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 ABSTRACT

The high-spin- levels of the deformed nucleus 169Hf were studied by y-ray

spectroscopy, both in-beam following the heavy-ion reaction 159Tb(MN, 4ny)16?Hf

69Ta. The half-life of 169Ta was_rémeasured

and out—of—beam frém B decay 6f“1
' 169

as 4;7150.7_m.' Thrég rotational bands were assigned in Hf : 5/é’[523] grouna
band, up to spin 31/2; 5/27 [512], 59;1 keV band head,_ﬁp_to spin'15/2; and
5/2+[642], 7/2+ band head at>28.80 keV, up to spin 41/2 ah&.tentatively up to
spin 49/2. The 7/2" band head of the 5/2+[642] band‘isinCmeric and déc&stwith

+ . -
a half-life of 82 40 ns’ to the ground state. The g-factors in the negative

=15
parity bands were deduced from the measured angular diétributions and branéhing
ra;ios and Coﬁpared'to the predictions of the Nilsson model. Both this test ;
and thé‘systemaficg‘of the moments of inertia.confirm the prop§sed assignments.
The 5/2+[642]7band (qriginating'in'the 13/2 shell-modei‘é£ate) is strohgly
perturbed. This band does not backbend although the *®8uf core does at a lower
rotafional angular momentum thén attained in 169Hf. The conséquence‘of this
observation for the explanation of backbending is discﬁssed, The mixing.ampli—_-

tudes in the positive parity band are compared with the predictions of Pyatov's

theory.

rNUCLEAR reactIons 12%7b (MN, any)'®%us, E=56-92 Mev;

measure§ EY' IY (o), YY‘cozp, Tl/2 of 28.80 keVv

: . . . : 2

level. 169Hf deduced levels, J, T, K, g, {ii

RADIOACTIVITY 169Ta; measured T. ,., E , I '169H‘f
172" v Ty .

N

deduced levels, J, 7w, K.
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A‘if INTRQDﬁCTION

Studies of nuclear high-spin rotational states have led in recent
years to the_discovef& of two new effeéts: sudden changés of the mom;nt
‘of inertia at high'rotatidnal velocities (5ackbending),}'? and the weakening' »
of the coupling of the last odd paiticle'to the core in ﬁhique parity states.3'4
A compléte understandingvof both‘effects ﬂas_not yet'ﬁegg.aqhieveaf both m?y
be,_ihvfact, réiated to Coriolis_effécts;5 To arrive.atva ﬁore defihitiQe
theoretical exéléﬁation, further experimental méasurements are needed. fhé
experimenﬁal stuéies should probably stress tw§ diréctions: 'studying_thé nuclear
high spin states in new nuclear speéiés, and extending”tﬁe knowledge ébo@t
_a;ready inVestig;ted nuclei to even higher spin'states. This study of iégﬂf
has followed>both lines.. o | |
| The experiméﬁtal_work oﬂ this project was déne'aé a-céoperative'effort
of Yale, Berkeiéy,-énd Brookhaven National Laboratory éféups; The first
experiments on this étudy were made at thé Yale Heavy Ion‘Acceletator.(HIA):
where both. the deca§'of 169Ta and theiexciﬁafion fgnétion of 169gf ih the
159y, (14N, 4n)‘£eaé£ion were studied. Following this.preliminary in-béam
spectroscopy, the final.experiments on Yy-coincidenceS'éﬁdtangular distributions

were done at- the Brookhaven Laboratory tandem van de Graaf.

II. .EXPERIMENTAL PROCEDURES AND RESUL’I‘S

A, Decay of 169Ta

1. Beam and targeté

The beam of 160 from HIA was used in this investigation to bombard
a 99.9% pure metallic Tb foil. The foil was rolled manually to a thickness of

3-4 mg/cﬁz. The'energy_of the 160 ions, acceletated originally to 10.4

T
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MeV/AMU, was adjusted by means of AL degrading foils plaéed'immediately in
front of the Tb target. Two Tb foils were irradiated_in one térget assembly
consiét;ng  6f Al degiaders, Tb foils, and a Qéfer-cooledbbacking, all in
physical contact. Only the second Tb foil (downstréam-in‘the beam) was used
for the measurementé to avoid counting of the radioactive recoils, from the Af
foils,implanted into the next foil in the beam direction. The eﬁergy of the
beam reaching the target was 116 MeV. Control runsrwére.performed alsq

at lower and highe:.energies to assure thé’6ptimum producﬁion of 169Ta.v

The duration of irradiation was 5 m.

2. Isolation of Ta activity

Chemical isolation of Ta activity from the Tb target ﬁaterial was
accomplished by a method similar to that described by Feiber.6 The irradiated
target was dissolved in hot 6 N HCl, and the rare earthifluorides were |
précipitated b? using 2—3 drdps of conceﬁtrated HF. The"mixture was centrifuged
and the supernatant solution was transferred to a sepafatory funnel where 3
ml of di-isoprobylketone was used to .extract the Ta activifies. This solution:
was then used as:the source for the y- and X-ray spectréséopy. The
time elapsed between the end of the bombardment and the begiﬁning of the
measurement was 3-5 m. |

3. Gamma-ray spectra

The Y-ray speCtra‘were measured by means of a Ge(Li) detector
(volume 40 cm3, resolutioﬁ 2.1 kevV at 1332 keV) in several time intervals
for each sample. For a particular series of measurementé, these intervals
were kept equal within feasible limits for several SAmples,vand the spectra

were added together. The resulting spectra were then analyzed by a non-linear
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least squeres program SAMPO,7 which-ﬁas also esed fer ali_spectrum analyses
reported in this.study. Tﬁe energy calibration obtaiged;fér stronger peaks
from a simultaneeus measuiement 'with.calibration stenaeras is -believed te_be
accurate to 0.1'keV for these:stronger peaks. Both the eime dependence of line
intensities and the exciﬁation_fﬁnctions were used fo;ethe assignment te 1697;,;
for the latter, the prominent_Y transitionsuexcited ihfthe decayvef‘the'well
known®’? 3.25 m-'daughter product 169Hf served as an indication of the pfesence
of i69Ta; From these measurements, the half-life of_1691ebwae‘remeasuged and
found to be equal tob4;7t0.7 m;.in agreement with the,vaiue S.Ovm‘reporfed'by
tﬁe Dubna group.loe In eddition to these measurements, several 169Ta samples
.contained in thin-walled plastic bottles Qere counted'hy:means of a Si(Li)
detector. ihe detector used was 3 mm deep and ld mm in’diameter;'the resolution
was 200 eV ae 5.6keV. A spect;um:obtained in this expefimeet is‘shown in
Fig. 1. The accuracy of energy determination of the very low energy 1iﬁes
is believed to be_£'40eev; for the energy fegiqn of X-rays and above, the
aceuracy is aboﬁt #.100 eV. The intensities were_reléted to the inteneities ef
higherﬁehergy‘lines by hormaiizing te ;he overlappingeéertions ef both spectra.

The information on the transitions in thebdecay-ef‘lnga obtained from theee
Y-ray experiments is summarized iﬁ Table I. The errogs in energy determination

are 0.1 keV unless stated otherwise. In the same tableﬁthe errors. of the

‘intensities a:é_lO% for lines stronger than 50 units and. 20% for the rest. -

4. Partial decayischeme‘of 1697a

Altheuéh the'scope of the experimentai informatioh'on 16975 decay
obtained:in this study does not permit conetruction ofva complete decay
scheme, a partial-deeay scheﬁe,including,several loﬁe;yieg.leQele of 169f

bearing a special significance for the in-beam studies described later in
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this work, could be proposed. The l69Hf ground state is almost certéinly the
5/2  [523] Nilsson orbital. Both the B-decay8'9 of this ground sta;te to the
levels in 169Lu, and the systematics of the 97-neutron micleill are strong
arguments for suéh an assignment., The 77.7 keV and.17?.0'keV transitions
appear to belong to the rotational band built on this 6rbital, dépopulating
the first and second excited ievels of thisvband, respectivély. The moment of
inertia of this band in l§9Hf agrees well with the valueéféf the moment of
inertia of 5/2-[523] bands found in other 97 neutron nuclei (see Table.II).

In the low-energy part of the spectrum, the most striking feature is the
very intense 28.8 keV line. Considering the low energy, and coﬁsequently.strong
intefnal converéion of this vy line, it can be shown that it must contain an
appreciable El component. First,'we note the KX gréup bvaf. Due to the selected
beam energy, irradiation and counting times, the X rays mainly decay with the
half-life ofv169Ta énd must originate partially from 169Ta electron capture,.
partially in the internal conversion in 169Hf, and partially in other‘ﬁf:nuclei
The intensities of fhe two well resolved KX lines, Kul' ana KB2, correcté@ Both
for thé known ratios to the remaining components of the'ﬁf-xx éroup13 and for
‘the fluorescence yield,14.have an inﬁensitonf 2,800 in the units of Table I.
This value (fotal'number ofbK vacancies in Hf atoms of ail possible originé)

is certainly the upper limit of the inténsity of 169

Ta decays_via electron
capture. Adding to this number one-half of the intensity of thg'annihilation
radiation (630), the upper limit of 3,430 for the intensity of 169T€ decay is
obtained. From comparisbn in Table III, of this limiting Value with the

intensities of the 28.8 keV transition for different assumptions about its

multipolarity, the conclusion about a significant E1 component in this
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transition follows. In addition, such_a strong tfansition @ustbdirectlyb v
populate fhe groundistate, since no othér-gammas,éf.cﬁﬁpafable streng#h are
observed; Simiigr but less conclusiQe arguments cﬁn be uéed for the 38.2
keV transition. .Iﬁ tﬁisvcaéé, it is feit that there exists only a pfeference
and not a rigé:éus proof for the El assignment. |

Baéed on these consideraﬁions, a‘partial decavaCheme-fér 1697, (Fié. 2)
is proposed. Thé,99.3 kev, 9/2-.+ 7/2" transition was dbviouSly masked 59_

the 2+ + 0+ transition in 170Hf, always present in our spectra.

B. Reaction 1591 (14N,'4nY)169Hf.

1. Beams and targets

~As iﬁvtﬁe 169Ta decay stﬁdy, metallic seif—Fupporting Tb.taxgets were
used_fqr the iﬁ—beam studies. The Tb was rolled into foils 2-7 mg/cm2 thick.
The thickness of the target was chosen frdm this range_aécqrdiné to the |
requireﬁents.ofia particular experiment.  In. order to'évoid the growth of
an oxide‘layer'bn the surface, newitargetsjwere prepared for each éxperiment.

The beam of 14N from.HIA was used‘in the'first.paft'df this study. The

energy of the beam was varied by means of degrading foiis:posifionéd at_thev
intermediate beam focus between the two aﬁalyziﬁg magpétéf The 14N beam was
.also used in the final e#periments'at the BNL Tandem, whgre énly one of the
two MP Tandemvaccelérators,was used. |

2. EXcitation functions

A preliminary experiment consisting of several single y-ray runs
were performed at Yale HIA. The same 40 cm3-Ge(Li) detedtpr, as was
used for the 16973 Study, was used for this éxperiment} The energy of the

14 ' . : . ’ - P '
.~ N beam was varied from 56 to 92 MeV with a 2.1 mg cm 2,thick target.
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By comparing the 1hcreas1ng, and then decreas1ng, rnteh51t1es of the known
gamma tran51tlon516 17 in the adﬁacent doubly-even 168Hf and 170Hf ‘the
transitions w1th.ma§imum relatlve lnten51t1es lying between the maxima for'the
17O.Hf and l68&fvwere’assighed to the”l69vanucleus. The optihum l4N beam
energy for the populatioh:of 169Hf was‘found to be 70 Meu; Because of the
low duty cycle (2%) of the HIA, this procedure was appllcable only to the
strong tran51t10ns above 100 keV, w1th relatlve 1nten51t1es exceedlng 40 in

the units of Table IV. The Y 1ines.which were assigned in this way

to 169Hf have the isotopic assignments in Table IV (column 6) underlined.

3. Search for millrsecond isomers
-‘Thevtime structure of vale HIA (beam on for 2 me,jbeah;off for 98 ms)

was exploited in. the search for the exiétence of isomerio:states in.169Hf
 with half-lives‘in‘the mé region; The_y-ray spectrafwerehcoiiected repeatedly
from various timevihtervals followihg»the beam burst;u[Nobsuch isomeric states -
were observed, and\it was'concluded that thevupper limit for populationhby the
15971 (14N, 4ny) léng reactioh,;of au.isomeric state in.169Hf,_with avha;feju
life in the range So ns - 200 ms andvdecaying by yfray'emission, is 0.1% of |
the total populatlon of 169Hf nuclldes. | |

An additional value of the Yale HIA experlments w1th the 2% duty cycle
was the dlscrrmlnatlon of y-rays from induced’ rad10act1v1ty. ‘Thus, we |
could distinguish in the 100% duty cycle BNL spectra the’ radlatlons due to the

radloact1v1ty produced in the Tb target from the prompt Y-rays from the nuclear

" reaction.
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4. singles y-ray spectra -

During the YY-coinciaenCe ekberiﬁents'at BNL described in detail .in
section.6, a singles Y—ray'spectrum.was counted by means:of'a 60ﬁcm Ge (Li)
detector haying a reso1ution of 1.5 kev at‘662 kéV. Thévépectrum is sho&n
_in‘Fig. 3. In addition to the énergy calibratiéns‘;akeh before, after, and_
several times during the run, the YY—coincidence,experime@t was followed‘by
the simulﬁaneops[counting of thé yhrays_ffom the:réaétion.and from the radio-
active étandards: ;33Ba, 182Ta, and 22Na. The efficiency calihratibﬁ of'the
detector was obtainéd by counting several radioactivé éoﬁrces with aécurafely
known.decay échémés.. A careful computer analysis b§ thé code SAMP07 made it
possible td»résolvé many close multiplets of t.l"levspectrumf The ;esults are
summarized in Tabie IV; the energies are believed tdrbe‘aécuréte to'O;l kev
unless explicitly_étated. .Thé intensities of cclumn.2'pf{Table iV are
considered gdod'to.lO% for the well resolved linés‘withvintensities.above
10 uﬁits and 20% fdf'the\rest. In a few instancés,‘tﬁé.intensities of‘weak
lines aré_missihg.aiﬁogefher; tﬁese lines were obser§e&.only-in'the coinci¥ '
dence-spectra; |

5. Angular distributions

The angular distributién éxpériment was pérfdrﬁed at the BNL Tandem.
The 14N beam with the incident energy of 71 Mev wasvuséd.for thefirradiation
of a 7 mg cm 2 thick Tb:target. The thiéker target énd c6hse§uently higher. .
incident beam ehérgy than9f§r the maxiﬁum pfoduétion 6ffl69Hf Qiﬁh a thinnerv‘
target were chosen in order to minimize the recoil into vécﬁum'éf the reaction !
products.v In'adéiﬁioh fo thé detecﬁof déscribea'in 4; another.ée(Li) detectoi.

.with a resolution of 2.0 keV at 662 keV'andv40 cm’ active volume was used.
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The detectors were positioned 8 cm from the beam spot oh the target; the
position of the smaller one was kept stationary,'at 36O to the beam direction
wﬁile the larger detectof was attached to a suppo¥t moving through eight
disorete angles with respect to the beam, between 30o and.1200. .The'experiment_
was pefformed under the controi of a SIGMA~7 computer. The spectra from the
movable detectof wefe repeatedly collected at the different angles with

the spectrum cofresponding to each angle being stored separately in the memory.
The counting for one angle in each series lasted ebout‘lo m. A window closely
bcovering the 2}8.6 keV line of the spectrum in the statioﬁary detector was
counted simultaneously, both directly (with a negligible dead time correction),
and subjected to the dead time influence of the first detector. The counts

in the stationary deteotor served both for the dead time correction and the
normalization of the spectra at different angles. The resultihg spectra were
first analyzed by means of the computer code SAMPO,7 and then the normalized
Yy-ray intensities obtained by analysis were fitted by a least squares method

to the formula .

A (B) = Ao + A2P2 (cos 0) + A4P4 (cos B) . o (1)

. The results of these fits for A_ and A Vare shown in columns 3 and 4 of

2 4

Table IV,,feSpectively, together with the standard deviations.

6. Gamma-Gamma coincidences

The 14N beam energy was decreased to 67 MeV, and Tb targets 1.8 - 2.2

mg/cm2 thick were‘used throughout this run. The lower energy of the beam,
slightly below the optimum for the population of 169Hf, caused a pronounced

decrease in the population of 168Hf. In order to prevent the build-up of
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long-lived activities, ﬁhe terget Qas replaced every 8 hours, The same
detectors as were used for.the ahgular distribution meesurements (5), nameiy,
with volumes 60 and 40-cm3, were used also for the yy ceincidence run. The
detectors were positioned perpendicular to the beam'direcfion, on the opposite
sides of the beamfline and at a distance of 2 cm from the beam spot on the
target. A standard fast-slow coincidence system was used; the timing eignal
of the smaller, 40 cm’ deteetor was obtained by using the Constant Fraction
Timing Discriminator (Ortec model 463), while the Exfrapoleted_Zexo_Strobe
(Canberra model l426).was used with the 60 cm® detector. The energy ranges
were 10-2000 keV for the former, 30-2000 keV for the latter detector; a timing
efficiency close to 100% was achieved only at about 80 keV‘end above in the
latter case. For this dynamic range, the timing resolutien‘obtained with the
22Na source was 25 hs, and in the actual run when the low energy component was
very intense, the.reeolution changed to 50 ns. The diéitized information about
coincident e§ents inciuding the pulse heights in each of the two detectors and
the time between the detection of the quanta, was recorded serially on a'magnetic
tape and sorted-follewing the completion of the experiment. The range of the
time-to-amplitude converter was set at 400 ns. B |

The summary of‘the coincidence relations revealed by'this experiment is
given in the fable V. All established coincidences_wefe'prompt, with strong
maxima contained witﬁin’50 ns of the.prompt peak; The enly exceptions were the
coincidences obtained with the STOP signal derived from the 28.8 keV line.
Although tﬁe expefiment was not originally intended forﬁthis.purpose, it turned
out to be possible-to obtain an approximate value for the half-life of |

the level depopulated by the 28.8 keV transition. The time spectra used
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for this purpose are shown in Fig. 4. The open circles wére obtained from
those evénts which corresponded to quahta with energies above 108 keV in the
START detector, and to the net full—energy peak of the 28.8 keV line iﬁ the
STOP detector; the sélid dots, reprgsenting thé "prompt" curve under these
specific conditions, corresponds to thé same energy ranée in the START

détector but to the portions of thevcontinqum immediately>adjacent, on both '
sides, to the 25.8 gev peak in the STOP detector. 1In spite of low statistics
the delayed character of the 28.8 keV transition is appareht. The value of

81 ns for this half life waé obtained manually by the slope method and the value
of 84 ns by the method of moments; the resulting value 82 tig ns adopted,

while the Quoted uncertainties include both statistical and possible systematic
errors. When reversing the energy selection in the t&o detectofs, curves
essentially symmetrical‘with those of Fig. 4 were obtainéd, but a smaller nﬁmber
of time channels available for the delayed spectrum pfecluded é'quantitative
comparison.

When the cascades of sfrohg coincidentny rays were established, more subtle
results of this expériment were broughﬁ'out by adding togethef the coincident
spectra with gates on several of the transitions in the cascade. Aﬁ example
of this procedure is sthn.in Fig. 5 for the fwo strong cascades in 169Hf, one
ending by the 218;6 kev transifion, thevothérvhaving the 166.5 ahd 207.1 kev

Y lines at the bottom of the cascade. The results of this analysis are shown

in Table VI.

7. Levels in 169uf

Although all data described in the preceding sections are important for

the level assignment and interpretation, the results of’the coincidence experi-

ment provided the most direct information about the rotational bands in l69Hf. The
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coincidence results formed the main basis for the assignment of all rotational

levels resulting from this study.
The three lowest levels of the 5/2-[523] rotational band were already

169Ta decay. Here, in the in-beam sfudy, this band was alsb

assigned from the
observed and identified up to considerably higher excitations. It was found

that it consisted of two cascades with weak cross-feediné. The only AI = 41
transitions positively observéa here, are the two loweét ohes} otherWise, only‘
the AI = -2’stretchéd'transitions formed the band up to spins 31/2 and 29/2.‘

The two:strong cascades shown in Fig. 5 are obviousicandidatés'for the
decoupled positive parity bénd occurring regularly in odd-neutron rare ea:th_
nuclei.18 This assignment follows both from their spacing and from their
population patterns; The delayed coincidences of both cascades with thév28.8
keV, El transition ending in the ground state prove this.assignment._ Although
such a band is a Cofiolis mikture of seVefal Nilsson orbitals origiﬁating.in
the 113/2 sheil—model state, and the perturbation:may bé effective even for
low fotational eXcitations, the prevailing single particle charagter for the
low excitations shduld be 5/2+[642]. The spacings andvinfehsities,in the stronger
of the cascades show, for example, that the 218.6 keV y-line is the 17/2+ > |
13/2+ transitiOn; this, and thé angular distributions enable us ;o assign this
band starting with:the 9/2+,1evel and extending reliably fo spin 41/2 and
tentatively to 49/2. However, such direct coincidence inférmation Qas missipg
for the level structure at very low rotatiohal excitation below 9/2+; To resolve
this problém two experimental resultsvwere used: 1) The I + 1/2 ODD ¢aséade
in the 5/2 [523] ground band was in coihdidence‘with-a weak 148.4 kéV

transition, and there was an energy fit within 0.1 keV between the sum of
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this transition with the 28.80 keV one, and the 177.1 keV excitation of the
9/2" state. 2) A marginally visible coincidenée of the 207.1 keV transition
populating the ll/2+jstate of the [642] band, and thev73;2 keV transition was
noticed. In addition to the stronger deday of the ll/2+ level to the 9/2+ level
via the 67.4 keV.tréhsition, this 73.2 transition was ihterpreted as a AI = -2
decay to the 7/2+ ievel. Both points 1 and 2 led to the assignment of the
28.8 keV level as the 7/2' band head of the 5/2'[642] band. This means also
that, véry tentatively, the 5/2+ ﬁember of this band wéﬁidrlie at 38.2 kev.
Both the in&ersion of the spin seqﬁence, and the proximiﬁy of three low-spin
levels can be well understood in terﬁs»of Coriolis perturbation of this band.

In addition to these two bandé, a third béna waélobServed_in this work,
having its band head at 59.1 keV and decaying via thrgéVinﬁexbandﬂﬁransitions
to the grouhd staie. Thé assignment of this band pfesehted a probiém: one
would expect the 3/2-[521] Nilsson state to be cloée t§ the Fermi level, and
this band would be a choice for such an aSsignment, bﬁt the momentjof-inertia‘
is in shérp dis&greement with the value regularly found for this band in‘the-
neighboring nuclei,ll and in particular, in 16%5; 19 1Ai£hough the occurrence
of the 5/2_[512] stéte so close to the 5/2 [523] ground‘state is surprising
- and certainly notipfgdicted by the Nilsson scheme, the.g—féctors found within
this band, discussed later in the paper (Section III.A{l);.led to this assignmént

. for the third band. The level scheme of 16

us resulting from this study is
- shown in Fig. 6.
III. DISCUSSION

A. Negative parity bands

l. Energy Spectra

The two negative-parity bands observed in this work, 5/2 [523] and

'5/27[512] were fitted by the rotational formulaZl’?l
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X _
I (THL)
— v

1

E_. = AlT(I+1)-k2} + B {I(I+1)—K2}2‘+ B o SR

K .

{AZK.+.- ..} . : ». | 2)
The least square$ fit iS‘ShOWn in Fig. 7 for the 5/2_[523]'band. A very
noticeable Coriolis perturbation.of tﬁg band is apparent;‘this perturbation
is very.much presént at the very bottom of the band, and this is the regioh
where the formula (2), in which the C3riolis interactioniwas included 6niy
in the perturbational approach,21 gives a relativély poor fit. .It séems
quite possible that Coriolis interaction with an unobserved higher-lying

3/2- band accounts for the somewhat sﬁrprising proximity of these two 5/2~

bands.

The,resulting rotational parameters of the two negative parity bands are

summarized in Table VII. The rotational parameter

’ 2
' for the 5/2-[512] band is included in the systematics shown in Fig. 8. Here,

11,23,2 ) .
11,23,24 are plotted both in the

the rotational pa:améters A of this band
N = 97 and 72 = 72 sections of the N, Z plane. A good fit of this 5/2~ excited
~band in 169Hf with the systematic behavior of this band in the neighboring

"nuclei is evident.

2.' Nuclear‘g;faétors

: Fﬁndamentai information can be obtained from the E2/M1 mi#ing_
amplitudes §. 1In addition, in reference back to‘Section II. B.7,'this analysis
is even more imgdrtqnt for the reassurance‘of the assignment of the 5/2_[512]

band. Information of two kinds is available for this purpose: The results of

L
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the angular-distribution measurements, ana the cross-over to cascade branching
ratios within the band. Generally the branching ratios'yieidvmére accurate
absolute values of § but cannot determine the sign, and the reliability
hihges on the validity of the strong coﬁpling model. The‘angular distributions
determine the sign of § unequivocally and its absolute value usually rather
.inaccurately, both in a model—independent way. | |
The determination of the mixing amplitude in the ground band turnéd

out to be difficult; the caécade transitions were very weak and were only
‘observed for the two lowest excited levels of the band;. Moreover, the dﬁly
usable case, the 9/2~ - 7/27, 99.3 keV transition was hot resolved in the
singles spectrum fromvthe.transition iﬁ the other 5/2~ band, and.was close to
the 100.3~ keV, 2 - 0 transition in 170Hf, _Fortunately,_the I(99.3)/I(l77.l)
branching ratio could be reliably determined from‘the Yvépectrum coincident with the
cascade feeding the 9/2- level, and was found equal to 0.15. From thié value,
the absolute value qf 5 was dgterminedvand is shown in_Tabie VIII.. Thevangular
distribution resulfs were combined with the branching ratios to obtain the
mixing amplitudes for the 5/2-{512] band, given also in Table VIiI:

The mixing amplitude is directly related to‘thé ngciear g-factor by the

relation2§

Q.Ey

- (4)
1.073 (12 - 1)—2-

[t]
i
Q
il

o)1=

where QO is the nuclear quadrupole moment in barns,'EY the energy of the cascade
transition in MeV,and I the initial spin. The value of 5.5 barns was

taken for the value of Qo' extrapolated from the tabulated B(E2) values
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of heavier Hf m_Jclei26 accordiﬁg to the A-dependence of the 2 + 0 transitions
in the doubly-even nuclei. The results of this determination are given in
column 6 of TAbie VIiI, and in column 7 they are compared with the calculated27
values. For that'pufpose, the value of 0.30 was used for gR. The agreement
appears to be good.

Returning to the choice 5etween the assignments of 5/2-[512] or 3/2- 521]
single—particle'éharacter to the secoﬁd negative parity band, the mixing.
aﬁplitudes and g-factors were also determined for this band under the alternate
assumption about its single-particle character and céméared to the mentionéd
Nilsson scheme values in Fig. 9 for both assignménts. :The agreémént with the
predicted values, in the case of the 5/2-[512], and disagreement in the ca#e_of the-
3/2f[521] assignment is apparent. Thus, the assigned single-particle character

of the 5/2-[512] band is confirmed.

B. Positive parity band

1. Moment of inertia

The doubly-éven core of 169Hf would correspond tb the 168yf nucleus.
This doubly-even nucleus was found to backbend17 at spin 14. It is therefore
extremely interesting to test the dependence of the'moment-of~inertia of
l69Hf on the rotational velocity ofvthe core. vIn contrast to the.
doubly-even nuclei where the first order relation of the nuclear rotation to
‘ the total nuélear_angular momentum is obvious and the only possibie questions
arise.about higher order "“curvature" effects,l§ the separatioﬁ of the nuclear:
:otation from other contributions in an odd nucleus iévnot simple. What is .

more serious, the separation is dependent on the model which should itself

be tested by this analysis. An acceptable solution is to use an approximation,
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in the comparison of 169Hf and 168Hf, which gives the minimum possible rotational
velocity w at a given spin. If this is done, énd the_Staﬁes with the same W
are then compared, one can be sure that the rotational Qelocity in the
odd-mass case is not lower than in the'corresponding dbubly-even case. The
mode; which can be used in this case for the positive parity bands exi#ts
and was proposed earlier by Vogel.28 In the extreme first approximation of
this model, the yrast branch of the band is the result of the stretched

coupling of the rotation with the single-particle motion

I=R+j , | o (5)

and j in this casé is 13/2. Under this assumption, the backbending, if the
inertial properties of the core are not influenced by the last odd neutron,
should occur at spin 41/2% of the 5/2H 642] band. It can be seen from Fig. 10
where the comparisdn with 168Hf is displayed, that the S/2+[642] band doés not
backbend. It should be eﬁphasized that the nature df the approximation uéed
for obtaining R fof the pqsitive parity band in l69Hf_ié such thaﬁ, in better
approximation, the curve could be only shifted to the‘higher R. On the same
sample, the 5/27[523] band is also shown; the relation29

R2 = I(I+1l) ~- K2 ’ ' (6)

was used here.

This observation caﬁ be interpreted as favoring.Stephens' and Simén's
explanation5 of backbending. If indeed the decoupled ilB/Z.two—neutron band
is responsible for the backbending in the 168Hf, one would not expect the |

. 169 .
band in Hf based on the 113/2 neutron to backbend. On the contrary, the
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<

mixing with the three-neutron stafes of the same shell-modéi charactef should
be strong, and the_moment—of;inertia would chahgé only gradually in the 5/2[642]
band, as is observed here. Clearly, experiments on othér nuclei are needea to
obtain a more génerally valid evidence for this effect.

2. Mixing amplitudes

The mixing amplitudes Gvcan be determined for severél ATl = -1 transitions
of the positive parity band. As shown in.Fig. 11 for the 15/2 to 13/2 transi-

tion, the experimental value of A, of Eq. (1) is such that after correction

2
.for the real pophlation of magnetic states, as obtained.byvﬁsing the pure E2
_transition from the sahe level, the corrected A2 indicates maximum constructive
interference fof the asymmetry of the angular dist;ibutiﬁn and gives § near
-0.8 + .1. The analysis for the AI = -1 transition from the ]_.9/2+ and 23/2+
states .is similar but we attach greater uncertainty % 0.5 to the

8§ values of about -1.0, that is a 50:50 mixture of Ml and E2 photon radiation.
With the § values wé proceed to calculate the following ratios ofv

B(E2; I+~ 1-2)/B(E2; I ~> I-jl): for I = 15/2, 1.01; for I‘= 19/2, ~ 3.7; and
for I=123/2, v 8.6. .Thesé ratios deviate.strongly from: the Alagé branching
rules for any giveﬁ K value, the first value (I ='15/2j41yin§ half'way between
Alaga values fog K = 5/2 and_K = 7/2, the secohd value near K = 5/2, and the.
third between K = 3/2 and K = 5/2. ' Pyatov andbgollaboratéré30 have made
detailed calculaiioné,of éuch deviations from Alaga bréhching ratios for.
vCoriolis-mier bahds,'aﬁd though they obtain trends of deviationsvin the same
direction as our results, their deviation shifts in no case are nearly as

large as our experimental value.

It is appropriate to compare the positive parity band in 169Hf'with those

l'163'165Er’as determined by Hjorth et al.? In general spacing and in

%4 band most closely reSembles.;63Er,

of

the bunching into doublet structure 1:he'l
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especially for spins greater than 13/2. Their theoretical cross-over to cascade
| gamma intensity fatios exhibit the large increase with spin shown by our data,
-though the disagreementvwith their own Er data is often a factor of two or so.
Tﬂe diséussion31 qf thg_&éakness of the 15/2+ to 13/2+ "unfavored" E2 transition
in 155D‘y is also re1e§ant here. Neither our own Coriolis band mixed wave
functi'ons31 nor those of ref. 30 gave enough cancellation to match the
experimentai weaknéss of fhe AI = -1 transition. Evidently Coriolis mixing
(i.e., the approach to.the decoupled band limit)_occurs more rapidly with
increasing spin than is given by most Coriolis band mixing calculations.
Perhaps the attenuation faétor invoked for off-diagonal Coriolis matrix elements
increases répidly toward unity for increasing spin. There is no universally
éccepted explanation of the attenuation factor, so it is not clear just how
to revise the theory to reproduce the branching behavior aﬁd band energies in
169Hf. '

The negative sign of 5 in the positive parity band indicates a negative

gKeff, consistent with the i quasi-particle character. However, a guantitative

13/2
‘calculation of g values is not feasible in view of the failure of Alaga
branching rules for the Ei components and in view of the lack of level life-
time informatibn.

The pure E2 cross;over transitions of both the positive parity band and
the 5/2 [523] show strong positive anisotropies. The high deéreé of spin

alignment thus implied indicates most feeding coming through a éascade of

stretched transitions.
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Table I. Gamma Rays in the 169Ta Decay

E : - I

Y : Y
(keV) ‘ (arb. units)
28.80 * 0.04 - }v‘ 230
38.18 + 0.04 |  ' L 57
55.81 + 0.06" | . 1,350
65.1° - . - o - 125
68.5° o P 38
77.7° :- - - 16
132.8 | . . . o 'éo'
153.5 . | .'_-' 80
170.4° : , ' ' . | : 18
177.0 ' o : 24
187.8 + 0.2 12
192.4 S | ; _ 1ood‘
230.0 : S 28
394.5 | . o 35
404.0 * 0.2 - o i ! o2
440.8 - - [
511.0° | o a | | 1,260
520.4 * 0.2 - 20
529.0 + 0.2 o | T 26
547.4 * 0.3 20
595.0 * 0.2 59
%ug Kalf be KBé’ CIsotopicfassiénment dncertain.'

dAdopted value.
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2 : g
Table II. Values of h /237 for the rotational band built

on - the 5/2—[523] orbital in nuclei with 97 neutrons.

161 163 165 167 169

Nucleus - 64%7  66™o7 68"T97 7097 72ffo7
2 o a ' a . a o b c
h2/2F (kev) 10.4 '10.5 11.0* . 11.2° 1

aRef._ll.

Pref. 12.

CThis work.
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Table III. Comparison of the 28.8 keV transition
'.intensity (total) with the 169Ta decay'intensity.
28.8 keV
169Ta decay o ~El V.E2 M1
I .
tot : . o . -
. ) < a b . .
(arb. units) _ = 3,430 . 700 250,000 6,400

aSee text for the deduction of this value.

bI'nternal'conversiqn coefficients interpolated from‘tables by Hager and

)

Seltzer (Ref. 15) were used to compute these values.




Table 1IV.

Summary of Y Radiations Produced in Tb Target by

l4N Beam

Photon Intensity

E I (90°
Y yo0)
(keV) : (Arb. units)
'22.0%0.2 " 54
S23.1 260
" 26.1 a5
- 28.8 150
32.1 710
33.240.2 120
34.2 350
54.3 1020
55.9 450
58.1:0.2 1500
59.1
61.3 220
63.1 190
65.1 ' 60
67.3 30
68.6 | 17
73.2+0.2 17
75.0 23

76.4%0.2 25

Angular Distribution Coefficient

Photon Intensity
Corrected fgr
Anisotropy

{Arb. units)

”Hf'KBl'; 
B2
lGQHf

nucleus

169uf

Hf K(X.Z
Lu Kal
HE K_
159qy,

1694¢

HE K

69
! HEf

ol

Assignments
band lévels
s/2t > 5727
o, ,
3721 411] 5/2 + 3/2
5/27 » 5/2”
57271 642] 11/2 > 9/2
+
5/2 [642]

11/2+ 7/2

{continued)

_9z—

5962-T4T



Table IV.

cont.

Angular Distribution Coefficient

Assignments
Ey I 90? . _ 'Iy .
(keV) (Arb. unlts) A2/Ao A4/Ao (Arbf units) nucleus band levels
77.8 53 40:3280.21  +0.09%0.31 63 169 5/27[523] . 7/2 > 5/2
79.5 1060 ' -0.02%0.04 +0.06%0.07° 1050 159qy, 3/2% 72 > 572
84.8 15 | R o | |
1 86.4. 45  +0.01%0.16  +0.12%0,23 45 160py ot 2->0
'87.4 56 +0.19%0.16  +0.04%0.23 62 168yp, ot 240
'88.5 43 |
192.9%0.2 9 -0.08£0.32  +0.31%0.45 9
94.5 23
199.6 29 -0.19%0.11  +0.14%0.16 26 169yf 5/27[523] 972 + 7/2
: _ 169uf 5/2-{512] 7/2 > 5/2
100.8 27 +0.080.08  -0.090.12 28 170y¢ ot 2+ 0
102.4 29 " 40.69£0.22  +0.09%0.30 44 166y}, ot 250
103.9 240 ~0.08%0.02  +0.05%0.05 231 159y, - 3/2fa11] 972 » /2
107.8 41 +0.34%0.04  +0.03%0.07 49 169¢ 5/2%642] 1372 > 9/2
111.3#0.2 3 | ' o | | |
113.4 9 +0.13£0.17  +0.30%0.28 10
117.3 7 +0.32%0.20  +0.36%0.30 8
119.9%0.2 18 +0.18+0.45 +0.61%0.64 20
121.1 140 : 50.01io.06} +0.02%0.09 - 140 159y, 3/2'411] 1172 > 9/2
122.3%0.2 24 o - S
123.7 99 +0.23%0.27 +0.46+0.39 l68ys ot 2 >0
{+o.oo¢o.15 -0.21%0.21 169¢ radioactivity

(continued) -

-Lz.—

g962~"1491



Table IV.

E
v

(kev) -
125.510.2
130.0
"133.4
137.5
139.6
146.8
148.4

152.5
154.1
157.2
158.9

162.7
164.8
166.5
169.3£0.2
©170.8%0.2
1172.0%0.4
177.1
179.3
182.0

IY 90o
(Arb. units)

9.4
29
3.3
165
6.6
35.1
50.4

7.3
22.8
9.2
12.1

4.8
33.5
111.5
6.8
7.3
3.2
44.0
24.8
21.8

.Anguiar Distribution Coefficient

A2/AO

" =0.16%0.21

~0.40%0.08

+0.08+0.19

~0.16%0.03
+0.33%0.22

. =0.17+0.07
~0.13+%0.04

 +0.35%0.58

~-0.47%0.14
+0.27%£0.14

40.17%0.20

-0.69%0.16
-0.880.04

+0.17+0.06
-0.32%0.11
40.1310.20

A4/Ao

-0.01+0.30
+0.11%0.13
+0.14%0.28
+0.07+0.05
+0.27+0.32
+0.090.12
+0.02%0.08

+0.89+0.83
-0.110.21
+0.39+0.22

+0.41%0.30

| ~0:30%0.25

#0.12+0.08

~0.06%0.10
0.00%0.17
+0.17%0.30

I
(Arb.) units)

24

153
7.9

32

47

18
10.6
13

25
77

48
21
23

nucleus
169,¢

169Hf
159qy,

169y¢

{169Hf
.159Tb

169;¢

169

169y

Assignments

band

sy727{s512]

'3/2+[411]

3724 411]

5/27[ 512]

3/2+t4111

5/2*[642I

"5/2‘[523]:
5/2-[512]_ 

levels

972 + 7/2.
v

'7/2 +» 3/2

9727 + 7/2%

13/2 + 11/2
11/2 +.9/2

7/27 + 5/27

15/2 + 13/2

15/2 » 13/2

9/2 + 5/2

13/2 + 11/2

_(continued)
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Table IV,

cont,

E
Y

(keV)
183.4
184.4
187;910;3
189.0#0.2
191.2
192.7
197.0

198.3

207.1

210.8%0.2

213.8+40.2

216.9%0.2

218.6
220.9
223.3%0.3

1225.0

1. 90°
(Arb.Yunits)

93.1
4.1
6.1
6.0
21.2

13.7
84.9

51.4

100.0

15.2
12.1

. 241_
94;3.
19.7

122

Angular Distribution Coefficient

A2/Ao

~0.03%0.07
-0.21+0.34

0.0010;27

-0.14+0.34

. 40.37%0.20

+0.0910.11

+0.08£0.03

+0.13%0.06

+0.28+0.02

+0.38%0.30

-0.46%0.19

+0.12%0.17

+0.26*0.02

+0.25+0.03
+0.55%0.28

+0.08%0.02

A4/Ao

+0.05+0.13

-0.09%0.48
+0.70%0.40
-0.45%0.50

+0.63%0.30

+0.21%0.18

+0.03%0.05

+0.24%0.10

-0.02%0.05

+0.13%0.43

-0.2740.27
+0.20%0.26
-0.07+0.05

.=0.07+0.06

+0.01%0.39

+0.01+0.05

I

(A’r:b.Y units)

‘92
31
.
6
26
14
88

55

116

‘3;6'

'_12V
13
277

108
27

127

nucleus

1597y

159y,

160py

169y¢
168y,

159y,

169y

1704

169y¢

1597,

Assignments

bands

3/z+[411]

_ot

5/27[ 512]
ot

5/2H 642]

v5/2+[642]

0+

5/2-[ 523]
3724 411]

levels

15/2

4+2
1572 >

,5/2+ -

17/2 ~

11/2 »
11/2 >

. 9/2 > 5/2.

13/2

11/2

7/2% -

13/2

772
7/2

_(cohtinued)
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Table IV. cont.

E .
Y
(kev)

227.9 .
©229.3%0.3
1238.6
240.6
241.9%0.2
- 243.2%0.2
246.9%0.2
249.5%0.2
261.7
265.0
267.1
269.4_y

270.5%0.2

273.8%0.2

278.5

284.1

Angular Distribution Coefficient Assignments
1 000 | Iy
(Arby units) A2/AO , A4/Ao (Arb. units) nucleus * bands

21.1  40.03%0.05  -0.05%0.08 42 ,;66Yb"“ o

17.4 +0.18%0.18  -0.14%0.26 19 169yp 5/2-( 512]
18.1 +0.78+0.19  +0.73%0.27 . 30

6.9 -0.16%0.28 -0.57+0.41 6

6.9

9.1 -0.03%0.26 -0.240.37 9

4.2

4.7

46.3 +o.21tb.02  =0.02%0.05 52 168yf o*

16.0 -Q.19:d.17 -0.07+0.26 15

62.3 +0.30+0.04 .o.ootb.o7f 73 169u¢ | 5/24[523]
17.6 +0.01%¥0.06  +0.09%0.10 is 1597y, 3/2% 411]

8.2 | |

3.1 Y—Q.ozio.zs +0.21#0.38 3 1597y,

47 '~0.81%0.07 +0.25+0.11 33 169y¢ 5/2% 642]
13 +0.26£0.13 0.00%0.21 15 169q¢ 5/é‘[5;2]

levels

42

9/2>+ 5/2

13/2 + 9/2

13/2 + 9/2

1/2‘-)5+ 172+

‘1972 » 17/2

11/2 > 7/2

(continued)
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Table IV. cont.

Angular Distribution Coefficient

+0.4510.29

Assignments
E o1 90° S | }IY -
'(:év)l (Arby units) AZ/A° A4/A° (Arb. units) nucleus bands levels
© 288.5%0.2 5.1 . 1%%¢ 972" » 5727
©290.5%0.3 3.2 159, 5,27 » 5/2%
295.5%0.2 10 | :
297.20.2 32 +0.10£0.07  +0.050.12 34 160py o* 6 >4
298.7%0.2 23 '+0.25%0.12  +0.15%0.18 26 168yp ot 6 >4
304.6 5.5 o | | :
307.1 6.5 +0.13%0.27  +0.07%0.39 7 159 3/24411] 1572 » 1172
311.2 47 +0.21%0.04 -0.09+0.07 53 169y¢ 5/2-[523] 15/2 »+ 11/2
316.1%0.2 16 +0.21%0.21  +0.47#0.31 17 S - |
320.7 88 +0.25$0.06  -0.02%0.10 101 170hs ot Y
. 326.3 194 +0.29%0.02 _ —0.07¢0.05 227 1694f s/2*642] 2172 > 17/2
330.8 132 +0.19%0.02 -0.02+0.05 146 169ys 5/2*{642] 19/2 » 15/2
1333.420.4 20 +0.22%0.12 +o.37£o,17- 22 - 16%f 572715121 1372 > 9/2
337,5 27 $0.23£0.08 _  0.00£0.13 3 - 166y ot 64
1339.0%0.2 10 -0.18%0.13  +0.090.20 o | |
340.0%0.2 9.3 | R 8 |
346.2 67 | 40.29%0.04  -0.05%0.07 78 _16%;¢ /275231  17/2 + 13/2
347.6%0.2 20° -0.11%0.14 - +o.26:o.21' 19g 1591 B 5/2% + 3/2+
348.740.2 19 _'_ o 18
350.740.2 19 -0.49%0.13  +0.65%0.20 15
352.0%0.2 24 +1.060.42 31

{(continued)
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Table IV. cont.

_—
Y
- (keV)

© 354.4%0.2

363.4
367.0%0.3
369.4

371.2%0.2

377.6
379.6£0.2
381.2%0.2
383.6%0.3
384.5%0.2

. 386.2%0.2
387.8%0.2

- 389.5%0.2

390.3:0.2
392.310.3
394.920.3
400.3
406.3
411.2
415.0%0.4

416.2+1.0

423.4

T 9OO .

(Arb.wﬁnits)
6.8
24
9.7
117
26

15
6.1
‘14.3
17.9
36.2.

13.4
.
17.9
17.1.
7.9
3.0
70
13.3
51.8
2.6
2.1
129

Angular Distribution Coefficient

AZ/AO

0.00£0.09

+0.22%0.21
+0.01%0.04
+0.18%0.02

+0.41+0.10

+0.0910.27

 +0.72£0.37

" +0.2910.07

-0.35%0.20

-0.94%0.17
+0.31#0.33

+0.27+0.03
+0.33+0.12
+0.25%0.08

4+0.29+0.03

A4/AO

+0.17%10.14

© 40.05%0.31

+0.02t0.07

-0.03%£0.05

-0.13%0.15
+0.07%0.39
-0.20%0.51

+0.02+0.11

-0.59%0.29

- +0.170.24
+0.10%0.47

-0.02%0.05
-0.13%0.19
+0.0740.13

-0.08%0.05

Y
(Arb.

I

24
11
117
28

19

- 22

42

11

11.6

9.3

81
16
59

51 -

units) .

nucleus

159,

169y
l68y¢
1597
169y¢

169%f
168yp

. 169%,¢

170ys

l69Hf

169y

Assignments

bands

radioactivity
ot

5/27[ 512]

5/27[ 523]
0+

ot
5724 642]

.0+

5/27[ 523]

5/2™ 642]

levels

5/27 -

6> 4
7/2% >

15/2 -+

'19/2 +

8 > 6
8 > 6)

23/2 +

21/2 >

25/2 +

3/2%

s/2%
11/2

15/2

21/2

17/2

21/2

(continued)
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Table IV. cont.

E
Y

(kev)

- 430.1
:436,lt0.3

 437.9
439.9%0.2
442.0%0.2
443.5%0.2
445.2
 456.8
1458.6+0.2
460.6
462.1

463.1%0.2
468.4

* 470.5%0.2

475.5%0.3

© 478.8%0.2
482.1%0.4
484.2%0.4
490.2%0.5
492.9

IY 9OO.

(Arb. units)

17.6
13
77.2
110.1
12.4
15.9
42.5
21.0
11.2
48.2
57.7

15.8
8.5
5.0

8.3

'12.8

6.0

1.03 x 103

Angular Distribution Coefficient

A2/Ao

+0.31%0.11

+0.17%0.26

+0.26+0.04
-0.07%0.15
+0.14%0.22
+0.1240.13
+0.26%0.06

+0.25%0.05

+0.26%0.05
+0.24%0.05

/<0.30%0.20
40.4120.17
40.38%0.15
-0.31%0.16

+0.43%0.22

"+0.14%0.25

+0.25+0.14

- =0.02%0.03

A4/Ao

~ -0.07%0.16 -
+0.0240.38

-0.10+0.06

+0.41%0.22

+0.18%0.32
-0.0410.19

+0.01%0.09

-0.08+0.08

-0.05%0.08
-0.0610.08

'+0.39+0.30
-0.01%0.25

+0.13%0.22

+0.18%0.23

+0.24%0.32
-0.37%0.36
-0.06%0.20
-0.02+0.06

- I

. Y
(Arb. units)

21
14
89
10
13
17
49
24

55
66

7.4
6.3
10.2
11.1

6.9
1.03x10

nucleus

~166yp

© 169yf

168,¢

1694
170,
160py

169,¢
3 169

HE

Assignments
bands levels’
ot 8 > 6
"5/2H 642] 23/2 + 19/2
5/27[523]  23/2 -~ 19/2
ot 8 > 6
5/27[523] =~ 25/2 » 21/2
ot 10 >+ 8
ot 10 - 8
- 5/27[ 523] 29/2 + 25/2
radioactivity

(continued)
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Table IV. cont.

Angular Distribution Coefficient Assignments
EY | (Arb?whnggZ) A_/A A /A (Arsy units) nucleus levels
(kevV) 2o 4 o '
494.9%0.6 169  s5/2te42]  27/2 > 25/2
 497.6%0.2 22.8 +0.12+0.07 -o.31tb.1o} 24 - 169gf 5/27[523] 2772 » 23/2
505.4 | 75.5 +0.26+0.03 -0.10%0.05 87 169uf s/2 642] 2972 » 25/2
510.9 511 +0.0720.07  +0.10%0.11 530 | {?78;f o* 12 + 10
522.0 +0.17%0.07 -0.15%0.11 o 168uf ot 10> 8
528.0 36.2 +0.26%0.05  -0.07+0.08 42 ~ 16%f  s5/a¥e42] 2772 > 23/2
531.6%0.3 9.0 | '
533.6%0.3 18.8 +0.24%0.23 +0.43%0.36 21
© 536.0%0.2 20.8
537.0%0.2 11.4 _ 1597y 572 ~ 772%
543.5%0.2 9.5 +0.35+0.17 +0.08+0.24 11.5 169yf s/27[s523]  31/2 > 27/2
545.5+0.2 14.3 ' |
546.7%0.2 13.1
550.7 120.9 +0.15£0.09  -0.20%0.14 22.6 170z o 14 > 12
553.1% 0.2 11.4 #0.33%0.13 +0.01#0.19 13.7 o | )
559.3 14.9 -0.25%0.15 -0.05%0.22 13.2 159, 372t » 5/2%
506.9+0.3 5.1
562.8%0.3 4.4
568.7+0.2 12 _
569.710.2 34 +0.20%0.04 -0.13+0.06 38 169y¢ 5,2 642]  33/2 +'29/3
573.1%0.2 2.2 ‘
577.1%0.5 +0.28+0.26  -0.34%0.37

(continued)

_ps_
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Table IV. cont.

Angular Distribution Coefficient

(continued)

Assignments
EY (Arb?y;zgil) : A_/A A /A - (ArbTYunits) nucleus bands ' levelé
(keV) 2" o 4 o _ _
578.3:0.2  11.6 0.00£0.35  -0,25%0.51 12 N
580.7+0.2 47.8 £ 40,02%0.08  -0,01#0.11 48 1597p 12t > 372t
582.4:0.2 30.2 -0.07£0.25  40.13%0.36 29 o
584.0%0. 2 129.4 -0.03%0.15  +0.22%0.22 29 170gxf ot 16 > 14
602.7£0.2 18.8 +0.1510.08 = =-0.16%0.13 20 169y s/2{642] 3172 > 27/2
609.20.2 19.3 | |
612.6%0.2 6.6
614 *1 | ‘ 170us ot 18 + 16
615.610.2 35.9 +0.01%0.23 ~ -0.38%0.33 36 169y¢ 5/2%[642]  37/2 » 33/2 &
617.1%0.3 20.8 +0.31%0.44  +0.81%0.63 25 - 159p 3/2% > 3/2% T
' 5/2% + 5/2%
619.5%0.5 5.4
621.3%0.3 6.8 : ,
649.5%0.5 +0.05%0.32 ~ ~0.7320.46 16%¢  s5/2%[642] 4172 > 3772
 653.5¢0.5 " S ) 170,¢ ot 20418
663.0:0.5 40.05£0.43  -0.54+0.61 169,¢ s/2%(642]  35/2 + 31/2
687 * 2. | 169g¢ 5/2*642]  45/2 + 41/2
706.3£0.5 +0.49%0.36  +0,02%0.48 '
708 + 2. , ,
718 * 2, o | 169y¢ s/ 642] 4972 > 45/2) B
719.7%0.2 17.0 -0.38+0.14  -0.19%0.20 14 3
727.@ 0.2 6.9 | G



Table IV.

cont

E
Y

(kev)

729.8x0.3
752.8%1.0

833.9:1.0

836.3:1.0
838.9+1.0
843.2£0.5
846.1£0.5
849.0+1.0
870.7£1.0

 883.9%1.0
895.4%1.0
911.4%0.2
916.8+0.3
922.5%03
937.50.2

- 946.8%0.2
958.2+1.0
960.0%1.0
978.2+1.0
983. +0.2
991. #0.2
1014.5+0.2

o}
I.. 90

(Arb. Xnits)

6.3

16.3

10.6
5.0

17.9
7.3°

23.9

Angular Distribution Coefficient

A./A

© +0.12%0.24
+0.22%0.18

-0.35%0.23

~-0.63%10.37

+0.17%0.11
+0.30%0.16

-0.17+0.19

+0.2110.43

A
4/Ao

+0.75+0.38
+0.36%0.26

+0.09%0.33

-=0.52%0.49

+0.12%0.17
+0.13%0.23

+0.27%0.28

+0.76+0.62

IY
(Arb. units)

16

nucleus

Assignments

bands levels

-98—

G96Z-191

(continued)



Table IV. -~ont.

E
Y

{(keV)

1116.1%0.3
1121.3#0.3
©1173.3%0.6
1189.1+0.3
1220.1#1.1
1221.9%0.5

Angular Distribution\Coefficient - ' Assignments

(Arb?yﬁgg:s) A /A A, /A - Yoo ’ -

L 2" o : 4" "o (Axrb. units) nucleus . bands levels
10.1
65;3
14.3°
25.8

23.4

36.7

Angle-integrated photon relative intensity estimated by dividing éolumn 2 by 1 - A2/2A0. Values ova4/A0

-were felt to be too uncertain to includeé in correction.

-LE-

' 696Z-191
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Table V. Coincidences from the reaction 159Tb(14N,4nY)l69Hf.

.Gate . Coincident Y 1ines (keV)a
(keV) ’
28.8°  107.8, 207.1, 218,6, (278.5), 326.3, 330.8, 423.4, (437;9)
58.1 .KX(TbS, 79.5, 103.9, 121.1,'183.4 |
67.3 _166.5,'207;1,.218.6, (326.3), (423.4)
- 79.5 k (Tb), 58.1, 103.9, 121.1, 148.4, 225.0, 269.4, (307.1)
86.4 «, (Tb-Dy, (¥b)), 79.5, (121.1), 197, 297, 386 )
99.6 “k_((Tb,HE), 77.8, 130.0, (154.1), (179.3), (198.3),_220;9, 320.7
100.8 220.9,.320.7, 400.3, 462.1, 551 |
103.9 k (Tob), 58.1, 79.5, (88), 121.1, 137.5,_148.4, 269.4

107.8 le6.5, 218.6, (278.5), 326.3, 330.8, (390), 423.4, (437.5), (497.6),

(505.4), (570)

121.1 'Kx(Tb), 58.1, 79.5, 103.9, 137.5, 148.4, 183.4, 371.2

123.7 KX(LQ;Hf), 261.7, (316.1), 369.4, 371.4, 371.2, 456.8, 511
130.0 K (HE), 59.1, 99.6, 154.1, (179.3), (198.3), (265.0), (333.2), (1406.3)
137.5 K, (To), (99.6), 103.9, 121.1, (130), 225.0

146.8 < (Tb,HE), 164.8, (198.3), 709Q7

148.4 K (Tb), 58;1, 79.5, 103.9, 121.1, 225.0, 269

154.1 K, (HE), (99.6), 130.0, (159), (i79.3), 290.5, (377.6)

158.9 K (Tb), 79.5, 103.9, 148.4 |

164.8 Kx(nf), (99.6),_146.8, 182.0, (381)

166.5 40, K (HE), 67.3, 107.8, 326.3, 330.8, 437.9, (505.4), (528.0)
177.1 267.1, 346.2, 411.2, (490.2)

(continued)
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Table V cont.

Gate - E : Coincident Y iines (keV)a
(keV) - -
179.3 K (HE), (99.6), 130.0, 146.8, 154.1, (198.3)
182.0 k (Tb), 121.1, 164.8, |
183.4 K, (Tb), 58.1, 121.1, 148.4
197.0 ' Kx(Dy),:86.4, 297.2, 386.2, (443)
198.3 ' Kx(Yb),‘87.4, 146.8, 296, (385) |
207.1 | Kx(af),*67.3, (73.2), (326.3), 330.8, 423.4, 437.9, (528.0), (602.7)
218.6 40, K _(Hf), 67.3, 107.8, 278.5, 326.3, 390;3',423‘4' 505.4, 569.7,
- 615.6 | | |
220.9 kaHf),:lOO.é, 320.7, 400.3, 462.1, 511, 550.7
225.0 KX(Tb,(Hf)), 58.1, 77.8, 79.5, (148.4), 311.2, 384.5, 445.2, (497.6)
227.9 Kx(yh)} 102.4, 337.5, (430.1) |
261.7 Kx(Hf),'iZ3.7, 371.2
267.1 Kx(ﬂf)} 99.6, 148.4, 177.1, (214), (311), 346.2, 411.2, 460.6, 490.2,

553.1, 584.0

269. 4 Kx(Tb);¥79.5, 103.9;_157.2, (183)

278.5 k (Hf), 107.8, 166.5, (207.1), 218.6, 437.9
1307.2 K, (Tb, (HE)), 121.1, (400), (462).

311.2 K (HE), (77.8), 225.0, 384.5, 445.2

320.7 <, (HE), 100.8, 220.9, 400.3, 462.1, 511, 550.7, (584)

326.3 (40, K (HE), (52), 67.3 , 107.8, 207.1, 218.6, (390.3), 423.4, 505.4,

569.7, (615.6)

(continued)
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Table V. cont.

Gate _ Coincident Y_lines_(keV)a
(keV) ‘ ‘
330.8 - (40), Kx(Tb,Hf), (67.3), (103.9), 166.5, 207.1, (220.9), 437.9, 528.0,
602.7. o
333.4 K (Hf), (130.0)
337.5 AKX(Yb); 102.4, 227.9,'(430.1) |
346.2 Kx(ﬁf), (140), (148), 177.1, 267.1, (340[0),'411.2,'(445,2), 460.6,
490.2 |
363.4 - K, (Tb), 184.4
369.4 Kx(Lu)[ 123.7, 511
371.2 K (HE), 123.7, 261;7, 456.8
377.6 < (HE), (99.6), (130.0), (154.1), (284.1)
384.5 Kx(nf), (148.4), 225.0, (267.1),'(278.5), 311.2, 445.2, 497.6
386.2 86.4, 197.0, 297.2 | |
390.3" « (Hf), 166.5, 218.6, 326.3, (346)
400.3 K (HE), 100.8, 220.9,‘320.7, 462.1, 511, 550.7, (594)
411.2 . .« (Hf), (86.4), (148.4), (166.5), 177.1,v267.1, 267.1, 346.2, 460.6,
| (490.2) |
423.4 /Kx(Hf), 107;8, (164.8), 207.1, 218.6,'326.3, 505.4, 569.7
430.1 - '(102.45, 227.9, 337.5 |
437.9 K (HE), (67.3), 107.8, 166.5, 267.1, 218.6, 278.5, 330.8, (381.2),

528.0, 602.6
445.2 Kk _(Hf), 225.0, 311.2, 384.5, 497.6, 543.5

. 460.6 , Kx(Hf), 100, 220.9, 267.1, 320.7, 346.2, 411.2, 490.2

-(continued)
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Table V. cont.

Gate S _ .Coincident_y lines (l-ceV).al
(keV) ' ’ :

462.1  k (Hf), 100,-220.9,v320.7; 400.3, 5.11, 584,0

492.9 KX(Lu), 511 |

497.6 Ky (HE), 311.2, (384.5),‘(445.2)

505.4 KX(Hfj, 311.2, (384.5), (445.2)

505. 4 Ky (HE) , 107.8,h218.6, 326.3, 423.4, 569.7, (615.6)

528.0 K (Hf), (107.8), 166.5, 207.1, 218.6, 278.5; 330.8,_437.9

550.7 Ky (HE) 100, 220.9, 326.7, 400.3, 462.1,_511;h |

569.7 Kg(HE), 218.6, 326.3, 423.4 |

584.0 kg (HE), (220.9), 320.7, 4oo.3,'(511);'(556.7),

602.7 kx(afj; (207.1), (218.6), 278.5),'(336;3), (437.9)

615.6 (Ky(HE)), 218.6, (320,7)( 326.3, 423.4, 462.1, (505.7), (550.7),

569.7, (584.0)

a - ) , L. .
Weak, or marginal coincidences are shown in parentheses
28 8 keV gate in the STOP detector, only events where the STOP 51gnal occurred :

50 - 150 ns after the maximum of the "prompt" peak were accepted
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Table VI. Added Coincidences in 16%uf with'Transitionsfof Established Bands

Band " Gates (keV)

5/2%*[ 64213/  218.6+326.3+423.44505.4+569+615.6

5/2+[642]2/ 166.5+207.1+330.8+437.9+528.0+

602.7

5/2_[52312/ "267.1+346.2+411. 2+460.6

5/27[5231%  311.24384.5+445.2+497.6

Coincident Y 1lines (keV)

KX (Hf), 67.3,

207.1, 218.6,

107.8, 166.5,

278.5, 326.3,

390.3,423.4, (495), 505.4,

(514), 569.7,
(689).

KX (HE), 67.3,
207.1, (218.6)
330.8, (369.4)
437.9, 505.4,
KX (HE), 77.8,
148.4, 177.1,
346.2, 411.2,
(514) -
KX(HE), 77.8,

265.0, 311.2,

497.6; 543.5

615.6, 650,

107.8, 166.5,
, 278.5, 326.3,
, (423.4),
528.0, 602.7
99.6, (139.6),
267.1, (311.2),

460.6, 490.2,

(197), 225.0,

384.5, 445.4,

5/2-[ 512] 130.0+154.1+179.3+284.1+377.6 KX(HE), 59.1, 99.6, (102.4),
130.0, 154.1, 158.9, 198.3,
(265.0), (267.1), 377.6,
406.3, (436.1)

3/1 + 1/2 oda.

b/

=1 4+ 1/2 even.
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Table VII. Rotational parameters of the 5/2 [523] and 5/2 [512] bands in -° HE.
Band A(keV) B(ev) _ A, (meV)

5/2  [523] 11.66 * 0.03 -6.61 * 0.12 ' 38.5 + 1.7

5/27 [512] 14.78 -12.4- 1.7 -55 £ 42




Table VIII. Mixing amplitudes and g-factors in ﬁegative parity bands of

\S

169

'HE .

Band Initial _ : Mixing Amplitudes - . a
~ Spin (998 exp. (9x"9R tn.
from angular from branching adopted
distribution ratio value
5727 [523] 9/2 £0.70 * 0.21° -0.70 * 0.21 -0.13 * 0.04. ©=0.12
5/2-[512] 9/2 -4.0 to -0.05 +0.35 * 0.10 -0.35 t 0.10 -0.47 * 0.15 -0.62
11/2 -6.0 to -0.03 £0.22 t 0.07 -0.22 + 0.07 -0.66 * 0.22 -0.62
1372 -10 to +0.02 +0.18 * 0.05 -0.18 * 0.05 -0.79 -0.62

0.26

%Values of gy extrapolated from ref. 27, and 9x

b . o '
From analysis of coincidence spectra.

= -0.3 were used.

—?7—

§962-14T
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FIGURE CAPTIONS
§ ' 169, s _ ' .

Fig. 1. Low energy Y- and X-ray spectrum of Ta taken during three consecutive
time intervals following the end of irradiation. The measurement intervals'
are shown in-the figure as minutes:seconds.

i : . 169
Fig. 2. Partial decay scheme of Ta.
Fig. 3. Single y-ray spectrum produced by 68 MeVv 14N ions in Tb target. The
' ;69Hf band assignments are shown by arrows and Ii values; asterisks * indicate

Ii -> Ii - 1 transitions, the rest the Ii > Ii¢-2 lines, Transitions are
‘indicated by band as follows: 'A, 5/2-[523]; A', 170 Hf Ground Band; B, 159Tb
Target Ground Band Transitions excited by inelastic scattering; C, 5/2_[512];

+ ' ’
D, 5/2 [642].

Fig. 4. Delayed time spectrum connected with the 28.8 kev level (open circles)
and "prompt"” time spectrum corresponding to nearly the same energy windows
{(solid dots).

Fig. 5. Coincidence spectra added for the two cascades in 5/2 [642] band;

I + 1/2 odd in upper part, I + 1/2 even in lbwer part of the figure.

Fig. 6. ,}egﬁf level scheme based on this study. -

'Fig. 7. Three-parameter fit of the 5/2°[523] band. - ‘\'

Fig. 8. Systématics'of the rotational parameter ﬁ2/2‘3’of'the 5/2—[512] band
for N=97 and for z=72 (Hf). |

Fig. 9. Comparisoﬁ of the I~ 9

R values for the two considered assignments of

“the band at'59.i‘kév Qith'the theoretic&i predictions.27 The_values
determined forbthe 3/2 [521] assignment are shown in:the left part (open
circles), for the 5/2-[512] assignment in the right pért of the figufe'(solid
circles). The heavy line is the ﬁhéoretical value. -

Fig. 10. Dépéﬁdence of the moments of inertia 6n nuclear‘rotatién in 169Hf-and.
168 '

Hf. See text for the discussion of quantum number R. .

Fig. 11. Determinatibn of the mixing.amplitudes for the 166.5.keV, 15/2+ > 13/2+

transition in the 5/2*(642] band.
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Fig. 3
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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