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Shears mechanism in'°°Cd
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Lifetimes of high-spin states in twAl =1 bands and onAl =2 band in'°°Cd have been measured using
the Doppler shift attenuation method in an experiment performed using®#€®0,5n) reaction with the
GAMMASPHERE array. Experimental total angular momenta and reduced transition strengths fdxlboth
=1 bands were compared with tilted axis crankisgears mechanignpredictions and th& | =2 band with
principal axis cranking predictions, based on configurations involving two prgggrholes and one or three
valence quasineutrons from tle,,, and mixedg,,/ds,, orbitals. Good overall agreement for angular mo-
mentum versus rotational frequency has been observed in each cagel. FReband is shown to have a large
J@IB(E2) ratio suggestive of antimagnetic rotation. Additionally, both dipole bands show a decreasing trend
in B(M1) strength as a function of spin, a feature of the shears mechanism. The experimental results are also
compared with a semiclassical model that employs effective interactions between the proton holes and neutrons
as an alternate interpretation for the shears mechanism.

PACS numbses): 21.10.Tg, 27.60t], 23.20.Lv

I. INTRODUCTION (the “blades” of the sheajsalong the direction of, which
is tilted by the angled with respect to the symmetry axis of
In a number of recent studies, sequences of magnetic dihe nucleus. The magnitude df increases as the blades
pole transitions that exhibit energy spectra characteristic oflose, withé remaining nearly constant for a given configu-
collective rotational bands have been observed neaiZthe ration. An important consequence of this model is that the
=82[1-3] andZ=50 closed shell§4—7]. Generally, how- component of the magnetic dipole vector perpendiculal, to
ever, the associated band structures have weak or unobserved, is large at the bandhead, but decreases as the spin vec-
E2 crossover transitions, suggesting that they arise from tors align. This large magnetic dipole vector breaks the in-
mechanism other than collective rotation. The shears mechérinsic symmetry of the nucleus and rotates abhube tilted
nism, a prediction of the tilted axis crankifAC) theory  cranking axis.Al=1 bands based on this mechanism are
[8], describes a process by which a nearly spherical nuclewsften referred to as magnetic rotatiori®R) bands to dis-
can generate angular momentum in a manner that resembléisguish them from the cases of collectivelectrig rota-
rotational motion. tional bands(see Ref[9] for a more detailed discussipn
Nuclei in theA~110 region withZ~50 have low-lying The reduced magnetic dipole transition strengitM1) is
states containing one or more proton holes in the highproportional to,uf; therefore, a distinguishing feature of a
Q) gg, orbitals, and neutrons in the lo®- g;»/ds, and MR shears band is a decreaseB(M 1) strength with in-
h,,,, orbitals. At the bandhead, the protop. and neutron creasing spin. In contrast, bands that approximately maintain
(J,) spin vectors are approximately perpendicular to eacla fixed projectiorK of the angular momentum on the sym-
other, summing to the total angular momentdnas shown metry axis of the nucleus, and generate angular momentum
schematically in Fig. (). The nucleus generates angular by collective rotation and aligning particle spins along an
momentum by gradually aligning the individual spin vectorsaxis perpendicular to the symmetry axis, h&(é1) values
which decrease much less, or even increase, with [gtih
Lifetime measurements in%-1%Pb [11-13, 1%Cd [14],
*Present address: Wright Nuclear Structure Laboratory, Physicd'®Cd [4], and 1%61%%n[15] have confirmed this feature of
Department, Yale University, P.O. Box 208124, New Haven, CTshears bands near both tAe-82 andZ=50 closed shells.
06520. In addition toAl=1 shears bands, the possibility i
"Present address: Lawrence Berkeley National Laboratory, Berke=2 shears bands, antimagnetic rotatiéMR), is also pre-
ley, CA 94720. dicted (see the discussion in R¢B]). This mode of excita-
*Present address: Schuster Laboratory, The University ofion is illustrated in Fig. (b), where a pair of proton holes
Manchester, Manchester, M13 9PL, United Kingdom. are antiparallel at the bandhead, but gradually align along the
S0n leave of absence from Institufrilkern- und Hadronen- axis J. Angular momentum can again be generated by the
physik, Forschungszentrum Rossendorf, PF 510119, D-0131ghears mechanism recoupling the proton hole spins, produc-
Dresden, Germany. ing a regular sequence gfray transitions without the need
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this component is small relative to the shears component, but
as deformation increases, competition is expected between
P these two modes of angular momentum generation. From
A studies of shears bands in the Pb region, it has been sug-
gested that the shears mechanism should dominate when
y e =< 0.12[17]. In order to better understand this competition,
systematic properties of the shears mechanism should be
: studied in nuclei ranging fromnearly spherical shapes,
4 cases of pure shears, to significant deformations, where col-
4 lective rotation dominates.
Fard 7. The TAC theory predicts, for the neutron-deficiep€d
6 -7 In isotopes, that the particular nucleon orbitals near the Fermi
surface and the known low deformation of these nuclei
Symmetry axis should make them good candidates for the shears mechanism
A [18]. Cd nuclei intrinsically have two protogg, holes,

a)

N
N
N
N
—

which can form the higl? blade of aAl=1 sheardFig.

J 1(a)] or both blades of &1 =2 sheargFig. 1(b)]. The neu-
b) tron orbitals forN~60 are filled up to the lovfd levels of
the highj hq4, subshell, providing the second blade for the
Al=1 shears. Candidate MR and AMR shears bands have
been previously observed i13Cds; [19]. We report here on
lifetime measurements for these bands and their interpreta-
tion in the context of the shears formalism.

II. EXPERIMENTAL DETAILS

j ; High-spin states in%°Cd were populated using the
% A Ina 96>./18 ; 18 -
. Zr(**0,5n) reaction. A 70-MeV *°O beam, provided by
the 88-Inch Cyclotron at Lawrence Berkeley National Labo-
symmetry axis ratory, was incident on & 500-wg/cn? °%Zr target(enriched
FIG. 1. (a) lllustration of the shears mechanism forAd=1 to 86_% backgd withe= 1_0, mgjcrt ngtural Pb. The choice of
shears bandmagnetic rotation The spin contribution from the backing prOVIded..f,uffICIent _StOpp'ng pF’WQV_ to SlO\_N dOWQ
proton holesj ., and neutron particleg, , and their corresponding and stop the recoiling nuclei produced in this reaction. This
vector sumsJ, are shown for ther[ (go;) 2lgs ® v[(g70/ds,)  &llowed measurement of shorts(L ps) lifetimes of states
% (hy1,)2] configuration, discussed in Sec. IV B. Also shown are using the Doppler shift attenuation meth@@SAM) [20].
the components of the magnetic dipole moment perpendiculdr to Emitted y rays were detected with the GAMMASPHERE
at low and high frequencies. Solid and dashed lines are for rota@rray[21], consisting of 99 75%-efficient escape-suppressed
tional frequencied w=0.15 and 0.55 MeV, respectivelgb) lllus-  Ge detectors. The detectors were arranged in 17 rings of
tration of the shears mechanism foAd=2 shears ban¢antimag-  constant angle relative to the beam direction: five detectors at
netic rotation. The spin contributions from the two proton holes 17.3°, five at 31.7°, five at 37.4°, ten at 50.1°, five at 58.3°,
(1,2 are shown separately. Solid and dashed lines are for rotanine at 69.8°, four at 79.2°, three at 80.7°, eight at 90.0°,
tional frequenciesiw=0.40 and 0.80 MeV, respectively, for the four at 99.3°, four at 100.8°, eight at 110.2°, five at 121.7°,
(o)~ *Jo+ ® ¥ (h12)°] configuration, discussed in Sec. IVA. ten at 129.9°, four at 142.6°, five at 148.3°, and five at
162.7°. A total of 9.9% 10° coincidence events with fold 4
for a substantial deformation of the nuclear core. Thes®@r higher were collected. In addition, a complementary thin-
bands have smaB(E2) strengths, which are associated with target experiment was performed with an unbacked
small deformations. While the distinguishing characteristics=500-g/cn? 9Zr target; a total of 4.9% 10° coincidence
of such a band are not as distinctive as for the MR bandsvents with fold 4 or higher were collected in this experi-
AMR bands are expected to have largé?)/B(E2) ratios ment.
[>10042 MeV Y(eb) 2, compared to
~104% MeV (eb) 2 for well-deformed nucldj corre- lll. RESULTS
sponding to a large contribution to the moment of inertia by
guantal effects, i.e., the closing blades of the shEgksSo
far this second mode of shears excitation has not been con- The coincidence data from the thin-target experiment
clusively proven to exist, though AMR bands have been prewere unfolded into threefold eventsiples) and sorted into
dicted for theZ~50 mass regiofi16]. an E,-E -E, cube. TheRADWARE program LEVIT8R [22]
Although not illustrated in Fig. 1, there is also, in general,was used to project double-gated background-subtracted co-
a component of the total angular momentum attributable tancidence spectra from the cube. The level schemé%id
collective rotation of the coréR). For nearly spherical nuclei deduced in this analysis extends the level scheme proposed

A. Level scheme
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FIG. 2. Partial level scheme dPCd. Only those states relevant to the analysis have been included. Widths of arrows are proportional
to the fitted intensity of each transition.

by Juutinenet al. [19]. The portions of the level scheme  Band 11 was determined to be a sequencé\bft1 vy
relevant to the DSAM analysis are presented in Fig. 2. Thoseays in Ref.[19]. No crossover transitions were observed.
bands which differ significantly from the previous work, This band was extended to higher spin by three in-band tran-
namely, bands 11, 14, 15, and 16, are discussed in detailtions, the 632-, 663-, and 732-key rays. A 191-keVy
below. A complete level scheme will be reported separatelyay was also observed feeding out of the bottom of the band.
[23]. Throughout the remainder of this discussion and in Fig.A number of transitions were observed linking band 11 to
2, the band-labeling scheme used 19] has been adopted. bands 3 and 14, thus fixing the excitation energies of the
Band 14 was shown in the directional correlati®CO)  members of band 11. These linking transitions were too
analysis of Ref[19] to consist ofAl =1 M1/E2 transitions  weak to determine their multipolarities with a DCO analysis.
with a stretched2 crossover transition. This band has beenThe 1280- and 1271-keV rays that connect band 11 to
extended in the current work by the addition of the 658- anthand 3 do feed, however, a state that s Bigher in spin
700-keV transitions. In addition, a 1381-keV transition wasthan the state fed by the 2064- aftdntativé 2056-keV y
observed crossing over the 658- and 723-keV transitionsays. This suggests that the 1280- and 1271-keys have
This confirms the ordering of the rays and suggests a prob- A| =0 mixedM 1/E2 multipolarity, the 2064- and 2056-keV
able spin of & ) for the 4948-keV level. Note that band 14 y rays have stretcheB2 multipolarity, and, ultimately, the
was not included in the DSAM analysis, but has been pre5993- and 6002-keV levels both havé&=3*. Assuming
sented here to identify part of the decay out of band 11, aghe sequence afl =1 transitions are of mixet 1/E2 char-
discussed below. acter, which is reasonable considering the regularity of the
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sequence, this fixes the parity of band 11 to be positivesponding to the rings at angles 17.3°, 31.7°, 37.4°, 50.1°,
(Additional support for this parity assignment will be pro- 90.0°, 129.9°, 142.6°, 148.3°, and 162.7°. Three angle sets
vided in Sec. IV B) The excitation energies of the states in were used, each including spectra from forward, transverse,
band 11 are further confirmed by the observation of twoand backward angles. SAtconsisted of the rings at 17.3°,
sequences of rays feeding out of thé* * state of band 11  90.0°, and 162.7°; s& consisted of angles 31.7° and 37.4°

into band 14: a 354-keV} ray feeds directly into the®*)  (spectra were summed for greater stati$tic30.0°, and

state of band 14, and a 1590-577-267-keV sequence feed48-3° and 142.6fsummed spectiasetC consisted of the
into the 2(*) state. rings at 50.1°, 90.0°, and 129.9°. For each angle set, life-

In the previous work19], band 11 was incorrectly linked times of states in the three bands were measured using the

to band 5 via a 1271-1729-keV cascade feeding out of the/NESHAPE analysis codes of Wells and Johng@d]. (LINE-

33+ state of band 11. In the current analysis, the 1729-keV SHAPE permits at most three angles to be fitted at a t)m_e.
ray was found to be in coincidence with a 1270- and a 379-These codes were used to generate 5000 Monte Carlo simu-
keV transition, as well as band 5 beld#, but not with any lations of the velocity history of recoiling nuclei traversing
other transitions in band 11. Coincidence relationships sugih® target and backing material in time steps of 0.002 ps.
gest that there are two 379-1271-keV sequences present lectronic stopping powers were taken from the tabulations
109cd. one in band 11 and one in the new structure labele@f Northcliffe and Schilling[25], corrected for shell effects.
band 15. This suggestion is supported by the observation of "€ number of time steps for each history was determined
452-1196-keV sequence parallel to the 379—1270-keV sdnternally by the time required for the kinetic energy of the

quence in band 15. In addition, all members of band 15 ar§imulated recoil to decrease to 0.1% of its initial value. Ve-
in coincidence with a 430-key ray, which is not in coin- locity profiles were generated for ea@@ummed angle based

cidence with band 11. on the detector geometry.
An additional structure, labeled band 16, was newly ob- Energies of in-band transitions and side-feeding intensi-

served in this work. This sequence is presumed to be a bar{fS Were extracted from fits to the data in the thin-target
of Al =1 transitions. Noy rays were found that conclusively cube, and are presented in Table I. These values were used as

linked band 16 with the rest of the level scheme. FurtheriNPUt parameters for the line shape analysis. Side feeding

more, the intensity of the band was weak, making a meaninto each 'Ie_v_el and feeding intq the top_most level of e'ach
ingful lifetime analysis difficult due to large uncertainties. Pand was initially modeled as a five-transition cascade with a
Band 16 has, therefore, been omitted from the remainder gioment of inertia fixed to be comparable to that of the in-
this discussion. band sequence. The quadrupole moments of the side-feeding
sequences were allowed to vary, which, when combined with
the moment of inertia, acted as effective side-feeding life-
time parameters for each level.

The data from the backed-target experiment were un- Starting with the topmost transition in each band, the in-
folded into triples and sorted into angle-dependent gatehand and side-feeding lifetimes, background parameters, and
E,-E, coincidence matrices. Each matrix included only contaminant-peak parameters were free to vary. For each set
those events which satisfied the following critefia:at least ~ of parameters, the simulated line shape was calculated and
one vy ray of the triple belonged to a gate list consisting of compared to the corresponding spectrum for each angle us-
the 522-, 835-, and 1040-keV transitions at the bottom ofng y?-minimization routines originating from the program
band 5 in%%Cd, thus reducing contamination by neighboring minuIT [26]. The forward, transverse, and backward spectra
nuclei; (i) at least one of the remaining rays in the triple  for each transition were fitted simultaneously. The best-fit
was detected by a Ge detector in a specified ring, and wasackground and stopped contaminant-peak parameters were
placed on they axis of the matrix. No restrictions were im- then fixed, and the in-band and side-feeding lifetimes were
posed on the remaining coincideptray in the event, which used as an effective feeding time parameter for the next level
was placed on tha (or “all” ) axis. lower in the band. Each level was added and fitted in turn,

Gates were placed on the “all” axis of each matrix at until the entire band was included in a global fit that had
energies corresponding to stopped nearly stoppedtran-  independently variable lifetimes for each in-band and side-
sitions in each band of interest; the resulting double-gatefeeding level. Examples of the line shape fits for transitions
background-subtracted coincidence spectra for various each band are shown in Fig. 3. Fits for states high in the
angles were projected from the matrices. In the cases wheteand were found to be very sensitive to the accuracy with
the gating transition was not fully stopped, the gate waswvhich the side-feeding intensity was known, with the sensi-
made wide enough to ensure that the full peak shape wadvity decreasing lower in the bandThis was studied by
included in the gate; this eliminated a possible DSAM life- changing the intensity from the measured values in several
time bias that could be introduced by the omission of thecases and noting the differences in the fitted lifetim&se
tails of the peak line shape, which contain the fast time comside-feeding cascades were typically significantly faster than
ponent of the gating transition. the in-band lifetimes. The side-feeding moment of inertia

Doppler-broadened line shapes were observed for transeould be varied considerably and still produce the same life-
tions abovel =% in the Al=2 band 5 and above=%" in  time fits, within the quoted errors. Uncertainties in the life-
the Al=1 bands 10 and 11. For each band, backgroundtime measurements were derived from the behavior ofthe
subtracted spectra were projected from the matrices corrdi in the vicinity of the minimum, and include covariance of

B. DSAM analysis
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TABLE |. Properties of transitions if°Cd with line shapes which enable DSAM analysis. Transition
energies and intensities are from the fits to the thin-target data. The side-feeding intensity into each level,
I sk, is the difference between the observed intensity of the in-band transitions feeding out of and into a state.
The intensities are relative 1g,=100 for thel “=371’—>§’ 1028.8-keV transition in band 5. Lifetimes
of measured states from each of the three angleisets, B, C are given, as well as the corresponding
weighted averagB(E2) or B(M1) reduced transition strengths. Uncertainties in the lifetimes were derived
from the covariance of the fitted parameters; systematic uncertainties of t2®% are not included.
Uncertainties in the transition strengths were calculated from the weighted averages, as described in the text.
Also see text for details of the angle sets used in the fits.

E,keV) I7=I7 1, lsg 7a(P9 78 (9  7c(p9 B(E2) (eh)? B(M1) (ud)

Band 5 A1=2)
=100 20.6 1.22'0%5 1.82°315 1.807075 0.0435%%

|
N
3
|

1028.8

31
2 —2
9200 %£--3- 794 108 03133 040705 0345 03395
1038.4 ¥-.3- 68.6 36.4 04133 0417902 03533 0.166 35%
11912 -3~ 321 185 0.16705; 0.188J0% 0.1925508 0.181°30%¢
1366.4 44~ 136 10.70.182° 3337 0.172°35%° 0.181°5:5% 0.096" 39052
Band 10 Ql=1)
2806 33~ .3~ 849 333 161°0Y 1.3890% 11709 1.80°3%
4329 $-%- 516 102 0257357 0.264 305 0.292° 5% 256011
631.1 3-%- 414 256 03155 0.28°3% 0.205 3352 0.83°557
759.4 ¥P-_3- 158 9.8 0.27°3% 03495 0.365% 0.39'5.53
Band 11 QAl=1)
3009 3+ .3+ 1892 0 041°0% 03892 03209 445922
3787 $£+.3+ 245 38 02795 0.250'39%% 0.239°35%% 419973
462.6 3+ 3+ 207 6.4 0.214 5% 021179052 0.204 5% 2.76°004
540.1 ¥+ 3+ 143 3.5 0.097°53% 0.113°39% 0.132° 3% 31503
577.3 4+2+ 109 1.6 0.085 535 0.071° 3958 0.097°35% 3.69'031

The intensity out of thel* state of band 11 is split among the 301-keV, 309-keV, and unobserved
transitions. TheB(M1) value for the 301-keVy ray was calculated from its partial lifetime.

the in-band and side-feeding lifetimes. These values are preainties by the factor\/;f; refitting the weighted average
sented in Table | for all three angle sets. Systematic errorgesults iny2~1.0. The uncertainty in the weighted average
associated with the modeling of the stopping powers are nQlas determined as the difference in the value of the average
included in the quoted errors, and may be as large 28%.  \hich resulted in a2 increase by 1.0. These weighted av-

For each bandB3(E2) or B(M1) values were calculated erages and uncertainties are also presented in Table |.
from the lifetimes fitted for each angle set using the standard

relationships[27]. Effects of internal conversion are negli-
gible in each case. The dipole transitions of bands 10 and 11 IV. DISCUSSION
were assumed to be of pure magnetic character. No crossover
transitions were observed feeding out of any of the fitted Self-consistent cranking model calculations were per-
levels in either dipole band; the crosso#? component of formed for comparison with bands 5, 10, and 11. All calcu-
the intensity of each level was, therefore, set to zero. lations were made using TAC codes with the same set of
The size of the uncertainties, propagated through the caparameters. Thé\l=2 band 5 involves cranking about a
culation of the reduced transition strengths, did not appear tprincipal axis. For this case we fourt=90° by means of
properly reflect the distribution of values measured in thethe TAC codes, i.e., a principal axis crankif@AC) solu-
three angle sets. In an effort to better estimate these uncetion, which is in accordance with thel =2 character of the
tainties, ay? minimization was performeditting a constant  band. For the twa\l =1 bands, we found<90°, which is
value to the three measured points, weighted by their corrén accordance with theidl =1 character. Proton properties
sponding uncertainti¢so find the weighted average for each were calculated assuming zero pairing, due to the proximity
transition. In most cases, the minimum redugéd x2, was  of the proton Fermi surface to thB=50 shell gap. The
larger than 1.0, sometimes significantly so. Since the funcheutron Fermi surface lies sufficiently far from the=50
tion being fitted is of known fornta constant this suggests closed shell to warrant using a quasiparticle treatment of the
that the fitted lifetime uncertainties have been underestineutrons. A neutron-pairing constant®df=1.11 MeV was
mated. To correct this, we have renormalized those uncedetermined to be appropriate fdf°Cd, calculated as 0.8
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times the experimental even-odd mass difference for thigttributed to a core rotational component. The contributions
nucleus. The neutron chemical potentiaglwas chosen such to the moment of inertia from the core and the shears are

that the particle number dfi=61 was reproduced. predicted in these calculatons to beJ7@),
=12.812 MeV ! and 73)=15.00> MeV™?, respectively,
A Band 5 where the components of the moment of inertia are defined

) as the increase in the angular momentum due to the core or
The coupling constank for the quadrupole-quadrupole the closing shears blades per increase in rotational frequency.

interaction used in these calculations was scaled from Retyer half the angular momentum is generated by the shears.
[1] by A=53. To verify that this scaling was appropriate,

was also estimated in the following way: PAC calculations ~ %*

+=+ deformed rotor

were performed for band 5 above the backbend using the I |
configuration 7 (gg) %o+ ® v[ (119)3]. (The configura- % OO AMR. above backbend
tion assignment for band 5 is discussed in R&B].) The 031 —— AMR, below backbend

predictedB(E2) values were compared with the weighted
averages calculated from the lifetime measurements for this'’s
band, and are shown in Fig. 4. The deformation paramster
was varied until the theory reasonably reproduced the experi
mentalB(E2) strengths[The perturbed value dt= 2 (% w
=0.460 MeV) will be discussed in Sec. IV Bk was then
adjusted so that the total energy of the nucleus in the intrinsic
frame was minimized for that same value ©f. The value
obtained with this procedure was=0.0355 MeVA?,
wherea=1.011AY3 fm?, which is consistent with the value o—k : o : o : o5
scaled from Ref[1] and those used in other calculations in ho (MeV)
this mass reg.IO'ﬁ4’6’7]' . FIG. 4. Reduced? transition strengtB(E2) as a function of
The experimental angular momentum as a function of fre-

- . . frequency for band 5. Experimental values are the weighted aver-
quency for theAl =2 band 5 is compared with correspond- ages of all three angle sets, deduced from the fitted lifetitees

Ing RAC _predlctlons n E'g' 5. Above .the.backbend, th,e Cal'Table )). The dotted line is meant only to indicate the order of the
culation is for »[(h119)°] at the equilibrium deformation yansitions through the backbend. The dashed line shows the PAC
s_2=0.14, _y=0°; at these frequenue_s, the theoretical pr_ed'c'prediction for an AMR band with the (go;) ~2]o+® »[hy15] con-
tions are in excellent agreement with the data. A maximunigyration, and the solid line is for an AMR band with the
of 8% can be generated by fully aligning the proton holes, [ (gy,) 2]+ ® »[(h11)%] configuration. The dash-dotted line is
which, when coupled to three fully aligneth,,, neutrons, the TRS prediction for th&(E2) strength of a deformed axial rotor
yields | ~%42. The remainder of the spin in band 5 can bewith £,=0.16.

B(E2) (eb
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FIG. 5. Angular momentum as a function of frequency for band

5. Solid circles correspond to those transitions for which lifetimes
were measured.

how (MeV)

FIG. 6. Angular momentum as a function of frequency for bands
10 and 11. Note that thg, label is shorthand for the mixed
07,2/dsy, orbitals. Solid circles correspond to those transitions for
which lifetimes were measured.

Taking the measured3(E2) to be approximately 0.17 son, and are found to be consistent with our values. This
(eb)?, the JAIB(E2) ratio is about implies that the Woods-Saxon potential, which has a differ-
165:2 MeV (e b)fzo an order of magnitude larger than ent radial form factor than the Nilsson potential we are using,

expected for a well-deformed rotor. Thus, the band has AMFIIVES @ somewhat small&(E2) value for the same defor-
character, where the angular momentum is generated by t{Bation. A larger fraction of the total angular momentum is
gradual alignment of the two proton spin vectors, as opposegenerated by the shears in our calculations in comparison

to small contributions of many particles to collective angularith the TRS calculations. . _
momentum of a well-deformed nucleus. In both of these PAC calculations, tiBE2) strength is

Below, the first allowedh,,, neutron alignmentFG in a}pproximately constant. In the case of a pure AMR band
the standard cranking model conventiothe calculation is (ie., R=0), the quadrupole moment of the nucleus would
for v[hyy,] at the equilibrium deformatioricalculated at depend_solely on the orlentatlo!’l qf thg active particles. As
hw~0.30 MeV) of £,=0.12, y=0°: at these lower fre- the particles align, 'ghe chgrge dlstr'|but|ons become symmet-
quencies, the theory overestimates the spin by abbuTe ' about the cranking axis, resulting B(E2) _vqlues that
cranking model used provides a static representation of thWould be expected to decrease to zero as spin increases. The
valence particles and does not account for fluctuations in thBresence of core contributions, providing a nearly constant
particle spin vectors. The inclusion of a larger number ofcOmponent to the8(E2) values, makes this behavior diffi-
active particles results in larger vectors, which could reducéu(lzt) to identify. On the basis of the magnitude of the
the relative size of the fluctuations. This may explain whyJtot/B(E2) ratio relative to that of a well-deformed rotor,
the calculated () improves above the alignment in band 5. however, this analysis indicates that band 5 is consistent with
For the lower part of the band7?) . =4.242 Mev ! and AMR.

J2)=9.8i% MeV L. The lifetimes of transitions below the
backbend were not fittable in this analysis, so there are no B. Bands 10 and 11

experimental B(E2) values for comparison. A previous  The experimental angular momentum of thé=1 band
study, however, indicateB(E2) strengths of~0.1 (eb)®> 10 is shown in Fig. 6 in comparison with the TAC calcula-
for the 522- and 835-keV transitioi28]. This is consistent tion for the configuration[(gg,) 2]+ ® ¥[hyy] at the
with the PAC calculations performed in this analysis, whichequilibrium deformation(at #w~0.45 MeV) &,=0.10, y
also predictB(E2) values around 0.1e(b)” for the lower  =0°. The backbend in this band was previously attributed to
part of band 5(see Fig. 4 This results in7&)/B(E2)  the first allowedh,;,, neutron alignmentFG) [19], though
~140h% MeV~!(eb) 2, again indicating a large quantal the details of the alignment were not well understood—the
contribution to the moment of inertia, and hence AMR char-presumed FG alignment was observed at a frequency lower
acter. than that predicted by the cranking model. This previous
The predicted equilibrium deformations are smaller in ourstudy involved calculations using a PAC approach; the addi-
PAC calculations than those determined in PAC totaltional degree of freedom introduced by the tilting angle
Routhian surfac€TRS) calculations based on the Woods- however, allows the first alignment for the positive-parity
Saxon single-particle potentigll9]. The latter predicte,  neutrons of mixedg;,/ds, character(AB alignmenj to
~0.13 and 0.16 for band 5 below and above the FG alignmove lower in rotational frequency as the cranking axis
ment, respectively, as compared to our values 0.12 and 0.1/4oves away from the principal-cranking axis of the nucleus.
respectively. TheB(E2) values obtained by means of TRS In fact, at the equilibrium value of determined in this cal-
calculations withe ,=0.16 are shown in Fig. 4 for compari- culation, the AB alignment precedes the FG alignment, and
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occurs at a frequency consistent with the experimentally ob-  $F T ' ' ' ' T
served alignment in this band. The upper part of band 10 is et |

compared with ther[ (9o ~?1g+ ® v[h11{ 97,2/ ds0)?] con- T =07~ ) ]
figuration at the equilibrium deformation(at %Zw G N |
~0.45 MeV) ofe,=0.08, y=12°. Both parts of band 10 I Y 4 Band 10
are in excellent agreement with their corresponding TAC ~ s} 05~ TSl -
calculations. = F~s TS~ 1
The newly observed transitions linkimgl =1 band 11to & 4 i\\\ T 7
states of known spin and parity suggest that the parity of§ I \\E\\ 1
band 11 is positive. The configuration of band 11 must, °[ . ) I

therefore, include either zero or twg,,, neutrons. Both the

£=0.7 b

-5 2 2T =05 7
7[(99n) 2ls+®@[(Q7/ds)]  and  w{(ger) g . \ .
® v[(g72/ds»)®] configurations can be ruled out; the former i+ -

is far too low in spin to be appropriate for band 11, and the - =
latter is predicted to be less yrast than the configurations 55— % o5
involving neutrons from the steeply downslopihg,, orbit- i (MeV)

als. The most Ilkelyzcandlqme 'S,' henCQ, th(gor) 2_]8+ FIG. 7. Reduced/1 transition strengtB(M 1) as a function of
® [ (97/2/ds)) (N112)°] configuration, which agrees with the fequency for bands 10 and 11. Experimental values are the
tentative assignment proposed in REf9]. This configura-  \eighted averages of all three angle sets, deduced from the fitted
tion assignment is supported by the observation that band Jietimes (see Table )l Two TAC curves are shown for both con-
predominantly feeds two structures that were shown in Reftigurations, corresponding to a spin attenuation fatte.7 or 0.5.
[19] to most likely have the configurations[ (ge)  %]g+ B(M1) values deduced using the standarthBo-Frauendorf fixed-
Qv[(g72/dsp) | (band 14  and 7 (9o ?lo+ K formalism are also shown for comparison; the dotted curve cor-
@ v[(g72/ds) (h11/9)?] (band 3. The experimental angular responds to the configuration for band 10 and the dash-dotted curve
momentuml of band 11 is also shown in Fig. 6 in compari- is for band 11. Both Doau-Frauendorf curves were deduced as-
son with the TAC calculation for this configuration at the suming puregy;, character for the positive-parity neutrorisee
equilibrium deformationat Zw~0.40 MeV) ofe,=0.11, texV.
y=10°. The TAC calculations reasonably reproduce the
general behavior of band 11. The upbend in this band isharacteristic of a shears band. The measured value for the
attributed to the positive-parity BC neutron alignment, pre-433-keV transition, however, is noticeably higher than the
dicted by the TAC codes to be the next allowed alignmentothers in the band. There is no evidence of any contaminant
The difference in the sharpness of the alignmeee Fig. &  peaks or other problems with the fitting procedure that could
may be due to improper treatment by the TAC codes of theaccount for this discrepancy. There are, however, a number
interaction strength at the BC alignment. The sharpness of af |7=3" states with similar excitation energiegenta-
crossing is a sensitive function of the chemical potemtial  tively) the state at 5951 keV feeding into band 10, the 5969-
Imprecision in the value ok, used in the TAC calculations keV state in band 5, the 6160-keV state in band 10, and
may lead to too sharp a crossing due to uncertainties in th@entatively the 6238-keV state in band 15. The proximity of
positions of single-particle levels. In addition, the calcula-these states may result in admixed wave functions which
tions used the same value for the pairing constAnt could account for the perturbation of tB§M 1) of the 433-
throughout the entire range of rotational frequencies. ExperikeV transition.[As pointed out earlier, the 920-keV transi-
mentally, one would expedt , to decrease in value at high tion feeding out of the? ~ level of band 5 has a perturbed
frequencies, resulting in a less sharp alignment than thaB(E2) as well] The TAC calculation reproduces the de-
shown in the calculation in Fig. 6. This may also account forcreasing trend and the approximate magnitude of the band 10
the larger disagreement found for the high-frequency statedata.
in this band. The B(M1) values for band 11 behave similarly to band
The weighted averagB(M1) values extracted from the 10; apart from the point for the 577-keV transition, the
lifetime fits for bands 10 and 11 are shown in Fig. 7 in B(M1) values exhibit the characteristic decreasing trend as a
comparison with theoretical predictions from the TAC codesfunction of frequency and are reasonably well reproduced by
Two TAC curves are shown for each band, corresponding tthe TAC predictions. There is a contaminant peak at 577 keV
the effective intrinsiog factorsgs .tt=fgs, where the spin in band 14 that is present in the gate for the 577-keiay in
attenuation factof is 0.7 or 0.5. The valué=0.7 has been band 11, but theLINESHAPE code allows for the proper in-
used consistently for the TAC calculations in the50 re-  clusion and fitting of contaminant peaks, making it unlikely
gion, though a value fadirof 0.6 or lower seems more appro- that the presence of the second peak is the cause for the
priate for reproducing the experimentally obsergefaictors  perturbedB(M 1) value. For this case, it was noted that the
for particles in this region[29]. The appropriateB(M1) errant point falls at about the spin where the BC alignment
curves are, therefore, expected to fall between the two exsegins(see Fig. 6. The alignment of a pair of nucleons may
tremes shown on the plot. result in the formation of new shears blades with a larger
The overall trend of the data points for band 10 is that ofB(M1) strength. Experimentally, one would expect to ob-
a curve that decreases with increasing frequefoeyspin,  serveB(M1) values which decrease with increasing spin for
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the states below an alignment, increase at the alignment, an L N

the band to observe thB(M1) behavior above the back-
bend.

Calculations were also performed for both bands using th
semiclassicalfixedK) formalism of Daau and Frauendorf sooo
[10] to contrast with the TAC predictions. As can be seen in
Fig. 7, these curves are nearly constant as a function of fre. 4*°f
guency(spin) and are significantly offset from the magnitude
of the measured(M1) strengths. The positive-parity neu-
trons were assumed to be of pugg, character for the pur-
pose of these calculation§TAC calculations with6~90°

. o . . 0000 ET_ 71 T T 1 [E[=
then fall off again with increasing spin for states above the ] '5 R Eﬁg }(1) PRI = EIMBand 11 § ]
alignment. The increase B(M1) strength for the 577-keV af- — EIM ;Zj_n u\'\,\ """ FIM Band 10 1
transition in band 11 may reflect this behavior, though un- r -~ TAC 2 E PSS - E

e . . 8000 |- R 2bw v el A
fortunately lifetimes could not be measured high enough in R
903 02 05 06 07 03]

) (keV)
g
T

i (MeV)

v

6000 |

v(®

3000 F

6., (deg)

indicate that this is a reasonable approximajiémclusion of FIG. 8. Excitation energy as a function of shears angle.

a ds;, admixture results in curves which are20% lower in ~ Experimental energies are relative to tfe state in band 5. Solid
magnitude for band 10, which includes two active positive-curves are the results of fits to the data with a function of the form
parity neutrons, aned-5% lower for band 11, which includes V2P2(c0sfz,)+V, for the effective-interaction mode(EIM).

one, but are still unable to reproduce the magnitude or S|0anshed lines are .values ex.tracted from the TAF: calqulatlons. Note
of the data. This reasonably demonstrates that angular m(g]gt only the relative energies of the three configurations are deter-

ed by the TAC codes; the absolute energy scale has been ad-
Justed for comparison with the data. The inset shows a plot of the
)}:orrespondin(ﬁ(M 1) versus frequency deduced using EIM.

mentum in these observed bands cannot be generated
maintaining a fixedk projection and cranking around a prin-
cipal axis of the nucleus, but must involve a mechanism b
which u, becomes smaller with increasing spin, as predicte

by the TAC theory. q:)elow and above the alignment and band 11, respectively;

these values are significantly larger than the corresponding
estimates given above for the bottom part of band 10 and for
band 11. This would suggest that the configurations are not,
In addition to the TAC analysis discussed above, arin fact, seen to termination, and that caution should be used
analysis was performed for thel =1 bands using the for- when applying the method outlined in R¢81] to estimate
malism presented in Ref§17,30,3] as a semiclassical in- the core contribution. It is apparent from both models, how-
terpretation of the shears mechanism. Referdi®dg dis- ever, that the shears is the dominant contribution to the total
cusses a means of estimating the core contribution to thgngular momentum.
angular momentum for a shears band. The core component is Reference[30] proposed that the shears mechanism is
assumed to be a linear function of spin, iR 9generated by a residual interaction between the proton and
=(AR/A(1—1,), whereAR is the difference between the neutron blades with a strength proportionalRg(cos6,,,),
maximum observed spin and the maximum spin that can bahere 6., is the angle between the bladéeshears ange
generated from the fully closed blades of the shedgs( Experimentally, the shears angle for a pure shears band
—[i=+i.]), Al is the range of observed spins in the band(R=0) can be estimated at each observed $g calculat-
(Imax—1p), andl, is the bandhead spin. For each configura-ing 6,,,=cos [ (12—j2—j2)/2j .j,]. The excitation energy
tion, j,. was taken to be 8 anfl, was chosen such as to of each state for pure shears should result solely from the
approximately reproduce the spin of the lowest observedlosing of the blades. As discussed above, bands 10 and 11
state(assumed to be the bandhg¢achen the blades are per- are not pure shears bands, but because of its small core con-
pendicular. For band 10 below the backbend, a small tribution, the top part of band 10 can be approximated by a
(<10%) core contribution is estimated using this approachpure shears. For comparative purposes and to simplify the
For the cases of band 10 above the backbend and band Ir&mainder of this analysis using the effective-interaction
the maximum observed spin for each configuration is equamodel (EIM), each band was treated asR&0; the ramifi-
to the maximum that can be generated by the closing sheagsitions of this assumption will be addressed.
blades, so the core contribution is negligiblR~0). This The energies of states in each band relative to%he
approach, however, assumes that the configurations in questate of band 5 were calculated and are plotted as a function
tion have been observed to their terminating states. This ief 6., in Fig. 8; these results are fitted with a function of the
not necessarily the case here, where the configurations beitigrm V(6,.,) =3V,(3 co6,,,— 1)+ V,, which is appropri-
considered may have been crossed by more yrast configurate for a force generated by the exchange of a quadrupole
tions prior to termination. In such an event, this model wouldphonon. A good fit to this function is observed for band 10,
underestimate the core contribution. The TAC calculationspoth below and above the alignment; band 11 deviates some-
on the other hand, explicitly include core effects. Accordingwhat from this form, but is still reasonably well reproduced.
to the TAC calculations, the fraction of the total spin attrib- The strength of the interaction is determined by the value of
utable to core rotation was 0.38, 0.04, and 0.32 for band 1¥, for each sequence. The fits yieltb~1200, 1800, and

C. Semiclassical shears formalism
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1600 keV for the bottom and top of band 10 and band 11nent in the EIM calculations, the shears blades must close
respectively. The corresponding number of proton-holefaster to generate angular momentum. The upper part of
neutron pairs is X1 for the lower part of band 10 and 2 band 10, however, was shown in both models to have a
x 3 for the upper part of band 10 and for band 11, resultingnegligible core component, yet this large difference in the
in an interaction strength per proton-hole/neutron pair ofrange of angles persists. The rapid close of the shears in the
~600, 300, and 250 keV/pair. In a similar analyg#, a  EIM calculations implies a rapid decrease in the magnitude
strength of ~500 keV/pair was estimated fot'®Cd and  Of the u, vector, and hence a dramatic decreas@(M1)
compared with~300 keV/pair for 1%Pb. The bands dis- strength is expected. This behavior is demonstrated in the
cussed in this paper do not appear to be consistent with tHgset to Fig. 8; theB(M1) values were calculated using the
1/A dependence of the interaction strength suggestégaly ~ €xpression irf30], with g, determined by assuming that all

In addition to the assumption th=0, this semiclassical 1€ I, vectors were parallel, i.eg,=(1/%],)(20,].)-
analysis is further complicated by the assumption that therThe B(M1) strengths were also evaluated assuming the
are two rigid shears blades, one for proton holes and one fdtositive-parity neutrons were aligned parallel to the cranking
neutrons. For the upper states of band 10 and for band 18xis and hence contributed nothing to €M 1); the results
this assumption is not valid due to the presence of thélid not differ much from those shown in the figurét is
(g+1,/ds ) neutrons. While thes, proton holes have a high- clear from this plot that the EIM _calculatlong('do not properly
Q projection and thé, ;, neutrons have a low projection, reprodgce the measu_red transition probabilities, even for the
the positive-parity neutrons are m@; oriented roughly in states in band 10 which are expected to have negligible core

the direction of the tilted cranking axis, essentially forming aEffeCtS'

third blade. The previous analysis was repeated for the top qf This effective-interaction model may be a useful model
band 10 and for band 11, but with the spin of each state or interpreting shears bands from a phenomenological per-

o . spective, and has been successfully applied to the Pb region
replaced withl " = | _EJV(sz/ds/z)' (The lower part of band [17,30,31, where the shears bands consist of long, rigid

10 does not involve active positive-parity neutrorishe re-  high- and lowk blades in nuclei with small deformations.
sidual interaction was then treated as if acting only betweefrhe model involves some simplifying assumptions, however,

the proton-hole andh,,/-neutron blades. Fits to the corre- \hich may limit its applicability to certain cases, as demon-
spondingV(6,,) values resulted in interaction strengths of strated in the current analysis.

~650 and 450 keV/pair for bands 10 and 11, respectively,
which is more consistent Wil:h the results for the bottom of V. CONCLUSIONS
band 10 and for the band if*%Cd. [Although agreement
with the latter is perhaps surprising since the band*ficd In summary, lifetimes of states in twl =1 bands and
includes @7,/ds;) neutrons as well and should suffer the one Al=2 band in *®Cd have been measured using the
same complication as the bands#Cd] Doppler shift attenuation method in an experiment per-
It is apparent from Fig. 8 that reasonable fits are achievformed with the GAMMASPHERE array. The deduced
able despite the somewhat inappropriate assumption th&(M1) values for the dipole bands exhibit the characteristic
R=0. Careful consideration of the core is needed to avoidlecrease as a function of spin expected for the shears mecha-
misleading results. If the core was included in the fits for thenism. This decrease cannot be explained in the context of the
lower part of band 10 and for band 11, part of the totaltraditional formalism wherebK remains fixed and angular
angular momentum would be generated by the core. Theomentum is generated by collective rotation about an axis
blades of the shears would close more slowly, resulting in @erpendicular to the symmetry axis of the nucleus. Angular
smaller range of shears angles for the observed states in eagtpmentum and3(M1) values were calculated using tilted
band. The excitation energy of each state, however, woul@xis cranking codes, and have been shown to be consistent
also be partly due to the core as well as the shears. Withowtith the experimental results. The angular momentum and
a more detailed analysis, the effect the inclusion of the cor&(E2) values deduced for th&l=2 band have also been
has on the shape of the curves is not transparent. The uppghown to be consistent with principal axis cranking calcula-
part of band 10, however, having a minimal core componenttions for an antimagnetic rotor. The ratj6®)/B(E2) was
should make a reasonably good example of the usage of thfsund to be an order of magnitude larger for this band than
model. for well-deformed rotors, indicating a large contribution to
To compare the two shears models considered in thithe moment of inertia from the closing shears blades. An
work, the shears angle and corresponding excitation energi@dternate model for the shears mechanism involving proton-
were also extracted from the TAC calculations and plotted imeutron effective interactions where the strength is propor-
Fig. 8 (dashed curvesThe shears angle was taken to be thetional to P,(cosé,,) was also applied to thal =1 bands.
angle between the proton-hole blade and the blade formed b4n interaction strength of-600 keV/pair was estimated us-
the sum of all valence neutrons, for comparative purposesng this model, though limitations of the applicability of this
One point that becomes immediately apparent is that thenodel exist. Both models predict that the majority of the
range of shears angles for a given configuration is signifiangular momentum in each band is generated by the align-
cantly smaller for the TAC predictions than for the EIM ment of proton-hole and neutron blades, consistent with the
predictions. For the lower part of band 10 and for band 11suggestion, based on analyses of Pb isotopes, that the shears
this large difference is not surprising; without a core compo-mechanism should dominate in nuclei with<0.12.
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