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Excited states have been populatedifin and **%n in complementary backed- and thin-target experiments
using the Stony Brook and ther8Ge-detector arrays. The level schemes for both isotopes have been extended
and modified, including the first observation®df=2 bands in*'%n. Lifetimes of states in fouAl =1 bands
and oneAl=2 band have been measured using the Doppler-shift attenuation method. Experimental total
angular momenta and reduced transition strengths foAthel bands have been compared with tilted axis
cranking predictions for shears bands with configurations involving one piggerhole and one or three
valence quasineutrons from thwg,, and g;,/ds,, orbitals. TheAl=2 bands have been compared with
principal axis cranking predictions for configurations with tgig, proton holes and g5, or ds;, proton and
one- or three-quasineutron configurations involving lhe, and g-,,/ds), orbitals. In general, there is good
overall agreement for both the angular momenta and reduced transition strengthd.=ThendA | =2 bands
have large7(?/B(E2) ratios as expected for the shears mechanism.B{\1) strengths deduced for the
Al=1 bands show a decreasing trend as a function of spin, which is also a feature of the shears mechanism.
Configuration assignments have been made for most observed bands based on comparisons with theory and
systematics of neighboring nuclei.
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. INTRODUCTION pected in theygln isotopes and have already been reported in
the oddA isotopes 1071091111} [8 9]: two of the bands
Nuclei in theA~110 region have been studied in recentjn 114 and 133n have been suggested to be shears
years in search of bands exhibiting properties Characteristiﬁands[g,lo]_
of the shears mechanism, a prediction of tilted axis cranking
(TAC) [1]. In such bands, angular momentum is generated in
a manner that appears similar to collective rotation in well-J

deformed nuclei, despite the small deformations of these nl}'-\’h”e in order to extend the experimental information for

clei in the proximity of theZ=50 spherical shell gap. Evi- odd-odd nuclei which have configurations of val_ence nucle-
dence of this phenomenon has been reported in the neutrofDS that are favorable for the shears mechanism. Further-
deficient ;Cd [2—4], 5,Sn[5,6], and 5;Sb[7] nuclei, which ~ More, nuclei withZ<50 andN>50 are also predicted to
have Al=1 bands based on high-ge, proton holes and possmly devel_op&l =2 shears_bands; this p_henomenon was
low-Q g-,,/ds), and hyy,, neutrons. Similar bands are ex- first reported in*%“Cd [2] and is discussed in Ref11] for
11%d. The odd-odd In isotopes should, hence, be good can-
didates in which to study both forms of shears bands.
*Present address: Department of Chemistry, Washington Univer- Figure Xa) illustrates the shears mechanism foA b= 1
sity, St. Louis, Missouri 63130. band, known as magnetic rotation. The componenof the
Present address: Department of Nuclear Physics, Australian Ndnagnetic dipole moment perpendicular to the total dpis
tional University, Canberra ACT 0200, Australia. large at the bandhead and decreases as the valence proton-
*Present address: National Accelerator Center, P.O. Box 72, FauRole j . and neutron-particlg, spin vectors align. Since the
7131, South Africa. B(M1) reduced magnetic dipole transition strength is pro-
Spresent address: Bldg. 6000, M. S. 6371, Oak Ridge Nationaportional to,uf, magnetic-rotational bands are predicted to
Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6371. exhibit a pronounced decrease BfM1) strength with in-
IPresent address: Schuster Laboratory, University of Manchestegreasing spin, a feature which can distinguish them from
Manchester M13 9PL, United Kingdom. bands which maintain a fixed projectidt of the angular
TPresent address: Medical Department, Brookhaven Nationdmomentum on the symmetry axi&2]. (A more detailed de-
Laboratory, Upton, New York 11973. scription of this mechanism can be found in Réfl].) Fig-
** Present address: Nuclear Science Division, Lawrence Berkeleyre 1(b) illustrates the shears mechanism foAb=2 band,
National Laboratory, Berkeley, California 94720. known as antimagnetic rotation. As these bands exist in mod-

The successful interpretation of theAé=1 bands sug-
ests that further exploration in this mass region is worth-
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s ‘ over 10G:°> MeV ™! (eb)~?, an order of magnitude larger
than the value for well-deformed rotational bandg]. This
is a consequence of the angular momentum originating from
the closing shears blades, as opposed to a collective core. As
[ noted in the review of the shears mechanism provided in Ref.
4 [14], however, in the regime of weak pairing and small de-
4 formation this ratio may still be largésee, for example, Eq.
i 4-128 of Ref[15]). Therefore, the large7(?)/B(E2) ratio
should perhaps be viewed as a necessary but not sufficient
condition for the shears mechanisga®].
’ In this work, the level schemes of the isotop¥§11qn
have been significantly extended and several candidate
symmetry axis " symmetry axis magnetic-rotational (MR) and antimagnetic-rotational
(AMR) shears bands have been observed. Lifetime measure-
FIG. 1. (a) lllustration of the shears mechanism forAd=1 ments have been made for states in several of the bands. The
shears bandmagnetic rotationin the A~110 region. The spin systematic properties of these bands are discussed in the con-
contributions from the proton hole, and neutron particlefs,, and  text of the shears interpretation. Configurations have been
their corresponding vector sunhs are shown at low(solid lineg assigned to the majority of the observed bands based on

and high(dashed lingsfrequencies. Also shown are the compo- theoretical predictions and systematic arguments.
nents of the magnetic dipole moment perpendiculal. ) llus-

tration of the shears mechanism foA&d=2 shears ban¢antimag-
netic rotation. The spin contributions from the two high-proton
holes are represented by, »; the contributions from the neutrons  The data described in this work were collected during a
and the low€) proton particle are combined 35, . Solid and  nymber of experiments which populated high-spin states in
dashed lines are for low and high rotational frequencies, respeGhe odd-odd nucleidn and %n. Both thin- and backed-
tively. target experiments were performed; thin-target experiments
) ) were performed so that the band structures of the two iso-
estly deformed nuclei, thB(E2) strength is expected to be tgpes could be studied to high spins, and backed-target ex-
small (for both types of shears bands$-urthermore, as the periments were performed in order to measure short lifetimes
shears blades close and the rotational symmetry of the<1 ps) of states via the Doppler-shift attenuation method
nucleus around the cranking axis is restored, B(&E2)  (psaAM)[17]. The details of each experiment are provided in

strength should decrease with increasing spin. the following sections and are summarized in Table I.
Measurements of the lifetimes of states in these bands can

directly test the behavior of the reduced transition strengths
predicted by the shears mechanism. Such measurements
have confirmed the decreasi®(M1) strength in shears  Excited states in'8n were populated via the reaction
bands in several cases in this mass re¢ad,13. To date,  "°Ge@®’Cl,5n) (experiment 1 in Table)l A 138-MeV °'Cl

the decrease iB(E2) strength has yet to be experimentally beam was provided by the Tandem Accelerator Supercon-
established. Another criterion for associating a band with thelucting Cyclotron(TASCC) facility at Chalk River Labora-
shears mechanism is the ratio of t#&?) dynamic moment tories. Two stacked, self-supporting 3@@y/cn? "%Ge targets

of inertia to theB(E2) strength. This ratio is predicted to be were used. The rays emitted in this reaction were detected

@) y ®)

7 jTC jm AN 7 jnz

Il. EXPERIMENTAL DETAILS

A. Thin-target experiments

TABLE I. Experimental details. The Stony BrodB) array consisted of six Compton-suppressed Ge
detectors and a 14-element BGO multiplicity) and sum-energyH) filter; the 8= array consisted of 20
Compton-suppressed Ge detectors and a 71-element BGO ball.

Laboratory Reaction Beam Target Detector Trigger Number of
energy array  condition events
(MeV) (X 10°)
1 TASCC, "®Gel’Cl,5n)*%n 138 2x 300 uglen? 87  yy,K=8 8g
Chalk River (stacked foil$
2 TASCC, %zr(*%,5n) 119N 85 500 uglcn? 87  yy,K=5 54
Chalk River
3 NSL, %Mo(*0,p3n)%n 85 3 mg/cm %Mo on SB  yy,K=2 150
Stony Brook 10.5 mg/c nat Pb
4 NSL, 96Zr(*%,5n) 11N 88 2 mgl/cm °Zr on SB  yy,K=2 203
Stony Brook 15 mg/ch?*%Pb

4ncludes off-line cut orH.
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with the 8z array, which consisted of 20 Compton- onto a 2-mg/crh °Zr target backed with 15 mg/cmof
suppressed,~ 25%-efficient HPGe detectors and a 71- 2%%Pp, producing recoils with an average=1.6% velocity.
element inner BGO ball which served as a multiplic{t) The Stony Brook array of six Compton-suppressed,
filter and sum-energyH) calorimeter. Data were written to ~25%-efficient HPGe detectors was used to detectjthe
magnetic tape for events involving two or more unsup-rays emitted in both experiments 3 and 4. The detectors were
pressedy rays detected by the Ge detectors in prompt timeplaced in a planar arrangement, two at forward angles
coincidence plus signals in at least eight elements of thé26°, 25° relative to the beam directipn two at
BGO filter (K=8). At the beam energy chosen for this ex- ~90° (80°,91°), and two at backward angles (144°,142°).
periment, the 4 evaporation channel leading t8%n has the A 14-element BGO multiplicity filter covering-80% of the
dominant cross section. By selecting only those events witftotal solid angle was used in the trigger condition for valid
H<15.4 MeV, however, thé%in reaction channel was en- €vents. Data were written to tape only for events which in-

hanced over'®n. A total of 88x10° events satisfying the Volved at least twoy rays in prompt time coincidence in the
trigger condition and the off-line cut ol were recorded Ge detectors and satisfied a multiplicity conditiorko# 2. A

during the run. total of 150 10° and 203« 10°y-y events were written to
The isotope®'9n was populated in a thin-target experi- tape for experiments 3 and 4, respectively.

ment(labeled 2 in Table)lat Chalk River using the reaction

%Zr(*%,5n). An 85-MeV °F beam was provided by the l1l. ANALYSIS METHODS

TASCC facility and directed onto a 50@g/cn? self-

supporting®Zr target. In addition to*'9n, the 4n evapora-

tion channel leading td*in was also strongly populated in

this reactior{ 8,9], but by placing a cut ofl <13.4 MeV, the

5n evaporation channel was enhanced. The &ray was

again used with the same detector configuration and trigg

condition described for experiment 1, apart from the filter

condition being reduced t&=5. A total of 54x 10° events

satisfied the trigger condition and the off-line cut ldn

The data from the thin-target experiments were sorted off
line into symmetrized ,-E ., coincidence matrices. TheaD-
WARE programescL8Rr[18] was used to project background-
subtracted gated spectra from the matrices. Use of a thin

é[Flrget and application of a Doppler correctionytgay ener-
gies provided sensitivity to fast transitions originating from
high-spin states. Coincidence relationships extracted from
the gated spectra allowed level schemes & and *9n

to be constructed, the details of which are discussed in Secs.
IVAand IVB.

The data from the backed-target experiments were sorted

Excited states in%in were populated in a complementary off line in three ways, as explained below.
backed-target experiment using the reactiéo('0,p3n) (i) SymmetrizedE,-E, coincidence matrices were cre-
(experiment 3 in Table)l An 85-MeV 20 beam was pro- ated and analyzed usirEgcL8R as above. For thé'%n ma-

vided by the FN tandem/superconducting linac facility at thetrix, the 5n channel was enhanced over the éhannel to
Stony Brook Nuclear Structure LaboratofiSL). An exci-  lin by selecting off line only those events which had an
tation function performed at Stony Brook determined that 85associated multiplicity oK=<7. In addition, the background
MeV was the optimal beam energy for producif@in in  in this matrix was reduced by placing a time gate on events
this reaction. Thel®n yield was about 20% of the total occurring promptly following linac beam bursts. The choice
fusion cross section for this reaction, an approximately 5%©f a relatively light beam in both experiments resulted in
improvement over experiment 1. More significantly, in ex- enhanced population of nonyrast states up to moderate spins.
periment 3,%8n is about 35% stronger than the next stron- This enabled the observation of transitions feeding out of
gest channel®®Cd (2p2n evaporation channelwhereas in  low- and moderate-spin states that were not strongly popu-
experiment 1,1°%Cd (p4n) is produced with 80% more in- lated in the thin-target experiments.

tensity than'%in, and 1°Ag (a3n) and %in are produced (i) Asymmetric angular correlation matrices were sorted
with approximately equal intensity. in order to measure directional correlations from oriented

The target consisted of 3 mg/énof °*Mo backed with  states(DCO ratiog [19]. These matrices were sorted with
10.5 mg/cm of natural Pb. This target thickness was deter-rays detected in the two detectorséat 90° on one axis and
mined to provide sufficient stopping power to slow down andthe coincidenty rays from the four detectors at forward and
stop the recoiling reaction products and to allow DSAM life- backwardé angles £/B) on the other. The quantity

time measurements to be performed. The average recoil ve-

B. Backed-target experiments

locity for this reaction B~1.6%) is smaller than the recoil R _1(F/B,~90°) X
velocity for the 75Ge(®’Cl,5n) reaction (3~2.9%), but the PCO™ (~90°F/B) @
disadvantage of having smaller Doppler shifts is compen-

sated by the increased cross section. was measured for various transitions #fn and 19n,

Excited states in"In were also populated in a comple- wherel (i, ) is the intensity of a transition on thieaxis of
mentary backed-target experimgdt in Table ), using the the DCO matrix measured after gating on a transition on the
same reaction as for experiment 2. An 88-M&¥ beam, the | axis. To determine the multipolarities of given transitions,
beam energy determined by an excitation function to producéhese Rpco values were compared with expected ratios,
the maximum**Qn yield in this reaction, was provided by shown in Table II, calculatef®20] for the configuration of the
the Stony Brook accelerator facility. The beam was directedletectors in the Stony Brook array. The predictions made for
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TABLE Il. CalculatedRpcq values for the Stony Brook array,
assuming a Gaussian distribution of spin substates wyith=0.3.
The quoted limits for the mixedl 1/E2 transitions correspond to
the minimum and maximurRp o values obtained through2 ad-
mixture.

Observed transition Rpco, Al=1 Rpco, Al=2

multipolarity pure dipole gate quadrupole gate
Al =2 quadrupole 2.0 1.0

Al=1 pure dipole 1.0 0.5

Al=0 pure dipole 2.0 1.0

Al=1 mixedM1/E2 0.4<R<25 0.XR<14
Al=0 mixedM1/E2 1.0<R<2.3 0.5<R<1.2

the DCO ratios were tested by calculatiRg o values for
known transitions in neighboring nuclei populated in thes

reactions and were found to be consistent with the expectgfg

values.

(iii) Additional angle-dependent matrices were sorte
from both backed-target data sets in order to perform DSA
lifetime analyses. For thé%n experiment, two matrices
were sorted: one witly rays from the detector at 26° on one
axis (the “@ axis”) versus all detectors on the other atise
“all axis” ) and another withy rays from the detector at 142°
versus all detectors. Only one each of the forward and bac
ward detectors was used for th#¥in DSAM analysis to take

advantage of superior intrinsic resolution in these detectors
even with a single detector, however, there were enoug
counts in the spectra to perform a line-shape analysis. For thf

90 data, matrices were sorted for all forward- and
backward-angle detectors. Separate matrices wiB0° ver-
sus all were not created in either analysis; instead, the DC
matrices described above were used, withREiiB axes act-
ing as the “all axes” of ~90°-versus-all DSAM matrices.

Background-subtracted spectra were generated for eac

angle by gating on the “all axis” of each matrix at energies
corresponding to transitions if%in or 9n with fully
stopped peaks. Those transitions that exhibited Dopple
broadened line shapes could be fitted using LinESHAPE
code of Wells and Johnsd21], from which lifetimes, and
ultimately B(M1) or B(E2) transition strengths, could be
extracted. This is discussed further in Sec. IV C.

IV. RESULTS

The level schemes fot®n and *9n deduced from both
the thin- and backed-targét,-E, matrices are presented in

M

PHYSICAL REVIEW C 64 054314

A. % level scheme

High-spin states in the nucleu®3n had been studied
previously by Eliaset al. [22], Anderssonet al. [23], and
Chakrawarthyet al. [24]. The majority of the%n level
scheme deduced in the previous works has been confirmed.
Those portions of the level scheme which have been ex-
tended or modified in the current studies are discussed in
detail below.

1. Bands 1 and 6

The sequence of rays labeled band 1 in Fig. 2 consists
of a negative-parity band with arf=8" bandhead feeding
into thel "=7" ground state via a 1119-keV transition. The
transitions identified in Refd.22—24 for this band have
been confirmed, including the crossover transitions. Addi-
tionally, 636- and 438-keV transitions have been observed to
ed in parallel into the top of this band.

The multipolarity of the 1119-keV transition was previ-

OIously shown to beéE1, as discussed in Ref22] and refer-

nces therein; this pure dipole transition was, therefore, a
useful gating transition on the DCO matrix for determining
multipolarities of other, selecy rays, as indicated in Table
Ill. The DCO ratios for the 213-, 529-, 604-, 541-, and newly
added 636-keV transitions suggest each has mMddE?2
multipolarity. The corresponding spin assignments confirm
hose of Ref[24]. The measuredRpco also indicates that
the 213-keVy ray has a mixing ratiocd~0, in agreement
M\/ith the conversion-electron measurement of Edibal. (see
also Table 1 of Ref[22]). The approximate purity of the
13-keV transition and larger detector efficiency at the low
v-ray energy(compared to the 1119-ke¥ ray) makes this
ansition a more suitable gate for further DCO analysis. This
ransition is also a clean gate, as evidenced by the spectrum
in Fig. 4. Where possible, results from both a 213-keV and a
]h119-keV gate were compared for consistency.
The observation of band 6 in this study confirms the co-

incidence relationships suggested by the sequenageraf/s
r\{vith energies 150, 656, 749, and 958 keV feeding out of
band 3 in Ref[24], although the ordering of the transitions
presented in that analysis has not been confirmed. In this
work, the 150-keVy ray has been placed directly above the
7" ground state on the basis of the mutual coincidence of the
150-keV y ray with all of the members of band 1, but not
with the 1119-keVy ray. Figure %a) shows a low-energy
portion of the spectrum gated on 1119 keV; no peak is
present at 150 keV. On the other hand, in Fi¢h)5which
shows a spectrum gated on 969 keV, the 150-keV peak is
present. This demonstrates that if the 150-keV peak was

Figs. 2 and 3, respectively. Although the relative populationpresent in the 1119-keV gate, the peak could have been re-
of high-spin states in the thin- and backed-target experimentsolved from the 147- and 154-keV peaks of band 2. The
differed, the results have been combined into a single leved69-keV transition was also found to be in coincidence with
scheme for each nucleus. The extracted properties of thall of the members of band 1, but not the 1119-kg\fay,
transitions are listed in Tables Il and IV fdf%n and *%n,  confirming that the 150- and 969-keV transitions decay par-
respectively. In both level schemes, the sequencesralys  allel to the 1119-keV transition. The placement of the 656-
have been labeled and are referred to as bands to facilitateV transition has been corrected based on the observation
discussion and to make comparisons between the two is@f a 312-keV transition in coincidence with band 1 and the
topes; these labels do not necessarily imply a collective nag56-keV transition. The remaining twe rays in the se-
ture for the states in question. guence, with energies 749 and 958 keV, have been ordered
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FIG. 2. Level scheme of°8n deduced from the backed- and thin-target data. The width of each arrow is proportional to the intensity of
the transition. Intensity associated with internal conversisrobservellis represented by the white portion of the arrow. Certain states for
which excitation energies have been explicitly mentioned in the text are labeled in italics with their energies in keV.

based on the observation of a 1406-keV transition crossin{'€ 150-keVy ray discussed above. DCO ratios indicate
over the 656- and 749-keY rays. 1/E2 multipolarity for these previously observed transi-

There are ndstrong coincidences between theserays tions. Three crossoveE2 transitions have been observed,
associated with band 6 and the previously mentioned Dconereby confirming the ordering of the dipole transitions
gating transitions. To determine the multipolarities of these?P0Ve 1&. The DCO ratios of the transitions linking this
transitions, a gate was placed on the 231-keV transition opand to band 1, with energies 349, 800, 1330, 1182, and
band 2, which was found in this DCO analysie below 1396 keV, con_flrm '_the spins and negative-parity assignments
and by the conversion-electron measurements by Etims. ~ Of the states in this band, as shown in Fig. 2. A 294-keV
[22] to have arM 1/E2 mixing ratio 5~0. DCO ratios mea- transition was observed feeding out of band 2 from Ithe

: 11— ; 0

sured with this nearly pure stretched-dipole transition indi-— 11 |€vel. In an earlier study of%n by Anderssoret al.
cated multipolarities of\1 =1 mixed M1/E2 for the 656- [23], this transition was placed in the level scheme feeding
and 749-keV transitions and stretchBd for the 958-keyy  INto this band directly above the 335-keV transition. In the
transition. (The 1406-keVy ray was too weak for DCO current work, the 294-keV transition was found to be in co-
analysis). .The levels at 808 and 1557 keV have. therefore incidence with all of the transitions above the=11" state

; _a+ ; in band 2, as well as members of band 3 and the transitions
been assignetf’=8" and 9", respectively. linking bands 2 and 3, but not with the other transitions
decaying out of band 2. This transition was found to feed a
state also fed by the decay out of band 7, which is discussed

Band 2 in this work confirms all of the transitions as- in Sec. IV A5, thus confirming the new placement of this
signed to the band labeled Band 3 in Rgf4], apart from ray as shown in Fig. 2.

2. Band 2
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FIG. 3. Level scheme of'%n deduced from the backed- and thin-target data. The width of each arrow is proportional to the intensity of
the transition. Intensity associated with internal conversgiorobservellis represented by the white portion of the arrow.

3. Band 3 polarization measurements made in REZ4] have been

Band 3 was shown in Ref24] to be a sequence of mixed adc_)pted, assignin_&_l multi_polarity to these transitions and
M1/E2 transitions extending up to spin A9The current giving band 3 positive parity.
study extends this band up to/2®y two parallel sequences
feeding into the = 19 state, with most of the intensity flow- 4. Bands 4 and 5
ing through the 524-596-740-keV sequence; this branch has, A 1861-keV transition has been observed which is not in
therefore, been placed as the continuation of the band. Twooincidence with transitions in any of the bands discussed
weak crossover transitions were observed in this band, corhus far. Figure 6 shows a spectrum gated on this transition.
firming the ordering of they rays up to thd =19 state. This All of the transitions labeled in this spectrum are also coin-
work confirms the existence of four transitions linking this cident with band-1 transitions, conclusively associating the
band to band 2. The values B, extracted for these link- 1861-keV and coincident transitions wittf8n. The 1861-
ing vy rays in the current study indicate that they arekeV y ray has been placed directly feeding thé ground
| —1—1 transitions withd~0. No distinction could be made state. Most of they rays labeled in Fig. 6 were found to be in
betweenEl and nearly puré 1 multipolarities on the basis mutual coincidence. Thesg rays have been organized into
of these measurements alone; therefore, the results of theo bands, labeled 4 and 5 in Fig. 2, based on coincidence,
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TABLE lIl. Properties of transitions observed in th%In thin- and backed-target experiments. Intensities
are corrected for detector efficiency and normalized to 100% for the 213-keV transitioRyFevalues are
from the backed-target data only. Unless otherwise noted, the values in column 4 are from gates on the pure
dipole (D) 1119- and/or 213-keV transitions, and the values in column 5 are from gates on the pure quad-
rupole (Q) transitions in band 5.

E, (keV) Iy thin lybacked Roco(D)  Rpco(Q) I7—I17 MA Band
147.01) 37.611) 53.916)  0.972) 11" —10" M1E2 2
150.41) 8.38) 29.06) 1.686) 0.996)2 7t 7t M1/E2 6-1
153.51) 60.218) 87.527)  0.961) 127 —11" M1E2 2
186.41) 2.5(1) 2.5(1) 1.0917) 14" 13" M1E2 3
213.11) 100.031) 100.a31)  0.941) 0.505) 9-—8"~ M1E2 1
223.31) 7.33) 7.003) 0.8510) 127 —11° M1E2 7
230.91) 85.626) 95529  0.971) 137 —12° M1E2 2
237.41) 29.29) 11+ —9* E2 8
255.91) 12.94) 10.823) 0.924) 15" —14* M1E2 3
290.31) 2.1(8) 1.51) 107 —

293.11) 6.2(2) 5.1(2) 0.885)° 117 —10" M1E2 2-7
307.11) 0.7(1) —15 -5
311.61) 1.012) 1.8() 1.5731) 8 —8* El 1-6
322.41) 13.05) 10.84) 0.7714) 0.41(3)3 137 —12° M1E2 7
335.41) 60.518) 62.619  0.992) 14~ —13 M1E2 2
341.93) 2.4(2) 0.4(1) 12— 7
349.11) 15.65) 14.75) 1.033) 12711 M1E2 2-1
357.31) 21.27) 16.85) 0.924) 16" —15* M1E2 3
361.641) 0.7(1) 1.6(1) 10077 —9() M1/E2  4—
410.61) 1.6(1) 1.51) 0.9212) 1575147 M1E2

413.711) 10.54) 8.5(3) 0.9911) 0.51(5)2 14~ —13" M1E2 7
415.51) 2.3(1) 1.60) (17)—(167) MLE2

437.91) 2.4(2) 2.1(2) (137)—12" M1/E2 1
443.91) 3.33) 2.7(1) 0.476)2 13112t M1/E2 8
462.01) 1.42) 1.42) (187)—(177) M1/E2

473.01) 22.37) 14.24) 0.874) 17" 16" M1E2 3
493.31) 1.7(2) 1.001) (197)—(18") M1/E2

506.01) 3.4(2) 2.6(2) 1.2421) 100 —10" M1/E2 =1
511.01) 6.0(4) 10.85) 1.3810) 11" —10" M1E2 7—
524.01) 11.74) 5.3(2) (20")—19" M1E2 3
527.71) 3.82) 1.071)° 89 M1/E2 41
527.81) 35.1(11) 31.610  1.071)° 15" —14- M1E2 2
528.641) 54.017) 45415  1.071)° 100—9~ M1E2 1
541.51) 16.76) 14.25) 0.904)¢ 12711 M1E2 1
542.41) 9.7(3) 4.3(2) 19" 18" M1E2 3
542.53) 1.1(2) 0.31) (22")—(21")  M1/E2

553.1(1) 4.302) 4.1(2) 0.8913) 13-11 E2 5
564.41) 17.35) 8.1(3) 0.587) 18" — 17t M1E2 3
570.711) 2.92) —107) —4
575.51) 3.02) 1.1(2) (167)—15" M1/E2 —2
576.01) 2.91) 0.7(1) (20")—19" M1/E2 -3
577.32) 5.32) 1.3(1) 0.945)° 1067 —-10" M1E2 41
577.91) 8.34) 13.35) 0.945)¢ 1007 —8() E2 4
585.1(1) 14.45) 7.203) 0.7009) 17 —16- M1E2 2
588.11) 2.7(2) 9t _g* M1/E2 8-6
596.01) 7.6(3) 2.8(1) (217)—(20") M1E2 3
604.31) 34.911) 31.2100  1.133) 11" —10" M1E2 1
613.41) 3.32) 2.8(1) 15-147)  M1E2 5-4
625.91) 3.33) 3.1(2) 11— 7
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TABLE Ill. (Continued).

E, (keV) Iy thin lybacked  Roco(D)  Rpco(Q) =17 MA Band
632.51) 2.1(3) 3.1(2) (157 )—14" M1E2 7
635.51) 3.92) 2.7(2) 1.2616) 137 —12° M1/E2 1
656.51) 11.04) 21.67) 1.5513)° 8t 77 M1E2 6
660.91) 18.96) 12.74) 0.947) 16" —15" M1E2 2
728.62) 1.6(1) 0.31) (21")—(20")  M1/E2
735.91) 3.82) 2.1(1) (187)—17" M1/E2 =2
740.33) 2.2(1) 0.5(1) (227)—(21") M1UE2 3
741.61) 0.12) 3.32) 8(-) 8- M1/E2  4-1
749.21) 6.1(3) 9.1(3) 1.3013° 9t 8" M1E2 6
753.41) 0.8(2) 1.42) (77)—7" El —6
777.81) 17.66) 15.55) 2.0820) 1.028) 15-13 E2 5
782.41) 3.1(2) 3.02) 2.0827) 15" —13 E2 -2
800.31) 3.52) 3.1(1) 1.5525)° 11" —10" M1/E2 251
804.1(1) 6.6(3) 4.62) 0.9413) 1917 E2 5
804.82) 1.23) 0.91) 137 —12+ El 7—8
827.41) 11.95) 10.04) 1.4415) 0.529)¢ 13—127) M1E2 5-4
828.31) 11.54) 7.902) 1.4415) 17—15 E2 5
834.11) 18.47) 19.07) 1.7618) 1.1010) 12X 100) E2 4
864.41) 2.001) 15" —13" E2 2
904.1) 10.24) 7.203) 1.0510) 19-17 E2 5
905.32) 0.5(1) (77)=7" E1l =1
926.01) 4.3(2) 3.32) 1.5427) 14713 M1/E2 —2
928.41) 7.303) 6.02) 1.5839) 1.0210) 17—15 E2 -5
956.71) 0.1(2) 3.52) 8()(77) M1/E2  4—
957.81) 7.22) 8.6(3) 1.1011)° 10097 El 26
958.03) 1.2(7) 0.5(2) 9(-) g~ M1/E2 =1
968.711) 5.2(8) 7.4(1) 0.91(9) 8~ 7" E1l 16
971.711) 2.002) 1.8(1) 100 —9% El -8
984.51) 4.82) 1.6(1) 1.4829) 18t 17+ M1/E2 -3
987.41) 5.0(6) 4.302) 0.636)2 12t 11+ M1/E2 8
991.51) 6.1(4) 4.52) 0.9526) 147)—127) E2 4

1002.41) 9.7(4) 4.62) 0.9513) 2119 E2 5

1017.92) 1.2(1) 1.1(2) 1.3442) 11" —10° M1/E2 7—1

1028.21) 2.1(2) 2.2(1) 2.1547°  0.7921)?2 11" —11* El 28

1035.11) 4.83) 2.502) 100—9~ M1/E2 =1

1038.81) 2.302) 1.3(1) 18t —16* E2 3

1043.41) 4.6(3) 4.62) 0.4812) 100)—09* E1l 48

1098.46) 3.6(4) 0.502) —9- =1

1106.61) 4.1(2) 3.612) 10077—9- M1/E2  4—1

1107.71) 1.1(1) 1.001) 19t -7t E2 3

1108.71) 4.5(5) 4.53) 11—-107) M 1/E2 54

1119.41) 74.434)  156.6100  1.062) 8 7" E1l 1

1133.81) 4.63) 4.83) 1.7716) 11" —9° E2 1

1146.72) 0.4(3) 1.42) 127 —10" E2 1

1159.94) 1.0(1) —18"

1179.41) 6.1(3) 2.001) (23)—21 E2 5

1182.21) 18.76) 18.96) 2.5010) 100 -9~ M1/E2 251

1189.11) 1.42) 16~ —14- E2 2

1220.51) 3.1(1) 2.5(1) 1.3946) 16" —15~ E1l 32

1245.91) 3.62) 1.0415)3 9t 7"t E2 8—6

1246.91) 1.001) 17 —15~ E2 2

1248.82) 1.202) 1.2(1) 100 —8~ E2 =1

1256.15) 0.72) —11" =7
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TABLE lll. (Continued).

E, (keV) I thin lybacked  Roco(D) Roco(Q) =17 MA Band
1284.31) 0.503) 1.62) N =1
1329.51) 18.7(6) 21.97) 1.9713) 117 —9° E2 21
1343.71) 1.02) 1.1(1) (15")—13*) E2 8
1391.41) 10.23) 8.1(3) 0.9010) 157 —14~ El 3-2
1396.41) 22.77) 24.58) 1.8911) 100 —8" E2 21
1396.81) 7.28) 33.419 1.11(4)2 9t 77 E2 81
1406.51) 2.8(1) 9t 77 E2 6
1469.41) 4.6(3) 4.1(2) 0.607)2 127 —11° El 7—8
1470.51) 9.8(3) 9.93) 1.049) 147 —13" El 32
1515.31) 2.32) 1.91) 0.8922) 13" —12" El 32
1581.410) 0.21) (177 )—15 E2 -2
1608.91) 1.1(1) (197)—17" E2 -3
1694.81) 1.811) 2.7(1) (167)—14" E2 -2
1709.51) 0.42) 1.31) —15°

1774.82) 0.51) —15°

1861.51) 0.36) 7.34) 0.524) 8 77 E1l 41

®Rpco from gate on 237-keV transition.

Rpco from gate on 231-keV nearly pure dipole transition.

°Fit to composite~528-keV peak, including the tentative 527.7-keV transition. See text for details.
YIncludes small contributions from the 542.4- and 542.5-keV transitions.

°Fit to composite~578-keV peak, including the tentative 577.3-keV transition. See text for details.
fFit to composite~828-keV peak. See text for details.

9Rpco from summed gate on 804- and 928-keV transitions of side branch associated with band 5.

energy-sum, and intensity-balance arguments. Band 5 decays The DCO ratios for the 835-keVband 4 and 778-keV
exclusively to band 4, which subsequently decays to théband 5 transitions indicateE2 multipolarity for thesey
ground state through the 1861-keV transition, as well asays(see Table IlJ. Rpco values were measured with gates
through multiple decay paths to band 1. Note that the peak atn the 778- and 835-keV transitions to enhance the measure-
~828 keV is a doublet. Spectra gated on the 553-, 11094nents for the remaining transitions in bands 4 and 5 and to
613-, 992-, 804-, and 928-keY rays associated with bands determine the multipolarity of the transitions feeding parallel
4 and 5 indicated smaller relative intensities for theto the 213- and 1119-key-ray gates. These results are also
~828-keV peak than was observed in spectra gated on th@immarized in Table Ill.

other y rays associated with these bands. This strongly sug- 1h€ 1861-keV transition is consistent with a stretched
gests that eacly ray in the aforementioned list of gating (PUr® dipole multipolarity. In Ref[24], Chakrawarthyet al.

transitions is in coincidence with only one member of theaSSIgned thisy ray E3 multipolarity, with the 1861-keV

i : | havingl ™= 10". With this assignment, the 10levels
doublet. The placement of the transitions of this doublet Waéeve I
primarily determined based on these observed intensitieé).]c bands 1 and 4 are within 1 keV of each other. Such close

The current placement of the transitions in these bands is groximity of two levels with the same quantum numbers
) e . ically results in lar mixtur f the twi . h
considerable madification of band 5 from RE24], particu- @p cally results in large admixtures of the two states. Suc

N . large admixtures are usually observed experimentally as sig-
larly the reorganization into two separate bands. In addition g Y P y 9

nificant crosstalk involving the two nearly degenerate levels.
the 828-904-keV and 928-804-keV sequencesyofays,  gand 4 decays to band 1, but band 1 has not been observed

placed in mutual coincidence i24], have been placed as {, decay to band 4. Chakrawartley al. also point out the
parallel decay paths in band 5. The former sequence is motgysence of a Doppler-broadened line shape for the 1861-keV
intense and has been placed as the in-band branch. transition as support for theE3 assignmenf24]. In the
Coincidences between bands 1 and 4 indicate that band ¢urrent analysis, the lowest transition in bands 4 and 5 that
feeds into band 1 at the"=9" state or higher. The 1861- was found to have a measurable line shape was the 1002-keV
keV state in band 4 is nearly degenerate with the $tate of  transition, suggesting that the long lifetime, implied by the
band 1, which makes discerning the specific decay pathabsence of line shapes, in fact exists significantly higher in
very difficult; band 4 could feed into band 1 via a 577-keV  the sequencéalthough this does not necessarily rule out a
ray parallel to the in-band 578-key ray, via a 528-keVy  long lifetime for the 1861-keV state as wellThis will be
ray feeding into the 9 state of band 1, or possibly both. The discussed further in Secs. IVC and VB. In this woEl
level scheme in Fig. 2 has been drawn with both of thesenultipolarity has been assigned to the 1861-keV transition
transitions tentatively placed. and, hencel "=8(") to the 1861-keV state of band 4.
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TABLE IV. Properties of transitions observed in thn thin- and backed-target experiments. Intensities
are corrected for detector efficiency and normalized to 100% for the 210-keV transitioRyFevalues are
from the backed-target data only. Unless otherwise noted, the values in column 4 are from gates on the pure
dipole (D) 544- and/or 210-keV transitions, and the values in column 5 are from gates on the pure quadrupole
(Q) 878- or 977-keV transitions.

E, (keV) Iy thin Iy backed  Roco(D)  Ropco(Q) I7—1f MA Band
8.0(10)2 0.2(1) 0.3(1) 8 =7 M1E2 1
63.91) 0.5(1) 4.7(3) —13" 2
93.21) 0.91) 1.61) 8 —8* El 16
104.91) 1.9) 2.2(1) 127—(117) M1E2 2—
147.41) 0.5(1) 0.4(1) 15" —14%)  M1E2 3-8
166.91) 4.31) 3.31) 0.688) 149—-13Y  M1E2 8
185.61) 1.001) 0.7(1) 1.2924)° 12t —11* M1E2 3
207.51) 16.95) 14.65) 1.025) 13" —12* M1E2 3
209.51) 100.030) 100.030)  1.0402) 0.6313) 9" —8"~ M1E2 1
217.21) 1.1(1) 0.6(1) 0.9711)° 131 1207) E1l 8—9
223.81) 26.68) 19.86) 0.9013) 14" —13* M1E2 3
241.11) 34.610) 30.49) 0.892) 137 -12° M1E2 2
243.01) 1.002) 1.0(1) (101)—(107)  M1/E2
267.21) 2.1(1) 1.31) 0.859)¢ 12t —110) E1l 3—
268.01) 3.91) 2.8(1) 0.68111) 1477-139  M1E2 9
281.31) 0.6(1) 0.91) 13" — 3
284.41) 1.2() 0.8(1) (187 )—(177) M1/E2
285.41) 26.58) 18.56) 0.853) 15" —14* M1E2 3
288.51) 4.3(2) 4.002) 0.925)¢ (137)—(127) M1E2 7
289.01) 9.3(3) 6.52) 0.925)° 15 —-14  M1E2 8
297.31) 4.82) 2.81) 0.6310)' 1575149 M1E2 9
297.81) 1.1(1) 0.801) 0.6310) 1395129 M1E2 9
300.91) 0.6(1) 0.6(1) 8T 7" M1E2 6-1
301.31) 3.6(1) 2.6(1) 0.8919)¢ (12)—((11) M1UE2 7
315.641) 1.7(2) 1.41) 0.9919) 100—(107) MI1E2 4—
331.51) 2.91) 1.7(2) 0.8916)" (117)—(107) M1E2 7
354.61) 22.27) 16.65) 0.774) 14~ —13" M1E2 2
363.31) 5.3(2) 3.72) 0.96(25)¢ (117)—(107) M1/E2
366.91) 0.811) 0.7(1) (18)—174" M1E2 3-8
369.01) 24.47) 13.64) 0.695) 16" —15" M1E2 3
386.41) 8.003) 8.6(3) 2.1416) 7 7" El 1
394.51) 27.1(9) 26.1(8) 0.944) 8 —7" El 1
408.21) 2.1(1) 0.7(1) (197)—(18") M1E2
413.41) 38.64) 35.95) 1.756) 7t 7t M1E2 1
421.91) 40.612) 33.810 0.872) 12711 M1/E2 251
422.01) 2.3(1) 1.1(2) (187) 17" M1/E2 —2
432.41) 9.7(3) 5.7(2) 0.7521) 16159 M1E2 8
433.81) 5.7(2) 2.7(1) 0.5311)' 16)-157)  M1E2 9
476.41) 2.1(1) (15)—(147) M1/E2
480.51) 7.02) 3.21) 179164 M1E2 8
483.91) 3.91) 2.7(1) (20")—(19") M1E2 3
486.91) 19.76) 8.4(3) (177)—16" M1E2 3
506.81) 1.91) (147)—13" M1/E2 =2
521.11) 13.64) 7.602) 0.627) 15" 14~ M1E2 2
536.02) 0.91) 0.3(1)
536.01) 1.6() 0.6(1) (14)—(13) M1E2 7
543.11) 87.226) 73.022)  1.044)9 100 -9~ M1E2 1
550.41) 2.6(1) 0.91) (18N —17") M1E2 8
550.31) 2.2(1) 0.91) (177)—167) M1/E2 -9
555.91) 2.1(1) 0.41) (18")—174")  M1/E2 —8
565.41) 2.802) 0.6(1) (21")—(20") M1E2 3
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TABLE V. (Continued).

E, (keV) I thin lybacked  Roco(D)  Rpco(Q) —=If MA Band
565.61) 13.04) 4.01) (18— (17")  M1/E2 3
566.11) 2.31) 0.7(1) (177)—167) M1/E2 9
567.41) 3.1(2) 3.6(2) (107)—10" M1/E2 =1
572.91) 6.2(2) 2.1(1) (197 —(18")  M1/E2 3
578.011) 8.313) 7.003) 1.0814) 1190 E2 5
584.41) 7.403) 6.1(2) 0.8910) 100 -8~ E2 4
590.1(1) 20.06) 11.94) 0.998) 127 —11 M1/E2 =1
596.21) 5.1(2) 3.92) 0.438) 119510 M1/E2 54
599.31) 10.24) 7.7(3) 1.22249  0.7715) 8" —9° M1E2  4—1
603.21) 9.8(4) 7.603) 0.8419)¢ 0.426) 9(-) 8~ M1/E2 54
610.11) 1.001) 127 — 3—
613.01) 7274220  56.317)  0.943) 11" —10" M1/E2 1
640.61) 2.81) 0.91) 100 —10" M1E2  4—1
646.61) 1.921) (19)—(18")  M1/E2 —3
669.31) 1.1(1) 0.6(1) 110)-(107) M1/E2 5—
681.510) 0.6(1) 0.7(1) (9")—8" M1/E2 6
695.1(1) 1.1(2) (20N —(197)  M1/E2
708.21) 2.1(1) (227)—(217)  M1/E2 3
713.81) 2.802) 2.92) (107)—(97) M1/E2 6
714.51) 4810  10.7113 R M1/E2  6-1
732.32) 0.8(1) 0.8(1) (107)—(9") El —6
733.41) 1.1(1) 0.91) 1.1937) (127)—11" M1LE2 7—1
736.81) 2.6(1) 1.1(1) 0.8413) 17 —16~ M1E2 2
740.21) 1.51) (18")—(17")  ML/E2 -3
744.22) 0.8(1) 0.81) (11N —(10")  M1/E2 6
748.41) 1.001) 0.21) (18 —(17) M1E2  8-3
753.01) 2.6(2) 2.2(1) (14)—12" E2 4
753.67) 0.41) 0.22) 100 —8~ E2 1
754.32) 0.6(1) 0.31) (18— (177)  M1/E2 -3
766.91) 1.001) (237)—(227)  M1/E2 3
769.11) 1.5(1) 1.1(2) (167)—(147) E2
799.11) 27.011)  35.314)  2.0410) 1.31(29) 777" El 1
805.32) 1.8(1) 1.8(1) 10" —(9%) El 46
808.41) 54.017) 58.219)  0.963) 0.67(15) 8~ 7" El 1
809.91) 3.32) 3.02) 8 -8~ M1E2  4-1
815.01) 7.02) 2.81) 1.3032) 16" —15 M1/E2 2
817.41) 4.92) 4.92) 1.0323 87" M1/E2  4—1
825.42) 1.1(2) 0.8(1) 9()—(9%) El 56
830.61) 11.64) 8.93) 1.1212) 1379 —-110) E2 5
855.91) 1.6(1) (177)—15" E2 3
878.01) 8.33) 8.4(3) 1.7235) 0.9317) 127 —10" E2 4
881.31) 5.3(2) 3.91) 1.61(39) 0.7915) 18~ —16- E2 4
889.11) 7.83) 5.02) 197)—177) E2 5
937.11) 4.2(2) 2.6(1) (207)—18" E2 4
946.21) 6.42) 3.1(1) 0.9212) 21) 5197 E2 5
950.41) 9.1(3) 7.52) 0.9212)! 177)—157) E2 5
955.31) 6.4(2) 4.7(2) 0.8921) 13t —12- El 3—
977.41) 10.44) 8.1(3) 157 —137) E2 5
981.11) 1.2(1) (177)—(157) E2

1024.31) 6.02) 4.62) 0.9612) 16" —14- E2 4

1035.61) 5.5(2) 4.502) 1.6941) 127 —10" E2 21

1046.11) 2.7(2) 1.3(1) (117)—10" M1E2 7—1

1052.31) 1.51) (18")—16" E2 3

1070.11) 1.1(1) 0.5(1) 110 -11 M1/E2 -1

1072.41) 4.2(2) 1.001) (237)—21) E2 5
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TABLE V. (Continued).

E, (keV) 1. thin I, backed  Roco(D) Roco(Q) = If MA Band
1076.51) 8.1(3) 6.3(2) 1.0112)k 14~ —12° E2 4
1077.62) 0.8(1) 13913 El 82
1078.11) 3.34) 2.6(3) 1.01(12)% (107)—8~ E2 =1
1088.61) 2.001) 0.7(1) (227)—(207) E2 4
1102.21) 2.4(1) (15")—14" M1/E2 -3
1105.Q1) 2.01) 0.91) 14t 13 E1l 32
1111.22) 1.51) 0.81) (10)—9~ M1/E2 =1
1115.91) 1.1(1) 0.7(1) 11— (107) M1/E2

1122.71) 1.4(1) 1.001) 1.0229) 13t —12- E1l 32
1130.92) 1.001) (157)—14" M1/E2 -2
1138.62) 0.91) (197)—(17") E2 3
1157.41) 8.33) 8.1(3) 117 —9° E2 1
1178.32) 0.81) 0.31) 15714~ El 82
1183.23) 0.7(1) 0.7(1) 100 -9~ M1/E2 41
1196.42) 1.902) (137)—11" E2 =1
1202.32) 1.3(1) 1.0(1) 9(-) 9~ M1/E2 5.1
1203.41) 2.01) 1.7(1) 127 —10" E2 =1
1230.51) 4.2(2) 2.31) 137012 M1/E2 9—
1234.91) 2.51) 0.31) (257 )—(23") E2 5
1243.81) 5.312) 3.801) 0.8715) 14913 El 82
1257.31) 1.902) 1.21) (107)—9~ M1/E2 71
1290.75) 1.12) 1.302) (107)—(97) M1/E2 —6
1310.42) 1.001) (247)—(227) E2 4
1318.G1) 5.002) 2.6(1) 0.9319 139127 El 82
1321.41) 2.7(2) 3.22) (107)—8~ E2 =1
1337.71) 15.95) 9.93) 1.2220) 12t —11° El 351
1346.52) 1.51) 1.6(1) (127)—10" E2 71
1370.11) 1.41) 0.41) 15)-14 M1/E2 92
1396.41) 2.57) 4.2(9) (97)—7" E2 61
1419.11) 1.21) (277)—(257) E2 5
1425.62) 1.0(1) 0.4(1) 147) 513" M1/E2 92
1467.51) 2.2(2) 1.52) (107)—8"~ E2 7—1
1522.61) 1.31) 0.51) 1X)-11 M1/E2 9-1
1552.42) 0.91) 0.21) 17 —15~ E2 2
1589.91) 3.02) 1.901) (117)—9~ E2 71
1590.23) 0.5(1) (197)—(18") M1/E2 -3
1617.@4) 0.6(1) 2.4(1) 8 —7" El 41
1626.86) 0.2(1) (297)—(277) E2 5
1684.15) 0.2(1) 0.1(1) 119510 M1/E2 =1
1690.22) 0.8(1) 0.4(1) (177)—15 E2 =2
1750.43) 0.81) (16" )—14" E2 -2
1765.51) 0.81) 0.51) 11t —10" E1l 31

&Transition not observed, but inferred from coincidence relationships.
PRpco from gate on 285-keV dipole transition.

‘Rpco from gate on 289-keV dipole transition.

9Rpco from gate on 224-keV dipole transition.

°Fit to composite~289-keV peak.

fFit to composite~297-keV peak.

9Rpco from gate on 808-keV pure dipole transition.

"Rpco from summed gate on 808- and 210-keV dipole transitions.
'Rpco from summed gate on 808-, 210-, and 544-keV dipole transitions.
IAs a result of Doppler broadening, the 946- and 950-keV transitions could only be fitted as a composite peak.
kFit to composite~1077-keV peak.
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Uncertainty with respect to the number 6f578- and
~529-keV transitions complicates the DCO analysis ofkeV, and comparing the result with tiy o values obtained
these transitions. The 1861-keV transition is in coincidencdor 1861 keV by gating on 778 or 835 keV, the in-band
with the 578-keV transition, but not théentative 577-keV
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FIG. 5. Background-subtracted spectra gated on(éhel119-

and (b) 969-keV transitions in thé%in backed-target data. Peaks

are labeled with their energies in keV.

transition. By gating on 578 keV, measurifgco for 1861

578-keV y ray has been shown to be consistent with
stretchede2 multipolarity. Thus, the 2439-keV state in band
4 is proposed to have™=10"). The only other transition
feeding out of this 107 state for whichRpco could be
measured is the 1043-key ray feeding band 8; this transi-
tion is consistent with purdl =1 multipolarity and, hence,
with the assigned spins in both bandee Sec. IVA &

Gates on the 835- or 778-ke¥ rays yieldRpco values
consistent witlE2 multipolarity for the 992-, 553-, 904-, and
1002-keV in-bandy rays and the 928- and 804-keV side
bandy rays. The 1109-, 613-, and 1179-keMays were too
weak to measurdpco ratios. While there are no strong
gates that isolate the 828-keV member of th&28-keV
doublet in band 5, gating on just the 804- and 928-keV tran-
sitions associated with band 5 isolates the 827-keV member
linking bands 4 and 5 for separate measurement. The result-
ing DCO ratio was consistent with pure stretched dipole mul-
tipolarity. Stretchede2 multipolarity can be assigned to the
other 828-keVy ray based on the stretch&® multipolari-
ties of the 904-, 928-, and 804-keV transitions. Hence, band
4 has been assigned negative parity and signate+8, and
band 5 has been assigned- 1.

5.Band 7

Band 7 was found in this study to have a 223-322-414-
keV vy-ray sequence, in agreement with band 1 of R24].
The 511- and 626-keV transitions placed at the top of the
band in the previous work, however, have instead been
placed feeding out from the level at 2879 keV which is di-
rectly fed by the 223-keV transition. The 626-keMay was
observed to be in coincidence with the 237-keMray in
band 8, but the 511-ke¥Y ray was not. The 506-, 1035-, and
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1249-keV transitions feeding into band 1 firmly establish theported in Ref.[24] by the addition of a 1344-keVy ray
existence of the level at 2368 keV, which is directly fed by feeding into the top level of the sequence, a 1246-kehay
the 511-keVy ray. This level is also fed by the 294-ke)  feeding out to the 7 state at 150 keV, and 972- and 805-keV
ray feeding out of band 2. These three transitions feeding, rays linking bands 7 and 8. Also, a 589-key/ ray is
band 1 are in coincidence with band 7 and the 511-keV trangpserved feeding into the"8state at 808 keV, which pro-
sition, but not with the 626-keV transition. The 511- andyiges further confirmation of the ordering of the 656- and
626-keV y rays, therefore, feed out of band 7 through paral-749_keV transitions of band 6.

lel decay paths. An earlier study of*%n [22] proposed the assignment of

The highly fragmented nature of the decay of band 7 UNthe 1397- and 237-keV transitions t88n on the basis of an

fortunately hinders resolution of all the decay paths. Theexcitation function. These transitions were suggested to be

626-keV transition feeds band 8, but the full decay path fthe d fani . ith a lifeti h
could not be established; and likewise for the 290-keV tran—part of the decay of an isomeric state with a lifetime on the
' rder of 7~100 ns; an unobserved low-energyray was

sition feeding band 1 from the state at 2368 keV. Severaf . . o "
roposed as the isomeric transition. The numerous transitions

other vy rays, with energies 1469, 972, and 805 keV, wereP o> .
observed to link bands 7 and 8. observed in this analysis to connect band 8 to the rest of the

The measuredRpco values for the 223-, 322-, and 414- Ier\]/el scI:Iheme %onclusively assoc;ia:jt_e this(j;equ_encelxﬁﬁm.
keV transitions suggesil =1 mixed M1/E2 multipolarity '€ full coincidence sequence indicated in Fig. 2, however,

for these transitions. Th&®pcp values for the transitions was observed. or]ly in the backed-target data. I.n. the thin-
with energies 294from band 2, 506, 511, and 1018 keV target data, coincidences were observed for transitions above

were measured; the DCO ratios for the 294- and 511-ke\£)he state at 1634 keV in band 8, as well as prompt decay of
transitions are consistent withl =1 mixed M1/E2 multi- ands 4 and 5 through the 1397-keV state in band 8, but no

polarity, but the uncertainties for the other two transitions arecoquences were observed across the 1634-kev st_aFe. This
too large to permit any reliable conclusions to be OlraWnlmplles that the 1634-keV state has a lifetime sufficiently

: long for the nuclei recoiling from the thin target to exit the
B n th value for the 294-keVy r h in of . )
B acs e [ e 294 e 1. e 015 trget egion beore (i state dcays, and s he delpyee
the 8, 9-, and 10 states of band 1. Only aB2 multipo- rays are no longer directly pbservable by the Ge detectors.
larity for the 1249-keV transition is consistent with the par- This effe_ct does .”Ot appear in th_e backed-target data because
allel branches, so the state at 2368 keV is assigifed the FeCO"S stop in the Ph backmg,_ and the delayediys
=10". As the in-band transitions of band 7 are all consisten ontinue to hgve an unobstructed flight path to the_detectors.
with Al=1 mixed M1/E2 assignments, band 7, therefore f the isomeric state fec(ajds tgle 16??—2k2(]evhstati via a low-
. . : o " energyy ray, as proposed by Eliag al. , then they rays
has negative parity and spins as shown in Fig. 2. directly feeding the 1634-keV state should be in prompt co-
6. Band 8 incidence with those transitions below that state, which is not
: the case.
The sequence of rays labeled band 8 decays to thé 7 There are no direct coincidences between the usual gating
ground state via paths parallel to the 1119- and 213-ke\fransitions for the DCO analysis, hamely, the 1119- and 213-
transitions. The current analysis extends the sequence rkeV transitions, and the rays in band 8. To determine the
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multipolarities of the band-8 transitions, gates were placedhe addition of new bands and the extension of the known
on the 1397- and 237-keV transitions of band(i8ote that sequencesglabeled 1, 2, 3, and 8 in Fig.) 3o higher spin.

the angular-distribution and polarization measurements iMNote that bands 1 and 2 were drawn as a single band in Ref.
Ref. [22] indicate these transitions are still anisotropic, de-[25] but have been separated here to facilitate comparison
spite any spin dealignment effects associated with the isayjth the results for'°8n. The 609-keVy ray in the level
meric state; hence, a DCO analysis is still valiBlpco val-  scheme of Ref[25] could not be confirmed, but the exis-
ues of those transitions, primarily rays associated with tence and placement of all other transitions have been con-

band 7, in coincidence with the gating transitions in bothfymeqd. The relevant details of each band will be discussed
bands 1 and 8 were then measured. These DCO ratios WeERlow.

compared to the corresponding values when gating on the

1119- and 213-keV transitions. From these comparisons, a 1. Bands 1 and 2
consistent set of spin and parity assignments could be ) .
deduced. Band 1 consists of a sequenceXff=1 transitions con-

The level at 1397 keV is fed via a one-step transition ofnecting states of negative parity, with &fi=7" bandhead.
972 keV from the 10 state at 2368 keV and directly feeds The 7~ and 8" states directly feed the7ground state and
the ground and 150-keV 7 states. The restriction of-ray 7 excited state at 413 keV. Band 2 also has negative parity
multipolarities to mixedM1/E2, E1, or E2 limits the pos- and, apart from the weak decay path through the 104-keV
sible 1™ for this level to 8 or 9. The gate on 237 keV transition, exclusively feeds band 1. This work extends band
yielded Ry values for band-7 transitions that were suffi- 2 by the addition of the 737- and crossover 1552-keV tran-
ciently far from those measured with gates on 213 and 1118itions, as well as the lower-energy transitions feeding in at
keV to rule out pure dipole multipolarity for the 237-keV the top of the band.
transition. TheRp o value for the 1397-keV transition when The multipolarity of the 808-keV transition was shown to
gating on 237 keMor vice versaindicates that the 1397- pe stretched1 in Ref.[25]. This pure dipole transition per-
keV transition is also not pure dipole. This rules out an 8 mjtted measurements &yco for other transitions int'9n.
assignment for the 1397-keV state, resulting in‘a@sign-  As with 1%n, however, gates on energies which have higher
ment, and stretche&2 multipolarities for the 1397- and  getector efficiency than for 808 keV are more desirable. The
1246-keV transitionsAl =1 mixedM 1/E2 multipolarity for - 210.keV y ray is unfortunately contaminated with a strong

the 589-keV transition, and stretch&d multipolarity for _transition in 1X4n. The 544-keV transition, which is a clean

the 972-keV transition. All of these assignments are consis; P : . : ; L :
. . . ate, has significant intensity with higher efficiency and is
tent with the corresponding measurgdco values. With an g d 4 g y

. found to have nearly pure dipole characteee Table 1V,
E2 assignment for the 237-ke¥ ray, the state at 1634 keV . - :
hasl =11, Consequently, this makes the 1028-kg\fay this transition was, therefore, chosen to be the main DCO

connecting bands 2 dB a nonstretchelt1, as opposed to gate. Figure 7 shows a spectrum gated on 544 keV in the
anM2 as in Ref[24], which is consistent witlRp o values backed-target data. Where possitico values generated

measured when gated either below, on 237 keV, or above, OW gatjng on 544 keV were compared _With values generated
231 keV. TheRpco, value measured for the 1469-keyray by gatlng on 808' and 210 KeV for cons'ls.:tency. The measured
connecting bands 7 and 8 is in reasonable agreemengaith DCO ratios confirm the spins and parities of bands 1 and 2
multipolarity, confirming the relative spins and parities of the UP 10 I7=17".
bands.

The E2 assignment for the 237-keV transition is sensible 2 Band 3

in light of the observed isomeric behavior. The Weisskopf ,
estimate for a 237-ke\E2 transition with no collective en- B.eraudet ‘T’Il' [25] observed band 3 betweenﬁlﬁnd 18
Their analysis included both angular-correlation and polar-

hancement gives a lifetime of aboti#+ 35 ns, which is suf- "™~ I~
ficient for a B~2.9% recoil to traverse the target region. ization measurements of the strong 1338-keV transition con-

With a lifetime as large as~ 100 ns, on the other hand, a necting band 3 to negative-parity band 1; this transition was
loss of intensity through the 1634-keV state would be ex-Shown to haveel multipolarity. Thus, band 3 has positive
pected in the backed-target data since the Stony Brook arrdj2rity. Band 3 has been extended upwards in spin by five
uses a 50-ns Ge-signal prompt coincidence overlap; no sudfansitions to 28. A 186-keV y ray was also observed feed-
loss of intensity is apparent in these data. These results pré2g out of the bottom of the band. DCO measurements con-
vide a rough estimate of the upper and lower limits of thefirm the I™ assignments up to 16 Crossover transitions,
lifetime of this state. presumed to be dt2 character, have been observed feeding
out of the (17), (18"), and (19) states. In addition to the
1338-keV y ray, 1765-, 1123-, and 1105-key rays were
observed to directly feed bands 1 and 2 from thé 113",

High-spin states in the nucleus9n had been studied and 14 states of band 3, respectively. The DCO ratio of the
previously by Beaudet al. [25]. The level scheme deduced 1123-keVy ray is consistent with pure dipole multipolarity,
in that work consisted primarily of three sequences of dipolealthough the uncertainty in the measurement is large.Ehe
transitions extending to approximately 7l8 The current character assigned to this transition agrees with the assigned
study extends thé9n level scheme considerably, both by positive parity of band 3.

B. ™n level scheme
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3. Bands 4 and 5 To determine the multipolarities of these new transitions,

The sequences labeled bands 4 and 5 in Fig. 3 have be&dtes were placed on the 878- and 977-keV transitions of
observed for the first time in this study. Figure 8 showsbands 4 and 5, respectively. The resultiRgco values for
summed spectra gated @ 878 or 1024 keV an¢b) 831 or  transitions with known multipolarity, namely, the 800-, 808-,
977 keV in bands 4 and 5, respectively. The two bands ar@nd 210-keVy rays associated with band 1, indicated that
observed to high spin and do not appear to be in coincidenciie gating transitions were consistent wil2 assignments.
with each other or the rest of the level scheme apart from th&sing these same gates, the DCO ratios for the 1077/1078-
feed-out transitions near the bottom of each band. Botlicompositg, 584-, 1024-, and 881-keV transitions in band 4,
bands decay predominantly to band 1 via multiple pathsand the 578- and 831-keV transitions and 950/946-keV com-
unambiguously determining the relative excitation energieposite peak in band 5 were all found to be consistent &2h
of bands 4 and 5. The transitions in these bands have beenultipolarity. Two points should be noted regarding these

ordered on the basis of their relative intensities. DCO ratios. First, the 878-keV gating transition is partially
| T I L} L T I T ‘_‘I 1 I T T I I T T T I T L) T I _l
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contaminated by the in-band 881-keV transition, but since DCO ratios for the in-band transitions of band 7 are con-
both areE2 transitions(as shown hepe this does not affect sistent withAl=1 mixed M1/E2 multipolarity. The uncer-
the results of the DCO analysis. Second, the 889-keV peatainties in the DCO ratios for those linking transitions which
for band 5 is contaminated by peaks with similar energiesvere measured were too large to conclusively identify them
from neighboring nuclei and could not be isolated for a clearwith a specific multipolarity. The proposed spins in Fig. 3
fit; this transition, however, as well as those higher in band$iave been estimated using yrast arguments, and negative par-
4 and 5, are assumed to be®? character. ity has been tentatively assigned based on theoretical consid-
The DCO ratios of the transitions feeding out of the bot-erations, discussed in Sec. V C.
tom of both bands were also measured in order to help es- Band 9 consists of mutually coincident 297/298-keV
tablish the absolute spins and parities of the two sequence&ouble}, 268-keV, and 434-ke\y rays. A number of high-
The state at 1617 keV directly feeds the, 787, and 9 energy transitions has been observed to connect band 9 to
states of band 1, as well as thé Hround state. The DCO bands 1 and 2, firmly establishing the order of the transitions
ratio for the 599-keVy ray decaying to the 9 state of band in this band. Also in coincidence with these transitions, but
1 rules out stretche&?2 and pureAl=0,1 dipole character not with each other, are 550- and 566-keV transitions. These
for this transition. The remaining transitions feeding out oftwo transitions have been placed in parallel feeding into the
the 1617-keV state do not provide any more conclusive evitop of band 9, as they are both in coincidence with the high-
dence for a specifit™ assignment. Ain=10 assignment can energy transitions feeding out of the band. The 566-keV
be ruled out, however, with the assumption that the 817- antaly has been assigned to be the continuation of the band
1617-keVy rays are notl=3 (M3 or E3) transitions. The based on its larger fitted intensity in the thin-target data. The
only remaining possibilities are"=8" or 9. Comparing 550- and 566-keVy rays can be interchanged, however,
this nucleus with'%in (see Figs. 2 and)3there appear to be without altering any interpretations.
strong similarities in the decay out ¢f&n band 4 and*!n The DCO ratios for the 297/298-keV composite peak,
band 4. Based on these similarities, an 8ssignment is 268-keV, and 434-ke\y rays indicateAl =1 mixedM 1/E2
preferred for the 1617-keV state. Band 4 is, therefore, anultipolarity for each. The DCO ratios for the 550- and 566-
negative-parity band with signature=0 and an 8 band- keV y rays could not be measured, but their multipolarities
head. The 596- and 603-keV transitions connecting bands are assumed to b 1/E2 as well. The DCO ratio for the
and 5 have DCO ratios consistent with pure stretched-dipolé230-keVy ray is consistent with purdl =1 multipolarity
multipolarity; band 5 has been tentatively assigned negativéthough with a large uncertaintybut no distinction between
parity based on theoretical arguments discussed in Sec. VBI1 and E1 could be made; band 9 has been tentatively
and has signature=1 and a 9~) bandhead. assigned negative parity based on theoretical arguments dis-
cussed in Sec. VC.

4, Band 6
6. Band 8

Band 6 comprises a short sequenceyofays at low ex-
citation energy. The 714-keV transition is self-coincident and
has been placed twice in the sequence. The placement of o
714-keV vy ray feeding out of the 714-keV ‘8state is veri-
fied by the coincidence relationships with band 1. The sec . .
ond 714-keVy ray is coincident with the 1396-keV transi- als_o fe.edlng the same sta}tg were obser\{ed. I.t is_unclear
tion directly decaying to the ground state, verifying its which, if any, of these transitions is the continuation of band

placement above the 1396-keV state. The 714- and 744-ke% the 550-keVy ray has the largest intensity, however, and
v rays are ordered by intensity has been placed as part of the bafite small difference in

No strong coincidences between the transitions of band gnergies for the 550- and 556-keV transitions will not notice-
ably affect any conclusions drawn for this band if they are

and transitions of known pure multipolarity have been ob-, L .
served, thus preventing DCO analysis. The proposed spi lterchanged.The 566- and 367-keV transitions, shown in

assignments are based on the assumption that if band 6 w Q. 3 feeding the =17 states of bands 3 and 8, respectively,

a sequence dE2 transitions, the states of the band would be‘(’)‘;ef[\?vgri\g;;rnafgesltz\tleeé S(I:::etr;g ?:Lﬁg:r{w?] :r?aclj;sciiyl?hgeggttwo
rast and would be expected to be populated with signifi- ) O
y P Pop g tates were found to have the same endmgyhin errorg,

cantly more intensity than observed in these experimenté

These transitions have been assigndd=1 mixed M1/E2 and band 8 was found to be in weak coincidence with the
multipolarity transitions above ¥8 in band 3. Thus, the two separate

states in Ref.[25] have been drawn as the common
| =(18) state of band 3 in Fig. 3. Additional crosstalk be-
tween these bands was observed: the 748- and 754-keV tran-
Bands 7 and 9 have been observed for the first time in thisitions feed from band 8 to band 3 and the 147-keV transi-
study. Band 7 is a sequence of four transitions which decayson feeds from band 3 to band 8 at lower spin. The DCO
via multiple paths to band 1. The linking transitions betweenratios for the strongy rays linking bands 8 and 2, namely,
bands 1 and 7 firmly establish the ordering of the lower twothe 1244- and 1318-ke\y rays, are consistent with pure
transitions of band 7. The 536-key/ray is placed above the stretched dipole multipolarity. The negative-parity assign-
289-keV vy ray based on their relative intensities. ment proposed by Baud et al. for band 8 has, therefore,

Band 8 in the current analysis confirms the corresponding
gquence o rays and tentative spins up tofl dbserved in
ef.[25]. In addition to the 367-ke\} ray observed feeding

into thel =17 member of the band, 550- and 556-keVays

5. Bands 7 and 9
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been tentatively changed to positive, and the crosstalk bentensities. Thus, the energies and intensities were estimated
tween bands 3 and 8 is proposed to be due to similarities ifrom the backed-target data fot°%n by the following
the underlying configurations, as discussed in Secs. V A 2nethod: First, gates were placed below the transitions of
and V C. interest, and spectra were projected from the backed-target
symmetrizedE -E, matrix. Then the total counts in the
broadened peak were summed for each transition, corrected
for the relative detection efficiency at that energy, and nor-
The data from the backed-target experiments were sorteghalized to the fitted intensity of a stopped transition lower in
into angle-dependenk ,-E, coincidence matrices, as de- the sequence. These energy and intensity values were used as
scribed in Sec. lll. Gates were placed on the “all” axis of input parameters for the line-shape analysis.
each matrix at energies corresponding to fully stopped tran- ' gige feeding into each level and feeding into the topmost
sitions in or below each band of interest; the resultingjgye| of each band was initially modelled as a five-transition
background-subtracted ~ coincidence spectra for varioug,geade with a moment of inertia fixed to be comparable to
angleiowere projected from the r_natnces. at of the in-band sequence. The quadrupole moments of the
f n 8'.”.’ Dop;;)ler-b;o_adeged I(;nebshapss_ we+re_ obﬁerve ide-feeding sequences were allowed to vary; when com-
Aolr :trfm;lit:]c:jnss Zaa?]\(/JIGS_rlei eacrt}ve? Ogel d_715h In t teb bined with the moment of inertia, this acted as effective side-
; » Tesp y- ban 1as no ee?eeding lifetime parameters for each level. Once a reasonable
extended high enough in spin to observe transitions that ex- - . . .
L . Set of initial parameters was fitted, the side feeding was
hibit significant Doppler broadening. Gates near the bottomch:nged to sequences pirays with independently variable
of bands 4 or 5 indicate negligible broadened line shapes fqr

all transitions in these bands below the 1002-keV transitior}'i];(zt'gi]gg_flgzgeigd ::; auZ':gée gl;aedgiggliignnorg;etr;]tisfoég;ﬁozni's
from the state at 2L The lifetimes of the states high in band g s€q ‘ P

y " for the fitted states in band 2 df%n which are directly fed
5 must be sufficiently large such that the recoiling nucleus 3rom band 3; for these states, the lifetimes determined for the

(ngarly) at rest before this cascade Of. transi;ions s erT]itwdfeeding transitions were incorporated into the side-feeding
This consequently prevents any meaningful line-shape anal3fi'fetime, in addition to contributions from fast, unobserved

sis of these band-% rays in the current study. The ramifi- side feeding
cations of the long lifetimes will be addressed in Sec. V B. Starting with the topmost transition in each band, the in-

11 H
forlTranzirt]ibr?sozﬂg\r/-:?ji?egngm;b?gﬁss: defireino?ﬁgrve%and ar)d side-feeding lifetimes, background parameters, and
Al=1 bands 2 and 3, respectively, and abade 15 in contaminant-peak parameters were allowed to vary. For each
the Al=2 band 5 Lir'1e shapes co’uld ot be fitted for theset of parameters, the simulated line shape was calculated
: nd compared to the corresponding spectrum for each angle

transitions in bands 7, 8, and 9 because of a combination qf_. . > " . . . " . . -9
the following factors: the bands were not observed to higl&smgx minimization routines originating from the program

enough spin, were too weak, and/or had highly contaminate INUIT [27]. The forward, transverse, and backward spectra
transitions. As with band 5 in%n, band 4 does not exhibit r each transition were fitted simultaneously. The best-fit

- ; background and stopped contaminant-peak parameters were
significant line shapes for any but the uppermost states. 9 PP P b

F h band. back d-subtracted " then fixed, and the in-band and side-feeding lifetimes were
or-each band, background-sublracted spectra Were progqy 45 4 effective feeding time parameter for the next level

jected from the matrices corrgsp_onding to forvyard, trans] wer in the band. Each level was added and fitted in turn,
verse, and backwa.rd angles. Lifetimes OT states in each ba til the entire band was included in a global fit that had
WeéeJmﬁ asurgg u_sl_lr? 9 thlmEdSHAPE analy3|§ ;:odes of \:Velé%o- dependently variable lifetimes for each in-band and side-
and Johnsoif21]. These codes were used to generate eeding level. Examples of the line-shape fits for representa-

Monte Carlo simulations of the velocity history of recoiling tive transitions are shown in Fig. 9. The side-feeding cas-

nuclei traversing the target.and ba_ckmg material in UMe 4 des were typically on the order of 1-3 times faster than the
steps of 0.002 ps. Electronic stopping powers were take

th-band lifetimes. inties in the lifeti
from the shell-corrected tabulations of Northcliffe and band lifetimes. Uncertainties in the lifetime measurements

- . ; were derived from the behavior of thé fit in the vicinity of
SCh'”'n.g [261' The number of time steps fo_r each h|_story WaSthe minimum and include covariance of the in-band and side-
determined internally by the code as the time required for thi

Kinetic enerav of the simulated recoil to decrease to 0.1% o eeding lifetimes. The lifetimes of the in-band states are pre-
o gy - . 272 Yented in Tables V and VI. Systematic errors associated with
its initial value. Velocity profilescomponents of recoil ve-

L : T the modeling of the stopping powers are not included in the
g)r?tllssb;rs]e((jje;g?r?eteéjetilgtagruogg\rﬁgr generated for each quoted errors and may be as largeta20%.

ge! 9 Y. . For each band3(M 1) andB(E2) values were calculated

Typically, accurate values for the energies of the in-band

transitions and side-feeding intensities would be obtained>"9 the relationships

C. DSAM analysis

from fits to thin-target data using the same reaction, where 0.0569
Doppler corrections can be made. Such a procedure was fol- B(M1)= 5 : [Mﬁ] 2)
lowed for the*An analysis. For thé&n analysis, however, EJ(M1)7(M1)

different reactions were used for the thin- and backed-target
experiments in the interest of channel cross section. These
two reactions may feed the high-spin states with differentand
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where they-ray energiesE, are in MeV, and the partial
lifetimes of the transitions-(MX\), derived from the fitted
lifetimes of states and observed branching ratios, are in

FIG. 9. Examples of line
shapes from the'®n and 9n
backed-target data. Columia)
shows the 564-keV transition in
band 3 of'%4n, column(b) shows
the 566- and 573-keV transitions
in band 3 of*19n, and column(c)
shows the 946- and 950-keV tran-
sitions in band 5 of'%n. The top,
middle, and bottom rows corre-
spond to forward, transverse, and
backward detectors, respectively.
The dashed vertical lines mark the
stopped position of each transi-
tion. A contaminant in the spectra
(c) is marked with a “C.”

grouped to facilitate interpretation of those bands. Each of
the bands that has been observed to high spin in these data
has been compared with self-consistent TAC mddel]]
calculations. In the calculations for the decoupled bands 4
and 5 in both'%n and *19n, the tilting angled was found to
pde fixed at 90°, in accordance with tidd =2 character of

These values have been listed in Tables V and VI. Effects ofhese bands; in other words, principal axis crankiR§C)
internal conversion are small in each case, but have beesolutions were found using the TAC model parametrization.

included in the calculated values. The dipole transitions w
treated as havinyl1 character with minimaE2 admixture

(6~0). For those states which hai# crossovers, the cor-

respondingB(E2) values are also included in the tables.
cases where n&2 crossover was observed with the sen
tivity in these experiments, the crossover intensity was
sumed to be zero.

V. DISCUSSION

In the following discussion, band structures in bdffin

eréor all other bands of interesA( =1 band$, tilted solutions
with 0°<6<90° were found.

Proton properties were calculated assuming zero pairing,
|f_1due to the proximity of the proton Fermi surface to the
SI-=50 shell gap. As a consequence of the single-particle na-
aSture of the proton orbitals, no proton alignments are expected

to occur at low frequencies. The neutron Fermi surface lies
sufficiently far from theN= 50 closed shell to warrant using

a quasiparticle treatment of the neutrons. Neutron pairing
constants oA ,=0.85 and 0.91 MeV were used fé¥n and

and '19n that exhibit similar characteristics have been %n, respectively, calculated as 0.8 times the experimental

TABLE V. Lifetimes of fitted states and correspondiBgM 1) andB(E2) reduced transition strengths in

1%8n, The B(M\) values have been calculated us

ing E@%.and(3), with the lifetimes adjusted to account

for branching ratios and internal conversion. Uncertainties in the lifetimes were determined from the behavior
of x? in the vicinity of the best-fit parameter values and were propagated through the calculation for the
B(M1) andB(E2) strengths. These uncertainties do not include the systematic errors that are associated with
the stopping powers, which may be as largeta820%.

Band I7 E,u1 (keV) l,m1 E e (keV) 1, e 7 (ps) B(M1)(uy) B(E2)(eb)?
2 14 335.4 62.6 1.627°0528  0.91179033
15 527.8 31.6 864.2 2.0 0.6033%¢ 0.600° 333  0.017°550a
16 660.9 12.7 1189.1 1.4 0445592 0.3989%%  0.008 5351
3 16" 357.3 16.8 0.432°3%%82 248707
17" 473.0 14.2 0224351 2.38'311
18" 564.4 8.1 1038.8 1.3 015890 171738 0.059°59%
19* 542.4 4.3 1107.7 1.0 0.0559%19 522358 0.169°055
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TABLE VI. Lifetimes of fitted states and correspondiBgM 1) andB(E2) reduced transition strengths
in *9n. The B(M\) values have been calculated using E@.and (3), with the lifetimes adjusted to
account for branching ratios and internal conversion. Uncertainties in the lifetimes were determined from the
behavior ofy? in the vicinity of the best-fit parameter values and were propagated through the calculation for
theB(M1) andB(E2) strengths. These uncertainties do not include the systematic errors that are associated
with the stopping powers, which may be as largete20%.

Band I E,v1 (keV) 1,v1 Eyeo (keV) I, e 7 (ps) B(M1) (Mr%l) B(E2) (eb)?

2 14 354.6 22.2 1.252°99%  1.006' 5922
15~ 521.1 13.6 0.716'3%5  0.558 003
3 15" 285.4 265 0.627°0%5  3.73014
16" 369.0 24.4 0.4283%% 2617582
(17%) 486.9 19.7 855.9 1.6 0.230°9932  1.97°9% 0.058°3.508
(189 565.6 13.0 1052.3 1.5 0.196'3%%  1.35°313 0.029' 3504
(19%) 572.9 6.2 1138.6 0.9 0.10509%  2.51°93% 0.051"5:502
5 177) 950.4 9.1 0.7745%% 0.136'5:5:8
19 889.1 7.8 0.554 0063 0.265' 0057
210) 946.2 6.4 0.403 9023 0.266' (015
(23) 10720 4.2 0205532 0.281°053

even-odd mass difference for these nuclei. The neutroenergy neutron orbitals involved in alignments and some
chemical potentiak , was chosen in each case such that, atonfigurations are labeled with the following letter scheme:
w=0, the particle numbers dil=59 and 61 were repro- A,B, ... represent the positive-parity orbitals e, . ..
duced for 1%n and '*n, respectively. The coupling con- represent the negative-parity orbitals, in order of increasing
stant « for the quadrupole-quadrupole interaction used inenergy.
these calculations was taken from RdR] to be « One note should be made about the TAC calculations.
=0.036 MeVA?, wherea=1.011AY® fm?. TAC is an approximate, static model which treats single-
In the calculations for all configurations of neutrons andparticle angular momenta as if they have good projections on
protons, the deformation parametersand y were chosen both the axis of symmetry of the nuclear shape and the axis
(to within 0.01 and 5°, respectivelysuch that the total en- perpendicular to the symmetry axis. This approximation does
ergy of the nucleus in the intrinsic frame was minimized overnot account for the quantum-mechanical fluctuations of the
the rotational frequency range of interest. These parameteegular momentum vectors involved. When the lengths of
and configurations are tabulated in Table VII. The lowestthese vectors are small, the fluctuations may have a signifi-

TABLE VII. Summary of proposed configurations fifn and **9n. The equilibrium deformation pa-
rameters indicated in columns 3 and 5 were determined at the representative rotational frequencies listed in
columns 4 and 6.

108|n llOIn
Band Configuration g2, vy o (MeV/h) €2, Y o (MeV/h)
1 7 (9g) " *1® vyl 0.11, 10° 0.25 0.11, 10° 0.25
2 7 (o) ™11 V[ (G7/2/ A1) 2h11/0] 0.09, 15° 0.40 0.08, 10° 0.40
32 7[(9g2) " 11® v[(g7/2/dsp0) (D110 %] 0.12, 10° 0.40 0.11, 10° 0.40
3P [ (o) ™11 V[ (G7/2/d510) 3(h11/0) 2] 0.06, 15° 0.60 0.08, 20° 0.60
42 [ (9gr2) ~2ds]® v hyy0l 0.20, 0° 0.40 0.18, —10° 0.30
4 (o)~ 2dsy2l @ v (117 °] 0.17, -5° 055
52 7 (9912) “2972]® v[ 110l 0.17, 5° 0.25 0.20, 0° 0.20
5P [ (9912) “2972]® V[ (h11,9)°] 0.18, 5° 0.50 0.18, 5° 0.60
6% m[(99r2) 1@ v[g72]
6° (9o ~H1® v[(9712/ds12)*]
7 w[(g9/2)_1]®v[(g7,2/d5,2)2h11,ﬂ (ABF) 0.08, 0° 0.40
8 7[(dor) 1@ v[(g712/ds1) (h111)?] (BEF) 0.12, 10° 0.35
o 7[(der) M@ [ (h11)°] 0.13, 5° 0.40

#Below alignment.
Above alignment.
Configuration assigned ift9n only.
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FIG. 10. Angular momentum as a function of rotational 14} —
frequency for bands 1 and 2 if8n and ¥%n and band 10 in | ]
10%¢cd [2]. =

— 12 -
cant effect on the calculated quantities. TAC is expected tc s -
work better for cases with largevectors[11]. 10k _

A. MR bands in 1%9n ) (b) 1
8 — o
1. 1%819n pands 1 and 2 N BT ISP IPEPIT PRPIVIN PEVEFS PUPEP PRVET APRTSP

) ) _ 0 01 02 03 04 05 06 07 08
The observed spinsof the negative-paritAl =1 bands 1

and 2 of 198119 are plotted in Fig. 10 as a function of ® [MeV/h]
rotational frequencyw, where Aw(l)=E,(I)—E,(I—1).
Note that in both cases, the stroll transitions connecting quency for bands 1 and 2 i@ %n and(b) n in comparison

11
bands 1 ?nth, aE) 349. arlldd4§2 ke\_/ f8tin ag(z) Oén’ wijth the corresponding TAC calculations for the assigned configu-
respectively, have been included on Fig. 10, and bands 1 AMNtions (see Table VI). Note that theg, labels in the figure are

2 have been drawn as a continuous sequence. For compatkorthand for mixed)7/,/ds .
son,|(w) for band 10 in an!%n isotone,1°°Cd (as labeled
in Refs.[2,29)), is also shown. This band it’®Cd was in- for the last point in both isotopes would correspond to a
terpreted as being based on the configuratiorcrossing with another configuration, but since the extension
[ (9on) ~?]g+® v[ hyy0], With the observed large backbend of this sequence falls beyond the limits of the experimental
attributed to the alignment of the first pair of positive-parity sensitivity in this analysis, no calculations were performed to
g2/ dsj, Neutrons, thé\ B alignment] 2]. It is clear from Fig.  attempt to reproduce this crossing.
10 that all three bands show very similar behavior, including The calculations for band 1 in either isotope are not as
the frequencies of the observed alignments and the correuccessful at reproducing the data as the calculations for
sponding gains in spin(The difference in spin between band 2. This is likely because the static approximation used
10%Cd band 10 and the bands in the indium isotopes would bby TAC becomes more appropriate with the inclusion of a
a consequence of the additional spin contribution from thdarger number of active particles and, hence, larger spin vec-
second proton hole present f8°Cd) The bands int®®1%4n  tors. This may explain why the calculatéti) is improved
have, therefore, been interpreted as based on thabove the alignment, in band 2.
m[(ger) H1®v[hy15] configuration for band 1 and The B(M1) strengths calculated from the fitted lifetimes
[ (9o) ~11© V[ (9772/ds2)?h11p0] for band 2. The assign- of states for'®n band 2 are plotted as a function of fre-
ments for band 1 in both nuclei agree with the assignmentguency in Fig. 12a). Also shown are thé&(M1) strengths
made in previous studid®2,25. predicted by the TAC calculations for the[(ges) *]

The experimental data for these bands have been con® v[(g7,/ds;)?h;1,] configuration. For this and all other
pared with TAC calculations for the configurations discussedlAC calculations, the intrinsiay factor used wasys et
in the previous paragraph. The equilibrium deformation pa=fgs, where the spin attenuation factbwas taken to be
rameters were determined at representative frequencies for6 to roughly reproduce the experimentally obsergdec-
bands 1 and 2 in both isotopes and are included in Table Vlitors in this mass regiof29].
The corresponding calculaté@w) curves are shown in Fig. Although the data for band 2 do not appear to show a
11(a) for %n and Fig. 11b) for 19n. particularly dramatic decrease B(M1) magnitude in Fig.

In both plots, the excellent agreement between experimerit2(a), they do decrease by a factor of 2 over the measured
and theory for band 2 is apparent. The backbend observadnge. The TAC calculation for this configuration approxi-

FIG. 11. Angular momentum as a function of rotational fre-
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i Frauendorf calculation shown involves,, character for the
- positive-parity neutrons, and inclusion o, admixture in-
] creases the magnitude even further.
- -0'7- L -0'8 In addition to arguments based difw) and B(M1)

strength, the deducdBl(E2) strength for crossoveE?2 tran-
o [MeV/h] sitions can also be used to compare with shears predictions.
The values for the transitions in band 2'8fin (see Table ¥
FIG. 12. Reduced/ 1 transition strengtiB(M1) as a function are consistent with small deformations, comparable to those
of rotational frequency for bands 2 and 3(@ *®4n and(b) *In.  predicted by the TAC calculations for this configuration.
The data points have been deduced from the fitted lifetitses Taking the deduce®(E2) for the 528-keV transition and
Tables V and V). Calculations using both TAC and the Bau-  7(2=7 542 MeV ! for the 15 state yields a7(2)/B(E2)
Frauendqrf fixt_ed( forma_lism _(D-F) are shown for comparison. atio of about 4562 MeV 1 (eb)™2. This ratio is typically
The configurations are given in Table VII. closer to 1@2 MeV 1 (eb)—z in nuclei described by the
collective model. Hence, the shears interpretation based on
mately reproduces the correct magnitude and slope of thghe B(M 1) behavior for band 2 if%in is further supported
dqta. TheB(M1) values were also calculated using thepy the large7(?)/B(E2) ratio, suggesting there is a signifi-
Donau-Frauendorf fixet formalism[12]. The dashed curve cantly larger contribution to the angular momentum from the
shown in Fig. 12a) was calculated assuming puge, char-  valence highf particles than if the band arose solely from
acter for the positive-parity neutrons; including somhg,  collective rotation. No crossoveE2 transitions were ob-
admixture can have the effect of increasing the magnitude oferved for the fitted levels in band 2 #9n, but this, too,

the curve by up to about 35%. It is clear from the plot thatindicates a smalE2 branching ratio and a correspondingly
the TAC calculation better describes tB§M1) behavior |arge 7(2)/B(E2) ratio.

than does the Dwau-Frauendorf estimate.

In band 2 of *%n, only the 355-, 521-, and 815-keV 108,119
transitions were sufficiently shifted and uncontaminated to 2. 7%n band 3
perform a line-shape fit. Unfortunately, the topmost fitted Band 3 in both'%n and *%n has been previously as-
state can be used only as an effective feeding lifetime for theigned positive parity via polarization measurem¢s25|.
lower states. Hence, only two transitions in this band have ain Fig. 13, the spins in these two bands are plotted as a
associated deduceB(M1) value(see Table VJ; these val-  function of rotational frequency. The observed values for the
ues have been plotted in Fig. (b2 While these data for positive-parity band 11 in'°*Cd, anN=61 isotone(taken
band 2 may not fully illustrate the behavior of tB{M1) from Ref.[2]), are also plotted for comparison. The general
strength throughout the entire band, they at least can be uséeatures for all three bands are similar: at low frequencies,
to compare the relative magnitudes with the measured valugbe | () curves are about the same, apart from an offset in
for band 3(discussed below As for %8n, the TAC and spin due to the presence of the additional proton hole for
Donau-Frauendorf predictions are plotted in Fig(d2The  cadmium. All of these bands exhibit a high-frequeney (
TAC curve approximately reproduces the magnitude of the>0.5 MeV/k) alignment. This band it°Cd was shown to
data, though with a shallower slope. TAC has significantlyhave the neutron configuration| (g-,/ds) (h11,9)?], with
better agreement with the data than thenBa-Frauendorf the upbend attributed to thBC alignment[2,28]. The dif-
estimate, however. Note that, as before, then@e ferent appearandsharpnessof this alignment in the isotone

054314-22



SPECTROSCOPY IN THEZ=49 108119 PHYSICAL REVIEW C 64 054314

P2 o L B S L B B B e high frequencies, such as the treatment of pairing, or a more
ey -1 specific problem with the abundance of comparatively jow-
22 (a) ———————— . mid-Q g,/ds;, neutrons(as opposed th,, neutrons that
are active above the alignment is unclear. So far, TAC cal-
20 culations in the high-frequency region have not been well
explored, in part due to a shortage of available data for com-
parison. The pair correlations are expected to diminish with
larger numbers of excited quasiparticles, whereas for these
0—0 "% band 3 calculations the pairing parameter was kept fixed. On the
_, 2 other hand, theds,,/ds,)® neutron configurations proposed
T gy I]V[gm(h;l/z) ] . ] for band 6 in'%4n and '*%n, discussed in Sec. V D, are also
1k = gy IVI(g,) ()T | not successfully reproduced with the TAC calculations, sug-
PP EPEPES ENUETT R BRI ST R gesting that the configuration may be a significant factor.
' ! The B(M1) transition rates deduced from the lifetime
2 ® = < data for band 3 are plotted in Fig. (&2 for °8n and Fig.
"""" ] 12(b) for 19n. The TAC calculations reproduce the relative
- B(M1) magnitudes of bands 2 and 3 in bdffiin and *'9n.
. Furthermore, band 3 in both isotopes exhibits a decrease in

18

I [h]

16~

14— -

20

= 18F - B(M1) magnitude with increasing spin, as expected for a
— 1 shears band. The Dau-Frauendorf estimates for tB¢M 1)
16f- - strengths for band 3 in both isotopes are also indicated by the
L O—0 "% band 3 T dash-double-dotted lines in the figures. It is clear that the
i e —— mi(g,,) 1Vlg,,h,)T TAC calculations are in considerably better agreement with
i - ml(g,,) 1V, (0, )71 ] the data than are the ‘Dau-Frauendorf estimates. It should

T T T T T be noted that the upturn in the measu@1) strengths
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 occurs for the transition that is close to the alignment in each
band. The behavior of thB(M 1) strength across alignments
o [MeV/h] in a shears band was quantitatively studied for the first time
for the case of%Pb[30]. Increases iB(M 1) strength were
quency for band 3 irf&) 2%in and (b) N in comparison with the obser\_/ed at each alignment, which can be attributed to the
corresponding TAC calculations for the assigned configuratises  10llowing process: th&(M1) values decrease up to the ob-

Table VII). Note that theg,,, labels in the figure are shorthand for Served alignment; when the pair of nucleons align, a new
mixed g,/ dspy. shears with longer blades forms, which results in larger

B(M1) strength; finally, these longer blades close as before,

119n, as well as the lower alignment frequency, can mostand theB(M1) strength again decreases with spin.
likely be attributed to a difference in the pairiny,. In The deduced®(E2) strengths of the observefR cross-
addition, with different proton configurations in indium and over transitions are listed in Table VI. The corresponding
cadmium, the equilibrium tilted cranking angles expected  7(?)/B(E2) ratios for states below the alignments in both
to differ, and it was found in Ref[2] that the alignment bands range between 150 and #5MeV~* (eb) 2, fur-
frequencies of the positive-parity orbitals are sensitivether supporting the shears interpretation for these bands.
to the value ofé#. The similarity of these bands suggests
that band 3 in 8n and 9n are based on the
[ (9or) "11® v[(g7/ds) (h119)?]  configuration, which
becomesm| (gg) 1@ [ (g72/ds) 3(h11)?] after theBC In the indium isotopes, many of the bands observed to
alignment. high spins are based on one intrinsic, hi@hggy, proton

The experimental data for band 3 in both isotopes havdole. The small signature splitting associated with this orbital
been compared with TAC calculations for the above configufesults inAl=1 bands such as those discussed in the pre-
rations. The equilibrium deformation parameters were deterceding sections. The presence of decoupled bands, however,
mined at representative frequencies both above and belomust involve low£) proton orbitals which have large signa-
the alignments in each band and are included in Table Vlifure splitting. These orbitals are occupied via one-particle—
The calculated (w) curves are shown in Figs. (8 and one-hole(1p-1h proton excitations from thgg,, orbital to
14(b) in comparison with the experimental values. There isone of the orbitals above th=50 shell gap, namelyrg,,
very good agreement between the data and TAC calculationsds,, or whyy,,. In order to determine the probable con-
for low frequencies, particularly fot°dn. In both cases, the figurations of the observed bands #¥n and *9n, argu-
theory overestimates the spin l(§—2): above the align- ments based on systematics of the neighboring indium iso-
ments. This disagreement seems to be a systematic propettypes have been applied. In addition, PAC calculati@AsC
of the (g7»/ds;)3(h112)? neutron configuration, as the over- calculations in which the tilting angle was found to e
estimated spin appears ##9%n, %n, and °°Cd. Whether =90°) have been performed to help support these argu-
this is a general difficulty related to the TAC calculations atments. The pair 0§y, proton holes will be explicitly stated

FIG. 14. Angular momentum as a function of rotational fre-

B. AMR bands in 1081qn
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in each configuration because of their prominent role in the 10 o s S B L N L L B BELENL L I
generation of angular momentum in AMR bardee Fig. (a)
1(b)].

Little is known about theAl =2 bands in the odd-od& 25
~110 indium isotopes; only one such band'fin has been
published prior to the current studig4]. Based on standard
cranked shell model calculations, R¢24] concluded that
the Al=2 band in!%n exhibits theFG neutron alignment,
thereby indicating there is an odd,,, neutron in the con- 15
figuration, and has deformation parametgs=0.20, 8,4
=0.0, andy=0°; no discussion was given regarding the
proton configuration for this band. As was noted in Sec. 10
IV A4, however, the placement of the rays and the pro- 30
posed spins for this band in RéR4] have been changed in
the current analysis. This change potentially alters the inter
pretation.

Despite the absence dl=2 band systematics for the
odd-odd isotopes, interpretations can still be made with us _ 20
of the systematics of the neighboring oddndium isotopes. =,

In Refs.[8,9], an extensive analysis of?"19%111H was
performed. One feature that is apparent from that analysis i
that Al =2 bands based onag-, orbital were observed in

20

I'[h]

O-—0 'y band 4
& —0 "% pand 5
0—0 " pand 4
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each isotope, whereas bands based ethg, orbital were i

typically not observed down to the bandhdad in 11113n) o

or were not observed at gs in 1°7'%n), because thl,, SR oul P I I T
proton orbital is expected to become significantly nonyrast a 0 0.3 0.4 0.5 0.6 0.7 0.8

low rotational frequencies. The angular momenta for bands o [MeV/h]
and 5 in%4n and *'9n are plotted as a function of rotational
frequency in Fig. 1&). For direct comparison with the re-
sults of the theoretical calculations fad =2 bands, the an-
gular momentum is definédas|’=1—3 and the rotational
frequency is defined @sw (1) =3E,(1), wherel is the spin
of the observed stafd.1]. Shown in Fig. 1&) are the angu-
lar momenta for two of the\l =2 bands observed ifi®n

(data taken from Ref,8]). The band drawn with a dashed the expectation for thEG alignment. Additionally, each of
line in Fig. 15b) (labeled band 2 in Ref8]) was proposed these bands is observed to feed preferentially into the
to have thewrg,, configuration at the bandhead and is ex- (o) “t]® v[hyy5] band (band 1. These observations
pected to exhibit afeF neutron alignment. The other band suggest that both bands 4 and 5 ifin contain an odd
from **n (band 9 in Ref[8]) was proposed to involve, in  number ofh,,,, neutrons in their configurations.

addition to a positive-parity proton, the broken-pair neutron The proton assignment for these bands can also be de-
configurationv[(g7,2/ds;)h112]; this blocks theEF align-  qyced from the level schemes. Band 4%fin was found to
ment, making~G the first allowed alignmentNote that the paveq=0 signature, whereas band 5 has 1 (see Fig. 3
occurrence of any low-frequency proton alignments in thesesjgnature is an additive quantum number, and since the en-
nuclei is unlikely, and the positive-parity neutron alignmentsgrgetically favorech,;,, neutron hasy=—1/2, band 4 must
occur at frequencies of about 0.55 Mévbr greater at de-  jyolve a proton witha=+1/2 and band 5 a proton with
formationse, around 0.15 to 0.20. Thus, only t& or FG = —1/2. Of the low#) proton orbitals close to the Fermi
neutron alignment is expectedis indicated in _F'%- 15, the  syrface, only thels, orbital has the appropriate signature for
alignment frequencies for bothl=2 bands in*In are  pang 4, whereas eithegy, or hyy, is possible for band 5. As
found to be very close to that observed for band 9 inyas noted above, howevet;g,, Al=2 bands were ob-
"®In (FG alignmeni. The gain in spin across the alignment served in all of the neighboring od&-indium isotopes, as

for these two bands, abo(it—8) for each, agrees with the ¢ is energetically favored over,y, at low rotational fre-
observed increase in th€9n band 9 and is consistent with quencies. Also, the bandhead spin for #(ges) ~2h115]

®v[hyy,] configuration should bé=11, whereas band 5 is
observed down to spih=9. Hence, the configurations as-
The average spin isl,=2[I+(1-2)]=1—1, and I'  signed to these bands ar¢ (g, 2ds;]® [ hyy,] for band
= () (T +1)=J(I=1)(1); this is approximated as ~1—%, 4 and @[ (Jer) 297,2]® v[hyyyo] for band 5, with theFG
which differs from the exact expression by at most 0.2% Ifor neutron alignment occurring in bottfThe distinction be-
>Th. tween the two proton orbitals may not be so clear, however,

FIG. 15. Angular momentum as a function of rotational fre-
quency for(a) the Al =2 bands 4 and 5 in%in and 1*%n and (b)
Al=2 bands 2 €[g7.]) and 9 (7 g72]® v[(972/ds2) N11/2]) In
19 (data taken from Ref8]). The dashed vertical lines mark the
EF andFG neutron alignments in the bands 1¥In.
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as there are possible admixtures between th&ands built
on these configurations would be expected to have aar&l
9~ bandhead, respectively, consistent with the deduced level
scheme.

There is no alignment in band 4 68n over the range of 20
spins observed in this study, thus preventing a comparison of
alignment frequencies with the oddneighbors. Similarities N

(a) e

25

[h]

OO ™mband 4

in signature, proposed parity, decay, dr@w) between this s o i) ) Vi)
? . @@ “libunas

band and band 4 if'%n below the alignment, however, - i g ot
suggest the configuration[ (ge/) ~2ds/,] ® v[ hy1,] for band - ,[Kg:;;fzgj;v[h‘:;+;é] |
4 in %8n, This configuration is consistent with the fact that 10 -
there is no alignment below the maximum observed fre- tdd e L
quency in this bandrefer to Fig. 1%a)] and with the ob- 30 ' ' ' ' ' '
served bandhead spin. (b)

The interpretation for band 5 itfin is not as apparent as 25

the otherAl =2 bands discussed thus far. This band appears
to have an alignment with a large interaction strength at a
frequency in between theF andFG alignment frequencies

in 1%n. Thel’(w) curve for this band more closely matches
that of band 4 in*'9%n than band 5, although they have dif- 15

20

I'[h]

O3 "% band 4

'l EFEEU AN B S T B S SN A AT R o

A I AL N ) N L 0 U L B B L B B L B BB B I

: 1 == llgy) 4] v +EC]
ferent values of signature quantum number. Band 5 . s
has measurable line shapes, whereas band#%imhas none L “m e T(g,,) gy,) VI, G
. . . 0~
except at the highest observed spins. These observations sug e T T T .
gest that band 5 in%in may be based on a different con- 03 0.4 05 06 0.7 0.8
figuration than that of band 5 iA'%n, which has been as- o [MeV/h]

signed 7 (do) "2g721® [ (h119)°] above the alignment.

; ) . - FIG. 16. Angular momentum as a function of rotational fre-
The next lowest energetically favored configuration assign- NP 10 .
ment appropriate for this band in1%n is the quency for bands 4 and 5 i@ °in and(b) **9n in comparison

) > . . with the corresponding PAC calculations for the assigned configu-
7 (9or2) “Us12] ® [ (97/2/ds12) (N11/9)"] configuration. Note rations(see Table VII. See Sec. V B regarding the two calculations

that Fhis coqfiguration ha§ positive_ parity, but this is still (. pand 5 in1%in. The notations[ hyy,+ FG] in the legends indi-
consistent with the pure-dipole multipolarity of the 827-keV cates that the calculations involvingh,;,,] were continued above

transition connecting bands 4 and 5. the FG alignment and are drawn with a common line style.
Cranking calculations were performed for both the
7[ (Do) ~2972]© v[h1115] and 7[(dor) "?ds2l  in 19, the calculations for the three-quasineutron configu-

®v[(g7/ds)] configurations in *%n and followed rations are found to successfully reproduce the data to within
through theFG and EF neutron alignments, respectively. 1%. Similar behavior was observed in tidd =2 band 5 in
The calculated ' (w) curves are plotted in comparison with 199Cd[2], which has a configuration differing from those in
band 5 in Fig. 1€8). The m[(Jo») ~2d72]® v[hy155] calcula-  the indium isotopes by ds, or g, proton. This is probably
tion successfully reproduces the observed alignment frean effect similar to that discussed in Sec. VA1 for bands 1
quency €G) and interaction strength, whereas for theand 2, where the TAC calculations are in better agreement
[ (Je) ~°dsi2)® v[(972/ds;)] calculation, the predicted with the data for configurations that have a larger number of
alignment,EF, falls about 0.15 MeVi lower in frequency valence particles. Unlike the othérl =2 bands, the calcu-
than the observed alignment. Hence, band 5 has been dations for the lower part of band 5 it&n slightly under-
signed the [ (gy) “2d72]® v[hiy,] configuration, which estimate the spin, but no strong conclusions should be drawn
becomesn[ (gg) ~2g72]® v[(h119)°] above the alignment. based on the sole state observed below the alignment. Over-
The reason for th€l—2)# discrepancy in predicted spins for all, these calculations further support the proposed configu-
this band is unclear, but overall other configurations are lesgation assignments.
compatible with the observed properties. The absence of line The B(E2) strengths for the transitions in band 5%fin
shapes may be a consequence of longer-lived in-band statdsr which lifetimes were measurddee Table VI have been
indicating smaller deformation than for the correspondingplotted in Fig. 17. Also shown are thg(E2) values pre-
band in*!9n, or slower side feeding into this band. dicted by the cranking calculations for the corresponding
Calculations were also performed for comparison with theconfiguration. The quadrupole deformation was found to be
otherAl=2 bands in both isotopdgefer to Table VI); band  £,~0.18 over the frequency range of the experimental data.
4 of *%8n is shown in Fig. 163) and bands 4 and 5 df*%n At frequenciesw>0.70 MeV#;, the calculated deformation
are shown in Fig. 1®). Three of the one-quasineutron cal- becomes distinctly smaller, as do tiB{E2) values, but
culations(band 4 in'%n and below the alignments in bands more sensitive lifetime data would be required in order to
4 and 5 in9n) are about2—4)% higher in spin than the confirm this predicted effect. Note that the point at
corresponding data. Above tli€G alignment in both bands =0.475 MeVh (E,=950 keV) in Fig. 17 is at the align-

054314-25



C. J. CHIARAEt al. PHYSICAL REVIEW C 64 054314

T T T T T 1] band5and3(E2)<0.10 (eb)? for *%n band 4, indicating
. small deformation in both bands. Note that if the side-
] feeding lifetimes were scaled to be significantly faster than
i the in-band lifetimes, this would result in an overall increase
- in the in-band lifetimes and decrease tR€E2) strengths

03

@

[

G
T

NE ______________ further; thus, the limits quoted here are still valid. The

A N dynamic moments of inertia immediately above the

A o2k ]  alignments in the two bands ar@&?=80.042 MeV ! and

g 1 7141 MeV™!, decreasing to 22# MeV ! and

& 0—0 "% pand 5 ] 18.142% MeV 1, for %8n band 5 and'!%n band 4, respec-
0sf- —— nl(g,,) g, vk, )1 ] tively. The corresponding lower limits on thé®/B(E2)

ratios for the two bands are, therefore/(®/B(E2)
>25142 MeV ™! and 18142 MeV ™! (eb) 2, both of which
P P N T T SR B B are significantly higher than values expected for typical well-
0.44 046 0.48 05 052 054 deformed rotational bands. For both bands, these
® [MeV/h] J@IB(E2) limits and the similar appearance of thdw)
curves in Fig. 18a) to those of deformed rotational bands are
FIG. 17. Reduce®?2 transition strengtlB(E2) as a function of ~ characteristic properties of AMR bands. On the other hand,
rotational frequency for band 5 i%n. The data points have been the predicted deformations, given in Table VII, correspond to
deduced from the fitted lifetimeésee Table V). The predicted B(E2) values of approximately 0.23p)? for both pro-
B(E2) values for the given configuration are also shown for com-posed configurations, which are considerably larger than the
parison. estimated values for these bands. If the side feeding into
these bands is slow, contrary to the above assumption, this

ment and is expected to show anomalous behavior due toa explain the observed discrepancy; however, this cannot
admixtures between the two crossing configurations. Apar, y expl ) pancy, ho ’
e sufficiently tested in the current analysis.

from this point, the rest of the measur&{E2) strengths
have approximately the same magnitude, about 0.@35%
larger than the calculated values. By increasingor de-
creasingy slightly, by about one grid point in the calcula-
tions (0.01 and 5°, respectivelythese measured values can  The dipole band 7 in%in and bands 7, 8, and 9 it%n
be reproduced by the theory. are not as well developed as those discussed in Sec. VA,
Taking 7®=19.212 MeV ™! and 70.2°2 MeV ™! at the hence making detailed interpretations more difficult. Quali-
top of the band and just above the backbend in band 5, rdative comparisons with theoretical calculations can still be
spectively, and the experimenta(E2) strength as approxi- made, however, indicating possible configuration assign-
mately 0.265 ¢b)? throughout, yields7(?)/B(E2) ratios ments for these bands.
that vary between 72 MeV ™! and 26%2 MeV ™! (eb) 2. The angular momentum as a function of rotational fre-
This range of values is about an order of magnitude largequency for all four bands are plotted in Fig. 18, along with
than values expected for a typical deformed rotational band*%n band 3, for comparison. Bands 8 and 9 %tfin fall
[~10h% MeV ! (eb) 2 [11] ]. Thus, this band satisfies one fairly close together in spin to band 3, which suggests that
of the criteria for an AMR interpretation, although a decreasthe orbitals involved in each configuration provide a similar
ing B(E2) strength needs to be demonstrated for a mor@mount of angular momentum. This is also apparent from the
conclusive interpretation. Routhians of these bands, plotted in Fig(d)9the slopes of
Band 4 in9%n and bands 4 and 5 if®n did not exhibit bands 3, 8, and §—dE’(w)/dw=1] are nearly the same.
sufficiently shifted line shapes to allow any lifetimes to be The apparent similarities among these bands suggest that all
measured. These bands may be good candidates for AMRyre based on three-quasineutron configurations, since one- or
Lower limits can be placed on the lifetimes of states in eacHive-quasineutron configurations would not so closely match
band by estimating, for the topmost measurable transitioreither the spins or energies observed in these bands. The only
the maximum Doppler shift possible that would fall below likely three-quasineutron configurations not yet considered
the experimental sensitivity in this analysis. To accomplishfor %n are (hy,,,)® and configurations involving unfavored
this, the quadrupole moments of the in-band transitions werg,,/ds», or hyq,, orbitals. Consequently, TAC calculations
all assumed to be equal, and the side-feeding quadrupolgere performed for the neutron configurations
moments were set such that the corresponding side-feedirn(dp11)° (EFG),  [(g72/ds)?h112]  with  unfavored
lifetimes were about 20% faster than the in-band transitionsh,,,, (ABF), and [(g7;/ds;) (h119)?] with unfavored
as was the case for band 53in. The quadrupole moments g,/ds;, (BEF). All three calculations were fully optimized
were then scaled until a distinct shifted line shape was prewith respect toe, and y (see Table VII. The calculated
dicted by theLINESHAPE simulations for the 904¢937-) keV ~ Routhians for these configurations are plotted in FighlL9
transition in *%8n (1%n) that was not apparent in the data (note that there is an arbitrary energy offséthe approxi-
spectra. Using this rough approach, the lifetime lower limitsmately equal spacing of the Routhians of bands 3, 8, and 9 is
were determined to be(904)>1.2 ps andr(937)>1.1 ps.  not reproduced, but the relative ordering of the bands com-
These values correspond B(E2)<0.09 (eb)? for 1%n pared with the calculations suggests the following correspon-

C. Configuration assignments for otherAl =1 bands
in 108,11(?n
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FIG. 20. Angular momentum as a function of rotational fre-
quency for bands 7, 8, and 9 #%n in comparison with the cor-
responding TAC calculations for the assigned configuratiGes

dence:AEF with band 3(as was discussed in Sec. VA2 Table VIi).

BEF with band 8, andE FG with band 9. These assignments
are consistent with the proposed parities for each bandween bands 3 and 8 are explained by the similarity in the
Moreover, as pointed out in Sec. IVB 6, the transitions be-underlying configurations of these bands, which differ only

by the favored or unfavored positive-parity neutron orbital.
The remaining band 7 and configuratié&/BF also qualita-

L& i tively agree; their Routhians have shallower slopes than the
1 *Sa x:e:xband 3 - other Routhians shown in Fig. 19, becoming least yrast of all

- AN O—-Aband 7 the bands or configurations considered here at higher rota-
o ’ O-—Oband8 tional frequencies. Thus, band 7 has been assigned Bfe

O—-O0band 9

E’'[MeV]

0.4

o [MeV/h]

configuration.

The calculated (w) for the configurations assigned to
bands 7, 8, and 9 in*An are shown in comparison with the
experimental results in Fig. 20. Band 7 and its corresponding
configurationABF, plotted with dot-dashed lines, are both
lower in spin than the other curves in this figure, as was
apparent from the slopes of the Routhians. Both curves have
the same slope above the experimental alignniehich is
attributed to theAB crossing, further supporting this con-
figuration assignment. Band 8 and tB&F configuration,
plotted with dashed lines, agree to withifi Lip to the align-
ment. Both begin to upbend at>0.45 MeV/f; this is at-
tributed to the AD alignment, since all lower-frequency
alignments are blocked. The gradual increase in spin for
band 8 at the alignment is not duplicated by the theory. This
could indicate that the interaction strength is not properly
reproduced for this alignment. It is also possible that neither
the 550- or 556-keV transitions associated with band 8 are
the extension of this band. The prop@mnobservel exten-
sion of band 8 may indicate a significantly sharper align-
ment. The correspondence between the two remaining
curves, for band 9 and configurati&¥ G, plotted with solid
lines, is perhaps more questionable than the other two cases.
The alignment ato~0.3 MeV/# in band 9 has been associ-

FIG. 19. (8) Experimental Routhians of bands 3, 7, 8, and 9 inated with theFG neutron alignment, though the frequency

1195, (b) Theoretical Routhians calculated with TAC for select con- 2Ppears to be lower than the expecfe@ alignment fre-
figurations in 21%n. Note that there is no energy reference sub-duency at this deformation. The magnitude of the spins in
tracted from the experimental values, as the TAC calculations tak@and 9 are approximately reproduced, but the slope of the
core contributions into account. The TAC Routhians have an arbitheoretical curve is too steep. The alignment seen in the cal-
trary energy offset, but the relative energies are fixed. culation atw>0.45 MeV/# is due to theAB crossing.(The
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presence of the aforementionéd alignment at a lower

frequency than thi®\B alignment and the large shift in fre- 400 — -1

guency relative to théAB alignment in band 7 is possible L (a) 5t 71:[(1%9/2) ]V[d5/2] _

when the differences in equilibrium deformation and tilting

angle are taken into accounthis alignment is not apparent

in the data for band 9, but this is possibly because the band &

was not observed to high enough spin. g 2001~
84

6

An alternate assignment is possible for bands 8 and 9 by
interchanging their assigned configuratiotdlthough the 100}~
configurations have opposite parities, bands 8 and 9 have
only tentatively assigned paritie¢sThis new configuration
assignment is more consistent with the observed alignments or IBFFM
in both bands, but does not reproduce the relative order of  |0[= i,
the Routhians shown in Fig. 19 or explain the crosstalk be- I (b) Tl(g,,) 1vig,,] i
tween bands 3 and 8. Thus, the original assignment is pre- ,
ferred.

Band 7 in 1%n is even less developed than the other
bands discussed in this section. Considering the close simi-
larities between the observed bandsfiin and %n dis-
cussed so far, it is reasonable to assume that this band ma
also have a counterpart f19n. Judging by the magnitude of
the spins of band Tsee Fig. 18 the obvious choice is band 200 - )
7 of 11%n, namely, theABF configuration. - IBFFM expt. .

No lifetime measurements were performed for any of the 0 :
bands discussed in this _sectlon. In general, th_e sequences FIG. 21. IBFFM predictions and observed states for the
were too weak and consisted of too few transitions to ob-

. . L “H®v[ds;,] and (b e multiplets in
serve more than one clean, fittable Doppler-shifted tran5|t|0|%[s|(r?_9'%)he]thgc[)r;{iﬂcal valfje)sm[as\?g%ee]n ;}s[t?rzgted fropm Fig. 9 in

in each band. Ref.[31]. Experimental data ife) and forl <5 in (b) are also taken
from Ref.[31].

expt.

800~

+

D. Low-spin states in 1%qn _ . _ _
the boson-quasineutron interaction strength and Fermi level

Although this work concentrates on the high-spin states imnd is a general characteristic of IBFFM calculatifd, 33.
1% and **%n which exhibit rotational-like properties, afew  The level scheme deduced f&%in in [31] does not in-
comments can be made regarding the properties of the lowelude any experimental counterparts to the predicted®',
spin positive-parity states common to both isotopes. Bottor 8" states of ther[ (go;) ~1]1® v[g7,] multiplet, leaving
108 and *9n have a 7 ground state as well as excited the higher-spin portion of the predicted W shape uncon-
states ranging from™=7" to 9" (in band 6 of*®n) and firmed. In the current analysis, excited” 7and 8" states
7" to (11") (in band 6 of1*n). The low-spin parts of the were observed at 150 and 808 keV, respectively, which could
1087 and 119%n level schemes have been studied by Krasznarepresent two of the missing states of this multip{tto 6
horkay et al. [31,32. In those analyses, the experimentally state was identified in this work. In R€f31], the 598-keV
established low-spin states were compared with interactingtate was assigned™=5", but a 6" assignment was not
boson-fermion-fermion modellBFFM) calculations in an completely ruled out.The 7" state is about 200 keV lower
effort to identify underlying configurations. Calculations for than the predicted state, but thé &xcitation energy is re-
both nuclei predicted that the excitation energies of the-2 produced almost exactly. Associating these and the previ-
77 states of ther[(gg) ~1]® [ ds,] multiplet form an ap-  ously observed 1-5% states with the 7[(goy) 1]
proximate concave-down parabola at low excitation energy® v[ g;,] configuration confirms the general features of this
This is illustrated for'%n in Fig. 21(a). multiplet in 1%in, as indicated in Fig. 2b). The excited 7

The 1"—8" states of themr[(gg) “1]1® v[g7] multiplet and 8" states in'!%n (at 413 and 714 keV, respectively
are expected at higher excitation energies. This latter multipeonfirmed the distorted parabolic shape in that nuc|8as
let was shown to exhibit deviations from a parabolic rule in  The states in band 6 if'%n are seen up to (17). Since
the indium isotopes as the mass decreases fitin down  the most angular momentum that can be generated solely by
to 1%9n (see Ref[32] and references thergiriThe concave- the 7 (go) ~1]® v[g7,] configuration is &, more particles
down parabola at higher neutron numbers, wheregfe  must be involved in the configuration of band 6. A configu-
neutron has holelike character, is predicted to become a \Wation of 7[ (gg) ~11® v[ (97/2/ds5) ] is proposed for band
shape, as shown in the left half of Fig.(®L and then be- 6 in *%n and, analogously, to band 6 #8n. This assign-
come a concave-up parabola at lower neutron numbers as tiheent is supported by comparison with band 14 fiCd
neutron Fermi level occupieg;, orbitals which have a [2,28], which is also a short sequence-6650- to 750-keV
greater particle-like character. This behavior is sensitive tM1/E2 transitions. This band in°Cd was assigned the
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[ (9or) “2]1® v[g7/ds,] configuration at the bandhead from DSAM lifetime measurements in several bands have
[28] and was observed to have a backbgidwhich can be  been compared with TAC predictions. TBéM 1) values for

attributed to the alignment of the first allowed pair of the dipole bands exhibit the predicted decrease as a function
positive-parity neutronsBC), leading to them[(go) 2] of spin expected for magnetic-rotational shears bands. Ex-

® /d<,)3] configuratior? Also, in 119n there is unre- perimental angular momenta have alsq been found to be in
11972/ ds;o)"] 9 iil5,000d general agreement with the predicted values for those

: ! - bands based on configurations including more than two va-
to the feeding from band 11 to band 14 3i°Cd. (The simi- lence nucleons, at least one of which is from tihg.,,, Sub-

larity between'**Cd band 11 and"n band 3 is discussed ghel|. For each band in which lifetimes were measured, the
in Sec. VA2) Band 6 in '®In and **%n, therefore, only ratio 7(2/B(E2) was found to be over an order of magni-
differ from the configuration of band 14 in°Cd by the tude larger than for well-deformed rotors, suggesting there is
addition of agg, proton. TAC calculations for this band in a large contribution to the moment of inertia from the closing
both of the indium isotopes indicate that stable shears solushears blades. These results indicate that the shears mecha-
tions do not exist for this configuration, that is, the crankingnism has a prominent role in the generation of angular mo-
axis is not tilted with respect to the principal axes of thementum inAl=1 bands in these isotopes. Additionally,
nucleus. Part of the explanation for this is likely because théhese results also support the interpretation of several of the
g71,/ds), neutrons that are occupied in this configuration ared! =2 bands as antimagnetic-rotational shears bands. Two of
nearing the mid- to higl2 region of the subshells, which do theAl=2 bands observed to high spins had lifetimes longer
not couple perpendicularly to the high-proton angular mo- than could be .r.neasured in t_hesg analyses; experiments that
mentum vector. In addition, these positive-parity neutrong'® more sensitive to longer lifetimes, such as recoil-distance
contribute less angular momentum than neutronis, i, or- measurements, are required to quantlt_atlyely determine the
bitals. Highj orbitals such as thh,,,, orbitals are typically ~B(E2) strength in tpese barltljs. The majority of the observed
required to generate the shears mechariikth sequences in both%n and '%n have been assigned con-
The sequence of states labeled band §%n does not f|gurat|ons, although several bands_ which were not suffi-
show any regularity. As with the bands discussed above, thig'€ntly developed to make conclusive assignments would
band has not been interpreted in the context of the sheaR€nefit from more sensitive high-spin data. In general, the
mechanism. The strong 1397-keV transition decaying fronl_pands in these nuclei have been successfully mterpret_ed us-
the 9" state directly to the ground state may indicate that this[|d the TAC model. The calculations for tlel =1 bands in
structure involves the coupling of the valence proton holell8|n are in better agreement with the data than are those in
and neutron of thé%in ground state to the 2 state of the - This work extends the knowledge of the role of the
1083 core; the 1397-keV excitation energy of the State is shears mechanism in generating angular momentum in nuclei

comparable to the-1.2-MeV excitation energy of the core Near theZ=50 closed shell and suggests that lower-mass
1083 2" state. isotopes, closer to thd=50 closed shell, warrant investiga-

tion in this context.
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