 T.3(-3) 29690
'1204.85 (10) 6.1 47(-3) A 1293.2
1211.30 (13) 1.5 (2) ' g . | c o
1213.20 (11)- 2.7 o o [2885.5]
1222.95 (10) 37.0 C[3.3(-2)) [35.9] M 2)70.7
1224.96 (10) 105. [6.4(=1)] - : ‘f El 1313.3

(continued) .



~-160-

UCRL-18651

Taﬁle i3—a. Continued
Ev<kev)a’d be" o 25?- Multi- - Level®
: . LL  pole placement

1226.85 (25) 5.5 (1.0) 1226.6
1234.26 (15) 1.2 (2) |
1239.86 (12) 2.1 (3) 5 [2817.6],[2912.2]
1247.68 (15) 8.5 (9)  1L.1({=2) =5 M2 12477

©1250.01 (18) 2.3 (3) - _ _
1252.90 (10) . 57.1 : 3.4(-3)  7;6' (M1+E2) 1341.3
1258.75 (11) 3.5 (5)  <6.2(-3) 2969.0
1268.78 (10) oh.6 2.5(-3) 2912.2
1277.90 (11) 2.9
1287.40 (12) 1.7 S 1577.6
1291.01 (10) 2k.6 | <1.9(-2) ~6 | (EO+E2) '1379.3
1301.10 (11) 1.k | [1591.3]
1308.30 (12) 2 . | |
1325.67 (13) 1.5 (2) - - [2969.0]
1341.33 (10) 61.9 2.6(=3) - . 6.3 (Ml1+E2) 1341.3

- 1346.08 (25) 1.3 (3) ' 2791.5
1357.52 (10) 37.0 ~3(-3) 1k44s5.8
1366.49 (11) ~ k.0 29hk.1
1371.75 (12) 2.8 2817.6"
1379.29 (15) 1.0 (3) © [1379.4]
2.8k (11) 2.1 ¢ [2617.6],[(1413.0)]

'*,flhgo,oh (10) 8.4 - '1710{2 '

J1427.6k (11) 2.2
1432.56 (11) 1.6 2878.2
1450.%0 (10) 6.7 R 2791.5

© 1476.18 (10) . 8.8 - 1.6(-3) 2817.6
1489.33 (10) 13.5 R 1577.6
1495,85 (15) 3.5 1786.1
*1503.(7)" <. - 1793.7
15042k (10) 1h.1 2817,6

(continued)
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B, (kev) > Y ' Ké' e ulti- Level®
: TL  pole placement

1515.56 (13) 1.0 [2920.4]
1536.62 (11) - 7.1 28718.2
1540.82 (11) 6.5 2920. 4
1543.73 (15) b7 - . 2791.5
1555.05 (10) k.1 8(-k) 3.6 E1 16U3.4
1563.53 (13) 3.6 (6) | - 1854.0
1564.95 (11) 7.6 o 2878.2
1579.9 (2) 5.2 (5) - 1.8(-3) 2921.0
1584.02 (10) 97.6 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° 4(-3) 1704.6
“1621.87 (10)  10.7 | 11710.2,1912.0
11628.53 (30) 2.5 (6) o
1630.83 (10) 32.8 2(-3) 29Lh.1
1633.74 (10) . 5h.3 0(=k) E1 1722.0
1637.60 (18) 1.5 (3) - A [2885.5]
1643.45 (10)  Lh.k 5(<L) o mn 1643.4
1659.21 (11) 2.0 | o -
1672.32 (12)  22.0 3 o . 1672.3
1673.40 (16) ,853'(2.0)} 2-4(-3) } ~ 2621.0

© 1679.18 (11) 22.3 5.7(-k) Bl 1767.5
1693.7 (2) 9.6 .3(-3) . ©2920. 4
1696.55 (13) 85.8 .2(—3).} '8,3» 29kL .1
1697.8 (2) <§. I 11786.1
1704.70 (12) 25.9 4(-3) - >3.L 1704.6

*(1705.4) S | | 1793.7

(continued)
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Table 13-a. Continued

UCRL-18651

B (kev)a,d be OLKC SL—' MﬁltiQ Level®
B o %L pole
: placement

1718.1 (k) 1.8 (6)

1722.04 (13) 60.6 6.0(-L) El 1722.0°
1725.9 (kL) 1.2 (L) | '
1745.29 (14) 2.1

175L.94 (16) 1.3 .

1765.75 (15) 8.8 - 1854.0
1768.22 (16) 3. ‘} ~1.2l=3)

177556 (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.h 1.6(-3) 1912.0
1836.34 (16) b0 192h.6
1855.69 (16) 2 '
1861.15 (25) 4.8 (1.2) 1949.7
1862.74 (15) 74.0 1.6(-3) 7.6 M1 1862.8
1869.78 (16). 1.5 1958.1
'i9h8.ho (18) 2.2 (5) -

1949.80 (17) 2.4 (5) 1.5(-3) 1949.7
1956.48 (15)  15.9 1.1(-3) 20bk 8
1960.60 (16) 1.1.

1977.85 (15) 16.2 8(~L) 2066.2
20Lk.87 (15) 25.0 h(-k) - 20kk.8
2066.28 (16) 1.3 L o 2066.2
2192.33 (20) 4.2 b.3(=k) C[EL(+M2)]  2280.7
2219.49 (20) 5.k C5.T(=h) - - 2307.8
2246.92 (20) R -

2280.6 (2) 3.3 . 2080.7
2307.7 (2) 3.7 7.7(-1) 12307.8

(continued)
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Table.l3—aﬂ -Continued

a,d b c o

Ey(kev) ’ Iy ' QK : K Muiti— | Leveie
S IL pole placement
2317.0 (2) L.6 4.3(-Lk) : [E1(+M2)] 2Lko5. 4
2361.5 (2) 3.8 '
2394.6 (2) 2.3 , | _ [2482.9]
2405.2 (2) 9.1 4.6(=k) - [EL(+M2)]  2405.4
2L82.8 (2) 1.6 | o [2182.9]
2513.82 (20) 12.4 o | 2602.2
. 2602.15 (20) 6.5 (1) o L 2602.2
267h.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 [2885.5]
2823.60 (40) 1.0 (2) . [2912.2]
2832.00 (20) 80.5 - 8.8(-5) . i 2920.L
2863.88 (20) 2.0 ' -
2885.55 (22) 2.0 h.5(-k) [2885.5]
2920.41 (20) 40.6 1(-5) ‘ E1 2020. 4

#The energy errors indicated reflect the combined statistical uncertainty
associated with the peak centroid, and the systematic errors expected from
system non—llnearlty and from uncertalntles in the standard calibration
energies.

bExcept where otherwise indicated, the errors in the relative 1nten51t1es »
are about 8%, an error arising largely from the uncertainty of the detector
efficiency.Where the indicated errors exceed this figure, they reflect.

the statistical uncertainty, 0, associated with the computer least squares
fit to the photopeak. o

Conver81on coefficients marked with a dagger.(f) have been computed from
the data of Harmatz, et al. (Ref. 81).

The starred (¥) lines- are com lex roups we hdve been unable to re507ve
Y

(continued)
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" Table 13-a. Continued

®Level assignments are “indicated by three notations, dependlng on the ba51s
(and relative confldence) of the assignment:
1247, 7==§con51stent coincidence -and s1ngles data,.
' Placement in the level scheme will be found
in Fig. 3k, i

[2265. 2]% assigned on the basis of energy difference
only Placement is in Fig. 35.

[(2&82.9)}%2ﬁm1gned by energy difference, and feeding or
de-exciting a probable level indicated in
Fig. .35. :
f'Obscured by.the,Tal75vlines at 125.9 and 126.6 keV. We assign a Ta
line on the basis of coincidence data. S

176 -

Blheoretical value. Assumed pure E2 for normalization.

Bobscured by the Ta’' 2 line &t 207:L and the Ta'!l line at 208.l keV.
Assignment of the Ta 7 llne is made on the ba51s of coincidence data.
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Table 13-b. The y-rays following decay of Ta176 to levels in Hfl76:

Transitions observed with intensity 0.20 - 0.99% of the
710.5-keV intensity.

EY(keV) S I,Y ~ Level Placement
110.1 (2) 0.36 (5)
111.3 (2) 0.31 (5)
117.5 (2) 0.23 (5)
118.93 (2) 0.22 (L) - [(1710.2)]
131.0 (15) 0.L0 (10) [1924.6], [1949.7]
1%0.9 (210) . 0.97 (10) S |
173.00 (7) 0.28 (k) [1577.6]
179.10 (6) 0.72 (1) I
185.72 (6) 0.50 (6) ‘
- 192.80 (8) 0.2k (k) [14L5.8]
196.82 (1) 0.46 (12) [2602.2]
198.07 (12) 0.70 (15)
230.88 (8) 0.49 (L)
248.29 (8) ~0.52 (5)
271.58 (9) 0.2h (k)
277.74 (8) 0.20 (k)
28077 (7) 0.22 (k)
292.88 (10) 0.73 (7)
303.55 (15) 0.42 (k) [2905.6]
306.79 (20) 10.50 (5) |
~ 314.53 (20) 0.57 (7)
318.83 (30) 0.21 (4) = [2921.0]
327.05.(30) 0.26 (L o
337.51 (20) 0.23 (3)
343.38 (20) 0.69 (7) |
361.76 (20) 0.62 (9) . [2066.2]
362.71 (30) 0.38 (9

) [1767.5]

(continued)
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Table - 13-b. Cdntinued

_EY(keV) RV | Level Placement
366.20 (25) . 0.24 (3)
382.71 (25) 0.4l (8) . v
383.60 (20) 0.97-(10) [2308.3]
386.10 (20) 0.45 (5) [2791.5]
388.06 (20) . 0.56 (5) - [1767.5]
Lo1.kk (20) 0.36 () [2044.8]
411.67 (20) 0.34 (5), '
L21.08 (30) 0.33 (7)
423.15 (30) 0.32 (8) |
b2k 48 (15) 0.92 (10) ~  [1672.3]
428.85 (20) 0.27 (&) [1722.0] -
433.51 (9) 0.80 (9)
434.85 (10) 0.89 (9) . [2905.6]
4ho.01 (8) 0.b1 (5) -
450.9% (13) 0.31 (5)  [2307.8]
452.18 (10) 0.45 (6). [1793.6], [1856.9]
Lsk.63 (9) 0.32 (5) [2762.6]

459,10 (9) 0.60 (7) [2265.2]
479.1k (10) 055 (1) -
480.83 (9) C0.54 (1) . [2405.4]°

. 1483.28 (9) 10.50 (6)
hol.98 (13) 0.26 (k)
517.4 (L) 0.60 (30)
529.08 (17) 0.26 (10)
550.4% (5) ; 0.81 (20) }
551.h (2) 0.35 (6) [2k05.4]
553.5 (2) 0.50 (6) - [1958:1]
555.2 (2) C0.27(5) . [2265.2]

0'(2) .- 051 (1) o

i 560.‘

(continued)
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_ Table 13-b. Continued

EY(keV) . : o IY -~ Level Placem.ent

561.6 (3) 0.25 (6)

566.6 (2) 0.23 (L),

577.3 (1) - ©0.83 (9) [(2885.5)]
583.5 (2) C0.2h (L) [1924.6]
584.9 (2) 0.36 (5)

589.9 (1) 0.30 (k)

50L.9 (2) 0.23 (L) ,

- '598.6 (2). 0.46 (8) [1912.0] ‘
60k.6 (1) 0.48 (6) . [2885.5], [2912.2]
626.1 (2) - 0.31 (5) - [(2482.9)]

636.6 (1) 0.95 (10) [19%9.7], [29kk.1]
656.8 (1) 0.6 (7)

~670.2 (2) 0.22 (5)

1 693.2 (1) 0.38 (5)

730.7 (1) 0.60 (7) [2308.3]
735.9 (2) 0:30 (6) -
760.4 (2) 0.31(5) [2470.7]
766.5 (1) 0.56 (1)

T74.0 (3) 0.24 (6)

779.3 (1) 0.54 (6)

782.7 (1) 0.62 (7)

78L.2 (2) 0.34 (7)

787.1 (1) 0.53 (6)

789.4 (2) 0.26 (L)

798.5 (2) 0.87 (15)  [2470.7]
799.5 (3) 0.39 (20)

801.7 (2) ~0.26 (5) -

803.8 (1) 0.65 (1)

(continued)
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Table 13-b. Continued

EY(keV) | | - ‘IY : Level Placement |
808.6 (1) - 0.68 (8)
837.7 (3) 0.35 (10) e
841.5 (2) - 0.78 (18) [2791.5]
8k2.6 (5) '0.38 (20)“ . - |
861.0 (1) ib}75 (9) [2265.2], [2905.6], [(2k52.3)]
867.4 (1) 0.63 (8) - [2912.2]
872.3 (2) 0.31 (5) . '
876.6 (2) 0.46 (6)
878.1 (2) 0.45 (6)
884.7 (3) 0.26 (10)
886.3 (2) “0.72 (9).
893.3 (2) 0.48 (12) £2u70-?]
900.3 (1) 0.69 (8) |
907.3 (1) 0.89 (10)
971.8 (1) - 0.89 (10)

©975.1 (2) 0.81 (10)

977.0 (2) 0.91 (11) o
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) 046 (9) R

1052.7 (2) 0.80 (12) - - [2432.0]

1112.9 (2) 0.9k (10) - [2817.6]

11&8.3_(2) ‘0.85_(15) _":[2791.5]

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

B (keV) oo v‘Level'Plapemeﬁt
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) 0.2k (5) [1912.0]

1937.9 (2) 0.45 (7) |
1970.6 (2) - 0.57 (7).
20b2.7 (5) 0:65 (22)
20kg.2 () 0.52 (11)

o057.4 (3) 0432 .(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 (k) 0.kk (12) o
2260.4 (3)" 0.57 (10)
2272.1 (3) 0.32 (5)
2078.6 (3) 0.49 (1)
2304.5 (L) 0.50 (22)
2314.8 (5) 0.50 (25)

(continued)
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. mable 13%b.. Continued -

EY(keV) . g ?  L,Vifff{fg'f7_ o Lével'Plaéemént:

(3) 45
3y
3]
[CORE
() o
REIE T

2371
2l

- 2l60.

2180.

- 2506.

2531
P53k,
2548,

2571,

_2585;

2681,

- 2689.

© 2705.
o2
o7k,

o erss,
2762,

T 2169,

o eelT.

. .28ls,
v f ?85§{
2856
... 2882,
03l

‘ '[.éQQEQ -'ﬁ}f{v-ﬁ'ki
T 2012:3 (6)

4:';'«1_00 Nw\n ,_.,__, s -‘_'_o"_l—' Oowm b & o\ o B > oo ﬂ:’v m”-v

" {continued) .
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" Table 13-b. Continued

v oI ' o
EY(ke ) | Ty - B Level Placement
2971.6 (3) “0.21 (3)'
2978.7 (3) 0.3k (3)
2995.4 (3)

) 0,092 (1)

NOTE: The conventlon followed for notlng level assignments is the
same -as in Table 13-a.




-172- : UCRL~18651

events. Nine 2400' ﬁapes éf,seriél data were gatheredbin a single

36—hour run. At the eompletion ofitﬁe;run, a 65 nsec gate was set on

“the timiﬁg curﬁe (Fig; 2k) and‘tﬁree tapés of data were initially éorted on

the PDP-T in order tgiobtainjé érdss cqincidence spectrum for each of the

'two detectors. The higher fésoiﬁ?idn."planaf” data'wéfé.used to sélect

digitally fhe coincideﬁce_gateé'bf interést; In Fig. 52 we show the gross 

coincidence spectrum for thevplénér detector and in Table 21 we indicate

the location of the coincideﬁcé ﬁéates" which were set. The background

windows have been selected imméaiatély adjacent to the peak windows on

the high energy side;whénevef prSible.n In Fié. Sh are shown for reférence

the gross "coaxiél" cqincideﬁcé’déta. These data were used as an energy

calibration for later cpmputér_ghélysis of the sorted coinecidence

'spectra. Intensity daté erJthé>sor£ed épectra were. obtained With useiof

the effiéiency‘curQe for tﬁelcoaxial deteétor + absorber shown in Fig. 53,

:(Figurés and tables relévant'to ﬁhe coincidencé data are in Appendix c.)
-Subtractionvof-backgfound aﬁd random events'has been carried out

by. the cqmputer éode during thé sqrting procéss; SO thét the»spectra shown "

presumably represent oply "valid" photopeak chncidences. The appropriate

relation describing the spectra is just

cdinc = (PT —:PR) —_(BT - BR)

where
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lav}
]

p = totai coincidences in'the pesk gate

g _
It

random coincidenees.in the.peak gate

us]
i

= total coincidences_in'the’Baokground gate

joe]
i

random coineiaencesnin theibackground gate.

In Fig. 55 (Appendix C)”Weidisplsy thee8i'YeY coineidence spectra
we have obtalned from the decay of Tal76;: The quality of the datsa can
perhaps best be estlnated by examlnlng esch spectrum in the region of the

gate peak, In nearly,every_case,ethere is llttlevperturbatlon of that

region to suggest deﬁarture ffon's normai;baekground continuum.

Finally;Ain Figs. 30_—i3é‘ﬁe show”tne.conversion'electron data
gathered with the 3 mn X 1 cmgtsi(Li) detector. Figures 30 display
the low energy conversion speptrﬁniup’to-l;6 MeV. 1In Fig. 31 is shown
a high-gain spectrum of the reéron np;to about 300 keV, and Fig. 32 shows
the high-energy (1;0—3.0 MeV) electron spectrum. Tnese latter data for the
most part represent electron energies beyond.the supposed range (ignoring
scatterlng) -of electrons 1nc1dent upon a 3 mn thick Si wafer The.statistics
are consequently'qulte poor sbove = 2.0 MeV and only gross features of
the‘electron spevtrum.esn.be.discerned An unusual'feature of this spectrum
is the appearance of a palr of rather strong llnes at 1811 and 1899 keV.
These llnes have no counterpart 1n the photon spectrum Moreover they

73 Th

were not observed by elther Harmatz,‘et al or by Verheul, et al
‘thougn both groups should ea51ly have seen the llnes if they were present
w1th the 1nten51ty seen in Flg 35 We noterthat.the energy separatlon
between the two spurlous electron llnes is exactly 88 keV These

facts coupled with the observed 2:1 intensity ratio of the lines leads

us to believe
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that they are caused by the strong photon tfansitions at 2832.0 and
2920.4 keV, a belief that is supported by the observation that both lines

are just 1022 keV (2m cg) below the corresponding photon‘energies. 'We

0
conclude, then, that the spurious "electron' lines iﬁ fact are the 2832ﬁ0f
and 2920.L4-keV photoh doubleQeScape peaks, réprésenting:a feature we
are not aécustomed tovseeing in Si(Li).épectra. The observatién is not
surprising, however, when oné'cdnsiders that at 2;b‘MeV4the silicon pair—'
production:éross—section is aiready equal tofthe'gefménium photoelectric'
'cro§stection at that energy, and ét 3 MeV is a factof of‘five greater
(see Fig. 33). “

The_Si(Li) conversion electron spectra have beeh primarily useful

176

in 1) revealing‘ﬁhe locations of EO transitions present in Ta decay,
.and 2) providing rather clear indication of those transitions which are
essentially E1 or M2 in character. Unfortunately, most of the

176

observed transitions in the Ta speptrum are undoubtedly of M1, E2,

or miXed M1-E2 or El—M2'chéraéter because there is little or no population.
of states with spins exceeding 3 units of angular momentum (with the
excebtion, of course, of the 4+ member of the ground band)m Little
information on trénsition multifolafity_can be gleaned from K-conversion
‘coefficients alone in such cases. This faét, and the complexity of the
1Tal76 spectrﬁﬁ severely restriét thé uséfulnéss of.thé Si(Li) con&érSion
data. We have indicated in Table 13 the meaningful and unambiguous
information provided by the electron spectré. Conversion coefficients i
98

have been determined by normalization to the conversion coefficient

of the presumably pure E2 ground rotational band transition at 202 keV.



o

_mlBlw UCRL-18651
|02 [ ] Ty T ] T T T | T v 171 | T T T l T T 71 '_J
i PHOTOELECTRIS (Ge) ]
i 1
‘COMPTON (Ge)
10 =\
3 Fa__.
S Ty T~
~ L A\
125 \
> L
m \
< i \
@ \
Z | \ PHOTOELECTRIC
A .
\ (Si)
Z .
o !
- r \ ]
[&] 2 \ N
% I \\ PAIR (Ge) .
ol A ]
b A
o i \ )
x i C 7]
O \ ,
\ / ]
= /
E \\ / paR (Si)
» A A ]
is} - \ 4
<« i \ 1
3 - A 1
3 - \ ]
g i \ ]
N \
* \ ]
g ~ \ |
¥ j
u<-! -2 [T | 1 1 ! t\ Lyl ! L s I NN R
10 50 100 - 500 {000 5000 10,000
) ENERGY . keV

XBL 691-137

Fig. 33. Energy variation of the photoelectric, Compton, and pair-

production cross-sections

in silicon and germanium.



~180- R UCRL-18651

In Table 1L we list the conversion electron lines observed from the decay

of Tal76.

Because the electron detection efficiency of the Si(Li)
'crystai is poorly'known above 1.6 MeV, the relative intensity errors

indicated réflect the rather large uncertainty associated with extrapolating

the curve of Fig. 18 to 3 MeV.
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Table 1k. Conversion electron lines observed following decay of Ta176
“to levels in Hfl76. '

Transition Enérgy‘ v _ Conversién Electron In‘censitya’b
(keV) | Ky | ZjLe_ 2 (wN)
88.4 >1.0 X 10h | 4.8 x 1o~l‘l AL box 10h

91.2 >66" 180" '
131.1 hoT
146.7 190"
156.8 135"
158.2 eooT
175.5 220" 39.
190.4 180 25. 
201.8 960 . LT71.
213.5 | 156
236.2 18.5 ' : -
239.6 138 <.
288.8 7.k '

31h.5 + 315.4 4.5
346.9 .2

-350.2 7.4

361.8 3.7
366.2 5.5
380.5 2.4 -

380.7 + 383.6 5.7
393.2 - L.9
Lhih.3- 4.8
436.4 6.7
L66.2 : 53.8

473.2 + W7k, 6 <13.k

(continued)'b
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Table 1&. Continued

Transition Energy

,b

Conversion Electron Intensitya

(keV) K 2L | L0ww)
" 507.5 55.9 8.7
- 512.3 16.2 2.3 (5)
519.7 <20.l
501 (complex) 89.k <10.9
532.5 4+ 533.2 10.3
546.5 <oh.2
571 (complex) .26.0
611.2 - 33.8 5.0
616.8 4.5
638.8 <.6
642.9 4.3
644.8 21.3
665.7 <5.1
677.1 6.8
678.9 h.1 -
685.6 3.4 _
710.5 - 100. - 16.6 3.2 + 1.3
723.1 2.9
Th1.0 4.3
923.9 1.0 (5)
936.4 - '2.9 '
957.4 5.l
1023.1 ~L.s
1061.6 3.0 (5)
1064.0 <l.5
1066.2 2.4 (5)
1089.1 <.0
- 1107.8 1.6 (3)

(continued)
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Table 14. Continued

UCRL-18651

Transition Energy . Conversion Electron Inténsitya’b
(keV) K - | z:Le_ z:(M+N)e—
1115.0 3.2 |
1138.3 19.6 <6.
1149.8 5.0
1155.5 2.0 (L)
1157.4 19.6 L7
1159.3 72.8 11.8
1184.6 1.5 (3)
1190.2 25.0
1201.5 2.7
1204.8 1.6 (5)
1223.0 67. '
1225.0 3.7 } 11.3
12h7.7 <5.0 0
1252.9 10.7 b
1258.8 <.2
'1268.8 6.1
'1291.0 <5.5 <1
- 1293.2 87.3 13.9 .
1341.3 8.8 1.y
1357.5 <6.4
1476.2 0.8
1489.3 1.3
150k4.2 2.4 0.8
1555.0 3.2 <0.9
1563.5 + 1565.0 1.2
1579.7 0.5
1584.0 9.4
1616.2 3.1

{continued) -
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" Table 1h. Continued

Transitibn Energy - Conversion Electron Intensitya’b
(keV) | K, _ - Z:Le_ ()
1630.8 b0
1633.7 1.8
1643.5 _ 1.6
1672.3 + 1673.4 b 0.5 (2)
1679.2 0.71 (13)- '
1693.7 1.2 (3) '
1696.6 10.4 ‘} , 1.4
170k4.7 2.0 | <0.6
1722.0 2.0
1765.8 + 1768.2 10.81 (20)

17Th.6 3.0 (5) 0.3
1820.0 0.4 (1)

1823.7 7.5 (1.3) 0.8 (3)

11862.7 6.4 (1:1) 0.84 (17) , 0.3
1949.8 - 0.21 (05) ' '
1956.5 1.0 (2)

“1977.9 1 0.88 (16)
20k4k. 8 1.3 (3)

2192.3 0.10 (3)
2219.5 0.17 (W)
2307.7 0.15 (3)
2317.1 0.11 (3)
2405.3 0.23 (6)
2832.0 0.39 (10)
12885.6 0.05 (2)
2920. L 0.16 (5)

Except as otherwise indicated, relative intensity errors may be taken to
be = 15%. Thesé errors reflect the combined systematic uncertainties
arising from the following: 1) normalization to the T10.5-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
method described in Ref. T79.

Intensities marked with a (T) are from Ref. 81, normalized to the
201.8-keV K-conversion line.
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D. Data Analysis and Construction of the Hf176,Level Scheme
In Fig. 34 we show schematically the decay of Ta176 to levels in
Hfl76 as derived from ouf data. 'We have been able on the basis of coine~

-cidence; singles yY-ray, and conversion eleétron data to place in the level
scheme all transitions.with intensity = 4% of the T10.5-keV photon
intensity. The transitions placed in Fig. 34 represent only those lihes
for which definite assignments could be made on the basis of y-y
Eoincideﬁce data. As we méntioned previously, we have not considered
simplé energy sums and differences to provide sufficient information for
placemeﬁt of a transition in the level shceme. There are nﬁmerous weak
linesgwhich could be placed on the basis bfvenergy information alone, and

undoubtediy some of these placements ﬁould be correct. Therefore in
Fig;.35 we show again the Hf176 level SChémé, this time indicéting those..
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 (dptted lines) whose présence is indicatéd
by coincidence data, but which we are unable to observe in either thé

' photoﬁ or electron spectrum.

A detailed exposition on the assignment of each transition to its
broper place invthe level scheme seemé impractical'in this case, and sincé.
we have included for inspectioﬁ'all.of the Y=Y coincidence data (Appendix
¢), we feel such a discussion would Be more confusing than enlighﬁening.

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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(continued,2 of 2)
Lu176m to levels in Hfl76.
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Notes on Figure 3k:

176m (

1) We have recently investigated the decay of Lu 3.7 h).

The results of that étudy have been included in the figure and are in.
| 76

agreement with the earlier assignments made'on the basis of Tal decay

data. In Appendix D we present a brief discussiqn of the Lu;76m decay.

2) The assignments shoyn'in this figure are all supported by |
Y=Y coincidence data.

3) .Starred (*) transitions indicate lines not resolﬁed in singles
aata, but_expeéted tb be complex on thejbasié of coincidence déta.

L) fWherevenergies are in'paréﬁfhéséé Ié;g.,’QOYE(S)J; this"
indicates'thé Singies'data\are complicated by the presence of other
lines, and energy as;ignments:have been_made.using coincidence spectra

or level scheme systematics.
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_192- UCRL-18651
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Notes on Figure_35:

15 Thevtrénsifions shown in this-figure are neither supported nor
refuteé by coincidence dgta. They are assignedAsolely on the basis of
energy sums and differences,‘aqd includeiall possible coﬁbinaﬁions
falling within one standard dé&iafion of the coﬁfined transition-

-and level-energy errors.

2) A few adaitional levels are assigned (broken lines) on the
basis'Of rather tenuéus data, or on the ﬁasis of the 88.35-keV énergy
difference. |

'3) Parentheses [e;g., (533.2)] here indicate a transition
populating or de-exciting one of thé tentatiye_added.levels; fheréfore
these assignments are quite uncertain.

h)>'Starred transitions fit between more than one pair of levels.

5) A very few low energy transitions not obsefved but  indicated

by coincidence daté.tb be likely assignments are shown és dashed lines.
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1. Sample data analyses

a. The 1159-keV multiplet
Aﬁdeceptive_stumbling block that has consistently plagued all

176 has been the

previous attempts to propérly interpret fhe decay of Ta
Vétrong "line" at 1159 keV. 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 iﬁ such a way as to make them extremely difficult

to detect in y-ray singles data displaying rescolution poorer than about

2.8 keV at Co60. Anélysis of_the'thfee spectra coincident with the

L66-, T10-, and 1023-keV transitions reveals the following:

Gate line - "1159" céntroid ' Centroid energy
(kev) location (chan) (keV)
Le6.2 . 1469.3 o 1155.2 £ 0.2

0231 72,2 1157.6 ¢ 0.2
71005 1LTL.6 159kt o0l

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 I = 11:65:476 make it extremeiy

1155° 111577 11150
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 résoiutién of the 1159-keV multiplet shown in Fig. 36'
is'obtained. The three gates set on the multiplet confirm the analysis.
asiéan 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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The 1159-keV Y<ray multlplet resolved into three components.
There.1is even some evidence for a weak fourth component at about
1152 keV.
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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

76

repeated many times in the Tal spéctrum. We have discussed this case
in de@ail 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

AnalysiSHOf this region fdr'both energies and intensities is-
severely complicaﬁed by several facfofsf Firstly, the @résence of the
511-keV annihilétion peak between two bona-fide transition lines at
508 and 512 keV complicates the compuber fit to the date because of the
abnérmal width'of.the 511-keV peak. Fortunately the electron spectrum
provides some help here. Secondly, the dimensions of our peak analysis
program, SAMPO,vpresently allow us to handle multipléts chtaining up to
only six comppnents. _And finally, fhe line at 521-keV, it seemS'evideht.
from coincidence data as well as from singles data, i5 quite complex.
It'appears ceytain‘tﬂere are components at.519.7, 521.3, and 521.6 keV..
We have assigned these transitions to the level scheﬁe and estimated e
their energies and intensities from coincidence and singleé data. There
may glso be other com?onents at & 517'and # 521 keV. The fofmer
possibility seems quite likely,»bﬁt it is aifficult fof us to draw
:_;further'conclusions from the déta; We simply are limited by the resolution

of the detection systems.
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¢. Other coﬁpleﬁ.lines of interest

The 541 - 547 keV complex is another case similar to thé\one just
discussed. Coincidence data allow us to fit two transitions at 543.2
and 546.5 keV with some certaiﬁty, ahd a third at about 540.3 keV with
less certainty. As nearly as ﬁe can tell from singles analysis (cf.
Fig. 37) there are five lines present.

At 1224 keV the presence of_a doub;et is quite evident. Hﬁwever,
the "assignment of the line at 1226.7 keV is much less obvious. We have
noted.é slight asymmefry in all the computer fits of the 12é3 - 1225
douﬁlet.indicating the presence, albeit_weék, of a high-energy shoulder
with intensity =~ 6% compared to the 1225;keV'line intensity. This fact,
coupled with rather tenuous evidence from the 169h-keV coincidence
spectrum seemed to justify assignment of the 12é5;7—keV transition from
the level of that energy to ground, an assignment consistent with the |
2+ spin and parify we proposed from K-conversion electron .data for the
936~ and 1138-keV transitions. Figure 38 compares the doublet and |
triplét analyses of the complex at 1224 keV; The Lu;76m decay data later
confirmed ﬁhé presence of the line at 1226.7 keV, and verified the

176 data.

computer fit to the Ta
There are several dthef instances where the Compton-suppressed

data show wéak lines in fﬁe region of much stronger lines (cf. €.8.,

Fig. 39; the low energy side of the 611 - 617 keV "doublet"), but in

general the.presence.ofbthese lines does not seem to iﬁtroduce ambiguitieé

into our interprefation 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. The 1149.9- and 1293.2-keV EO transitions

The conversion électron‘spectrum (Fig; §O)vreveals‘the presence
of two lines,that have no counterpart in fhe photon'emission sﬁectrum.
These transitions, at 11L9.9 and 1293.2 keV, presumably arise from pure
EO conversion pfocesses, and indicate the presence'of two low-iying

76 4

(K = 0+0) states in the Hfl evel 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.9l.2 keV

Wé find evidenceAfor the presence of a 91.2-keV transition in the
"tﬁinfwindow" high resolution spectrum (Fig. 28). Harmatz 93_§;,81
vreporfed the line in their conversion eléctron spectrum, and indicated
axlikely_E2(+Ml)’multibolarity. We shall discuss this latter point more
fully iater on. For now it is sufficient to»cite the experimental
¢vidence we find for thevpresence of the line. Although we are hard-

176

pressed to definitely assign the line to Ta on ﬁhe basis of singles
data, there is strohé circumstantial evidence in the coincidence data that
also indicateé its presence. ‘The 1066-keV coincidence spectrum clearly
shows the presencé of the 1225-keV iiné iﬁ cdincidence, as ﬁell as

some ihdication for the presence of the weaker lOé3—keV line. This

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 traﬁsition in coiﬁéiéencé. Thus, in this instance we are able
by careful analyéis to establish fairly coﬁclusivély the presencé of

a transition on the basis ofvéoincidence data. Wé also point to this
case aS‘an example of én&l#éis-performedvon data fhat we cohsider very

" near the statisticél,limits of.siénificance, i;é,; in‘few cases have we
'éssigned a transition on the basis of leés réliableuinformation. Since
we have not discussed the "coincidence.matnixJ for each trénsition, we
trus£ that Ehe abOVe'anal§éis.will servé éé a criterion by which the
reader can attach some sort of ﬁconfidence rating" to the proposed decay
schéme.

2. Spin and parity assignments

Assignment of the spins and parities to leVéls'dn'the basisvof.
' K-conversion electron data and Y-ray‘relatiQe intensitie§ aloné'is 8.
hazafdous endeavor, and it is principally_fof this reason fhat.the work
described hefefmﬁst be considéred incomplété, for it ié éxactly those
nuclear parameters that are of primary inférest fo thé theorétician.
Still, we aré able to araw-some defihite ébnclﬁsions in this regard
from our déta, and it ié.worthwhile to indicate ﬁﬁe.Baéis on wﬁich we
- arrive at those c0nc1usions. |

' To begin with (cf. Fig. 3&), the'two:loVest“ievéls'abové the
ground rotatipnal band almost'eertainly are themselvés membérs of a single
elementary rotational band. As we ha&e'indicatéd, the EO trénsition at
1149.9 kxeV confirms unambiguoﬁély‘the assignment of a (K{=”O+O)
level at thet energy. . Thg level at 1226.7 is designatéafK‘=io+2"

on the basis of: 1) the enhanced K-conversion coefficient associated with
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the 1138-keV line (o, = 2.3 X lO_?) indicates eitherran EO component

K
or, alternatively,Aa ﬁuré M2 tfansition; 2) the presence of the 936. k-
v and 1226.7-keV transitions identifies thé‘spin as 2, thérefore the parity
is necessarily pogitive. Branching ratios to the ground band indicate |
K =0 as most likely‘(cf. Tablé 15).

| The level at 1247.7 keV can bé definitély assigned as 2- on the
basis of conversion coefficient data and #—ray branching. The 1159-keV- 
transition to the ground-band 2+ étate ié very stroﬁg and the K-conversion
indicates a probable E1 multipolarity. Moreover, fhe 957.k4-and 1247.7~keV
lines can be identified fairly éertainly as M2'in chéracter (cf. Fig.
L0) from the conversion data. Not so cér£aih‘is the K»Quantum—number
assigmnent . Aithough K =2

is most likely, the M2 branching (I = 11:9) seemingly contradicts

957 11248
~this designation. But av K=1 assignmeﬁt, though certainly otherwise
acceptable, immediately raises the question of the spin 1 member of thé
band, avmember which ought to be strongly populated if it is present

at all.

The level at 1313.3 keV is definitely spin:3 and negative parity
from conversion data and from the absence of a transition to ground.
Again, the K,qugntum—number is less certaiﬁ, thoughAit is likely the same
as that of the 1247.7-keV level. We thus prefer to considef these two
lévels as members of a X = 2- TDband.

The (K‘ﬁ 0+0 ) designation for the state at 1293.2 keV is, on

the basis of the conversion data, again an obvious assignment. It is

of particular interest, for reasons we will discuss at length later on,

1
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Table 15. Squares of Clebsch-Gordan coefficients for low angular-

momentum coupling of interest in TalT6 decay.
(I,AK.AK|I_K.)°
‘ 171 £ f

K, Ke I, A I, = T, = 2 I, = b
0 0 2 2 0.200 0.286 0.515

L 2 0.286 0.260
1 0 1 i 0.33k 0:167.

2 2 0.200 0.072# 0.229

3 1 04286 0.215

4 2 S 0.239 0.020
2 0 2 2 0.200 0.286 0.015

4 0.120 0.351

o
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to be able to identify the 2+ member of this second 0+ band. Unfortunateiy,
though we have two candidatésvfor the position, we are not able to
unambiguously assign a definite (k = 0+2> classification to either One.
The first possibilit& might be the level at 1341 keV, but it seems likely
both froﬁ y-ray branching and from the relatively "nprmal" 1253-keV
K-conversion coefficient, that this state is (K ¥:2+2) K»converéion

. and fhe'K/L ratio for the 1253-keV transition seem to indicate that it

is (M1 + E2) in character. Wifh fhis 2+ state apparently thus accounted
for, we are next left to contemplate the 1379.L4-keV 1ével, a level that
could bhe a relafively innocuousv2~ state with anomalously large braﬁching
to the L+ member éf the ground rotatiopal band. At least if we adhered
'to'ihis interpretation we would be in a leSSvembarréssing position"thén
‘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 présumed Elf(MQ) 12901--keV transition may
turn out in faét toﬁbe far too large for even a predominantly M2
transition. ‘Our fit (Fig. 41) to the electronucbmplex at 1290 - 1293

keV indicates a K-~conversion coefficient of perhaps‘l.Q x lO'-2 for the
1291-keV line-—a number that would seem to classify fhe transition as
being M2 or EO - E2 in natufe. But we must emphasize that the complication 
~of the 1223 - 1225 (M+N) lines and the ver& strong lé93-keV EQ K-electron
line in this region may have compromised the feliability of the computer
fit to the 1291-keV component. The 1089-keV gonVérsion coefficient

is also uncertain, but it appears to be large enough to be compatible

- with an M2 assignment. The yY-ray branching, though often anomalous for
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transitions ffom (K = 0, 2+) excited states, is in this case so far
removed from what one would éxpéct that a 2- assignméﬁt Wouid seem most »
likely if the electron data were,ignored. ‘

: @hus, 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. 4l), in which case we are compelled to propose a
(K = 0+2) assignment for the level in question. The weak‘1379{3 keV
transition has (because of its importance)_in this single instance been
_included in the level scheme (Fig. 3&) 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-aﬁd pa?ity
that would not be offensively inconsistent with the electron data could
be made (e.g,, 3+, 4+). If, on the other hand,{thé 1379.3-keV transition
is properly placed, -then we: are 6bliged to accept the (K = 0+2) assign-
ment, a staftling development for reasons'ﬁe shall discuss in section E.

The levgi at 1Lk0hk.5 keV'may‘be the 3+ member of the K = 2 band
ostensibly béginping at 1341 keV,vbut we are uﬁable»to see the transition
to the 2+ member of thé grognd band. In view of our earlier discﬁssion
placing the 91.2-keV transition from this level to the 1313.L-keV level,
it would be most pleasing to be able to label the level at lhoh.é.kev as

" the ﬁ— member of the K = 2 bénd'with 6tﬁer~members presumably at 1247.7
and 1313.3 keV. This would Ee partiéﬁlarly satisfying because then we
could call the 156.8—kéV line thg Y- > 2- crossover E2 transition, and the -
91.2- and the pfépOsed 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 ére-several reaséns why wé cannot bé certain about the
assignment. First of all, the K—éonvefsion of the 1115-keV transition
seems_tbo high for it to be puré El; but this evidence is insufficiént
since the;e may be Mé admiituré, and the 1115¥keV line is itself apparently
complex. The 156.8—keV transition and its conversion coefficieﬁt give us
littlevadditidnal help; the conversion coefficient is almost exactly
~ what éne would expect for pure E2--or mixed E1 - M2. = The same conclﬁsions
could apply to fhe 91.2-keV transition, although Harmatz g&_él.8l
propose an E2 assignment on the basis -of L-subshe;l ratios. There is
little feeding of the 1L05-keV level from above, and about all ohe
can say from branching is that we do not sée‘a 1316:4-keV transition
that one might expect from a 3+ or L+ level.

One addifional comment should be madelwith regard to the appreciable

discrepancy in the energy measured for the'llS.O-keV transition thought

to de-excite the 1LOL.5-keV state. The following energy sums apply:

1114.96 1047.64 1313.30

+_290.19 + 156.8L + 91.23
1405.15 140L.48 140k.53

We are not accustomed to tolerate errors this large, particularly at

» such relatively low eneréies, and if‘it were'not for the lllS—ReV
coincidénce data coupled with the known cbmplekity.of tﬁe 1115-keV peakv
we would be inclined to propose two sepérafe levels at 1405.2 and
140k4.5 keV. Such a proposal would seem in many respects to be more

satisfactory, but we are unable to prove this hy?othésis.
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Finaily, we‘preféf the 3- assignment at 1446 kev,‘although the
K-conversion coefficiehts are héré quite_uncértain since both the 1155.5-
and l357.5—keV K-conversion linéé are complex. Some additional support
to the assignment is afforded by the L466.2-keV transition, which is
essentially EI in éhéracter (from K-conversion data).  We pfefer the 2+
assignment for the 1912-keV level, which woﬁld be consistent with negative
parify for the 14L6-keV level.

For levels above 1450 keV the information on spins.and.parities is
for thé méét part meager. We quickl& mention a few of the assignmenfs
that seem fairly certain, and the basis for each assignment:

1643.4 keV: 1- on the basis of.K-conVeréion coefficients and
branching. Branching indicates X = 0. The 3- member of the band. is
likelyrat 1710.L4 keV.

1722.i kéV: ‘Transitioﬁs from-this:;evel are almost ceftainly El
from electypn data, and thevbranching indicates'(K ='O—1)f

1767.5 keV: The 1679.2-keV transition to the groundA2+ state is
apparehtly El from cngersion_data. One would suspect that one of the
liﬁés in the region around 1767 keV might bélong to this level and
represent the tfansition‘to,gfound, but coincideﬁce.data seem to rule
out that possibility. We therefore assign the level as o—.

1862.8 keV: Convérsibn coeffiéiénts'indicate the transitions from
this level to the ground band are prqbably Ml in character, and branching‘
indicates K = 1. .In’the absencé of.the'transition to the ground L+

member, we prefer (K = i+l).
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!ﬁgﬂtﬁilﬁﬂlz K-conversion coefficient data iﬁdicate the 1836-keV
transition is El. Mbreover, Y-ray feeding to other levels and asséciated
conversion_lines.(e.g., 611.2 kéV) seem to make thé 2f assignment here
.fairly certéin.

1958.1 keV: The 616.8-keV. transition is essentially pure E1,
indicating the parity of this level is negativé. We prefer the spin 3
assigﬁmenﬁ from feeding to other levels énd perhaps also because of the
near-lying 2= level, although spin 2 cannot be ruledvout entirély.

176

2920.4 keV: This level is fed strongly by the Ta EC decay

[log (ft) = 6.8] and in turn decays predominantly to the ground and first

176

‘excited states of Hf Branching to the ground band unambiguously

indicates (K = 0-1)to be the likely assigmnment. 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
'con&ersion 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 raiéed enough to place the El1 assignment in dé&bt.

| Finally,,gfter much vacillation and with great reluctance we
have arrivéd at the conclusion that nafure, in a pique, has seen fit to
popﬁlate a level at 2921.0 keV. Consistent inconsistencies in the
energy calibrétions for the high~lying 2832.0 —‘2920.h doublet and con-
_ sideration of thevfeeding that would be required of a single level at

2921 keV have forced this condlusion. Coincidence data indicate the

106L.0-, 1579.7-, and 1673.k4-keV transitions feed the 1856.9, 13L41.3
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(K'= 242 ), and 1247.7 (K = 2-2 >)’leve1s, while the 15&0}8—'and
1693.T-keV transitions feed the l379-h.(possiblé K= 0+2 ) and
1226.7 (K = 0+2 ) levels. These data are consistent with a (K = 0-1)
Vstate at 2920.4 keV, and a secqnd probably'higher—spin state at 2921.0
kéV. The energy data also support this conclusion.

We have indicated a number of other possible spin‘aﬁd pa}ity’v

176 levelsgbbut they are for the most part

assignments for the various Hf
gquite 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- B branching

It will be noticed in Fig.‘3h that we have indicated absolute

176 176

+.
EC-B feeding to the various Hf levels from Ta decay. These

estimates have been obtained by using the preliminary results of

99

Fominikh, et al. which indicate the ratic of total positron emission

176

resulting from Ta decay to K-conversion electron ‘emission resulting

from the 1159-keV complex is I +/I = 26. By combining this

3] Kll59

'information with our conversion electron data and by then suﬁming the
observed Y-ray (aﬁd conversion electron, where significant) intensity
feeding and de-exciting each level, we were able to obtain the indicated
bfanchings. The branching to:the ground and first excited statgs must
be considered a limit; since the authors'in Ref. 99‘iﬁdicate only that
the (3000 * 80)-keV positron component carries about 27% of the tctal
positron intensity. In addition, we have been unable to place in the

decay scheme Y-rays representing about 7% of the total observed photon
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176

emission intensity from Ta dééay. 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 distributed throughout the lével structure.

76

E. Discussion of the Hfl Level Scheme

1. K = 0+ excited states

0f the HeiT®

levels for Whichlwe have definitive information, by
far the most interesting from the standpoint of contemporary nuclear
theory are the two excited K = 0+ leiels at 1150 and 1293 keV. We have
been able to identify the 2+ rotational band meﬁber of the lower state,
énd as we have earlier indicated, it is pdssible that the level'at
1379.h4 keV is the 2+ member of the second K = 0+ band.

These K = 0+ states are deservingiof specia} attention for two
reasons: l)'Y—ray branching from members of the -excited K = 0+ bands to
'members of thé ground state rotatidnal band is a phenémenon éf particular

interest at the present time, primarily because of rather large observed

> K =0.1

deviations from Alaga's branching rules for the K = 0212 11

transitions from presuméd B-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 miéroscopic superfluid model, is a

question of theoretical significance that has also recently evoked

considerable discussion.
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© The first subject haS'létély'been_conSidered experimentally in

54 178 100,101

- studies performed on the nuclei Gdl and Hf The important

theoretical ramificationé associated ﬁith thé problem have been discussed
by Mottelson. O

The éecond topic may be relatéd 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,

. {

particularly near the middle of the rare«earth.region of.deformation. In
addition, ‘it has also been suggested that.éuch states may be significantly
influenced by spin-quadrupole interactions;lol‘?lo5 The possibility would
seem to exist, then, that péiring Vibratiohs and/or spin-quadrupole
interactions may influence the felati;e transition rates for<£he
K = o+ statés in such nuclei. We shall consider these two possibilities

separately, bearing in mind that théy may in fact: turn out to be intimatély

related.

a. Y-ray branching fme the K = 0+ excited states

In the relatively few deformed nuclei in the rare-earth region
for which excited K = 0+ bands have been repoffed, Y-ray branching from
thé 2+ members of the presumed B-vibrational bands to the 2+ ground band
members.has generally beén found to disagree with theéry. It is now
thought that because of the mixing §f the excited X = O+ bands with
other K = O+ bands, notably the gfound band, the Eé brancﬂing is nét
expected to follow the intensity rules of Alaga, but rather should be
giVen‘by the general expansion of the transition matfix elements in

102

terms of the total angular moméntum, I. To first order this

103
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expansion is, for E2 transitions of the type K = 0212 *- K = OlIl:

. : - 2
B(E2; K = 0,I, >K = 0.I,) = (I, 200|1,0)

‘ 2
X uy o+ M2[I2(12fl) - 11(11+1)]]

The matrix elements M, and M, are related to the fanmiliar %

1 0
=‘M2/Ml° ‘In>general, the linear expansion (36) and

177

parameter by Zg

similar forms (e.g., for the Hf El's we have discﬁssed in part I)
ought to be valid to the extent that first ordér pértﬁrbation theory is‘
applicable.

However, significant departures fromveven the form (36) have
been noted for all excited K = 0+ (B-vibrational) bands thus far observed.
The discrepancies between experiment and theory can in evefy case be>

.attributed to an appgrgn?wenhancement of the 0222 -> 0121 transition
intensity. It has been suggested.that the presence 6f appreciable M1
édmixture'could account for this enhancement . Mottelson102 has pointed
out that although such radiation is’forbidden in the I-independent

'approximation, if the nuclear rotational g-factor, 8r> is deformation

. dependent, the transition operator

3 | ':"‘ - 2g.(B.)
- [.3 : R0
M(M1, W) “w/un [ gp(By) + (B-8,) gt .5.}
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obtains,. and the transition matrix element for the M1 decay 6f a

‘B-vibrational state can be written:

R - =3 | e e
B(M1; ng=1, I, > nB—O,.Il) vy ( i |
hu, [8gg\2 o | (37
X M = .
TN 58 6(11,12)11(11+1) _
hw
where ac. is the amplitude of the B-vibrational motion, obtainable from
B8

the E2 transition matrix elements between the groﬁnd and B-vibrational
BgR

5§—> is ‘of the order uniﬁy, the observed enhéncementS»

bands. If <

could be-explained.102 (Recent theoretical calculations by Krumlinde

106)

. [ 3¢
suggest <'a£i> maey indeed be near unity.

The obvicus test for the presence of Ml mixtures in the AT =0
transitions in question is to perfofm a direct experimental measurement
of the M1 - E2 mixing ratio, for example by Y-ray angular correlation

studies on the nuclei of interest. Sﬁch measurements have recently been

carried out for Gdlsh by Hamilton, EE—E;}IOO and for Hfl78

etval.lOl The results of the two experiments are apparently contradictoryf-

154

by Nielsen,

Hamilton et al. find the 0222 - 0121 transition in G4

pure E2, while Nielsen, et al. find only (17 * 10)% E2 character in the
178

corresponding transition in Hf .

to be essentially

Mottelson has emphasized the important implications of the problem .-
for the validlapplication of the rotational model in general to deformed
nuclei; it seems clear that if indeed the postulated M1 mixture is found

to be absent, then the commonly accepted picture of the K = 0+ excited
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states as symmetric vibfations iﬁ-the qﬁadrupole fieldrof these nuclei
will have to be substantially modified. |

Because of the serious implications‘the problém béars for the
collective model, we summarize in Table 16 nof only thé experimental

176

results we have obtained for Hf , but also the information presently

to be found in the literature. The literature data in some cases
répresent'a weighted mean of data from the indicated sources.
It is significant that we apparently do not observe for the

76

the spectacular departures

178

(K = 0+2) state at 1226.7 keV in Hf;
from Alaga's rules 6bsérved in, e.g. Hf However, it should be
noted thét the error on fhe 2'+ »> 0+ transition intensity.is fairly large, -
and the only precise indicator wé have of.the relative Branching is the
2'+ > U+/2'+ > 2+ intensity ratio. We also recall that the nature of the
l379.h-keV state ié still in douﬁt. If this staﬁe turns out to be the
2+ mémber of the K =.0+ band begihning‘at 1293,2'kéV, the followingj

remarkable depértures from Alaga's rules will obtain: (see Table 17

' following Table 16)



Table 16. Summary of experimental'data on Y-ray branching from
excited K = 0+ bands in even-even deformed rare—earth nuclei.
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EYl(,keV) _ ITTKn L_)I'l'ﬂKl B(E2)I ~ Il
Nucleus E. (keV) Yy B(E2)T > 1] e
Yo ITK ——I17K '
n’ 1M
o L52 Ly Eigg_j;figl 2.5 (7) 1=
811 2+¥0, > 2+0 ' 109
2 1
811 205 7 00y 0.19 (5)
689 2+O2 > 2+Ql
Lk B0 W0y 13 (4)
811 .. . 2+O2 > O+01
5 al5h Lyl 2r0p > M0y 3.0 .(5) o1,
693 240, > 240 | 108
2 1
_2_1_% _z_gi_z_g_gi 0.14 (3)
9 2 1
m Prop 7 0
o Eﬁ“&%’l‘ 18 (3)
2 1
CL+0. -+ 240 '
925 e 1
= S 0.11 (11)
B 2 l
04156 gh1 2+O2:_.l.+j_(.),.l_ 0.54 (2l) 199
1050 20, > 240y .' ne
240 = 0+0 o
1129 2 1 '
1129 T 0.074 (29)
2 1
841 fi?_?:_lic.).l 7.2 (3.7)
1129 240, > 0+0, T

(continued)
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Table 16. Continued

z . EYl(keV) : Iﬁan-—j%éianl B(E2)1.+,Il
Nucleus _ B (keGT _ _ Y2 . B(E2)T Ii : Ref.
Yoo ' IMK ———I'TK :
L T 1
164 240, »> 0+0 |
Br Lo e SN (0.48 (35)) 11
1242 2+0, > 2+0
: 1
1698 240 + 2+0 .
_ 3 1
' D40+ 0+0.- |
170 153h o) 1 ,
o .1L50 510 > 510, 0.30 (6) 112
2 1
wire o 88 | 20, > 0y 5.5 (6) 113,
1039 - 2+0, > 240, : 110k
' 240, + 0+0 _
1120 2 1 1.3 ()
1039 2+0, > 240, .
1
- 2+0, L+o
li?g 72+02 > O_,.Ol 2.0 (6)
2 1
1138 2+O2 > 2+Ol work
1227 2+0, > o+gl 030 (6)
1138 240 -+ 240 .
2 1 ,
' 240, + LU+0 '
230 a1 7.3 (1.6)
1227 2+0, = 0+0 . .
. 2 1
. 240, + L+0 ,
1l T8 969 e 1
i 1183 2+0, > 2+0, 0.4s5 (1k) 101

. -~ (continued)
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Table 16. Continued

B, (keV) Yy

ITK —— 1 7K CB(E2)I > I
Nucleus S 1 1 1 1 Ref.
E (keV) Y, \ B(E2)I ~ Ii
Yo o IMK —S9TM'TK
n 11
1276 wﬁ 0.066 (29)
1183 240, - 2+0., .
2 1.
=z e 6.8 (1.6)

1276 5102 > 0+0;
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Table 17. E2 branching from the 1379.4-keV proposed (K = d+2) Staté;

Experiment . Alaga'’s Rule

" B(ER)2'+ > L+ o ' _
B(E2)2'+ > o+ 0.35 * .ok ’ 1.80
if o 0.031 %+ .06 1 0.699
2'+ > L+ , ) .
S5TF > O+ » il. 2.2 2.58
178

These déta appear to have more in cbmmon with the Hf daté'of Ref; 101
then do the data for the other_(1227;keV)2'+ state in 5270 1isted in
Table 16. But the question of the proper assignment of the 1379.k-keV
‘state is not yet resolved, so the data in Table 17 may not be applicable
at all. |

Finally, we consider'ﬁhat appeafs to be an anOmaloﬁsly-faét
EO (or slow E2) transition in Hf176. It is convenient, for the purpose
of comparing EO -~ E2 branching from a given state, to be able to write
a sort of "reduced" EO transition strengthvanalogous to the familiar
B(E2) reducea.photon transition moment. Churcﬂ and Weneser™ ' ? have
expressed the electric monopole transition probability, W, as the product
of an electronic factqr 2, and a nuclear strength parameter, b,

W= p2 .
The electronic factor, Q, is to a first épprdximation independent of thé

intrinsic and collective nuclear properties, while p2 describes the

nuclear monopole matrix elements. Reference 115 contains in graphic

form the values of Q- aé a function of atomic number and fransitioﬁ energy .
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Rasmussenl;6 has shown that for the case of a spheroidal nucleus
undergoing quadrupole vibrations, the p2 of Church.énd Weneser

can be written to first order as

e R N . (38)

The reduced E2 strength from the O+ B-vibrational state to the 2+
| 117

ground state is . .
B(E2; 0'+ » 2+) = L2 42 e2 R)+ h (BC

;1/2
2 0 )

(39)
3om .

Then a dimensionless ratio of the reduced EO and E2 transition strengths

can be given from (38) and (39),

(ko)

2 2 L4
B(E0; 0'+ > 0+) ) _ P € By
X 2+)

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-

-1/k 116

point vibrational amplitude .(BC) is the same.
Experimentally, if the relative EO and E2 transition probabilities

are knoWn, with § obtained from Ref. 115 the parameter X mnay be

' célculated and cbmpared with the theoretical

X = 4B B (L1)

of Rasmussen for a vibrating spheroid.
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To thié end, we summafize_in Table 18 the available experimental
data on E2/EO branching ratios from K = 0+ éXCitéd.statés in the rare-
earth region of deformation. It ought to bé notéd whilé considéring the-
calculated values for X in column 5 that from Eg. (L1) Wé would expect
in general, fOr the deformed nuclei in this region, 9;15 <§X'<ZO.50. And
indeed, Table 18 indicates that this is approiimately true, ﬁith two

176 70

remarkable exceptions: Hf

176

and probably Yoo 'Even more noteworthy

is the fact that in Hf '~, one of the EO transitions behaves in "normal"

fashion, while thé other is in disagreemeﬁt with theory by at least an

70 122

order qf magﬂitude. And although the data for Ybl are preliminary,

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 réported for Erl6h; but these
are for 0+ states above 2 MeV, ﬁot likely'fo qualify as primarily
B-vibrational in character. In fact, the authors suggest that fhéy nmay -
represent the two-phonon:K = d+ "y-vibrations" of Davydov and Rostovskylg)4
expected at perhaps 1.5 - 2.0 MeV. | | |

| Rasmussenll6 also early derived an alternative formulation for the
EO md£rix elements based on a microscopic model of the nuclear
B-vibration. Here, using an asymptotic anisotropic harmonic-oscillator
represeptatibn for the appropriate Nilssqn orbitals, the guadrupole
oscillatidns were described as coherent superpositions. of individual

170

* . i 170
Detailed work on the decay of Lu.

to levels in Yb is in progress at

Livermore.
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Table 18. X =-ﬁ§6§§y-‘

rare—earth nuclei.
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for EOuEQ branghing'in even-even deformed

Nucleus Ref.  Transition  "PS¥&Y Rel. Int. X
(kev) ' .
154 -
Gd 118, . 0% > 0+ 682 (2.1+0.4)x10
119 : 0.071%0.023
| 02+ > 2+ 557 ;.1io.3 '
ca'®® 120 0+ > 0+ 10L0 0.011
Oyt > 2.+ 951 1.4 0.27
%0 1 0+ > O+ 676
‘ 0.06
O+ > 2.+ ?38 _
25t > 25+ 829 0.15%0.07
bt > b 1088 0.20%0.07
62+ > 61+ 1437 0.12%0.06
Erl64 111 0y > 0% 12k6 9.6x107>
' ' 0.15%0.03
0O+ > 2_+. 1157 2.84 (L0)
2 1 :
O+ > 014 1698 2.9xlo"3v
. 0.39%0.06
O+ + 2.+ 161k 1.36 (19)
3 1 |
0+ = oi+ 1766 6.4x107°>
’ 0.78%0.11
O+ > 2+ 1677 - 1.55 (22)
0+ > 0+ 2171 b.5x107S -
' 1.76x0.25
o5+ -> 21+ 2080 1.1h4 (16)

(continued)



UCRL-18651

22k~
Table 18. - Continued
Nucleus  Ref. Transition E?§£$§‘ Rel. Int. X
Ogt > 0+ 2185 2.SX1O"3 ,
: : 5.6£1.8
| Ogt > 2.+ . 209k 0.21 (8)
yptTO 122 0.+ 0.+ 1479 0.6
| - e 1 ' 9.1
0.2.+ > 21+ 1395. L.8
0O+ > 0.+ _ 1565 0.1
3 1 _ | 0.96
O+ > 2.4 1481 10
176 _
HE Present O+ + 0.+ 1150 0.091 (1k)
work v , 0.16+0.03
02+ > 2+ 1062 10.0 (9)
1
o3+ > 0.+ 1293 1.58 (2L) ,
‘ T.3*1.2
| | O+ > 2+ 1205 6.1 (5)
Hf178 123 0+ > 0+ 1199 (3.510.7)x1o'3
' 0.18%0.05
0+ > 2+ 1106 . 0.44%0.09
) 1 ,
O+ > 0.+ 143l (1.9t0.4) 1073
: : 0.10%0.03
O+ > 2 + 1341 0.95%0.19
3 1
0+ > ol+ : 1hhh (8.4%71.7) 10'3
- , . , 0.38%0.11
0+ > 2.+ 1351 1.1%0.2
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excitations of the easily polarizabtle protoné in orbitals near the
Fermi surface. The result. of this treatment predicts a first order

branching

B(EO; 0"+ »0+) \ _ ;2
X (B(AEQ; 0'+ = 24) = 98"~ ,

'soﬁewhatimore than twice as large as that predicted by the vibrating

sphercoid model, but still far too small to explain the value 7.3 for

176

the transitions from the H 1293-keV 0+ state.

_ 12k ' .
The prediction of Davydov and Rostovs'kyl for the EO transition
strength from the R-vibrational state does not differ appreciably from

that of Rasmussen:

X = bgo(1+3)

Here, "s" 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, 1/s can hardly be greater

176

"v2+ ground rotational band member. For Hf
" than 0.1. vFurther,-it seems unlikely'that thé 1293-keV levél of Hf
‘ could be the (normélly highér enérgy) K = 0O+ two~phonon"Y~vibrafiQnal”
state of Davydov, but verification of this point requirés knoW1édge of
the éero~point amplitudés of thefnuciear B« and Y-vibrations that we do
not ppssess;' B

It is,cleaf that moré experiﬁental data are requiredffér other'rare:
earth nuclei before we can cofrectlyAlabelffhe 1293.2-keV O% state in |

176

Hf = as "anomalous", but nevertheless on the basis of the information
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in Table 18, perhaps some guarded speculation about the factor of 20
176

difference in the two EO branching ratios in Hf would be in order.

b. The naturé of the K = 0+ excited states

Since the early and succeséful treafment by Bohr and Mdttélson

of collective nuclear motion in térms of quadrupole shapé oscillations
and nuclear surface rotations, fheré ha&é béén numéroﬁs a@tempts to
provide a microscopic description of tﬁesé so-called collective nuclear.
moﬁiéns in terms of long~rangé (quadrupole) and short-range (pairing)
nucleon-nucleon interactions. The first of thése'has béen generally
treated by incorporating thé major portion of thé guadrupole force

into an ellipsoidal binding fiéld, whilé the pairing interaction has been
successfully described, as Wevsaw earlier, by thé BCS'supérconductivity
theory appiied to nucléi. Thus the picture has evolveduof the nucleons
3 moving in a deformed, axially symmetric potential and éxhibiting certain
propertieé analogous to‘those associated with superconducting systems'pf
particles. |

 There remain, however, residual quadrupole and pairing inter-

actionsvwhich have been used to éxplain a numﬁer of the properties of
low-lying nuclear energy levels iﬁ deformed nuclei.v The éarliest
descriptions of the collective B- and-Yy-=vibrations (and also rotations)
were carried out assuming an adiabatic separation of particle and
collective nuclear motion. In particulaf, the collective nuclear motions
weré_first treated by Bohr and Mottelson in te?ms of a classical
Vibrating, thating liquid drop model. iThe collective and the single

particle models were treated as essentially separate entities in this
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eérly picture, although it was certainly known that they Weré intimately
related.
It haS'fhus béen common to treat thé residual quadrupole inter-
actions as perturbations caused by slow fluctuations in the shapé of
the éverage nuclear guadrupole fiéld. M@re réééntly, howevér, after
the development of the supérconductive theory éf nuclear pairing intér~
actions, thevmethod of variations, now commonly réferréd to (for the
ﬁuclear’problem)‘ag the quasi«bason approximation has béén applied to
describe the,colleétive nuclear‘vibrationsvin a kind of nuclear Hartree-
Fock treatment. |
A number of authors havé investigated thé pfdblem of the R-vibrational
séates in deformed nuclel; we refe? the interestéd readér to the work of

125 51

‘ Mafshalek, Bes, and Soloviév;126 and references cited therein. The
most recent investiéations have primariiy beén concerned with the effects
of the nonaédiabatic couplings of collective énd intrinsic nuclear motion,
and of vibrational and rotational collectivé modes. The presumed inter-
action of theiB— and y~vibrational states with the ground state of deformed
nuclei and their cohsequent confribution to the familiar B coefficient

. of the second-order term in the rofaﬁionéi energy expansion

2

o n2 5 5
Bl = ooy T(I+1) + BIT(I+21)° + ...

127 52

has recently been discussed by Pavlichenkov, Bes, et al., and
' Marshalek.l28 References 127 and 128 contain predicted numerical values

for the zb parameters thought to describe the mixing of the ground and.
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B—vibrational bands,'and'Ref, 52 predicts similarly the - 22 parameters
for y-vibrations.

Thus, thé moré réfinéd tréatménts of.the quadrupolé and pairing
interactions have proved quite’SucCéséful’in éiplaining a largé number of
nuclear properties,’éuch as trénds:in déférmatidn, odd-évén mass différences,
observed trends in momenta of inertiag énergy gaps in intrinsic spectra
of even-even nuclei, etc. Howévér, it was sugééstéd by Bohr and Mottelsoﬁl29
that, in a manner exactiy-anaiogous to the way in which fluctuations in
the average quadrupole field of thé nucleus givé risé to the R-~vibrational
excitations, so also can similar fluctuations in thé average pairing field
give rise fo other collective excitatiéns, now commonly réferred to as
pairing vibrations. Instead of avdistoftiOn in the shape of ﬁhe nucleus,b
‘a distortion in the supé?conducting property of thevnucleué can be.con—
sidered to occur. This distortion is registered by fluctuations in the
energy'gapa"A. Whereas the B-vibrations are interpreted as arising from
changes in the averagé quadfupoie moment of the nucleus? the pairing
vibrations are associated with variations in the "diffuseness" of the Fermi
surface, or alternatively, with thé 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 thé'particle number now
becomes a fundamental»descriptive feature of the nucleus, jﬁst as the
non-conservation (except on the average) of angular momentum in the

" deformed field is fundamental to the Nilsson “"particle" description

of the nucleus. The development of superconducting character in the
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nucleus dué to pair intgractibns is found to be éxactly énalogous to the
development of a stable qua&fupole sﬁape.deformation dué to thé quadrupole
interactions of thé nucléonsu An éﬁcéllént discussion of the physical
and formal analogies between the pairingv and quadrupolé—field vibrations
is given by.Bes and Bfoglia-in Ref. 130.l

Bes and Broglia concludé thgﬁ a new sét of K = 0+ collective
excitations may be generatéd by»the superconductivity fluctuations in
nuclel. Thése fluctuations are thought iikély to appéar as low energy
excitations, providéd the nucleus is sufficiéntly'ciose fo the transition
‘ pointybétweén the single-particle (sphérical) and superconducting systemn,
~and provided there exist. at least two wéll—defined groups of particle
levels such that the enefgy gap séparating the two groups is large com-
~pared to the energy'separation of the particlés within each group.
Experimentally, the most'effective method for exciting the pairing
. vibfational modes ought to be by usébéf the (t,p) réaction. The cross-—
sections in the rarefearth'region for these reactions_are:prediCtéd to
fluctuate rather substantially with the appearance and disappearance of
small gaps in the Nilséon siﬁgle—particle speétrum.

It is of particular interest to our study of 72Hfigf

that g
decrease in the single-particle level density has‘been found experimentally

131

~and reported by Burke, et al. in this nucleus. Of parallel'interest

103" 0f the calculations of

is the recent extension of Mikbshiba; et al.
Bes and Broglia to include the effects of quédrupole field fluctuations on

the pairing excitations. The calculations of Mikoshiba include consideration

of what are thought to be the most impoftant noﬁ-adiabatic couplings,
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anti-pairing (CAP) effect. The properties of the ten lowest excited
K = O+ states for a numbér of nuclei in thé rarénéafth région are
investigated, and'thé contributidn of the 8~ and pairing-vibrations
to these states is estimated.

Particularly relevant here aré the specific résulté.reportéd for
176

Hf Although for most rare-earth nuclei, the K = 0+ excited states

are predicted to be primarily‘84vibrational in character, notable

170 172 76 182

exceptions are the predictipns'for'Er » Yb » Hfl_ , and W .

In these cases, the calculations of Mikoshiba et al. indicate that the
B-vibrations ought to appear at higher energies than the neutron pairing

130)

Vibrational‘states (for the same reasons cited earlier by Bes »

and the lowest energy (K = 0+ 0) excitations should have sighificant

15k 178 the results of Ref.

pairihg—vibrational character. For Gd and Hf
103 indicate that the pairing- and B-vibrational states coincide.

If ve assume for the moment that'the calculations of.Mikoshiba
et al. provide an approximafely correct description of a‘significant
pairing vibrational contribution to the'lowest—lying K= Q+ state in

Hfl76

, then the question arises, how can one distinguish these K = 0+
states'from thosé with predominantly B—vibratiqnal 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
expefimental measurements we possess for Hf176 to any kind éf pairing-

vibration picture at this'time. Udagawal33 has pointed out that the

predictions for Y-ray branchings from membérs of a state postulated to
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be strongly pairing-vibrational in naturé are ndt'significantly differentv
from the predictions of_Boﬂr'and Mottélson for branching from B-vibrational
states. One might speculate that thé pairing vibrations ought to.give

a smaller contribution to EO matrix élements since théy présumably
provide for monopole (Volume=change) processes prima;ily whén the pairing
excitations involve orbitals fromroscillator 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 = O+ states in Hf176.

76

We can make some observations based oﬁ thé Hfl data, however:

l)’Mikoshiba et al. predict that the‘first threé'K = O+ excited
states in Hfl76 should lie at about 1400, 1550, and 1700 ke, We shall
include their energy level predictions in a latér tablé along with other

176

theoretical calculations for HF For now, it is important to note that
. the first and third of these'statés aré prédicted to be predominantly
composed of neutron pairing vibratioh. The second (présumably the
B-vibrational state, in this pictufe) is calculated to be somewhat more‘
B—Vibrational than pairing-vibrational in nature, and to carry a large
fraction (pérhaps 4L0%) of the "collectivity" of the B-vibration.

2) We observe in 5e 70 x = o excited states at‘llso and 1293 keV,
considérably lower in energy thén the above theoretical valués would
_indicate. ‘However,.the state at 1150 keV has a transition intensity

I(E2) |

ratio- ETEBT-z 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 between thé“0+02_4 2+0,

branching from the 1227~keV member of the lower'K_=°O+ band and the
predictions of Alaga (cf. Table 16).
4) The E2/EO branching fram the lower K = O+ state (1150 keV)

in Hfl76

is in approximate harﬁony‘with oﬁhér éﬁpériméntal data available
for the rare—earth nuclei; however the relativ§ Weaknesé of this EO compared
to the 1293-keV EO is qualitatively consistent With‘what‘oné might expect

of the E2/E0 intensities if the lower state is primarily a pairing
vibrétion and the upper staté a quédrupolé vibration, that is if one
.assumes'the pairing vibrational.modé has é'relatiVely émall EO

transition strength.

For the sake of completeness, we aléo.must mention the recent
considerationé of Belyaé§.13h Here, another mechanism iS'proposed whereby
the pairing fluctuations aré séén to resuit in the formation of two types
‘of 0+ states principally distinguishéd by théir différéﬂ£.EO transition
probabilities. The tﬁo types of‘pairing excitations are derived by
requiring gauge—invariance of the pairing intéraction? and are of
opposite time parity. The spectrum of T-even O+ excitations begins
above the pairing gap; 24, aﬁd these states are exﬁected to have EO
transitions to ground much weaker'than the T-odd O+ excitations, the
lowest of which lieS'belCﬁ the two—quasip;rticle limit, 2A. Though it
vis difficult to make specific compariéons between experimeﬁt and the
Qualitative calculations of Belyaev, if we assumed the 1150-keV 0O+
state to lie below 2A (T-odd?) and the 1293-keV state to lie above 2A

(T-even?) .(a rather fine distinction to begin with), then the relative
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EO strengths to ground for. the tﬁd-Hf 0+ excitations would.seem to be
at variance with what isveipected fraom 3§1yaév‘s preliminary investigation.
But we are not, to be suré, ablé to dfaW’any~définite conclusions in

this regard on the basis of the limitéd data We‘pOSSeSS for Hfl76.

A secdnd rathér différént contribution toward the interpretation
of 1ow—lying‘K = 0+ sﬁates iﬁ‘deforméd nucleivhas;récently come from
Pyétov gﬁ_g;;th The work of these autﬁors sééms to providé a more
plausible explanation fof thé disparate charactéristics'qf the fwo K= 0+
é£ates in Hfl76. |

It is suggested in Ref. lOﬁ,that the spin-quadrupole interactions,
though relatively unimportant in sphérical nuclei,’ﬁécome 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 secon&ary K = 0+ and
K = 2+'collective states at energies below the two~quasiparticle
excitations.;.fhe proposed effect-bésicélly results frém the fact .that
spin—quadrupole forces manifest themselves primarily between shells,
whereas the quadrupole-quadrupcle interactions are very important within
shells. Since tﬁe degeneracies éf the subshells are split in défbrmed
nuclei and tﬁe single~particle'levels are only doubly-degenerate, tﬁe
spin-quadrupole interactién is thought likely to becéme‘quite significant
in such nuclei. Inclusion of the spin-quadrupole interactions can sub-
stantiaily reduce the predicted electric.quaarupole transitioﬁ brobabilitiés
from the second excited O+ 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 betweeﬁ the spin-quadrupole and the'quadrupole—quadrupole inter-
actions, two distinct types of collectfvé excitations with: different
decay characteristics would bé}éipéctéd. HOWevér, miiing bétween.the
two modes does occur, qnd is thought likely to vary significanfly
within the region of deformation, anq pérhaps éven from nucleus. to
nuclgus. This is because of thé great sensitivity of the spin—quadrupole
interaction constant to the details of thé average singlé*particle field
levels.th |

Pyatov and co-authors conclude that it is necessary to consider
both spin—quadrupole and quadrufolévqﬁadrupdle intéractions to éxplain the
‘ bbserved low-lying O+ excitations in défonmed even—e&en nucléi, and they
present results of their théoretical calculations for thé éneréies,
reduced electric quadrupole transition stréngths, and wave functions of
the low-lying O+ states in nuclel with mass-iSO - 17k, Unfortunately,’

176

they do not, then, provide explicit results for Hf ,vso we are Uﬁable'
to.make a direct comparison between their theoretical pfedictions and
our experiméntal data.A Nevertheless, it is significant that we do
observe in Hfl76 two K = O+ excitatibns‘at‘or below the Fermi surface,
and the decay characteristics of the two states are indeed markedly
~different. , Moreover, .the reiativé EO/E2 branching from ﬁherllSOn

and 1293~keV O+ 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-gquadrupole 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 thé EO
" mode, i.e. the 1293-keV 0+ staté would bé éipéctéd to havé a.longér
lifetime than the 0+ étate at 1150 KeV. We ought.also to point out that
the tentative_(K = (Q+2) assignment fofithé state at 1379.L4 keV now
becomes of even greater importanée since significant E2 retardation
(perhaps.aé much as an order of magnitude) may.be expectéd to result in
the anomalous branching we apparently observé. It is thus conceivable
that the 2+ membér of this higher-lying band may have a véry large M1

‘,component,'a possibility that warrants further investigation. Moreover,

3

evidence for the collectivity of the second O+ excited state, since the,

confirmation of the 1379.k4-keV state as (K = 0. +2) woild provide strong

moment of inertisa would then be nearly identical to that of the ground

band. We conclude that the Hf176

aata may provide tentative coﬁfirmation
of the predicted strength of the spin%quadrupole interactions in deformed
nuclei.

It is clear that much more detaiied systematics of the K = 0+
excitations in rare-earth nuclei afe needed to clarify both the néture
.of the collectivity of these states, and the multipole composition of
radiative transitions betWeeﬁ the ground ahd excited K = O+ band members.

The Hf176

nucleus offeré a most interesting case for further study,
because of the appearance, 150 keV‘apaft, of two iow—lying K = 0+
states exhibiting such markedly:different characteristicé. Whether the
one state is predominantly pairing;vibrational'in nature and the other

essentially a quadrupole vibration, or whether, as we think more likely,.

_ the state at 1293~keV_iS'longer—lived and is identified by retarded
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E2 strengths as being strongly influenced by spin-quadrupole inter-
actions remains to be geen. But this latter bossibility'is exciting

enough to warrant immediate further study of the lOW%lyiﬁg.O+ levels

s in Hf176.

"""" 176'leVélé'With theory

Because of the_uncérﬁainty\QSSociated with the majérity of the.
Hfl76.spin assignments, in thé hopé that more définitivé data (pérhaps
in the form of caréful Y—Y‘aﬂd éwéY angular.qérrélatioﬁ studies) will
bécomé available at a later daté, wé shail at this point quickly summariée~

_the Hf176 levels for Whicthé havé beén abié to maké définite spin and
pa?ity assignménts, and compare the experimental data with several
- extant theoreti;al calédlationé.» In Fig.‘hE we show the relevant -
' experimental aﬁa‘theoretical data. The most recent of the calculatibns

135

shdwn are those of Malov and Soloviev, and invgénefal their calcu-
latioﬁs for the first excited states of indicated‘IﬁK appear to be in
good agreementvwith experiment. We have not been able to identify the
1-1 level predicted to iie at &~ 1.4 MeV; but Webfind ét least probable
'expérimental counterparts to all of the other indicated theoretical
states. The 2+2 state predicted at 1700 keV could be either of the
1672.5- -or the 170L4.T7-keV experimental ieVels we tenfatively assign

as 2+, but we élso observe a likely 2+2 state at the SQmewhat unexpectedly
low energy, 1341 keV. The calculafions of Malov and Soloviev ﬁere
carried out using single particle energies and wave functions from a
Saxon-Woods potential for A =:l8l. 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.
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51,5

The calculations of Bes 2 for the B- and Y-vibrational.states

are not very recent, and théy did not includé the non—adiabatic éffécts
that the most recent calculations of:this.typé includé;vnEVérthéless,

Bes' prediction for the location of the B—viﬁfational state séems very
gpod, if we can assumetthe expériméntal'd+ level at 1293 kéV represents

176

the B-vibration of Hf As we mentioned sbove, we are uncertain of

the locationvof the:Y—vibrations in Hfl76.v The‘solid lines in Fig. L2
ihdicate Bes'icalculations for déformation: 8 =VO;25, Whilé the single
dashed B-vibrational level is calculated fér_ § = 0.30.° Thé déformation
of Hfl76 is thought to lie between thése limits.52

Wé have already discussed at sbme'léngth ﬁhe récent caléulations
of Mikoshiba et al. for the excited K =0+ states. We reproduﬁé here
all ten of the states indicated in Ref. 1Q3.

Lasfly we have iﬁcluded for completeness the eafly results of

25

1 . - . N .
Marshalek which, although obtained with a pure harmonic oscillator

potential and‘Nilsson'aéymptotic'wave functions, nevertheless appear to

' 176

show good agreement with experiment for Hf Unfortunately, however,
£he'effects of the SO—called spuribus states (zero—energy K = 0+ foots
corresponding to each of the three rotational degrées of freedom) that
arise from thé quasi-boson treatmenf of the quadrupqle force were not i
 Qonsidered in Ref. 125, therefore the results for the K = 0+ states
shoul@ be considered as only of qualitative interest.

The results shown are those 6btained by Marshalek from solutions

of a dispersion equation similér to that usually associated with the

random phase approximation, but in this case déduced using a generalized
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‘version of the Inglis "cranking model". Two sets of solutions (both
assuming deformation € = 0.24) were reported corresponding to slightly

176

different single—particlé energy shifts.‘ For Hf the two results do
not differ significantly, except for the predicted location of the
K= 2+ Y—vibration state, for which we havé indicated both solutions.

For the K = O+ and the K = 2+ excitations, the higher lying state
corresponds to the predicted first intrinsic stéte. For thé.0+ state, this
implies excitation of a pair of nucleons gbove the Fermi surface, an
excitation that may be viewed as an elementary pairing Vibration of the
type discussed earlier. It is interesting ﬁhat, in spite of the assumptions
used to obtain these results, the predicted energies of the two O+
states are in remarkably good agreemeht with ekperiment. Moreover, in
this case the lower of the two states predicted represents the B—vibration,i
and corresponds most closely to the "Weli—behaved” K = 0+ sfate Wé
observe at 1150 keV. The upper (intrinsic) O+ excitation, presumably
lies appfoximateiy at an excitation corresponding to the energy gap 24,

" and. could represent.the notorious K = O+ 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 afrive at the
inescapable conclusion that much work remains to bevdone on the decay

176

of Ta The spectre of some 200 Y—rays listed as unassigned is perhap$

awvesome, but we suspect that many years will pass before the last of those

176

transitions‘is'properly placed‘in the Hf level schemé.

The task of assigning unambiguous spins and parities to each
of the levels in Fig. 34, though it might seem'hopelésé at first thought,
is ne&ertheless not oniy feasiblé but for the mostvpart.practical with
thé.on—line multiparameter data acquisition system (and'others like it
elsewhere) described in this papér. And sincé3it‘is ésséntial’to the
purpose of establish}ngbdetailed nucleaf;systematics that this phase of
lthe work be completed, we would like.to dwell on this topié at least
Abriefly. ..
The short (8 hours) half-life of Tal76 renders a completebhigh—
resolution electron spectroscopic study of the decay an extrémely
impractical if not impossible proposition in view of the single-channel
limitafionvon the momentum scan of the best magnetic eleétron.spectro~
meters now in use. And if the»determination of transition multipolarity
by measurement of internal conVersioﬁ coefficignts must thus be discarded
as an unworkable option, there-remaiﬁs only the ﬁethod of directional
‘correlations as a means ofrattacking 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, semiQautomated acquisition of e——y and Y-~y angular
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correlation dataﬁ The device consisted of a fixed S8i(Li) detector for
use as an electron spéctrométér, a fixéd;Ge(Li) detector for use as
a Y-ray spectrométer; and & 2" dia. b& 2" NaI(T1) spéctfometer on a
movable mount for use as the*secohd Y—rayvspectrometer. The NaI(T1)
spectrometer was to be eVentuallyvreplaced by an array of_four large-
volume Ge(Li) detectors. Unfortﬁnately, ; severe practical limitation
én the usefulness of,this elegantly conceived dévicé was impéséd by
the strictly "hard-wired" data recovéry systems available at that time
for extracting the information the appérétus was capable of producing.
Two sets of 10 single—qhannel énalyzers Wére employéd to set the desired
electron and Y-ray pulse—héight windows. The singles counts and two-
dimensional coincidence counts fér’eaéh of the four angular positions of
the NaI(Tl) detector were. stored in a 400-channel analyéér-favtotal
of 10 X 10 x 4 bits of informatibn.for each scan!

The results from the multiparameter experimentsIWe'have carried out

176

oh the Ta . decay indicate conclusively thét, with the on-line computer
©  systems now in operation, thé serious data—re;overy limitations'on'such
a directionalfcorrelation device have been removed. The apparatus of
Yamazaki and Hdllander, coupled‘with the 8fparameter analysis capability
of the system in Figs. 21 could, in a singie run of duration comparable
to the 36 hours we required to accumulate Y-Y coincidence data alone,

yield the entire 140966

X 512 X 512 matrix of information describing in
detail all of the e«»Y and Y-Y coincidences and their reépective angular

correlations and timing distributions. That such an experiment is now

feasible goes without question. The statistical gquality of the data
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that could be expectea can be judged to some extent by simply considering
‘the conversion electron and Y=Y ceincidence data we have obtained for
7o 176 |

However, since in‘angular correlation work one often wishes to
measure accurately anisotropies of 10% or less, correlation data ought
ideally to have a precieion of the order l%; Then the calibration of the
correlation apparatus becomes crucially important. Although many of the
electrenic éroblems with regard to staﬁility, resolving‘time, ete. are
subStantially reduced by the digital time aﬁd energy analysis made possible
By the computerized:multiparameter-system,>nevertheless certain of the
0ld problems familiar to experimenters performing anguiar correlation
measurements remain. Petentially'the most limiting of these problenms is
perhaps that of determining the solid angie attenuation factor of the
- counters. The design of the correlation apparatus must be optimized
by considering two factors: 1) the t}ue—to—randem coincidence ratio and
2) the accuracy with which solid-angle correctiens can be determined, and
thereby the_extent to which the ideal point—detecter information can be
approximated by correcting:the raw deta. 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" eﬁtirely.. On the
other hand, if (2) is favored by separating the detectors, then the
random eoincidence rate will be increased-substantially; and the
statistics of the coincidence data will suffer because of fhe large

corrections for random events that will be necessary.
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In practice then, the Qualiﬁy of the angular correlation data
finally depends to a largé dégrée 1pon thé'accurafé detérmination of
the solid anglé correction factdr for the détectors. For this réason,-
it must be carefully considered whéther thé factor—-of-N décreasé in time
required to accumulate data with an array of N détéctofs is worth the
manifold increase in problems that would‘be'associated ﬁith trying to
determine unique solid-angle and photopeak.efficiency chéracteristiCS for
each of the N,vdetectors. Naturally, the argument in favor of the N-
detector‘arraylis that it would facilitate the-study of isotopes with
half-life 1/N times the half-life that could be meaﬁingfully studied with
a single movable detector;

Assuming that the expérimental probiems are surmoﬁntaﬁle (and
they are) then the proceduré that would in principle allow one to
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uniquely determine the spins and parities of nearly all the Hf states

indicated in Fig. 34 is clear. The usual expression

max

W(O).f E: AéK P2K (cos 0)
=0

for the angular distribution of a Y-y cascade of pure multipolarity is

generally expanded to the fourth-order term.
W(é> =1+ A cos29 + A "cosuO | - | (h2)
22 ‘ Lk _ . '

and Ahh now are normaliied coefficients so that A = 1.

where the A2 00

2
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This is sufficient to describe all of the radiations fbr which‘angular-
correlations havé to date Béén médsured, If one of thélradiations is

of mixed‘ﬁuitiﬁolarity, then thé'Simple ex@réssion (38) Becomés

more complicated, and.tpebEA—M(A+l) or MA—E(A+1):mixing ratio § must
be detérmined, yhefe ‘5 is the ratié of'fhe reduced métrix elemenﬁs for
the two mul%ipole transitions‘ Il-—zg;ale’vil—_ig—*lé' This mixing ratio
can normally bg uniquely determiﬁed if only one of the correlated y-rays
is mixed (cf. e.g. the discussion of Frauénfelder and Stéffen in Ref.
137 and refefences cited therein). The additional informatipn necessary
for determining spinsiand parities is obtainable from the conversion
coefficient measurements, and, mbre impoftantly; from the éa—Y angular

correlations. For e_—Y'correlations,'(38) becomes

(o) - 2 b -
Wef_y(@) —‘1 +vb22 A22 cos O + bhh Ahh cos © | - (L43)

where the so-called particle parameters, and bﬁh are the coefficients

Pop
expressing the dependence of the correlation onAthe same factors that
influence ﬁhe intérnal~copversion process;_'Hagér and Seltzer98 have
also:calculated and tabulated the particle parametérsvbgK for X, L,
aﬁd M shell conversibn.

It now is possible to outline exactly what.information could be

176

expected from e -y and Y~-Y angular.cbrfelation studies of Ta decay.

In the most general case, the expression (38) depends on seven parameters:

Aoy 6., 1

Il’ i* 1

5 Ass 52, and I It is uspelly safe to assume, and in

3.'
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particular for Hfl76 it 1s certainly safe to assume (except in the few
cagses for which EO-MI-E2 mixtures occur).that the quantity A in the

ratio of dipole to quadrupole reduced-matrix_elements

5 o (ehsalbi)
K& PN
" is always 1, i.e. that quadrupolé is thé.higheSt multipolérity radiation
present. This reduces to fivé the number of unknown qﬁantitieS'in the
general casé. If we know Ié and I3 (as we would in nearly évery case
l’(6)

for Ta , and if we csan select")\2 to be a pure transition of known

multipolarity (as we can in most cases), and if fufther the A and Ahh

22
parameters are then determined experimentally, knowledge of these five
_quaﬁtities in principle allows us to uniquely detérmine the unknown

6 the pure E2 ground-band

quantity of interest{ namely 61. In Hfl7
transitions would thus provide a useful starting point by providing ¢ for
a number of thevstrbnger transitions feeding the 2+ and L+ gfound—band
states. |

Now in contradistinction to Y-y correlations, e ~Y corfelations
depend not only on the multipolarities of the radiations involved, but
aiéovon the parity changes of the éonvertedvtransitions. Thefefore the
final bit-of,information necessary to the unique'determination of spins
anq parities is pro;ided by thé e -Y correlation data--provided 61 can
m be'obtained from the Y—Y correlations.

To balance the argument , however, in more gloomy and realistic

terms, the complexity of the Tal76 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‘sériously comprdmisé the résults oné could
in theory éxpéct to obtain for évéry strqng liné in thé spectrum.
Nevertheless, the prospects for thé'méasﬁreménts-prpposéd abové‘béing
‘carried out simultaneously'litérally'by thé scoré are indeed now

excellent.
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G. Summary and Conclusions

Considering the plethora of data we have just presemted, it
seems desirable to recap briefiy the résults of this work. vOf some
350 transitions that we havé‘obserVed to be associated with the decay
of Tal76; abot lhOvhaVe?_bn thé bésis of coincidence data, béen placed

6 level scheme (Fig. 34).

with relative certainty in thé proposéd Hfl7
Approkimately 90 additional transitions have béen tentatively placed
(Fig. 35) on the basis of energy sums and differences, though coincidence
aata are not sufficient.to confirﬁ (or refute) these assignments. The
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level scheme for Hf deduced from the data consists of nearly_SO-energy
states, for Which the'spins and parities of 14 (in addition to the ground
rqtational band members) have been definitely established.. There is
reasoﬁ to believe, as we have shown in the previous section, that most
of the remaining levels(could be assigned apﬁrépriate quantum numbers
if the proposed angular correlation experiments were carried out.

Pefhaps the most interésting feature of the level scheme;vat
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'deca& characteris-
tics. Further work té elucidate the_nature 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
detailéd second--order systematics of nuclear properties can now be’

obtained simply and quickly by using the many advantages and capabilities
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of the on-line computer for data acquisition and analysis. In - this
section, we hopefully have nqt Just deduced in a considerably more

176

"efficient way some properties of the nucleus Hf s bﬁt have also
shown the form if not the subétanée of the remarkably complete

information on nuclear structure that contemporary spectroscopic studies

should provide.
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- APPENDIX A
Precision Spectroscopy of'LulY?m'Decay
' . s . 177m
In the high-resolution Y-ray spectroscopic study of Lu decay

by Haverfield,’gg_g;:,29 the aﬁthors reported 12 of the 16 AK = -1 E1
tranéitions pfesuﬁably arising from this deéay. A simple analysis of
the déta ét that time revealed the likelihéqd that two more of the El1
transition;.of interest could be obser#ed and their intensities measured
by using somewhat better detection systemé. .Because of the importénce
Qf obtaining precise expefimental information for as many of these
transitions as possible, we expended conéiderable effort in an atfempt'
to obtain the best»possible measuréments‘fof the relative intensities

17T

of the El's accompanying the deéay of the unique nuéleus, Lu

177

to
HY

Samples of 161-d Lul77m were prepared by neutron irradiation of

natural Lu,.0 powder. The samples were allowed to decay for six months to

273
17T

insure the absefice of 6.8 4. Lu The Lu,0. powder was then dissolved

2°3
in 3N HC1 and the Iu activify was separated by ion exchange using'
u—hydroxy—isobutyric acid as thé eluant for a'room~temperature Dowex
SOW—Xh-resin'column. The procédﬁre forvthe:chemical separation is
described in Ref; 138.-. | |

Singles spectra of Lul77

n 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 own laboratory. The latter spectrometer was carefully
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lcalibrated using absolute y-ray standards and Hfl8om as.a relative
intensity standard. In Fig. h3.Wé reproducé thé éfficiénby curve for
this l-cm> "thin window" devicek' We are confident that the curve is
accurate to ~ 37 in the region of interest (75 - 500 keV).

TTm

In Fig. LY we display a portion of the Lﬁl Y-ray spectfum
taken ﬁith the anti—Compton deviée. The favofable peak-to-background
ratio obtainable with this device haé enabled us to identify the
242.5-keV M1 - E2 céscadé transition léading from the 21/2 to the 19/2
épin level of.thé X = 7/2— baﬁd. More importantly, Fig. 45 shows the |
‘observed 88.l4-keV E1 transition leading between the spin 19/2 members

of the two HE !

rotational bands.

The high-resolution spectra taken with the l—cm3 crystal have
facilitated the confirmation of the 69.2¥keV‘El transition téntatively
assigned earlierzo 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—kéV line.
Figureé 47 show two particularly interesting fegions of the Lul77m
- high-resolution spectrum. Tﬁe 117.2-and 145.8-keV E1 tranéitionsvseenr
earliergo aé only poorly defined shoulders on the 116.0-and 147.2-keV
lines.afe now resolved. The second partial speétrum shows that the
very weak 283.4~keV E1 is nea?ly resolved from the 281.8-keV phbfo—
peak, ahd the El doublet at 292 keV now cleafly shows the 292.5-keV
line to be weaker than the 291.L-keV E1. |

The experimental results represeqting;our "best values" for the

7T

Hf El transition intensities have been derived from a number of

independent measurements and are shown in Table 8. Deduction of the
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The Compton-suppressed y-ray spectrum of Lu-lT(m in the region
170-250 keV showing the location of the 242.5-keV transition.
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Fig. L5. Linear plot of the 88.h4-keV E1 Y-ray from a Compton-suppressed :
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svectrun of Lu decay. (scale: 0.080 keV/chan)
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absolute E1 lifetimes from the rotational model also required precise
knowiedge of the K = 9/2+ intraband transition intensities. The
“results of these measurements seemed to indicate a small (maximum

~ 10%) systemétic error in the earlier‘published intensities for the
higher energy Lu177m Y—rays;20 'Bééausé of the usefulness of Lﬁl77m
_as’a iow-energy relati&e intensity standard, we feel it worthwhile to
compile a corrected list of reiativé intensitiés for the most prominent
siﬁglet lines in the spéctrum; Table 19vshows that listing, together
with the new error limits. A word of caution to the usér:is included
as a footnote.
Finally, iniconnectién ﬁith this éxpérimental_wqu we had hoped

to be able to carry out conversion-electron spectroscopy studies on

177m ' ‘ L

Iu using the irbnffree magnetic spectrometer at Berkeley. The

feasibiliﬁy of the experiment depends to a large extent on being able to

T?m. The only. way to

obtain a strong, "méss—free", line source of Lul
meet these requirements is to produce the source with & high quality
iéotope separétor eéuipped'wifh a device.fof ion deceleration at the
target position. The paper by Bergstrom, §§_§l3139 provides an excellent
discussion of thevmethod and problems invoived ih preparing such sources
for“precision eleqtrpngspectroscopy.

We plaﬂned to use>the Berkeley isotope separator to carry out the
all~impoftant source-preparation phase of this project, but'unfortunately,
repeated delays ha&e forced us to abandon the undertaking. However,
since one must allow atbleastAsix_months for the Lu177 + Lul77m(n,y)~

produced activity to decay so that the 6.8 day LulT7 fraction has



~259- "~ UCRL-18651

Table 19. Relative intensities for selected prominent Lut ™ y-rays.

Tul’™ Relative Intensities
Energy . . Inténsity+
R | 31
1.7 7.2 (L)
105.3 100 (L)
113.0 184 (7)
128.5 131 (5)
153.3 1k (6)
204.1 117 (5)
208.3 512 (20)
208.) 310 (12)
281.8 118 (5)
327.7 152 (6)
378.5 - 240 (10)
113.6 135 (5)
418.5 172 (8)
466.0 20 (1)
+Norméiized to lOS.3~kerline = 100. .
17Tm

CAUTION: .The user should take care that the Lu source ié 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 notvadvisabie to employ complex relative intensity standards
such -as Lul77m if calibrations vérY-near the detector surface are
desired. The experimenter has dnly to place the Lul77m standard-at = 0
sburce—fo—detector distance and compare.the relative intensities of the
413.6- and 418.5-keV lines‘fbr this geometry with the intensities for

a very small solid angle to convince himself of this fact.
. . !
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entirely diséppeared, the irradiation of 70% enriched ILu samples had
»already.beén carried out béforé thé'projécﬁ was droppéd. Theréfore_we

- shall report the results of our pféiiminafy work SO that\the réquiréments
for the experiﬁént will be bétter définéd for possiblé futuré work on

' the problem.

The thermal neutron cross-section for the desired Lu n,Y

reaction has recently been measured by Nethaway and Mendoza to be

7T%02 barns.22 The competing reaction Lul76(n,Y)Lul77(6.8 d) has a much

» larger 2100 * 1§O'barn cross sectioﬁ.lho This unfavorable ratio for the
production of the desired 161-day isomér becomes an important consideration,
the question being whethér one can prepare avsémplé wifﬁ high enough specific
activit& to make isotopévseparation practical. Since the éfficiency of the
electron specfréﬁeter is roughly 0.1%, source strengths of at least

- 10 uCi would be required to achieve reasonable counting fates. Fortunately,

Lu177m 17T T

no B——decays directly to_the'groﬁnd state of either Lu or Hfl s

so all of the decays strengthen the desired conversion electron spectrum.

However, the isotope separator can be expected to operate with only

17Tm

. about 1% efficiency; therefore, to pfoduce a 10 uCi source of Lu

~ 1 mCi of aétivity,is required.

_We héve found that, uéing T70% eénriched Lul76 samples, this
requirement can be just met..Five mg. samples of the ehfichedeu2l76O3
" were irradiated for 9 days with a thermal neutron flux > 101b cm2sec_

at the Savannah River test reactor.  One year after the end of the

17m

irradiation, the samples were counted to estimate the ILu activity.

7

The total activity at that time was found to be about 5 X 10 disint/sec,
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or ® 1.4 mCi. . Satisfactory results were also obtained By irradiating
' : , ' ' -2 =1
a similar sample for 21 days at the lower’flux_(¢ &5 X 101% cm “sec )

MTR reactor at the Idaho Falls.site. Counts on this sample six months

17Tm

after irradiation showed 7 X 107 disint/sec, or 1.9 mCi Lu to be

17 Tm

present. [These results show that sufficient Lu activity was present

to prepare the electron sources as planned..

However, it would be desirable to ehhance further the LulT?m/Lu177

177

production ratio. The large Lu- cross section arises primarily from a

Lo

thermal neutron capture resonance at N’Q.lS'eV,l Unfortunately, no

17Tm

comparable c¢ross-section vs. energy data are available for Lu . ‘We

have therefore carried out. a simplé experiment to see whether the ratio

17Tm 177

of Lu to Lu production might be enhanced by effectively eliminating

‘the thermal neutron flux in an irradiation.
The procedure used was as follows: Two 50 mg. samples of natural

Lu203 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

3

reactor at Livermore (& = 5 X 10l cm~esec_l). The C4 ratio (thermal/

epithermal) for the unprotected sample was =~ T:1, while for the Cd-wrapped

. | ' o 1h
sample the effective Cd cutoff energy should have been about L.5 eV. 1

The results of this crude experiment indicated that the ratio

g /o was indeed effectively enhanced by about a factor of three
w7 | T |
for the Cd-wrapped sample, though the productioh rate of the LulTTm was

decreased by a factor of 10. Still,this enhahcement may be most welcome

17Tm

to the experimentalist interested in preparing a Lu sample for eléctroﬁA 
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177 176

" spectroscopy, since the huge 6.8 & Lu~' "' cross-section makes Lu Murn-

17Tm

up" a major consideration for preparing Lu sémples of high specific
activity. The proposed experiment‘is certainly feasible, and if carried

out would prbvidé an abundance of data of particular importance to

nuclear'theory.
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APPENDIX B

Techniques of Precision Spectroscopy
' 176 .

The extreme complexity of the Ta deeay makes it imperative that
one be eble to obtain very pfecise energy measuremente for all lines in
the spectrum. Thie in turn requires: 1) highly stable electronies;

2) auconsietent and accurate method of photopeak analysis; 3) a way

.of estimatihg the departure of the data-taking system from ideal linear
response to photon energy, and. ﬁ) precise energy calibration standards
speﬁning'the region of inferest. Tﬁese reguirements are perhaps generally -
well—recogniéed, but we suspect that what is not eo well appreciated is
the'diffieulty 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.
Coﬁsedhently, we would like to devote some time to a discussion of the
problem, and recount both our attempts to contribute toward ifs
satisfactory solution, and the timely and Welceme recent contributions
from other quarters.

The prime ingredient eseential to producing precision spectro-
scopie data has already been discussed. We have described in section
(II.C.l) the feed-back gainland base-line stabilization control system
that we have employed for neefly‘all’of oﬁf measurements. The stabilization
vsystem‘haq been a eomforting bit of insurance during‘many 48-hour counts, |

but significant improvements in the long-term stability of the primary

pulse amplification and analysis systems have also imparted to the
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experimenter a new confidence in the likelihood (as opposea to the
possibility) of his systém'rémaining stable during extended méaéuremenfs.
Tﬁe "weak link" in our féedback stabilizainn syétem is still the pulser
>that nust be employea as a stability reference if no strong péaks
convenient for the purpoée appear in theISpectrum, or élterﬁatively,
if one wishes to peffqrm an energy calibrétion befofe and/or after an
extended couﬁt.of an unknown spectrum. We will discuss this problem
further under poinﬁ 3.?» |

Considering the four points in order, we ought next to recall that
untii &ery fecéntly theré was appréciablé error associaﬁed with the
.presuﬁably simple operation of finding peak centroids. Particuiarlj
in the case of complex peaks, hand analysis was avtedious and often
inaccurate process, and the assumption of a simple.Gaussian peak
shaée 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 méke such a simple routine inconsistent e&en within
a single spectrum.

Then Qf course there was the related knotty problem of subtracting
properly the background to dbtain thé correct peak area. Haverfie1d79
discussed this problem in some detail and pointed out that the "standard"
Ge(Li) photopeak has the approximate fuﬁctiénai form of a Gaussian with
exponential tail. ARoutti and Prussing7 have made use of this model and
“have developed a rather.sophisficated FORTRAN IV computer code for the
anélysis éf Ge(Li) Y~ray.spectra. We have for some 18 months now made

extensive use of the routine, and can report increasing satisfaction with
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the consistency and the‘reliability of the results we are abié to oﬁtain
with the code. All of our spéctra havé béen analyééd "on-1ine" tb the
LRL CDC—6éOO computer‘using this éddé. A CRT light pén'program'option

" allows the uéer to visually défihe the péaks to be fitted and the
fitting interval, and to immediateiy inspect the résults of the fit for
dccuracy and statistical precision; In Fig. 48 we display‘another

176

complex pdrtion of the Ta singles Y-ray spectrum which has been
fitted byvthé code. ’The impressive consistency and reliability of thé
analysis has been described in detail in Ref. 97. Although the method
of;fitting Ge(Li) photopeaké.to’a functionvConsiSting of a Gaussian with
high and lo&—energy exponenﬁial tails has doubtiess been tried with farying
degrees of success elsewhere, we would like to comment briefly on the
?hilpsophy behind the specific-method followed in Ref. 97 fbr the all-
important determination of "standard" response functions for each
region of é given y-ray spectrum.

_The parameteré thatvostensibly define the single Y-ray photdpeak
are: 1) the Gaussian width, 2) the joining distance of thé exponential
tail on fhevlow energy side, and 3) the jbining distance of the
exponential on the high energy side of the Gaussian centroid. Experimentally
each of these parameters will be}variabie; even for arsingle given detection
system, as a résultvof count rate éffeéts and syétem inétability. And
certainly it_isvwell known thatbnot only the peak Width,_but aiso the
tailing characferistics can vary significantly from one detector to
another. Consequently, Routti and Prussin have chosen the only pdssible

method for accurately determining the variation with energy of the detector
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response function:-di}éctlempiricél calibratioﬁ.of "clean">(preferably
‘strong) single lines intérnal to:thé'sPéctrﬁm. Thé'résulting paraméters
v(cw; CL, CH) obtained by this method ideaily form a series of curves,
”smoothly¥varying'with channel nﬁMbér (énergy), and providing within the
‘1limits of'éxpérimental error thé exactvparametérs'requirédlfo—properly‘
fit each line in'the spgctrum;’ Plots of the peak shape parameters
obtained'from functiopal fits to a number of singlé lines in one of the

Tal76

spectra are shown in Figs. L9 and 50. The values CW«.and CL
fead from the curves were used to define (bybinterpolation) the standard
‘peak shapes at each point in fhe spectrum,y (CH is quite large for these
data, and is not ploptedﬁsince it does ndtﬁéignificantly affect the;

N

analysis.)

The principal advantage (other than speed) aff6rded b& computeriied.
spectral anaiysisvﬁsing standard lihe.shapes génerated as described
above is the mathematical consistency required of each fit. bThis
grgaﬁly reduces if it does not eliminate.entirely the deviationé that
necessarily are always introduced by the subjectivity of the "hand"
analyst. The old pfoblem of performing properly the background
sﬁbtréctioq under a photopeak, a critically importaht procedure if
accurate r;létivegintensitiés are to be obtained, is substantiaily
solved, if not 5§:accuracy; by consistency. And finally, we have
‘showh‘in the'text of this paper illustrations of théAindispensible
ability éf the computer code to analyze not only mulﬁiplets, but to
reveal apparent sinélets to‘Bé 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 againvthe importaﬁce of béing able

to_obtain précise photopéak énergiés'if oné inténds to résolvé a decay

-as compléx as that of Ta176.' Wé'aré now:confidént that we can

’ reproducibly determine ?he.locatibn of peak centroidsbto>les§’thah-oﬁe

: peréent of fhe peak FWHM, and thé peak areas to within threé‘pércent

This statement holds for all caSés éxcept those where counting statistiés

or spectrum complications (e;g. mulﬁiblets) are dominant. ‘An equally

important and related problém.is défining thé deviation of the detection -

sféﬁém ffom-the ideal linear résponse to pulsé héight. This is the

third subject we nbw treat——the'méthod ve havé employéd to obtain prepise

energy calibrations and én'estimate of system integral'iinéarity. (The

differential SBA ADC linearity may be ;nfefrea’frém thé spécification

£

in Ref. 88 which states that the counting rate is equal to within 1% for

all ch;nnels above channel 60 when the ADC is fed with a source of ran-
domlybdistributed pulses.)

| .iﬁ geﬁeral, either of_two_methods can be éasily used to determine
'unknoWn photépeak enefgiés.‘ Bdth méthods require the use‘of well-~known
Y-ray energy standards, ahd which method-is to be preferred depends only
'_on-the form Qf the unknown spectrum. If the spectrum té be determined
is not oVerly‘complex, it is often.preferable to just count a numbér of
standard sources simultaneously with the‘ﬁnknéﬁﬁ sample, sc tﬁat calibration
lines intérnal to the spectrum can bé used to determine the unknown |
photopeak energies. This very simple procedure is attractive because
no géin or‘ﬁaseliné'stabiliégtion is in theory reqﬁired, provided the
"unknown" counf 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 Véry complex spectra, the above method is
often impracfiéal; bécausé of ﬁhé'likélihébd.that "unkﬁown" photopéaks
will interféré with standard éeaks. Ig this case, the only altérnative
is to employ a.gain ;ﬁd baéé—line stabiliéation’syétem in conjunction
with either julser—generated référence peaks, or possibly with two -
mbho—enefgetic Y-ray sources .(for obvious réasons it iS'higﬁly undééirable
to enlist a Y-ray source as the gain referénce at the high-energy end of
thé spectrum). In principle, the only limitation to absolute reproducibility
using this methdd 6ught to be the stability_bf the reference pulses; it
i; essential tha£ the pulsérSnbeistablE'tOuSO ppm. We_do.not¥c0nsidér
that we ha#e yet achieved in the'system_describéd in section (ITI.C.1) the
pulser stability that is both désirable ané'feasible. The'pulseré employed 
in our work ﬂévé been df two varieties:7-l) é duél "pulsev£réin”‘
géneratdrﬁwith transistorized choppers -at the preamplifier inpﬁt;'lhg
2) a Hg—switch relay pulser;of the typéidescribed in Ref. 1h3; The
DC‘referencevlévél supply (section IIfC.l)-used with both of thesé
pulsersvis easily stable to the desired 50 épm. ’(specificatioh,
< 25 ppm/year). But the active stages in‘the tailwpulse generator (1)
have not ‘yet been optimized for maximum stability; therefore we ét this
point can»only quoteﬂanvempirical iong term stability < 0.01%. The
‘Hg-switch relay pulser (2) ought to have'béttér stability charaéteristics .
" than the system (1), but we are in this case not yet equipped with the
‘dual system including appropriate delays réqﬁired for generating

independent gain and base~line stabilization reference pulses.
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Ideally, in order to prbperly check system 1ine§rity, three
pulsers aré.necessary—-two to insure-coﬁtinuous base-liné and gain
'stability and thé‘third to génefaté the variable; précisély knOyn pulses
fof the linearityvéheck itself; “We presently do not havé-a ponvénient
way,fo féed a fhird pulsgr into the detector test capacitor, although
the neéessary pre-amp modification is .certainly simﬁle. This capability
is esseptial if.reproducible linearity. checks are to be performed, since
small level shifts of the ordér bf those being measured can eaéily occuf
during the linearity check if the gain and baseline levels are not
stabilized.

Deépite the above-noted deficiencies of our experimental system,
we Werevable to obtain what we felt were adequate system linearity checks
in.é usually reproduciﬁle way. The switch—settable precision reference
voltagé'source was used to "step" the pulsef,amplitude in # 0.1 v
. increments over the entirg ranée of the spectrum. The pulser péaks
were coﬁpu%ef 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.Qlwbhannél. “In Fig. 51 ve
show a typigal curve displaying the deviations from linearity for a
Ge(Li) detectér syétem. It is éeen that (Withdut bias amplifier) the
deviations are generally‘< 0.615% over the region from chanﬁel 350-4000.
Similar integral linearity characteriétics ha&e 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 éhannel 2048 appears. This presumably represents
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the differential non-linearity ekpécted for the SBA ADC at the "binary
channel” locations (2047-20L8, and to a lesser degrée, 1023-102k,
511-512, etc.88). Our curves indicate that the most important of these
differen’tia;'non—linearitie‘_s ('20&7;20148) has been éﬁce_essfﬁlly smoothed
to < 0.01% by the method described in Ref. 88.

In principle, a précision pulser could be used to.calibrate an
entire spectrﬁm, given_onlj fwo‘standafd erergy peaks; the feasibility
. o} tﬂis calibfatiog technique being performed under computer control is
currently being explored at our 1aboratory.lhh The:prbbiems of such an

145

undertaking are 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 atlthe Ge(Li)
diode inpﬁt, werstill canﬁot be absolutely certain that the simulation
is exacf. The "safest" way to check linearity and obtain precision
energy data in practice is still then to simply have a large number of
sfaﬁdafds that essentially define the non-~linearities of thé 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" techniques reliabie enough to merit our complete confidence.

An additional note should also be included regarding the analysis
ofvcalibration and linearity data once it has been obtained. It is
custqmary in many laboratories to use a least-squares polynémial fit to

the - experimentally determined detector syétem non-iinearities, and thereby
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to correct tﬁE'eneigy éalibréfibn.'_ln géneral, this.is no doubt an
v.accéptablé pfocédufe, particularly for'rputihe\work_carried'out oh‘a
.singlé wéli—calibratéd apparatus maintaihed‘at constant gain. However,
when numerous detecfors and a variety of system components aré'employed
-for indepehdent, uﬁrelated measuréments, as is'usually thé casé in the ;
typical laboratory, it is a hazaraous practice to employ as a matter of
course é ﬁglynomiai fit to the energy calibrationbdata:without examining
very closely the behavior of the pﬁlynomial function;'vConsider as a
caée in point the data shown in Fig. 51A. Clearly, it is possible in’
some»instancés fbr_a polynomial fit to "pass through" all of the energy
calibration points, but behave in a most unrealistic faéhion in regions'
between the points. - In such cases, a simple linear interpolatioﬁ beﬁween
sucéessive calibration points can be‘more aécuraté than a polynomial fi£
to the:points.. Alternativély, sméll'poftions of the data can be fitted
separafely to apprbbriaﬁe polynomial‘functions. The " obvious concluéion
‘is simply this: If_one Qishes to measure photopeék.enérgies to less
fhan'O.dl% precision, as is now possible, the utmoét care must be /
employed to propefly corréct for the noﬁ—linear response of the detection
sYstem, én effect that caﬁ easily introduce errors an order of magnitude
greater than the errors assqciated with the standard calibration
energies. | |

Fihally; what.precision we were able to obtain in the Ta176 energy
determinations we owe in large meésure to the recent Standardization

96 146

results from two sources: Gunnink, et al. and J. B. Marion. The

former have carried out precise Y-ray energy determinations for a number
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‘of isotppes, most notably Coso, Th?28 and its equilibrium daughters,

226

and Re Of particular intérestvis thé'discussiOn in Réf;'96'of the
hazards involved in using "éscape" péaks for énergy calibration. 'The
point of this discussion is worth repeating. If thg_éxperimentér wishes
to empléy "escape'’ peaks as sfandard célibration lines, hé-must position
his source SO thét the phqtons impinge on the detector at an angle
perpendicﬁlar to the electric field set up in the diode by'thé high
voltage‘bias.. A moment's reflection about the difference betwéen the pair
and photoelectric interacfions reveals the reason for takinérthis pre-
caﬁtionf The positron produced by a pair gveﬁt experiences’ an accelérat;on
exactly opposite to that affec£ing a photoeléctron.’ At the electrie field |
strengths up to 350 V/mm now commonly associatéd wiéh Ge(Li) diodes, it
is easy to imagine that thé opposing effect of this acééleration can bé
appreciabie: For the 13 mm deep, 10 cm3 planar detector which we qpéfate
lat'365 V/mm bias, We‘obéerVe shifts of almést O.3 keV for the TalT6
'2832.0- and 2920.lL-keV double-escape peaks when measureménts’made with the
", source péfpendicular to the electric field are.compared to those faken
with the séurce paralle; to the electrié 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 1bh7.
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‘Table 20. Energy calibration standards for Y-ray spectroscopy. Compiled
- from Refs. 96, 146, and 147. '

t t

Source Y-ray Energy Source Yéray Energy

L i
2 2. _
Amgh; L58y 26.3481.010 = Hg S h7a 279.191+.008
59.543£.015  © o 13 45 391.712+.050
182 : ' o :
Ta™ 1154 65.722%.001° 228 . coa 39.85 +.01
* S , : T
67i7h743002 " daughters 538. 62k+. 009
1oQi106+.oo; 510.723+.020
152.435 %, 00k " 583.130+.023
179.393%.003 - *1592.696+. 050
. -696%.
222.1107.003 *2103'70,i.07
26&.0721.096 ' 2614.708+.053
1121.40 .09 o .
oo1.53 t11 o me 511.005%.002
ca’®  4s3a  8s.oloto030 - P 3% 569.65 .05
57 . ; : 1063.60 +.05
Co 2704 122.03_ +.03 1769.71 +.13
136.Lh4 +, 04 137 '
192 ' Cs 30y 661.615+.030
Ir Thd  136.333%.010 51 - o :
201.282%.010 M | 303d 834.810+.030"
205.782+.01k Y88 - 1084 *81h.12 +.06
295.938+.009 | S 898.03 +.0k
308.435+.010° - . - 11836.13 .0k
r 316.488+.010 7n® 2h5d  1115.46 .05
377.44 2.0h %o o -
. - . . -+ \
468.060%.010 Co >-3y 1173.22 =.03
588.557+.017 1332.505%.025
604.385£.017  NaZ? 2.6y 1274.55 .0k
612.435%.017 - 56
Co™ ™

774 . 846.782%.060
' - 1037.851%.060

(continued)
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. Table.20.. Continued

. Source | Y—ray'Energy

e
o

56 cont,) 1175.085% . 070
' 1238.290¢ . 040
1360.219+. 040
‘*1576‘5611.050

1771.33 +.06
2015.33 .07

203%.90 *.06

*2180.17, .07

*2031.60 +.06

*2051.15 +.07

*2u29.28 .10

*2598.52 .05

*2691.17 .08

*27u2,6o .07

*2762.15 .08

3202.18 +.07

3253.61 +.06

3273.16 +.07

3451.29 .10

- 3548.11 +.18

Co

L i x T S i - s S S S X B+

I+

m — — .
Escape peak energy. The user should read the caution in Appendix B and

in Ref. 96<congerning~theluse‘of~éScape'peaks for energy calibration.
We have added'certain'single:escapé gnergies to the listing of Gunnink,
EE.§£'96 56 ahd’fh228

for Co by assuming the value for.moc listed

above.
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APPENDIX T

The Y-y Coinc¢idence Data for’the”Décay”Of'Tal?6 to Leévels ‘in Hfl76

In the following pages we display in its entirety the Tal76

Y-Y coincidence.dafa'qn the basis of which wc have constrﬁctcd thc 1evc1
vscheme.of Fig. 3h.' A few comments about the Figs. 52-55 are necessary to
" aid the reader in interpreting the data.

Figure 52 shows the-grocs.coincideﬁce sﬁéctrum for thé 10 cm3
Ge(Li) planar crystal whicﬁ was used as the "gate" side ofvthe coincidénce
data; The gates for the coincidence spectra (Figs. 55).are ail keycd by
channelsnupber to Fig. 52, and the feade% can determinc the exact channels
. included in each gate. _Fcr example, above‘the first coineidencé plot,

(Fig. 55) we find the numerical identification (1 134 137 0 0).

The second and third numbers are of interest, and define the gate channels

13&7137 for the 88-keV fransition, as . can be verified in Fig. 52. Similéfly,
the second spectrum is identificd as that a?ising from a gate set on
" channels 283-286 in Fig. 52, i.e. on chew201.8+keV transition. Thé
remainicg spectra»afé‘orderéd according to_the gate energy. For con-
_Venience we inqludé'in Tabie-Ql a summary of the peak and background
:'gatcs anq £heir apprcximatevcorrespondicg peak energics. ' | |
| Figﬁreﬁsh shows the gross coincidence spectrum from the 35—cm3
coaxial détcctor. This spectrum serves o identify the peaks in the
coincidence spectra 55.  The efficiency curve in Fig. 53 can be used to
obtain qualitative felatiie 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. 3k.. Where we
have not accounted for the presence of.a prominent line, we so indicate

with a question mark (7).
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Efficiency vs energy  for
coaxial Ge(Li) detector
(35 cm® volume, ~1{2 mm depletion depth)

o Absolute (IAEA)

o Relative (Hf'®°™ and Na2%)

1073 |-

Efficiency _fdr
coincidence dato
{Cd~Cu absorber)

(Absolute efficiency, €,) X (Solid angle factor, w)
|
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Fig. 53. Absolute photopeak efficiency vs. energy for the 35-—cm3

coaxial detector used for obtainiﬁg the Y-Y coincidence spectra

176

of Ta shown on the following pages. The lower curve {(Cd-Cu

absorber) applies.
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Fig. 55. (continued) -The Y-y coincidence spectra from Ta decay ‘

(90° geometry).

Top:

1225--keV; Middle:

1248 keV: Bottom: 1253-keV.
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Fig. 55. (continued) The Y-y coincidence spectra from Ta . decay

(90° geometry).

Top

1607-keV; Middle: 1705-keV: Bottom: 1722-keV.
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Table 21. Peak and background gates for the coincidence spectra, Figgf

55.

‘The channels gated refer to Fig. 52.

Peak

Channels

Peak -

‘Channels

891-895

(continued)

Channels Channels
Gate in Peak in Bkgd. .Gate - in Peak in Bkgd.
Energy (keV) Gate Gate. " Energy (keV) Gate ‘Gate
88 13k-137  1h1-1LY 677 926-930  937-9k1
126 184-187  195-198 679 931-935  937-9k1
L7 212-215 216-219 710 9Th-979  980-985
156 2oL-206  221-223 92l 1266-1270 1271-1275
158, 227-229  221-223 936 1080-1288 12721278
175 249-252  2h1-2hk 957 - 1312-1315 1316-1319
:,. 190 268-271  273-276 '1023; . 1ko1-1k06 1ho7-1k12.
202 . 283-286  287-290 | 1062 1454-1458  1465-1469
207 ©201-20k  295-298 | 1066 14591464  1465-1470
v213' 298-301  295-298 1115 1525-1531'v15u7-1553
216 302-305  295-298 112k 1538<154L  1547-1553
240 334k-337  338-3h1. | 1138 1558-1564 1565-1571
26k 367-369  375-377 | 1155 ©1582-1585 159L-1597 -
348 479-485  488-Lok | 1157 11586-1589 1594-1597
436 600-60k  595-599 | 1159 1590-1593 1594-1597
466 6u2-645  6h6-6h9 | 1174 1607-1611 1613-1617
b7l 652-655  656-659 | 1190 1629-1634 1635-1640
507 698-702  693-697 1203 1646-1653 1654-1661
512 T0k-T708 T09-713 1223 1674-1678 1683-1687
521 T16-721 710-715 1225 1679-1682 1683-1686
533 - 732-737 758-763 1248 1709-1711 1T720-1722
s5ho Thh-748 758;762 1253 1715-1719 1720-172k
5L6 751-754% . T755~758 1269 1736-1743  17h5-1752
570 784-788  789-793 | 1287 1763-1765 1T75-17TT
611 838-843  832-837 | 1201 1766-1771 1773~1778
617 847-851  852-856 1341 11835-1840 1828-1833
639 876-880  871-875 | 1358 1857»1862 1863-1868
L5 885-889 1366 © 1871-187h  1866-1869
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Table 21.. Continued.
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Peak

Channels.

Channels

1863

Peak Channéls Channels
Gate , in peak in Bkgd. Gate . in Peak = 1in Bkgd.
Energy (keV)  Gate Gate | Energy (keV) =~ Gate  Gate
1420 © 1943-1946 1948-1951 | 1631 2028-2233  2240-2245
1k76 2019~202L4 2027-2032 |. 163k - 223k-2239 22ho-22L5
1489 2037-2042 ‘2031-2036f 1643 224 7-2252  2253-2258
rlSOh 2057-2062 2065—2670 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 2338-23LL
1564 - 2139-21Lk  2145-2150 | 1722 | 2353-2360 2361-2368
11580 2160- 265 2172-2177 | 1766 2413-2420 2Lk02-2L409
158k 2167-2171 2172-2176 182k 2493-2L96 2498-2501
T 1622 2218-2222 2256-2260 | 1836 2509-251Lk 2516-2521
- o | " 25U3-2551  2552-2560
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APPENDIX D

The Decay of 3.7-hour Lut!o%

176

'to'LéVélS'in'Hfl76

A -3.7-hour isomer of Lu has been identified in previous work,

and was found to B"—decay essentially 100% to the ground and first
176 ( .

excited states of Hf cf. Fig. 15). The isomer has been tentatively

assigned a spin and parity (1-).

However, scintillsation spectroscopy carried out by Rezanka, et

148 176

al. indicated very weak B‘—feeding to é Hf level propdsed to'lie

at about 1.1k MeV. Weak Y-rays at 1.1k and 1.05 MeV were reported in

" this early work,.and assumed to deCay to the ground and first excited

76
176m

decay feeds one

176

It thus seemed reasonable to expect that Lu
.'decay

or more of the low-lying levels previously deduced from Ta

data, so we re-measured the Y-ray spectrum of Lu T6m in the region around

1 MeV.
' 176m

Sources of Lu . were prepared by irradiating 99.94% samples of

Lul750 with thermal neutrons (6 =5 x 1013

2 3

time ranging from 15 minutes to one-half hour. Because of the rapid

n/cmg/sec) for periods of

growth of the Lu177 (6.8 day) acﬁivity, no chemistry was performed, so
that the samples could be counted.as soon as possible after the‘end of .
irradiation. An appropriate calibrated abéorber»was employed to
attenuate the Hf X—rayé aﬁd:the very strong 88.35~keV Y-ray. (Pb was not

‘used as an absorber because of the proximity of the Pb K, X-rays to

B
the 88.35-keV y-ray.)



—300- UCRL-18651

S _ ) 1
In Fig. 56 we show the spectrum of Lu 76m in the region 900 -

1300 keV taken with a 35 e Ge(Li) detector. The spectrum clearly

indicates feeding to the 1150-, 1227-, 1248-, and 1293-keV levels in
176 ' '

Hf . The weak unlabeled peaks are due to an unidentified longer-lived
(t1/2’> 5 hours) impurity. In Table 22 we list the relative intensities
of the y-rays observed from the decay of Lul76m._ The Lu176m data support

176

the level scheme earlier deduced from Ta decay data (cf. Fig. 34).
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-32k-
Table 22. Relative intensity of ty=rays frbm. décay' of Lu176mr to»levelé
in Hf176. | -
Ey (ke mrensti e

88.35 - (1.2% 0.2) x 10° 88.35
936.4 132 1226.6
957.4 2.0.% 0.k 1247.7
1061.6 5k £ 5 1149.9

1138.3 5% 2 1226.6
- 1159.3 100 £ 8 12L7.7
1204.8 6.0 1.0 1293.2
1226.7 8.6 £ 1.2 1226.6
12k7.7 1.1 % 0.3 1247.7
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