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Shears Mechanism in thed ~ 110 Region
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Lifetimes of states in a rotational-lik& 1 band in''°Cd have been determined through a Doppler-
shift attenuation method measurement performed with the Gammasphere array. The déddited
values, which agree well with the predictions of the tilted axis cranking model, clearly confirm that
it has the character of a shears band. Using a semiclassical scheme of the coupling of two long
J vectors we deduce information on the strength and form of the effective interaction between the
constituent nucleons. These results are the first definitive evidence of the shears mechanism and
“magnetic rotation” in this mass region. [S0031-9007(99)08994-2]

PACS numbers: 27.60.+j, 21.10.Re, 21.10.Tg, 23.20.Lv

It has been suggested that sequences of magnetic-dipale a possible explanation. Unlike the familiar notion of
(M1) transitions observed in light-Pb nuclei [L-4] can benuclear rotation, arising when an intrinsic deformation
regarded as a novel mode of nuclear excitation knowibreaks the spherical symmetry, it is the anisotropic
as the “shears mechanism.” The interpretation of therrangement of nucleon currents (which also give rise
bands involves higlf2 proton configurationsi,, and to the “blades” of the shears) that is responsible for the
i13/2 orbitals coupled tg ;) and low{} i3/, neutron holes symmetry breaking. A related explanation, starting from
(coupled toj,). Calculations using a tilted-axis-cranking a different point of view, has been suggested in terms of a
(TAC) model [5] show that the total angular momentumresidual interaction between the proton and neutron blades
is generated almost completely by the recoupling of thd15] that may arise from a particle-vibration coupling [16].
proton and neutron vector$, andj,. Atthe bandhead, Long sequences a¥f1 transitions have also been ob-
j» andj, are approximately perpendicular to each otherserved in several nuclei of the Cd-Sn region with~
Higher angular momentum states are generated by align-10 [17—-23]. These cascades share several characteris-
ing the two spin vectors in a way that resembles the clostics with the bands in the Pb nuclei: (1) The states follow
ing of the blades of a pair of shears—hence, the nama rotational-like behavior; (2) the structures are thought to
“shears bands” [6]. This coupling of proton particles andbe based on configurations with rather low deformations
neutron holes results in a large magnetic dipole momente, ~ 0.15); and (3) the bands consist of stromgl tran-

(w), the perpendicular component () of which decreases sitions with only weakE2 crossovers resulting in large

in a characteristic manner gs andj, align (and the to- B(M1)/B(E2) ratios = 20u% /(eb)?]. These similarities

tal spin increases). ThB(M1), which is proportional to have led to the suggestion that the bands might also be
w3, should then also decrease in a characteristic way. Afexamples of the shears mechanism. Based on a weakly de-
ter several earlier efforts [7—10], recent lifetime measureformed prolate nuclear shape, the configurations in the Cd-
ments confirm this prediction and provide clear evidence&sn M1 bands now involve higlf) go,, proton holes and
that theM 1 bands in'**'°Pb can be best explained in low-{ &/, neutron particles. TAC [22—24] and standard
terms of the shears mechanism [11-13]. cranking [17—-21] calculations have been able to reproduce

The member states in these Pb shears bands folloexperimental Routhians (energies in the rotating frame),
a rotational-like behavior with the excitation energiesangular momenta, and moments of inertia reasonably well.
following the pattern ofAE(I) = E(I) — E(I,) ~ A(I —  As discussed above, the behavior of #@71)’'s should
I,)?, where I is the spin of the state and, is the provide the discriminating test between these descriptions.
spin of the bandhead. However, the bands are basdd this Letter we report the results from an experiment we
on weakly deformed oblate shapds,( < 0.1), and the have performed to measure lifetimes of states invah
interesting question has arisen as to why such weaklpand in!''°Cd. Using the nomenclature of Ref. [20] the
deformed structures should have such striking rotationalband of interest is labeled band 12.
like properties? A new form of quantized rotation High-spin states in''°Cd were populated in the
known as “magnetic rotation” [14] has been suggested®Zr('30,4n) reaction with a beam energy of 70 MeV.
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The beam, accelerated by the 88-Inch Cyclotron of th&'ABLE I. Measured lifetimes of states in thuél band,
Lawrence Berkeley National Laboratory, was incident on(ps), and reduced transition strengtt&(M1) (uy). Isr is
a target foil of =500 wg/cm? %Zr (86% enrichment) the percentage of side feeding into each state. The errors on

o \ the B(M1) values were estimated from the standard (linear)
backed with=10 mg/cn¥ "‘Pb to slow down and Stop yanctormation of the errors on the values of Note,

the recoils. Gamma rays were detected with the Gammasystematic errors introduced through the treatment of the
sphere array [25] which for this experiment consisted ofstopping powers are not included.

99 large volume {75% efficient) Ge detectors situated 2

at the following angles relative to the beam direction: fivelr K&V)  Li— 1y Ise O6) 7 (PS)  B(MD) (uy)
at 17.3, five at 31.7, five at 37.4, nine at 50.7, five at ~ 3724 20—19 10(5)  0.18450%5 540555
58.%, nine at 69.8, four at 79.2, three at 80.7 eight ~ 4625 21 —20 25@8) 0.101%55  5.1350%
at 90.0, four at 99.3, four at 100.8, eight at 110.2, five 562.5 22 —21  40(10) 0.094700l% 3.06%931
at 121.7, ten at 129.9, five at 142.8, five at 148.3, and 673.3 23 —>22  45(10) 0.09279594] 1.837548
five at 162.7. A total of 9.95 X 10® events with fold

four or higher (i.e., four or more coincident gamma rays) . .
were collected. In additiont.97 X 10% events with fold The results are summarized in Table I. The quoted errors

four or higher were collected in a shorter run with a thin"€fléct the behavior of the? fit in the vicinity of the best
target of=500 wg/cm? thickness. valug as the fit parameters were varied (mcIudmg_the side
The data were sorted into triple-gated, angle-dependeﬁ?ed'”g)- The errors do not include the systematic errors
spectra and double-gatél-E,, correlation matrices. The introduced through the treatment of the stopping powers;
thin-target data were used to extract accurate intensitid§€Se may be as large a20%. N
and branching ratios. For the data taken with the Pb- 1able I also gives the estimatéM 1) transition rates
backed target, Doppler-broadened line shapes were of€duced from the standard formula [29]. The = 1
served for in-band/ 1 transitions above the = 19 state.  transitions were assumed to be of puvel character.
Level lifetimes were extracted from these line shapes usN0 associated crossové2 transitions could be firmly
ing the analysis package of Wells and Johnson [26]. Thédentified and so 'gh(Ml branchlng ratio was assumed to
complete recoil-ion stopping was modeled using the preP€ 1.0 Ag experimental lower limit aB(M1)/B(E2) =
scription discussed in detail by Gascenal.[27]. The 60(uy/eb)” was deduced for the range of observed
tabulations of Northcliffe and Schilling [28] with shell cor- transitions.
rections were used for the electronic stopping powers. The
detailed slowing-down history of the recoils in the target 372.3 keV
and backing material was simulated using a Monte Carlo '
technique (5000 histories with a time step of 0.002 ps) and

462.5 keV

o]

317

=)

then sorted according to detector geometry. Calculated g 4

line shapes for each transition were obtained under the as- *§4 )

sumption that feeding into the top of the band was through 2

a cascade of five transitions with the same moment of in- D) Rt P Ui
ertia as the in-band states. The topmost line shape was K

fitted and the extracted depopulation time was used as an

input parameter to deduce lifetimes of states lower in the g®7
cascade. In addition, side feeding into each state was ini- §4 L
tially modeled as a rotational cascade of five transitions. § ol
The intensity of the side feeding was constrained to repro-
duce that observed experimentally (see Table I). The side- 0
8 T

feeding lifetimes were always found to be shorter than the
in-band lifetimes (up to 3 times shorter; the sensitivity of
the fits to side-feeding variations in this range diminished
for the states lower in the cascade). Simultaneous fits to
forward, backward, and transverse spectra were performed.
Final results were obtained from a global fit of the cascade . ) 0 .
with independently variable lifetimes for each state and the 365 870 375 380 450 460 470
associated side feeding. Figure 1 shows the experimental fonergy (keV) Energy (V)

data, along with calculated fits, for line shapes in the band@IG. 1. Experimental data and associated line-shape fits for
of interest. the 372.3 and 462.5 keV transitions of the band. The spectra
We obtained lifetimes for four states in the band. InWere formed from a combination of clean gates on the stopped

" . transitions in the cascade. The spectra are labeled by the angles
addition, we assigned a new state to the top of the bang, "\ hich the detectors were situated. The dashed line for

WhiCh deexcites by a 869.3 keV transition. However, thisthe 462.5 keV line is the fit to small contaminant lines which
line was too weak for us to extract an effective lifetime.interfere with the line shape.
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In Fig. 2(a) we have plotted the angular momentum a$30] which assumes a fixef value and that the align-
a function of rotational frequency. It is clear that the se-ment is perpendicular to the symmetry axis (i.e., no shears
guence follows a near linear behavior fv) which one  mechanism). The dashed line in Fig. 2(b) is the result
would normally associate with a deformed rotational bandof such a calculation for therg;/z2 ® vhfl/z configuration
The solid curves in Fig. 2 are the results of a TAC cal-(including the normal-parity quasineutrons, of predomi-
culation. (Note, the calculations do not extend to highemantg;/, andds,, character, pushes the magnitude even
frequency since it becomes difficult to follow the correcthigher). The gyromagnetic) factors of thegy/, protons
configuration.) The suggested configuration for this bandind#;;,, neutrons were taken to be 1.27 an@.21 [31],
is wg;fz ® v(hi /» ® AB), where we follow the standard respectively, while the rotationghfactor was assumed to
cranking notation wittA B representing the two lowest nor- be Z/A. It is clear that neither the magnitude nor slope
mal (positive) parity quasineutrons. The deformation pacan be reproduced. The empirical behavior of B 1)'s
rameters for this calculation wees = 0.13 andy = 0°.  represents the first clear evidence of the shears mechanism
These are self-consistent values foundifer = 0.3 MeV.  intheA ~ 110 region.
The value of the quadrupole-quadrupole coupling constant We will now use the semiclassical approach of Mac-
from [5] has been adopted and scaled48/3. Pro- chiavelli et al.[15,16], which is based on a schematic
ton pairing was ignored due to the close proximity of model of the coupling of two long vectors §,, andj,),
the Z = 50 major shell closure. Neutron pairing effects with the aim of extracting information on the effective in-
were included by setting the pairing gap to a value ofteraction between the nucleons which are involved in the
A, = 1.1 MeV which is appropriate for this region. The shears behavior. As shown in [15] the shears argle
chemical potentialp,, was fixed to ensure that the cor- (the angle betweeij,; and j,) is the important degree of
rect neutron number oV = 62 was obtained. Clearly, freedom in describing the bands and can be derived us-
the calculations are able to reproduce the behavior of thimg the expression cés= (1> — j2 — j2)/2j.j, where
band reasonably well. Jj= = 8 and j, (= 15) is determined to reproduce the
Figure 2(b) is a plot of the experimentally deducedbandhead spin/f = 17), assuming a perpendicular cou-
B(M1) values (Table I) as a function of rotational fre- pling. The effect due to an increasing contribution from
guency; there is good agreement between experiment arde core is taken into account by decomposing the total
calculation. Both show the sharp decrease of Bi# 1) spin asl = Igears + Reore, @and using a linear relation
values with increasing spin in the band. This behavioR.... = (AR/AI)(I — I,), whereAR/AI is determined
is the clear signature of the shears mechanism. The dérom the difference between the maximum observed spin
crease cannot be accounted for in standard rotational mod@h..x = 25) and the sum ofj, and j, over the spin
approaches such as the Doénau and Frauendorf formalisrange A7 = 25 — 17 = 8). Note, a recent analysis of
the competition between the shears mechanism and the
core rotation in a classical particles-plus-rotor model [32]
validates decomposing the total angular momentum in this
] way. This contribution accounts for a maximum=s10%
o © of the total angular momentum at the top of the band.
1 This is comparable to the small collective contribution to
the total spin of the shears bands in the Pb nuclei [16].
Since =90% of the angular momentum along the
entire range of the band is generated through the shears
mechanism we can make the reasonable approximation
that the excitation energy along the band arises only by
the change in potential energy caused by the recoupling of
------------------ the two angular momentum vectors such tHag[/(6)] =
1 E(I) — E,. This allows us to extract the effective
interaction between the neutrons in the neutron blade and

Eg | the proton holes in the proton-hole blade. In Fig. 3 we
| plot the effective interaction between the two blades as a
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) 1 Following the analysis of Macchiavelét al. [16], we
(b) expand the interaction in terms of even multipoles (thereby
%0 oz o2  os o8 10 restricting ourselves to spatial forces) and assume for
Frequency (MeV) simplicity that we have a proton and neutron of the sgme
FIG. 2. Plots as functions of rotational frequency of (a) an-cqumed tof and mterac_tlng Vlaa_term of jthe fprmP;(_e).
gular momentum, and (b) experimentally deducBdM1) Since we have a particle-hole interactidn, is positive.

values. The solid lines represent the result from the TACFOr comparison with the data we plot suctPaterm in
calulations as described in the text. Fig. 3. The strong similarity between the two suggests
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