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' ABSTRACT
The le?eis of:defdrmed nucleus 165Tm were studied both by beta decay
and by héavy ion in—beamigamma ray spectroscopy. In:addition to confirming the
four lowest bands 1/2’% [Lll],b7/2 + [Lob], T/2 - [523],»and 172 - [541],
evidence is obfgined for thé 5/2 + [L4o2] and 3/2v+ [411] bands, and many other
~higher levels. Sévéral higher’members of the groﬁnd band are shifted in energy
from eaflief‘propésals;’ Compafiéoﬁ is made with'theory,both with regard to

rotational spacing parameﬁers and to band-head energies.
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“I.  INTRODUCTION

The ddd-maés thuiium'isotopes form a most iﬁtefesting series from the
standpoint of nﬁclear theory. Threé Nilsson bands have been identified_andb
tr'a.cedﬂl_3 across the series.from’mass 165 ﬂhfough 171. These are_the ground
_band 1/2 + [511] and eXCited bénds T/2 + [hoh]vaﬁd.7/2 - [523]. (Bands are
~designated by the usual Nilssph asymptotic quanfum numbers Qﬂ[N,nZ,A].) The
.énergy separations of these_bands-shift in ways not readily explainable in
terms Qf simple deformation shifts in thé NilssQﬁ model. The ground band

169

L , : : v
properties - have been extensively studied, especially for stable Tm, where

Mossbauer scattering and Coulomb excitation are available tools.

165

We initiated two~-fold studies of ~’Tm via radioactivity and heavy-
ion in-beam gamma spectroscopy at the Yale Heavy Ion Accelerator Laboratory at
a time when the information on this nucleus was limited. There had been a

5-8 165

few decay scheme studies of the radioactivity of parent Yb, made difficult

rby its inconveniently shdft'hélf life of 10 minutes. We repérted preliminary
results of out‘studies earlier,g. Before éompletibn'of our ﬁork, the independent.
in-beam gamma studies of the Grehoble.group of J. Gizon gz_gi,io were published, -
‘nicely éstabliéhing'féur rotational band sequénces up‘ﬁo ﬁigh spin. Our in-
beam.studiés éonfirm theif assignments except for.some changes above the T/2

spin in the grbﬁnd bapd, and our gamma angular distfibutions cdnfifm multipolafity
assignments. The complex radioactivé decay populates many édditional levels

.not observed by the in-beam wofk, thué.pfofidiﬁg a nice compleméntafity. After

completion of our work a new independent study of the radioactive decay was

reported by Adam g&_gl,ll This report shows only the decay to the lower levels,
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in complete agreéﬁent with our WOrki_but it supplements our work_invthét

‘ conversion electron and positron specfroséopy was performed; offefing difect

assignments of multipolarities and a.needed redetermingtion.of the.positron

end peint. In Réff ll.the ground state énérgy is about 2 keV‘lower than we

propose. There isvinsﬁfficient detail.in Ref. 11 to:fesolvé thié discrepancy.
iI. EXPERIMENTAL METHObS OF FADIOACTIVITY STUDY. |

The 101y sources were produced by the'159Tb(11B,5n)-réaction with

llB
ions accelerated in the'Yalé Heavy.Ioh Accelerator. The thickness of the
metallic terbium target was 5 ~ T mg/ém2 and the beam energy of llB ions was -

degraded from 116 MeV to 60 MeV with aluminum and terbium absorbers to enhance

the (llB,Sn)'reactiOn over the Lkn and 6én reactions.

Both in the gamma-ray singles and coincidenceimeasurements, 40 cc Ge(Li)

detectofs in conjunction with pulse pile-up rejection amplifier chains were
employed. The overa11 system energy'resolution was lf5 keV FWHM at 100 keV.

A conventional fast-slow coincidenée Setup with hO ns time resolution was used,
the fast signals being used to'trigger a fimeftofheight‘convertér.:.The three
signals for'each‘coincidence event, nameiy; the energy of thé first gamma-ray,
the energy of thé second oné, and the time eiapsed'betweeh thg gammaé, were
digitized and recorded serially on a magneticAtape by a PDP 8/I compufer system.
The various coincidence relatiqnéhips were ﬁnravelled~by sortiné through thé
tape after expériments.

169

Complementary to the 159Tb(ll

B,Sn)_reaction, the =7 Tm (p,5n) reaction

165

was utilized to observe the gamma-rays in the Yb decay with an appreciable
164 . ' i - ‘ '
reduction of Tm impurity. 'The SO_Merproton beam was. accelerated in the

synchrocyclotron at the Institute for Nuqlear-Study, University of Tokyo.
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For.the»énergy and intensity calibrations, 177mLu and IAEA standard

sourceé wefefemployed iﬁ the Yale experiments, while ;lomAg; 133Ba; 152

'168Tm and 170Tm were used at I.N.S.

Eu,

Following the éxperimeﬁts,.the gamme-ray spectra were analyzed for
12

peak positiohs, area and gamma-ray energies using the computer programs SAMPO
on the Yale Computer Center's TOLO-TO6k DCstyStem and BOBYS on the FACOM
| 230/60 system. | “ |
III. EXPERIMENTAL METHODS OF IN-BEAM GAMMA SPECTROSCOPY

»Tﬁe experimént51 teéhniqués émployed in this inﬁestigafion-are similar
to thosé déscfibed pre\.riously._l)4 Usually three‘separéte experiments are per-
_formed; 'excitatioﬁ function measﬁremgnts, gammé—gamma‘coinéidences, énd gamma,
angular distfibutidns. Fof all of these7experiments,/én'8.6 mg/cm2 metallic

158Gd (97.6% enriched) target obtained from the Oak Ridgé National Laboratory

llB beam from the Yale Heavy Ion Accelerator. For the '

was irradiated with a
excitation funéfion méasurements, 1lg beam energies of L7.5, 52, 60, 6L.5, TO,
~‘and 88 MeV'were.used, thg gémma ray spectra being observed at 55° with respect
" to the incident beam by a b0 em> Ge(Li) detector. |

_F§r the‘gammaegamma coinéidence experiment, two hO;cm3 Ge(Li) detectors
were placed at 90° relafive_to the incident beaﬁ, égch,approximéteiy_2-cm from
the’taréet, thgs éubfendingva subétaﬁtia; solid angle, though'oben to spurious
coincidences from Compton“scaftérihg eveﬁts.

The angular distribution'of gamma rays Was.méasured-b& placing_thefT 
targét in a thin-walled (O.S_ﬁm aiuminum) cylindrical chamber-s cm iﬁ diaﬁeter.
The beam énd any particles recoiiing from fhe tafget was sto@ped by a 150 mg/cm2

lead foil, curved to a radius of 0.5 cm, and placed'O,S cm behind the target.
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_Gamma.measuremen£5'were hade ef:gngles of?Qd;.309; 45°, 60° and:§Q°:with

respect'td the beem,-at e distance of 3:75 cm frem the ferget, vTﬁéltarget

'Ga K x-ray intensities'were used for normalization of‘the~5pectra.
Calibrations of detectbre and enalyses_df‘gamma4ra& sbectra Vere

ﬁerfbrmedvas described in Section II.

'IV.  RADIOACTIVITY RESULTS

By repeated bdmbgrdménts and decay curve counting‘itVVaswpossible te

assign.nearly'a hundred gamma lines to the'decay of lésYb. Principal inter-

fering activities are.the decay of 3O.l'hr'l65Tm itself and the activities in
_ T .16k, ' S 7~ N '
the adjacent-mass»chalns 76 min ° Yb and its daughter, 1.9 min-~  Tm, and

57.5 hr 66Yb and its daughter, 7.7 hr 66Tm, and 18 min 167¥b_and its daughter

9;6d 167 Tm. Flgures la~-c show the 51ngles gemma—ray séectra'of l65Yb_.

- The first column of Table I lists the gamma rays ass1gned from 51ngles
spectra to decay of 65Yb. (Table IIT is a supplementary gamma ray llst of
tran51t10ns inferred lﬁter frem 001nc1dence results or decay scheme cpnslder—
acfidhs.) - The energies are iistedlasjdetermined and not readjusted in iight
of the'propoeed-leVel scheme. The gam@avenergies.lieted oﬁ the propésed level

schemes are those determined by exact subtraction of proposed level energies.

Thus, a comp&risqn of the energyvconsistency_of thevlevel'sehemeﬁis readily
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made._ Where a dual aésignment of a gamma ray has been made, asteriaks are
placed in thc level scheme. |

- Column 2 lists the gamma ray intensitiés relative to the 80.1 keV
gamma, taken as_lOO; Both energies-and-intecsities were obtained from least
squares fitting of the peaké by the Berkeley routine SAMP012 and by BOB.13

Column 3 lists aSsignments of initial and final stétes in the level

scheme with,the notation giving the spin, the K (angular momentum projection)

' value, and parity of the initial and final states, separated'by the solidus.

In cases where complete quantum number assignments could not be made, the
energy of the level serves to specify the assignment. Multiplé assignments
of presumably unresolved lines are bracketed.

165

With the'large number of gamma rays of Yb it was crucial_to have
extensive coincidence measﬁrements{- Using the three-dimensional (gamma—gémma;
time) evenf;by—event tape recording of coincidences on the Yale HIA computer
énd.using many source preparaﬁions,‘it was possible to accumulate sufficient
eveﬁts to be statistically significant for all the stronger transitions. It
is not practical‘here to present all the data, for even a tabular‘summary

would be lengthy and possibly miSleadingvin‘cases of low statistics. Three

representative coincidence sorts are shown on Figs. 2a, 2b, and 2c, Contri-

bution from the Compton pedestal backgrounds have been subtracted out by gating on

flat portions of the spectra near the gate lines. Other coincidence results

can be read from the level scheme diagram, where solid dots indicate the

' coincidence relationships.

We have not carried out new measurements of conversion electrons or
positrons but would note here the essential results from earlier work pub-

liéhed by Paris,7 by Tamura8 and by Adam gz_gl.ll' In Ref. T the positron
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end-point energy was»detefmined as lSéO-keV, and we use this value, which is
ﬁear the average of all three'determinatiéns; Our subSequént analysis from
the level scheme shows prédominant decay to the 161.2 keV level. Hence, the
total decay energy is the sum Qg, = 1.4 MeV and Qp, = 2.76 MeV. |

We défer feview of the conversion coefficient data and multipolarityb

assignments to the discussion section, except for the microsecond isomeric

transitions. In Refs. 7,»8, and 11 E1 multipolarity-aséignments wére;made to..

the 80.1 keV transition. However, in Refs. 7 and 8, where the.numéred K and
L conversion coefficients were given, they were abbut twice the Hager-Seltzer
theorétical'vaiuesl? for El. iFurthermore, the assumption of pure El multi-
polarity for the 80.i keV transition wbuld lead to serioué difficulties in
populating thev80.7vkéV 1evel.. We beliéve that the conversion coefficients

of the 80.1 keV transition are réally'highér than pure El and pfobably signify

7

M2 admixture in the El transition. ’Taking Paris' value' of 0.50 (El) and

49 (M2) we get 62(M2/E1) = 0.008. From the Moszkowski single-particle life-
time formulal6.for the M2 transition we get a retardation factor of L0, a

reasonable value. From the Moszkowski formula we recalculate the El retardation

7

factor of 6 x 10 for the 80.1 keV and an E2 retardation factor of 4 x lO? for

the‘68.9 keV._ It should be'recognizéd that with El retardation so high for a
‘ | | 17

K-allowed El transition, the penetration terms could give rise to anomalies
in the El conversion coefficient hence to uncertainties in the above estimate

of M2 admixture} "However, Gopinathan,'Jain, and Babal8 found no conversion

169

anomaly in the analogous 63-keV transition in

K~conversion coefficient about 25% higher than theoretical for pure El in the

167

analogous 113-keV transition in 'Tm. Both these analogous cases involve less

Tm. ~Funke gz_gl.l9 found the .

*

.
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retarded El transitioné than‘inulGSTm, so our assumption of M2 admixture seems
reasonable. Whether tﬁe excess céhversion electfons are due to M2 admixturé
or El1 penetration.terms, does not affect~the level scheme inténsity balance;
that is the experimentally‘high'conversion coefficient of the 80.i keV transi-
tion gives if & total transition intensityvhearly equal to the 68.9 keV
traﬁSition;-henCe, the cascade of these ﬁransitioﬁs does not requife direct
beta decay feed to thé iﬁtérmediate.stéte.

V. IN-BEAM RESULTS

l58Gd(llB,’4nY) reaction studies.

Table II summarizes the results of our
- Column 1 lists the gamma ray energies with energy determinations Having
probablé errors of about iO.OS%.I.Columns 2 and 3 1list for two bombarding
energies, the gémma-fay intensitieé'relative to the 147.2 keV line aé 100.
In general, the‘higher the spin of the parent level, the greater the rise in
relative intensity of the gamma'rayé with respect to the beam direction1 These
coeffiéients aré corrected for finite solid angle ofvthe detectors. Substantial
positive valuéé_of A2/AO arefinqicators éf stretched (I+I-2) quadrupole chafacter.

Figure 3 shows the'angular distribufionxcurves of fourteen gamma lines,
taken at the'optimum energ& of 52 MeV.

Néither.the singles nor'coinéidence spectra ffoﬁ in-beam.work'are'pre—
sented here,.as they COnfirm>but do not essentially add to‘the‘publishéd spectfa-
65 165, |

Ho(a,bny) Our spectra all have lower statistics,

of Gizon‘gglgl.lo,from 1
a consequence of the 2% duty cycle of the Yale Heavy Ion Accelerator. Our
spectra differ in replacement of the inelastic scattering gamma lines of the'

165 158

Ho target by the lines of the G4 target and in somewhat greater suppres-

sion of the radioactivity background. Our in-beam gamma measurements are gated
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,oﬁ only dﬁring the 2 m§'beam puis, hence, are unusually free_of interference
from radiéaéﬁivity buiid—up-invtﬁe.fargét} |
| VI. PROPOSED LEVEL SQHEME
Bﬁilding on the ffamework of lOwef,ievéls in,thé scheme of the Grenoble

group,lo it is possible to take the radioactivity datavﬁo build-up an expanded

\

decay scheme. Insofar as ?ossible we have relied on our coincidence data, bu
they are seripusly limifed'by the ﬁiérosecond isomériém of the T/2+ and 7/2f
bandheads. vHehée,'energy sum and differencé infofﬁation.héd<to be'réliéd én
also. With the‘éomple#ity of the decay we would concede that some of the
transition placeménts and pérhaps'a 1éve1 of.fwo'are accidental and incorrect.
Dashed lines in the level scheme indicate uﬁceftain featufés. |
~The proposed scheme of levéls populated in fadioacﬁive'decay of.l65Yb
isvpreSeﬁted in fig. 4. The gamma.énergies given in the scheﬁé are exactly the
differéhces of'the proposed enefgy Qaiues of.levels. These exact-differences
:ére fréquently not the Samevas the'expéfimental traﬁsiiionaenergies frbm '
spectral_legst_SQﬁares analysis:as'gifeﬁ in Tables Iband_II. Table IIT is a-
sﬁppleméntafy listzof gamma:rays of less certainty-assigned to the radioaétive
decay.v These gamma.rayS'appéar in the scheme as dashed lines, but they were
not élearly‘resoivable in the siﬁgles specfrum and thus.nqt lisfed‘in_Table I.
To a#oid unduevcdnfﬁsion5 the radioactive decay.scheme ovaig; hv
excludes levels Seeﬁ oniy by in—beam work and does nét'show transitions seen
in-beam. ‘The dbmplete,level schemé'is.given'in Fig. S,vincluding.levels
populated by radioéctivity and infbeam by either.éur group or-thevGrenoble
gréup.lo.'ihe.transitioﬁ lineé are ihdicated only fof gammaé obsérved by us

in-beam and listed in Table 1I. Levels estabiished by work of the Grenoble

.
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aroup’® but for which our statistics were insufficient to £ind the confirming
gamma rays are-alsq éh@ﬁn;} Inbno case are these unconfined levels inconsistent
v withveur data.'>We'have recalculated all.lenel eneréies_using dur]dwﬁ_best
values wnere_Pbssible and:norking np to higher levels withﬁnest Grenoblerﬂ
gronp energies..
| The levelrenergies nave net beenfgiven‘on Fig. 5 because‘of space
- limitations Bnt areasummarized by band in Table:IV aleng wlth thevvalues
determlned by the Grenoble group.lo ‘Energies of lerels not asseciated with .
bands can be read from Flg L and are not repeated in Tanle IV |
| | -V1I7f DISCUSSION
A. General
 For nearly~all‘bnt the upnermost.levels,-where we had'insuffieienﬁv‘

statistics in;beam; our studies provide confirming evidence fer the éorrecfness
of theQCrenoble'decay scheme.lo Only in the case of the weaker branch of |
.tran31tlons in- the ground band do e propose dlfferlng a531gnments, downshlftlng
alternate spln levels beglnnlng at sp1n 9/2 Thls alteration results from our.
proposal of 203. 3~ and 232 5 keV llnes to depopulate the 9/2+ level, 1nstead of
vthelr 207.8 and 236. 6 respectlvely., The asslgnment questlpn ‘was discussed |
‘_at-length by Drs. J. and A.'Gizon,nand 3: 0;.Rasmnssen;Awho'refexamined Grenpble'
and Xalendata.together; Although it is almost‘lmposslble £°,d¢0i¢¢ befween‘
alternatives on %he.basls of inebeam data, the radioacﬁivlty'data faver fhe ’
new assignments.fpr the 9/2+ state of the ground band. vConsequently,nthe
energiesfof'the l3/2, 17/2, 2l/é ana 25/2‘le§els are altered from Ref. 10.

| The Greneble level snheme-With this minorealterafien nhus’prdyided‘the

_invaluable framework from which to build with the complex gamma spectrnm from
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the radloactlve decay Severalféamna{lines.werebfoundntobdefdne new;leyeis;ato
i315 8 h20 l, and 552 2 keV The.decay9patterns of the:éamma ra&svclearly
"p01nt to asslgnment as a K 5/2 band and the loglcal asslgnment by the Nllssonhb
d-model is 5/2 + [h02] Negat1ve parlty seems unllkely, as that would make the
vcorss—band tran31t10ns 1nto the ground band once—K—hlndered El tran31t10ns,_
and these would not be expected to compete.w1th allowed Ml tran51t10ns 1nto

| _the 7/2 - [523] band. There is alsc a wea.k tran31tlon to the /2 + [hou]

7

-'band—head, conq1qtent w1th our ass1gnment Parls observed K and-LI conversidn.
‘llnes of the 186 keV tran51t10n and tentatlvely a551gned Ml multlpolarlty.
vIn our scheme, the multlpolarlty is cons1stent w1th the 5/2+ to 5/2+ ass1gnment.
dav1ng ass1gned the new 5/2+ band,_we looked back at in—beam gamma
data for ev1dence of 1ts populatlon.. In the Yale data w1th boron 1on reactlons, '
only the th 3 keV tran51tlon can be 1dent1f1ed but the Grenoble data 10 with
alpha partlcle reactlons show relatlvely greater populatlon of the S/2+ band._,
vFollow1ng are the. Grenoble group s unassigned gammas and 1nten51t1es (an per
:;_ cent of the 92 0 keV 1ntens1ty in thelr Table I) assoc1ated w1th the new band
" th;6 keV(135%) and-303.9(l9% . .Other gamma_tranS1tlonsxofvthe'new'band' .
.would be.ﬁasked:inftheir.in—beam:spectra:l. o o R
.dIt is'soneuhat'Surprising’that'Funke:et/al;lg:do.not_findhanQanaloéous»f'
low—lylng 5/2+ band in thelr study of decay of 167Yb, since the”decay schenes A
‘are in so’ many ways closely analogous, a consequence of 1dent1cal parent ground
‘state ass1gnments | v' | , |
W1th the predomlnance of the beta decay to the 7/2— [523] band head
w1th log £t of h 83 we retaln the parent 165Yb as51gnment of 5/2~ [523] as

made by Paris.7' As,discussed-earlier, the total groundéto—ground'electron
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capture decay energy is. Q= 2'76.MeV,, With the.Same'grOund state assignment
f 165Yb as for 1ts nelghbor 167 the two decay schemes -are very similar.
- v' 707795 70 97

The decay scheme of the latter nucleus has been presented in detall by the
Rossendorf-group:20 | |

With a Yb parent spln as low as 5/2 we expected that the rad10act1v1ty
offered a hope of populatlng hltherto unobserved 1/2, 3/2, or T/2 members of the
1/2— [Shl] band Dzhelepov et al.u in thelr,Table-l;la list six cases in whlch
this Nilsson proton band occurs. w1th.at least three band members known In
“ three cases the 1/2- memberblles w1th1n 5 keV of the 5/2—>, twice above 1t and
'once below. In other cases 1t is. 25 keV below, 30 keV. above and 76 keV above,
The 3/2— member ranges in the flve known cases from 130 keV to 234 keV above

77Lu) is 354 keV above the 5/2— and

‘the 5/2— . The one known 7/2— member (in
272 keV above the 9/2— . The characterlstlc decay of a 3/2— level in our case
‘should be decay by El gammas to the ground and/or flrst exc1ted states,'s1nce'
it is known that the lnterband-El tran51tlons of these bands are competitive
.with interband Mltand E2. Thel7/2—'level might decay by El's to the 5/2+,and/or
7/2+ members of the. ground band or by intraband transitions to 3/2-, 5/2-, or
9/2—.members below it. Possible trial level-assignments‘wereltested by least
-_squarescband ﬁitting_vith'a rotational band energy routine and the formula

% 3 = (o) ek {28

The only poss1b111ty consistent w1th our data is the as51gnment shown

=.E_ + AI(I+1) + BI I+1)2 + ci3(141 [A I(I+1)] (l)‘

0 Box
in our leVel schemes and Table IV ‘namely, the 3/2- level at 275.0 keV and
the T/2- at 451.1 keV. Admittedly, the evidence for these assignments is’

rather weak, and critical re-examination would be desirable in'any future

studies. Our decoupling parameter a (e fﬁ{>==+ 2.94 is close to that of
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+2;9110.15 in nearby l6lHo; aithough the decoupliné paraﬁeter is generailyj
higher in.the”four known>Lu cases, rangiog beﬁweeﬁ +3.8 and +4.6.

We are'handicapped in making sbin aod parity-assignments to the many
weakiy popuiated "other levels" above the assigned bands;'fof there are neithei-\
conver51on coefficients nor angﬁlar distributions for a gulde. Furthermore,
glven the short half life and weak populatlon, such data wlll be dlfflcult to

7

obtain. Paris’ and Tamura8 were able tvobtaln convers1on”electron spectra
only-for the lower energy transitions, thouéh Adanm gg_glill.ﬁere able to
augment the-multipolérity assignments. Our decay soheme is consistent with

the multipolarity assignments of Refs. 7; 8, and 11, although we propose
attributing Mé edmixtufe to the 80.1 keV El. By our leyei scheme the 118.1 keV
transition could have E2 admixture, but it is expected to be maiﬁly‘Ml oy ‘

 analogy with 167vaand 169

Tm, Where the_analogoﬁs transitions are reportedly 0.8%
E2 and 2% E2, respectively. The log ft values of the higher levels are in s
renge consistnet Qith beta decay spin changes of b, £]1 either with or without
vparify chahge. Hence, we may only say for levels that receive direct-befa |
decay fhat the spin is 3/2, 5/2 or'7/2. Log 't values for the less populated
lower levels may often be just lower limits, as unassigned feeder gamma rays
mlght account for some populgtlon. It is unreasonable that beta feeding be
seen to the-9/2—‘levels, Since fhat would be second forbidden. It.is possible
to have a 9/2+ assignment if the log ft value is near 8, typical of Gamow-Teller
unlque first forbldden .

We have noted three 1eve1s,(h91.2 609.5, and 725.8) as a "low K" band

because these levels decay to the K = l/2+ and K = l/2-.bands, predominantly

to the former. If we are to choose a'seQuence of spin values for the "low K"




13- : - LBL71689‘

.wbaﬁd, conéiétenﬁ with tfansiﬁion-muifipolariﬁies Ao‘highér than quadrupole,
the‘sequeﬁce13/2; 5/2,_7/2 shoﬁn on the'level.schemébis'most likely. At this
point-it is apprdpriate fé 1ook-t0ftheoreticall& predicted.bahd—head‘energies.
for guidanée. Sdloviév énd Fedbtov have receﬁtly ﬁade exténéive'calculations
of-band‘énergies and wave fuhctions for'odd—maés rare-earth muclei.>~ These
“sophisticétéd caléulafions with nucleon wave functions in a aéformed Woods-
Saxon pote#tial include’quaéi—particle-phonon ﬁixing, with quadrupole and
octupole phonons, as wéll_as.explicit cbnsideration of\threevquasiupartiCIe
states.‘ Iﬁ our Tabie V we compafé our pfesent eXpefimental values with their
theoretical results. Soloviev and Fédotoﬁ predict.a 3/2+‘state at 660 keV in
165, | 167 |

Tm. In their.Tablellg for ~ 'Tm, the 3/2+ state is predicﬁed at 670.keV,

_ with an experimental vélue of 471 kéV listed. ‘In their Table i3 for lTle;

the 3/é+ state-isvpredicted_at 680 keV and experimentally_known at 676 keV.
Diamond, Elbek, and Stéphens22 first Couidmb-exéited in 1§9Tm a 3/2+

band with'leQels.ét 570, 633.énd 718 keV. They also‘observed levels near

© 900 keV and near 1170 keV. Subsequent Coulomb excitation studies have
confirmed thése results. Aleksandrov, Balalaev, Dzhelepov and Ter—Nersesyanté23

169

more precisely measured the 3/2+ [411] band in 7 “Tm with first four level

169

energies of 571, 633, T18, and 825 keV, vefy‘weakiy’pdpulated invdecay‘of' Yb.
They proposed.a regﬁlar,asceﬁdiﬁg spin sequenée 3/2, 5/2, 7/2, 9/2.

v The‘systematic Coulbmb‘excitation of Bands differing in K by two units
from the ground band K'stimulated,theoretical:calculations of.gamma vibrationél k
phonén character in odd—A nuclei. Theoretical studies of both.Bés and Cho2h

- and Soloviev and Vogel25 show a fair amount of mixing of 3/2+ [411] one Quasi—

particle band and the band composed of gamma phonon plus.l/2+ [411] quasi proton.
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In *690n Bes and Cho predicted the 3/2+ band head at T18 keV and 5/2+ at 1211.
Soloviev and Vogel predict 3/2+ band heads at 620 and 1200 (compared to experi-

mental 570 and ~1170) and- 5/2+ band at 900, 950, and 1350.

In view of the experimental and theoretical evidence on the systematic

occurrence of the 3/2+ [411] band in odd-A thulium isotopes, we make this

assignment to our "low K' band. Our aéSignment of spins is somewhat speculative.

At flrst we thought to include the level, at 592 2 keV in the band, glVlng
-anomalous spacing, but_we decided to egclude it on the basls~of its hlgher log
ft'énd the preferability of a fegulariy spaced band.

Thev3/2+ and 5/2+ bands predicted aroﬁnd liOO keV>have‘pfedominaht
pureutage of ground band plus gamma v1bratlona1 phonon Tbus, we might expeqt
enhanced E2 oecay from these bands to the ground band. .the followiﬁg leveis
in our schemebhave energies and show decay patterns thatm ight suggést their
association with_theée predicted bands: 1100.5, 1129.1, 1251.v There is no
good basis to maké‘more.defihite aSsignments..

"The 1250;9 and 1325.8-lévels stand out in that‘they'receiVe more‘betai
feed than theif neigﬁbors and they decay mainly into the.7/2-i[523] band.x We
suggeéf‘these levéls may be, fesbectively,vthe 5/2§ and Y/é; ﬁembers of the
5/2- f532]"band predicted at 1400 keV. |

Finally, there is the rather amazing level at 1582 keV that deqayé»to
nearly all lowef levels with spins 5/2, T/2, or 9/2, regardléss of K or parity.
That behavior would suggest a mixed-K character. The spin assignment of T/2
ié favored bj the decay pattern and by the féct that thé log ft value to the
level is relatiVely lqw but with no comparably populatedvlevel higher. We

. favor a negativé parity assignment, Sincé the allowed beta decay classification
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better ?erﬁifs a rather mixea character'for ﬁhe'sfate. Soloviev and Fedotov
do notbpredict a:eecond 7/2- Band in theirvtable but they have not gone above
»1&70 keV for the general calculatlons, and they have not cons1dered quadrupole
' phonons of K=0 (beta or pairing v1brat10ns) It is known26 that nelghborlng
l6lEr has its first excited 0' state at 1245 keV and a 1- }, K = 0 state at
11386 keV. Itlﬁay well be that our 1582’keV level mainly is compoSed’ef these
phonon'sfates; coupled‘fespective, to the 7/2— [523] and 7/2+ [Lok] quasi—prOten
componeﬁts. | |
| Refefring'to Tabie V;ican we make eny more.assignments;ef higher levels’
with the aid of the theor&? We heve searched for the 9/2-~ baﬁd'predicted eround
550 keV b{ztv see no .evidenee for it. Beta decay to this band would be second
forbidden so it cbuld.only be:seen if fed byvgamma trensitions from higher levels.
Frem the eame consideratioes we_woul& not expect to seeethe bredicted ll/é;'state.
‘Before‘leeving the compafisdn with Solovievaedotev theofy, we would note
the large disagfeement in the pbsition'of the‘l/2e [541] beﬁd shifts energy.v
feﬁidly as neutron number ‘is changed'in Iu isetopes.euSince the 1/2- orbital
-comes from a.higher oeciilatof shell, its releﬁive energy'ie quitevseneiti&e
to.deformation and to spinedrbitiepiiﬁfihg; ’Tﬁus;»elighf modificatioﬁs of tHe
deformed well parameters could bring the 1/2- fShl] erbital down,'so.the dis-"
agreement w1th theory is not serious. It may be, however, that the orbital
‘energy shlfts among the Tm 1sotopes are not explalnable in the framework of

an average potentlal model and. that Hartree—Bogollubov theory w1ll be needed

to explaln the shlfts
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B. Rotational Energy Parameters

We héve-épplied’the usual powef series'expansion Ed..(l) to fiﬁ
the rotationallband énérgiesjby leasf squares, and one of tﬁeéé fits is
’._ preéented.in Table IV for eéch band. The fits of Table IV were made to the
~Grenoble enérgies,lo except for the K ='l/2¥ ande = 1/2- bands, whefevéub-
stantial shifté or_new lévelsvare propésedvin our work. The fits presented
use the full six pérameter éxpansioh, fitting on levels up to the underlined‘
vvalue. It is reédily seeﬁ that'the-predictions diverge from éxpérimehﬁ_at fhe

next level above the last fitted level. Thus, the series expansions are not

very satisfactory»for any of the bands at highest spin values. It is necessary

to bé cautibﬁé in Crosé-coﬁparing rotatioﬁal expansion coéfficients with those
determined by ieast squarésvin other nuclei, éince the parameters dependAboth
én how many terms wefe taken in the expansion and how mahy ievels were.fit.
Taﬁle'VI gives the pafaﬁeter valﬁes.for the particular fits_given in Table IV.
These'poinfs of:caution are well brought:out.in the‘discussibn and more sophis-
ficéﬁed anélyses by Hjorth and.Ryde27
signs aﬁd magnitudes of these paraméters are in accord with data 5n these
same_bands_in other nuclei. It would téke'fOO much spéce here to make a
detailed cross;compérison with other nuclei or with theory. - in an earlier
publicatiéneg'we discussed the’signifiéancé of some of the parameters in light
of theorétical #ork of Hamamofo and Udagawa.3o The same remarks apply here
as to differences between parameters of’the T7/2- and T/2+ béndSu

We have-goné one step further in the rofaﬁiqnal band analysis by ap-
plying the two-band-Coriolis mixing expressions of Eqs. (1) and (2) in ﬁef. 31.
Téble_VII.éhoﬁs results of two-band least squares fits to the T/2 + {hOh]‘and 

5/2 + [402] bands. In this.treatment,vas presented in detail in Ref. 31,

and by Hjorth, Ryde, and Skanberg.28v'The
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analytlcal energy expressions are derlved for Corlolls‘m1x1ng of two bands with
aeroth order energ1es-g1ven by‘power»serles expansrons in I(I+l).. For Table
VII we have allowed the full s1x—parameter Var1at10n to fit the lowest ten levels
of the T/2+ band and the lowest three levels of the S/2+ band. The parameters
'tound by the search are as follows: -

/2J,=.1u.76 keV'

8 (softness parameter) 9 05 x lO -k
'aéK (generalized decoupllng parameter) = —3;26h* lO-hkeV
RE (intrinSic_Corlolis-matrix element) = 0.626 o
Band—HeadADifferenee.(Zeroth order) = 246.4 eV
Band-ﬁeadASum,(iéféthpsfdér)" =h311.8ukevl'

The'ratherhsmall value,of‘éoriolis matriX'element ls.reasonable, since
.-the operator 1s not allowed by asymptotlc quantum number selectlon rules
between the two bands. rherrather small decoupl1ng parameter reflectskthe

b. fact that the 5/2 + [h02] hand.has small:Coriolis‘coupling to K‘=.l/2 bands.

and perhaps partlally cancelllng contrlbutlons from the coupl1ng.
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‘With all the work that has gone into the nuclear properties of =~ "Tm
we do not.regard‘the story as completed; Despite the awkwardly short halfv
life of lOLS‘nin, new conversion electron data must be obtained to facilitate

l

multipolarity-and SPin assignments Gammawgamma angular correlation work

“would be helpful though dlfficult to obtaln The gamma spectra and c01nc1dence__

- studies ought to be repeated at highest resolutlon w1th 1sotop1cally separated

165

sources’.. Proton strlpping studies on»erblum targets 1nto Tm and_neighboring
Tm»isotopes would be most‘welcome. ' |

The bands here identified (lowest 1/2+, 3/2+, 5/2¢, and T/2+) should
fac1l1tate Coriolis band—m1x1ng studles of the low—j orbltal family ‘Generally
' such studies have been confined to hlgh—j orbltals.

Weihope_that theiwork‘presented here canvbe'a'stinulus to further
experimental and theoretical work~in this region. | |
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Yb Decay Studies

Assignment

_ Initial/Final_State‘

Remafks

304

60

Ey Iy
S o “-IKT or E(keV) -
30.8 0.1, W (7/2 7/2- / 5/2 1/2+)  Not shown on decay scheme.
68.9 * 0.1 1T /2 T/2+ / 3/2 1/2+ . | .
80.1 * 0.1 100 CT/2 T/2- / T/2 T/2+ . |
91.7 * 0.1 - 1.2 : 9/2 7/é- / T/2 T/2- 16mi fraction subtracted.
2063+ 0.0 0k 7/25/2+ / 5/2 5/2+ |
'118.1 * 0.1 4.8 5/2 1/2+ / 3/2 1/2+
gt on L1 { /2 1/ps J L2 L/ee
oL 9/2 1/2+ | T/2 T/2+
132.2 + 0.1 0.20 - 9/2'5/2+ [ T/2 5/2+
134.6 * 0.1 0.18 9/2 1/2- /. 7/2 1/2+
T3+ 0.1 1.8 7/2 1/2+ / 3/2 1/2+
156.5 * 0.1 0,29 . 5/2 5/2+ / T/2 1/2+
158.2t 0.1 - 0.3 B
©170.3 £ 0.1 1.1 5/2 1/2- ] 3/2 1/2+.
185.8 £ 0.3 0.64 - 5/2 5/2¢ / 5/2 1/2+
203.3 * 0.1 . 0.55 9/2.1/2+ / T/2 1/2+ |
© 208.0 % 1. | EMasked (/2 1/2- / /2 7/2-) Mainly 16y
5+ 0.2 0.37 9/2 1/2+ [ 5/2 1/2+ B
235.1 * 0.2 0.13 . 5/2 5/2+ / T/2 T/2+ |
2551 % 0.5 q11/21/2+ [ 7/2 1/2+
o , {(1582,0 / 1326.5)
261.0 + 0.2, 0.13 - T7/2 5/2+ [ T/21/2+
264.0 + 0.5 W - (3/2 i/é- / 3/2 3/2+)
275.5 + 0.2 0.30 - 3/2 1/2- / 1/2 1/2+
>=282,5vi 0.5 S W : S :
. 290.3% 0.5  0.10 . 7/25/2+ / 5/2 1/2+
292.2 £ 0.5 0.04 R
o.i,o.l 1. 5/2 s/ef'/'3/2_172+

(continued)
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Table I. ”Continued‘

Assignment

Remarks =

Ey. Iy Initial/Final State
| IKm or E(keV)
312.0 £ 1.0 0.15 o -
320.8 + 1.0 0.3 - T/21/2- / 5/2 1/2-
' 332.3 t 0.5 W C k912 7/2 1/2+
361.5 + 0.3 0.3 491.2 . / 5/2 1/2+
363.3+ 0.5 0.1 T725.1  / 9/2 1/2+
©391.0% 0.2 0.53
hok.3% 0.2 . 0.26 101k.2 / 609.5
415.9 £ 0.2 0.27 | :
422.2 0.3 ' 0.05
427.0+ 0.5 . . 0.06 | | |
433.1 % 0.1 0.3 - s92.2 [/ T/2 1/2+
h62.2t 0.2 0.12 p ‘_592.2 o 5/2'1/éf'
479.6 + 0.2 050 b2/ 3/21/2+
B | 609.5 -/ 5/2 1/2+
491.5 } k1.2 /.1/2 1/2+
Cshhik® 0.3 . 0.07 o S
566.7+ 0.5 0.16 - . T25.8 /f7/2’1/2+'
578.4% 0.5 0.10 o o
589.3% 0.7 W 1315.0  / 725.1
597.8* 0.5 0.0b . 609.5 -/ 3/21/2+
1 605.8% 0.2 0.05 . |
1 636.5% 0.3 0.33. . 1188.8 / 9/2 5/2+
655.8* 0.3.  0.58 950.0 / 5/21/2-
675.1% 0.1 013 o
728.9% 0.5  0.07
' 736.8% 0.5 0.09
T7h3.0% 0.5 - 0.03
772.0% 0.5 0.09
784.3% 0.5 0.52° ©  1100.5 / 5/2 5/2+

v(continued)
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Table I. Continued

Assignment Remarks
Ey Iy Initial/Final State
1K1 or E(keV)
825.8 * 0.5 0.35 1037.8 / 9/2 T/2+
830.3 * 0.5 0.29 1013.1 / 5/2 1/2-
838.8 + 0.5 0.11
853.5 £ 1.0 0.06
854.9 £ 1.0 0.05 101k.2 / 7/2 1/2+
878.6 + 1.0 .0.39 13704 / k91.2
- (1037.8 / T/2 7/2-
920.0 £ 1.0 0.04
935.0 = 0.3 0.69 1251.0 / 5/2 5/2+
938.0 * 0.5 0.21 '
okk.0 £ 1.0 0.06
94k8.0 £ 1.0 0.05 ‘
956.5 * 0.2 vn J1031.8 /7 1/2 1/24
: | 1326.5 / 11/2 7/0-
963 + 1.0 0.05
972.7 * 0.5 0.07 -
976.8 £ 1.0 0.0k
989 + 1.0 0.09
999.2 * 0.1 1.10 31315’0 / 5/2 5/2+
. 1129.1 / 5/2 1/2+
1002.5% 0.5 0.0k
1009.5% 1.0 0.06
1012.6+ 0.5 0.10
1015.6% 0.2 0.17
1029.9¢ 0.1 l.z2 {1582'0 /92 5/2+
1188.8 / T/2 1/2+
1073.3% 0.1 - 1.4y 1326.5 / 9/2 7/2-
1090.1# 0.1 1.00 3 1251.0 / 7/2 /-
1100.5 / 3/2 1/2+

(continued)
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1296

T+

1/2+ . -

. : _ Assignment;  Remarks
Ey - Iy Initial/Final staté
LT IKm or E(keV)
' 1100.6 + 1.0 0.1 {1100.5 [ 1/2 1/
| | | 11283:4 / 5/2 1/2-
1117.2 £ 0.2 0.36° - 1129.1 / 3/2 1/2+
‘1121.6 *o0.2  0.2h  1251.0./ 5/2 1/2+
. . - 1283.4 /-7/2 1/2+
1145.6 * 0.5 0.013 i :
1405t 0.5 02013 ..;1308'7,/ /2 1/2-
, ' ' E 1308.7 / T/2 1/2+
1154.3 * 0.3 0.68 .
S 1161.5 £ 0.5 0.19 - . 1582.0 / T/2 5/2+
1165.2 t 0.2 0.37 1326.5 / /2 7/2-
1188.1 + 0.2 - 0.22 1370.4 / 5/2 1/2-
1192.8 £ 0.2 0.12 1352.6 / 7/2 T/2-
12025 ¢ 0.0 0;23‘-‘ . 1283.4 / 7/2 7/2+
S - [1565.0 / 9/2 1/2+
1209.3 * 0.3 0.11 - o : ,
1212.0 * 0.3 0.11 13704/ 7/2 1/2+
1219.5 * 0.5 ~ 0.83 11582.0 / 9/2 1/2+
1239.2 * 0.5 0.4k 1251.0 / 3/2 1/2+"
- 1248.8 * 0.2 o0.07 1565.0 / 5/2 5/2+
1253.2 * 1.0 - 0.0l | ‘ f
1265.6 + o.é 0.30 1h2k.8./ 7/2 /2
_ - (1582.0 / 5/2 5/2+ . .
1269.3 # 0.23 | |
1289.1 * 0.27 1582.0 / 9/2 1/2- o - |
1. 0.48 1424.8 / 5/2 Doublet with 16hTm o

(continued)-
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" Table I. Continued
_ Assignment , Remarks
Ey Iy Initial/final State
o | IKT or E(keV)
1306 1.0 0.0k
1309  +1.0 ~ .0.07
1312, £ 0.3 017 R
©1329.0 % o.iz 0.49 | 1582.0 / 9/2 7/2-
1341.5 * 0.5 -~ 0.0k e o
1353.5.% 0.5 _  0.03
1367.2 + 0.2 0.15 e
1370.8.¢ 0.2 . 0.23 ' 1582.0 / 9/2 T/2+
1390.2 £ 0.3 0.13 .
1399.5 + 1.0
1402.8 £ 0.5  0.10
1405.5 + 0.5  0.07 ~ 1565.0 / 7/2 1/2+
w210 £ 0.1 05 158?402/'7/2_7/2*
. | 1582.0 / T/2 1/2+.
| 1426.6 £'0.3  0.22 o |
1435.0 + 0.3 0.1k 1565.0 / 5/2 1/2+
k51,9 0.2 0.33 1562.0 / 5/2 1/2+
1501.0 + 0.2 0.85 1582.0 / T/2 T/2+
T+£0.5 0 o
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| Table IT. Gemma-Rays Assigned to'158dd(113; kny) Reaction

EYa IYb’c Iy .Aé/Aod v Ah/AOd N Assignments
(k;eV): . (52MeV) ~ (60MeV) T gligkin/glngfﬂ
68.78 3k ‘39 7T/ 31
8h.5 16 22 ‘ U
92.0 Sz 48 97- /17 1-
10h 1 9.6 weak . o T+ 55+
111.9 10 1k 0.33 +0.37  0:06%0.16 91~/ 5 1-

' 116.6 6l 90 ~0.33 + 0.22°  0.16 £ 0.23 117- /9 T-
118.1 34 36 0.13%0.37 -0.38*0.M6 51+ / 31+
120.6 17 1 : -0.20 * 0.28 0.05 * 0.30 111+ / 9 1-
130.0% B 53 0.26%0.00 0.7 0.0 oYt/ 1

. ' : : - 9T+ / T T+
1344 98 118  -0.18 £ 0.11  0.07 t 0.10 91~/ T 1+
k2.0 69 12° . 0.18 % 0.1k 0.01 *0.15 137- /11 7-
147.2 100 100 0.28 + 0.06  0.01 £ 0.01 71+ / 3.1+
152 weak weak | o ' | U h
155.5 22 28 0.54 + 0.23 | 11T+ 9 T#
164k 66 - 102 0;02‘i 0.08 -0.05 +0.9 15 7=/ 13 1=
1704 22 k2 ;9,2111'0.13, ~0.05 *0.15 51~/ 31+
178.8" 20 %o \ 13 7+ / 11 T+

183 20 o o U

191.1 8y 106 0.13%0.12  0.02 £0.12 177~ /15 T- -
202.6 10 b3 o ‘ : 15 7+ / 13 T+
2034} 160 1239 0.24t0.08 -0.08+o0.08 )91t/ 13T
20k.1 - _ : , 131-/ 9 1~
207.1 81 87 0.09 * 0.09 -0.07 * 0.1k 19 7- / 1T T~ -
212.4 15 40 | | U

218:5 12 ko -

- 221.6 12 40 - 17 T+ /15 T+
232.9 R 39 0.22 * 0.14  -0.26.% 0.5 9 1+ / 5 1+
236.6 By 59 . 0.12 * 0.17 -0.23 0.2 21 7- /19 T~

2u1.2 25 bs | 23 71~ / 21 7~

(continued)




-29- . LBL-1689

Table II. Continued

‘Eya | B be,c. . Ty Aé/Aod Au/Aod" Assignments
(key) (52MeV) (60MeV) - T 21, 2K, m2l 2K m
245.3 e we | U
255.0 77 89 0.32 £0.06 -0.13 *0.08 111+ /T 1+
259.1 o2 18 o | 13 7- /9 7-
270.1 10 10 , : _ 2T 7-/ 25 7-
277.2 b2 s - o {'25 T- / 23 7-
- ST | 3 C (A3 1+ /11 14)
285.9 33 w6 T T+ /T T
. 298.5 98 136 0.31 + 0.03  0.01 * 0.09 17 1- / 13 1-
1306.6 38 46 . 0.32 £0.08 0.11 *0.18 15 7-./ 11 T-
327.2 26 20 0.38 * 0.23  0.25 % 0.25 131+ /9 1+
337 6 60 0.19 £0.10 0.06 * 0.0 §ITIH/151%
o - - D 113 7+ / 9 T+
34%0.3 23 . 16 B ' o U
3h7 '  v _'weak  10 ’ ' | 'b'_ o R | A
o am omron oagresr (UMD
< | - | | ' YT T7- /13 7-
363.9 o 1S S
380.5 43 W8 0.36 £0.20 -0.1T *0.20 15 7+ / 1l T+
385 . _  ',veak : - v ‘ <. I 1 B U A_ .
389.7 T 126 0.29 * 0.15 -0.01 * 0.15 21 1- / 17 1-
397.3 50 67  0.33%£0.20 -0.17 £ 0.20 = 19 T- / 15 T-
403.1 9.3 8.8 . - ‘ v
h12.8 21 : 10 : © 17 1+ /13 1+
418.5 10 - .10 . - oy
422.3 36 0 17 7+ /13 T+
L3.0 30 M1 0.25%0.20 -0.02£0.19 2L 7- /17 T-
Lh7.8 11 a2 _ S S 19 1+ /15 1+
3

- Léo. L L o SR 19 T+ /.15 T+

(continued)
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- Table II. Continued

- lt2 o 18 weak . o | . u

uts - 68 104 . 25 1- / 21 1-
b9 50 58 | 23 7- / 19 7-
L82 17~ weak D U

500 27 38° - 0.36+0.16 0,18 + 0.15 21 T+ / 1T T+

562 : 20 35 - « ' , 25 T+ /. 21 T+

&The accuracy of the energ&‘values is within +0.3 keV for strong discrete lines
and 0.5~ l 0 keV for weaker lines. N

bThe intensity 1s given relatlve to the 147.2 keV Y-ray for 52 MeV and 60 MeV
incident beam energy. ;

“The accuracy of the relative intensify of y=-rays is ilb% for strong well
resolved lines, 20% for the rest of lines. ‘

dThe errorsin A /AO, AM/A coeff1c1ents are only statlstlcal ones, i.e. due

to uncertainty‘in area determination and to the deviaticn_frcm the inter-
polating polynomi31; whichever is larger for sny particular point.
®From the YY-coincidenc. and Y-ray single measurements in ;65Yb decay, the
intensity of 130 keV in the 5/21/2+ > 1/2 1/2+ transition was estimated
to be 10 in fhe units used for both 52 and 60 MeV_incident beam. And theré-
fcre; a largé part of this peak.intensity should be considered to be due to
9/2 T/2+ ~ T/2 T/2+ tremsition.” -
fThlS peak consists of two. Y-rays 204.1 keV of l3/2 l/°— + 9/2 1/2- and 203.k4 keV
of 9/2 l/2+ > 7/2 1/2_. From the y-single in 165Yb decay the intensity of
203.L4 kev Y—fay Vas estimated to be 80 for both 52 and 60 MeV incident beam.
®Because of the energy'fit, part of!thé intensity of this peak may be possibly

placed as 9/2, 1/2 > 9/2, 1/2 " transition.

<

I

e
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Table'iII.T_SuPplementery Gamma . . -

List for 165Dy Decay
By Assignment f"__A_ .~ Remarks - . -
(kev) " [ IR TR
©29.2 >7/2.1/2 +’/'5/2 l/2+_'i .Needed for 1nten51ty balance.
C Presumably too hlghly converted to
observe photon. :
-40.5 9/2-1/2 -/ 9/2 T/2- ,-Seen by Grenoble group;q inwbeem.
0 93.3 9/2 1/2 - / 5/2 1/2- - Seen in-beam, both studies.
1116.6 11/2 7/2 = / 9/2 T/2- Coineﬂvonly; Singles masked.
120.4 - 11/2 1/2 + / 9/2 1/2= Seen in bean. *°
176.1 /2 .1/2 -/ 3/2 1/2- . Line p0551ble but obscured by 67Yb
o ' : activity. :
189.8" s552 ;/;9/2.1/2+ | Coinc; only. No singles.
269.ﬁ 7/2f1/2 - / 5/2 1/2- . Tentative c01nc1dence ev1dence, no-
o ' singles. o -
.  &31,0’ 592.2 _/'7/2 7/2= Unresolved broaderlng of 433, l line.
'563.1- 1014.2° / 1/2 1/2- Possible, but 165Tm decay masks
“595.2 795.1 ./ 5/2 1/2+ - Tentatlve coincidenc; possible un~
_ . B resolved singles .component. '
89&79 _ 1315fo'~[ 7/?‘5/2+ . Part of unresolved tripletvelso o
' 895.7 1188.8 /,9/2.1/2_ . involving another isotope.
996.5 _l308;7"/v5/2_5/2+' ~ Coinc. only. Yo singles;
1222.7 1352.6 / 5/2 1/2+  Coinc. only. Singles masked.
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" Table IV.”:Level Enefgies iﬁ 165Tm; 
1/2+ [411] Band |
. 'Spin ;J _EexP.(keV) fEcalc (kev) -
1 - 10 6 Parameter
This Work Grenoble Power- Series
/2 o 0 -=0.17
3/2  11.8 119 12,11
5/2 129.9 | ' 130.2-'1 129.80
7/2 . 159.1 159.2 1159.54
9/2 . 362.4 367.0° 362.92
11/2 kb - bik.2 k13.62
13/2 689.7 70340 © 689.87
15/2° 769.2 769.5. 769.70
C17/2 1103.7 1128.2°° 1104.13
©19/2  1216.8 - 1216.9- 1229.40".
e1/2 . 1630.1° ©1609.58 -
23/2 . 1746.1% 17462 1809257
25/2 o 218k7P 2230.78
27/2 2333 2553.79
o ~ 7/2+ [hob] Band
C1/2 0 80.9 1.1 | 81.09 . .
~9/2 211.3 211.3 211.29
11/2 . 366.9 366.9 . - 366.88
13/2  546.1 546.1 546.28
S 15/2 AT CoTNT.2 747.0k
17/2 968.4 1969.0 . 968.97
19/2. 1207.7 - 1207.0° 1207.07
21/2 1L468.5 - - - 1467.6 1467.60
- 23/2  17371.0% 1736.3 1736.29
25/2 - 2030.3% 2029.4 © 2038.16
e1/2 - 2335.1 233h:17
29/2 2660 © 2690.83

(continued) -

[
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Spin

v»Eexp'(kev);

This Work -

_ ‘Gr_enoble’l0

 1/2- [523] Bana

’,Ecalc,

v

. 6 Parameter:
> o, [od
Power Series’

T/2
9/
S 1y2
 13/2
1572
17/2

L 19/2

212
23/2
25/2

21/2

29/2.
31/2

161.2

253.2
369.8
511.8'_.

6762

867.3
1073.5
1310.3 .
1552.5 -

'1829§h 
2099.5 .

161.4 u
253.%

512.7 .

676.9 -

868.0"

107k.5 1

1311.0
- 1552.5
11830.2.
2099.2.

2k11.h
2698.2

159.51

 25h.kg

370.2.  _»}

371.99

513.19

676.61 B
866.59 .
1073;25'

- 1312.01

© 1553.34

1829.98

. .2099.03 -

2365.18

:_ 2690.94

1/2
- 3/2

e
- 451.1 .

7/2.
9/2

11/2 -
13/2

15/2
17/2

19/2
21/2

23/2
25/2
27/2
29/2
31/2
33/2

182.2 -
293;7;

h§7;8?  .
796,3j’ _

1186.0%

1661.0%

2212.9%

| 275.03 . o

1822

293.9 -

h98;h."

. T196.9

1186.6

,1661;3_’7

- 2213.2

2832.5

 1/2- [541] Band

- 156.55

276.11
1180.99
450.1)
294.30

690.71

499.37

986.7h
797.06

1325.78

1 1185.79
11692.59

. 1660.91

2068.46

- 2213.98.
- 2430.43

2831.86

| P
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‘Tgble IV. continued

5/2+ [402] Band

: E _ (kev) ' ' E (keV)
Spin exp . calc :
. o 10 6 Parameter
This Work ' Grenoble | Power Series®
5/2 315.8
7/2.  1420.1
9/2  552.2
"Low K Band"
| (3/2+ [b11])
3/2  h91.2’
5/2.  609.5
T/2 725.1

Bone or mofe transition energies from Grendble workloused td.calculate level energy.
bThese dlfferlng energies result from our dlfferent gamma ray a551gnments from
the orlglnal Grenoble paper.lo

81x parameter energy expansion least squares fit up through underlined level.
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Experiméhtél-Band—Hegd»Energiés of

o

 LBL-1689
1650,

’and;;§7vaCompared_with Theory  '

l6'TTm

Energy (keV)

165,

, . : o2
Krm . (Ref. 19) - Experiment - Theory

Main Componentsfffbm Theory:

1/2+ - 0

T/2- 293 . ‘ "161 e -~ 300 -

9/2-

/24 180  81
Co3/ee AT (1) 660
s/es 36 990

3/2-

o 11/e2-

3/2+:

s/2+ (1581)

(1100-1251 )3

0

550
630'

1010
1060
1100

. 1100

T2+ - (1230) 1250

1/2+

1/2- . 112 182

1320

& 1340 .

5/2- © (1521)  (1251)  1k0o

372+

1772+

. 1k70
1960

411 4 96%

- 523

‘Slh

Lok
BN
Cui

523
523
k1

b1l

k11
Ali
541

bob

p523

1
'

- P e = > = = =

- .

L%

k%

96%

8%

+ Qi(22i:h9%..ho2’T hog
+q,(22) 968 |

+

Ql(22)-1ooz

+

Q (22) 9us
‘q(22) 46% Loz t ukg

+

+

q,(22) 96%

+ Qi(za) 100%

89%

5%

+q,(22) 86%

nGhé'T n523vi

aEné?gy is for 5/2- spin member of band in

but presumably near..

165

Tm,

since 1/2- sﬁin is unknown y
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Table VI. Parameters of ‘the Energy varniuia}. of Bands in 165'I‘m>

1 1 bd Trion

5u11] S(541] 51523] S[kok]
Parameters
A (keV) 1k.02 10.19 10.20 15.17
B (eV) -14.69 =3.9k 9.78 -18.19
¢ (evx1073) 55- -3.25 —35.7i '30.0k4
Ay -9.98 keV  30.03 keV 603 eV 164 eV
B L2.3 eV | -127.9 eV -.35 pev

C T2k

-3.0 eV
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' Table V1. Two-Band Coriolis Mixing Fit and Predictions for T/2+ and 5/2+ Bands

Spin

E(calc‘) . |

(cale-exp)

e
7

11/2

. 13/2
15/2
17/2

19/2

21/2

23/2

.25/2 .

o1/2

e
/2

 82.52
211.25

365.80

1469. 54

1736.80
2029.67 -

2312.80

2627.52

 5hk.90.
| TH6.08
969.27
. 1208.68

| 2936.26

1.62
o ..05

-1.10

-0.20

;—0.63 '

5/2
/2
9/2
11/2-
13/2

15/2

316.02"

419.70

222.317
707.81

1090.91

© 896.L8

" 0.22
040

0.17
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FIGURE CAPTIONS
‘ N ’ e a3 o , 165
la-c. Singles gamma ray spectrum of radioactive decay of‘10 m. Yb.
Shown is the sum of spectra from three separate ifradiations. Each of
the three was observed over the time interval 5 to 25 min after the end
of 10 min bombardments of Tb targets withl B ions; (a), (b), and (c) are
the corresponding spectra for the ldw, medium and high energy parts for

the sources produced by the 169Tm (p»5n) reaction..

The figﬁre labéls the.l65

Yb lines by energy (keV) only aﬁd the
peakslof contaminants by energy and isotopié label. Decgy curves were
followed to establish isotopic assignment.of fhe lines.

2a-c. Representative sorts of the three—dimensional,(Y—Y—t) coincidence

data from the decay of 165

Yb. The gate energies are indicated in the
square boxes néar the upper right of each spectrﬁm and inset. Spurious
contributions from Cqmpton events-have béenvsubtracted.out by gating on a
néarby flat porfiénvof'thé épectrum'in each case.

3. Gamma angular distributions with reépect to the beam direction

for the 158 (M

Gd B,Uny) at 52 MeV bombarding energy. The solid curves
represent least squares best fits with even Legendré functions of orders
0, 2, and 4. Note that all the transitions in the two bands, except for

the 334 keV, are uniquely assigned to_étretched_EQ cross~over transitions,

cconsistent with the strong positive anisotropy. The 33k4-keV trahsition

is believed to be an unresolved doublet of a stretched E2 cross-over in
the 7/2 + [LO4] band and a cascade in the 1/2 + [411]. Of the other

transitions, the lower three are assigned as stretched El transitions

between the 1/2+ and 1/2- bands, and the negative anisotropies are consistent

with this assignment. The 190-keV transition is assigned as a cascade M1-E2

transition in the 7/2-[523] band, and the near isotropy is consistent with

such assignment.
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o - Lo v _ 165. - S
L, .- Proposed. radioactive decay scheme of 5Yb.v_.Only those

transitions and levels involved in the radioactive decay are shown.

Dashed levels and transitions are placed With less certaiﬁty than

others. All energies’are in keV,and'Nilsson quantum number aséignmenté’

are the uSual'Kﬂ[NnZA]. The level energies are best.#diues derived
'from ekperimentél transition energies, but the gamma transition energies .

shown sbove each line are exact differences of the level energies and not

the experimental values. .Thus, the transition energies of the decay
scheme may nof always correspond exacﬁiy to the experimental energies of
Tﬁble I; the energy differencgs afford a ready fest oh conéistency of the

scheme. Multiply assigned tranéitions’are indicated by aéferisks. A

solid dot at the upper (lower) end of a transition line means that

transition has been measured to be in coincidencevwith some higher (lower)

transition. Opén circles indicate less certain coincidence observations.

165

5. 'Complete summary schematic of all levels bbserfedvin Tm by

radioactivity and in-beam gamma spectroscopy. Spins are labeled by the

integer that is twice the spin value. vThe’bnly transition lines indicated

are for transitions observed in our in-beam work. The higher levels seen

by the Grénoble_grouplo with their spectra of better statistics are also

included on the diagram. As in Fig. huthe energies are differences of
adopted leve1 energy values, not experimental energies themselves. Asterisks

indicate unresolved doublet assignments. -The.three slanted-line transitiomns

not terminating on a level line go between the 1/2+ and 1/2- bands. There
was not space to enter exact level energies, but they may be read from

Fig. 4 or from Table'IV.v
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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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