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Shears mechanism in109Cd
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Lifetimes of high-spin states in twoDI 51 bands and oneDI 52 band in109Cd have been measured using
the Doppler shift attenuation method in an experiment performed using the96Zr(18O,5n) reaction with the
GAMMASPHERE array. Experimental total angular momenta and reduced transition strengths for bothDI
51 bands were compared with tilted axis cranking~shears mechanism! predictions and theDI 52 band with
principal axis cranking predictions, based on configurations involving two protong9/2 holes and one or three
valence quasineutrons from theh11/2 and mixedg7/2/d5/2 orbitals. Good overall agreement for angular mo-
mentum versus rotational frequency has been observed in each case. TheDI 52 band is shown to have a large
J (2)/B(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 number~s!: 21.10.Tg, 27.60.1j, 23.20.Lv
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I. INTRODUCTION

In a number of recent studies, sequences of magnetic
pole transitions that exhibit energy spectra characteristic
collective rotational bands have been observed near thZ
582 @1–3# andZ550 closed shells@4–7#. Generally, how-
ever, the associated band structures have weak or unobs
E2 crossover transitions, suggesting that they arise fro
mechanism other than collective rotation. The shears me
nism, a prediction of the tilted axis cranking~TAC! theory
@8#, describes a process by which a nearly spherical nuc
can generate angular momentum in a manner that resem
rotational motion.

Nuclei in theA'110 region withZ'50 have low-lying
states containing one or more proton holes in the hi
V g9/2 orbitals, and neutrons in the low-V g7/2/d5/2 and
h11/2 orbitals. At the bandhead, the proton (jp) and neutron
( j n) spin vectors are approximately perpendicular to e
other, summing to the total angular momentumJ, as shown
schematically in Fig. 1~a!. The nucleus generates angul
momentum by gradually aligning the individual spin vecto
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~the ‘‘blades’’ of the shears! along the direction ofJ, which
is tilted by the angleu with respect to the symmetry axis o
the nucleus. The magnitude ofJ increases as the blade
close, withu remaining nearly constant for a given config
ration. An important consequence of this model is that
component of the magnetic dipole vector perpendicular toJ,
m' , is large at the bandhead, but decreases as the spin
tors align. This large magnetic dipole vector breaks the
trinsic symmetry of the nucleus and rotates aboutJ, the tilted
cranking axis.DI 51 bands based on this mechanism a
often referred to as magnetic rotational~MR! bands to dis-
tinguish them from the cases of collective~electric! rota-
tional bands~see Ref.@9# for a more detailed discussion!.
The reduced magnetic dipole transition strengthB(M1) is
proportional tom'

2 ; therefore, a distinguishing feature of
MR shears band is a decrease inB(M1) strength with in-
creasing spin. In contrast, bands that approximately main
a fixed projectionK of the angular momentum on the sym
metry axis of the nucleus, and generate angular momen
by collective rotation and aligning particle spins along
axis perpendicular to the symmetry axis, haveB(M1) values
which decrease much less, or even increase, with spin@10#.
Lifetime measurements in193–199Pb @11–13#, 108Cd @14#,
110Cd @4#, and 106,108Sn @15# have confirmed this feature o
shears bands near both theZ582 andZ550 closed shells.

In addition toDI 51 shears bands, the possibility ofDI
52 shears bands, antimagnetic rotation~AMR!, is also pre-
dicted ~see the discussion in Ref.@9#!. This mode of excita-
tion is illustrated in Fig. 1~b!, where a pair of proton holes
are antiparallel at the bandhead, but gradually align along
axis J. Angular momentum can again be generated by
shears mechanism recoupling the proton hole spins, pro
ing a regular sequence ofg-ray transitions without the nee
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for a substantial deformation of the nuclear core. Th
bands have smallB(E2) strengths, which are associated w
small deformations. While the distinguishing characterist
of such a band are not as distinctive as for the MR ban
AMR bands are expected to have largeJ (2)/B(E2) ratios
@.100\2 MeV21(e b)22, compared to
;10\2 MeV21(e b)22 for well-deformed nuclei#, corre-
sponding to a large contribution to the moment of inertia
quantal effects, i.e., the closing blades of the shears@9#. So
far this second mode of shears excitation has not been
clusively proven to exist, though AMR bands have been p
dicted for theZ'50 mass region@16#.

Although not illustrated in Fig. 1, there is also, in gener
a component of the total angular momentum attributable
collective rotation of the core~R!. For nearly spherical nucle

FIG. 1. ~a! Illustration of the shears mechanism for aDI 51
shears band~magnetic rotation!. The spin contribution from the
proton holes,jp , and neutron particles,j n , and their corresponding
vector sumsJ, are shown for thep@(g9/2)

22#81 ^ n@(g7/2/d5/2)
3(h11/2)

2# configuration, discussed in Sec. IV B. Also shown a
the components of the magnetic dipole moment perpendicularJ
at low and high frequencies. Solid and dashed lines are for r
tional frequencies\v50.15 and 0.55 MeV, respectively.~b! Illus-
tration of the shears mechanism for aDI 52 shears band~antimag-
netic rotation!. The spin contributions from the two proton hole
( jp1,2) are shown separately. Solid and dashed lines are for r
tional frequencies\v50.40 and 0.80 MeV, respectively, for th
p@(g9/2)

22#01 ^ n@(h11/2)
3# configuration, discussed in Sec. IV A
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this component is small relative to the shears component,
as deformation increases, competition is expected betw
these two modes of angular momentum generation. F
studies of shears bands in the Pb region, it has been
gested that the shears mechanism should dominate whe«2
& 0.12 @17#. In order to better understand this competitio
systematic properties of the shears mechanism should
studied in nuclei ranging from~nearly! spherical shapes
cases of pure shears, to significant deformations, where
lective rotation dominates.

The TAC theory predicts, for the neutron-deficient48Cd
isotopes, that the particular nucleon orbitals near the Fe
surface and the known low deformation of these nuc
should make them good candidates for the shears mecha
@18#. Cd nuclei intrinsically have two protong9/2 holes,
which can form the high-V blade of aDI 51 shears@Fig.
1~a!# or both blades of aDI 52 shears@Fig. 1~b!#. The neu-
tron orbitals forN'60 are filled up to the low-V levels of
the high-j h11/2 subshell, providing the second blade for th
DI 51 shears. Candidate MR and AMR shears bands h
been previously observed in48

109Cd61 @19#. We report here on
lifetime measurements for these bands and their interpr
tion in the context of the shears formalism.

II. EXPERIMENTAL DETAILS

High-spin states in 109Cd were populated using th
96Zr(18O,5n) reaction. A 70-MeV 18O beam, provided by
the 88-Inch Cyclotron at Lawrence Berkeley National Lab
ratory, was incident on a.500-mg/cm2 96Zr target~enriched
to 86%! backed with.10 mg/cm2 natural Pb. The choice o
backing provided sufficient stopping power to slow dow
and stop the recoiling nuclei produced in this reaction. T
allowed measurement of short (&1 ps) lifetimes of states
using the Doppler shift attenuation method~DSAM! @20#.
Emitted g rays were detected with the GAMMASPHER
array@21#, consisting of 99 75%-efficient escape-suppres
Ge detectors. The detectors were arranged in 17 ring
constant angle relative to the beam direction: five detector
17.3°, five at 31.7°, five at 37.4°, ten at 50.1°, five at 58.
nine at 69.8°, four at 79.2°, three at 80.7°, eight at 90.
four at 99.3°, four at 100.8°, eight at 110.2°, five at 121.7
ten at 129.9°, four at 142.6°, five at 148.3°, and five
162.7°. A total of 9.953108 coincidence events with fold 4
or higher were collected. In addition, a complementary th
target experiment was performed with an unback
.500-mg/cm2 96Zr target; a total of 4.973108 coincidence
events with fold 4 or higher were collected in this expe
ment.

III. RESULTS

A. Level scheme

The coincidence data from the thin-target experim
were unfolded into threefold events~triples! and sorted into
an Eg-Eg-Eg cube. TheRADWARE program LEVIT8R @22#
was used to project double-gated background-subtracted
incidence spectra from the cube. The level scheme for109Cd
deduced in this analysis extends the level scheme prop

a-

a-
8-2



rtional

SHEARS MECHANISM IN109Cd PHYSICAL REVIEW C61 034318
FIG. 2. Partial level scheme of109Cd. Only those states relevant to the analysis have been included. Widths of arrows are propo
to the fitted intensity of each transition.
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by Juutinenet al. @19#. The portions of the level schem
relevant to the DSAM analysis are presented in Fig. 2. Th
bands which differ significantly from the previous wor
namely, bands 11, 14, 15, and 16, are discussed in d
below. A complete level scheme will be reported separa
@23#. Throughout the remainder of this discussion and in F
2, the band-labeling scheme used in@19# has been adopted

Band 14 was shown in the directional correlation~DCO!
analysis of Ref.@19# to consist ofDI 51 M1/E2 transitions
with a stretchedE2 crossover transition. This band has be
extended in the current work by the addition of the 658- a
700-keV transitions. In addition, a 1381-keV transition w
observed crossing over the 658- and 723-keV transitio
This confirms the ordering of theg rays and suggests a prob

able spin of (27
2

1) for the 4948-keV level. Note that band 1
was not included in the DSAM analysis, but has been p
sented here to identify part of the decay out of band 11
discussed below.
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Band 11 was determined to be a sequence ofDI 51 g
rays in Ref.@19#. No crossover transitions were observe
This band was extended to higher spin by three in-band t
sitions, the 632-, 663-, and 732-keVg rays. A 191-keVg
ray was also observed feeding out of the bottom of the ba
A number of transitions were observed linking band 11
bands 3 and 14, thus fixing the excitation energies of
members of band 11. These linking transitions were
weak to determine their multipolarities with a DCO analys
The 1280- and 1271-keVg rays that connect band 11 t
band 3 do feed, however, a state that is 2\ higher in spin
than the state fed by the 2064- and~tentative! 2056-keVg
rays. This suggests that the 1280- and 1271-keVg rays have
DI 50 mixedM1/E2 multipolarity, the 2064- and 2056-keV
g rays have stretchedE2 multipolarity, and, ultimately, the
5993- and 6002-keV levels both haveI p5 31

2
1. Assuming

the sequence ofDI 51 transitions are of mixedM1/E2 char-
acter, which is reasonable considering the regularity of
8-3
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C. J. CHIARA et al. PHYSICAL REVIEW C 61 034318
sequence, this fixes the parity of band 11 to be posit
~Additional support for this parity assignment will be pr
vided in Sec. IV B.! The excitation energies of the states
band 11 are further confirmed by the observation of t
sequences ofg rays feeding out of the31

2
1 state of band 11

into band 14: a 354-keVg ray feeds directly into the (29
2

1)
state of band 14, and a 1590–577–267-keV sequence f
into the 23

2
(1) state.

In the previous work@19#, band 11 was incorrectly linked
to band 5 via a 1271–1729-keV cascade feeding out of
33
2

1 state of band 11. In the current analysis, the 1729-keg
ray was found to be in coincidence with a 1270- and a 3
keV transition, as well as band 5 below23

2
2, but not with any

other transitions in band 11. Coincidence relationships s
gest that there are two 379–1271-keV sequences prese
109Cd, one in band 11 and one in the new structure labe
band 15. This suggestion is supported by the observation
452–1196-keV sequence parallel to the 379–1270-keV
quence in band 15. In addition, all members of band 15
in coincidence with a 430-keVg ray, which is not in coin-
cidence with band 11.

An additional structure, labeled band 16, was newly o
served in this work. This sequence is presumed to be a b
of DI 51 transitions. Nog rays were found that conclusivel
linked band 16 with the rest of the level scheme. Furth
more, the intensity of the band was weak, making a me
ingful lifetime analysis difficult due to large uncertaintie
Band 16 has, therefore, been omitted from the remainde
this discussion.

B. DSAM analysis

The data from the backed-target experiment were
folded into triples and sorted into angle-dependent ga
Eg-Eg coincidence matrices. Each matrix included on
those events which satisfied the following criteria:~i! at least
one g ray of the triple belonged to a gate list consisting
the 522-, 835-, and 1040-keV transitions at the bottom
band 5 in109Cd, thus reducing contamination by neighbori
nuclei; ~ii ! at least one of the remainingg rays in the triple
was detected by a Ge detector in a specified ring, and
placed on they axis of the matrix. No restrictions were im
posed on the remaining coincidentg ray in the event, which
was placed on thex ~or ‘‘all’’ ! axis.

Gates were placed on the ‘‘all’’ axis of each matrix
energies corresponding to stopped~or nearly stopped! tran-
sitions in each band of interest; the resulting double-ga
background-subtracted coincidence spectra for vari
angles were projected from the matrices. In the cases w
the gating transition was not fully stopped, the gate w
made wide enough to ensure that the full peak shape
included in the gate; this eliminated a possible DSAM lif
time bias that could be introduced by the omission of
tails of the peak line shape, which contain the fast time co
ponent of the gating transition.

Doppler-broadened line shapes were observed for tra
tions aboveI 5 27

2 in the DI 52 band 5 and aboveI 5 31
2 in

the DI 51 bands 10 and 11. For each band, backgrou
subtracted spectra were projected from the matrices co
03431
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sponding to the rings at angles 17.3°, 31.7°, 37.4°, 50.
90.0°, 129.9°, 142.6°, 148.3°, and 162.7°. Three angle
were used, each including spectra from forward, transve
and backward angles. SetA consisted of the rings at 17.3°
90.0°, and 162.7°; setB consisted of angles 31.7° and 37.4
~spectra were summed for greater statistics!, 90.0°, and
148.3° and 142.6°~summed spectra!; setC consisted of the
rings at 50.1°, 90.0°, and 129.9°. For each angle set, l
times of states in the three bands were measured using
LINESHAPE analysis codes of Wells and Johnson@24#. ~LINE-

SHAPE permits at most three angles to be fitted at a tim!
These codes were used to generate 5000 Monte Carlo s
lations of the velocity history of recoiling nuclei traversin
the target and backing material in time steps of 0.002
Electronic stopping powers were taken from the tabulatio
of Northcliffe and Schilling@25#, corrected for shell effects
The number of time steps for each history was determi
internally by the time required for the kinetic energy of th
simulated recoil to decrease to 0.1% of its initial value. V
locity profiles were generated for each~summed! angle based
on the detector geometry.

Energies of in-band transitions and side-feeding inten
ties were extracted from fits to the data in the thin-tar
cube, and are presented in Table I. These values were us
input parameters for the line shape analysis. Side feed
into each level and feeding into the topmost level of ea
band was initially modeled as a five-transition cascade wit
moment of inertia fixed to be comparable to that of the
band sequence. The quadrupole moments of the side-fee
sequences were allowed to vary, which, when combined w
the moment of inertia, acted as effective side-feeding li
time parameters for each level.

Starting with the topmost transition in each band, the
band and side-feeding lifetimes, background parameters,
contaminant-peak parameters were free to vary. For each
of parameters, the simulated line shape was calculated
compared to the corresponding spectrum for each angle
ing x2-minimization routines originating from the program
MINUIT @26#. The forward, transverse, and backward spec
for each transition were fitted simultaneously. The best
background and stopped contaminant-peak parameters
then fixed, and the in-band and side-feeding lifetimes w
used as an effective feeding time parameter for the next le
lower in the band. Each level was added and fitted in tu
until the entire band was included in a global fit that h
independently variable lifetimes for each in-band and si
feeding level. Examples of the line shape fits for transitio
in each band are shown in Fig. 3. Fits for states high in
band were found to be very sensitive to the accuracy w
which the side-feeding intensity was known, with the sen
tivity decreasing lower in the band.~This was studied by
changing the intensity from the measured values in sev
cases and noting the differences in the fitted lifetimes.! The
side-feeding cascades were typically significantly faster t
the in-band lifetimes. The side-feeding moment of iner
could be varied considerably and still produce the same l
time fits, within the quoted errors. Uncertainties in the lif
time measurements were derived from the behavior of thex2

fit in the vicinity of the minimum, and include covariance o
8-4
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TABLE I. Properties of transitions in109Cd with line shapes which enable DSAM analysis. Transiti
energies and intensities are from the fits to the thin-target data. The side-feeding intensity into eac
I SF , is the difference between the observed intensity of the in-band transitions feeding out of and into
The intensities are relative toI g[100 for theI p5

31
2

2→ 27
2

2 1028.8-keV transition in band 5. Lifetimest i

of measured states from each of the three angle setsi 5A, B, C are given, as well as the correspondin
weighted averageB(E2) or B(M1) reduced transition strengths. Uncertainties in the lifetimes were der
from the covariance of the fitted parameters; systematic uncertainties of up to620% are not included.
Uncertainties in the transition strengths were calculated from the weighted averages, as described in
Also see text for details of the angle sets used in the fits.

Eg ~keV! I i
p→I f

p I g I SF tA ~ps! tB ~ps! tC ~ps! B(E2) (e b)2 B(M1) (mN
2 )

Band 5 (DI 52)
1028.8 31

2
2→ 27

2
2 [100 20.6 1.2220.09

10.10 1.8220.12
10.16 1.8020.12

10.14 0.04320.005
10.005

920.0 35
2

2→ 31
2

2 79.4 10.8 0.3120.03
10.02 0.4020.02

10.03 0.3420.01
10.06 0.3320.03

10.03

1038.4 39
2

2→ 35
2

2 68.6 36.4 0.4120.04
10.05 0.4120.01

10.02 0.3520.03
10.03 0.16620.006

10.004

1191.2 43
2

2→ 39
2

2 32.1 18.5 0.1620.02
10.01 0.18820.019

10.005 0.19220.006
10.008 0.18120.006

10.007

1366.4 47
2

2→ 43
2

2 13.6 10.7 0.18220.007
10.007 0.17220.007

10.009 0.18120.009
10.007 0.09620.002

10.002

Band 10 (DI 51)
289.6 33

2
2→ 31

2
2 84.9 33.3 1.6120.07

10.07 1.3820.04
10.04 1.1720.11

10.02 1.8020.15
10.15

432.9 35
2

2→ 33
2

2 51.6 10.2 0.2520.01
10.01 0.26420.009

10.007 0.29220.008
10.006 2.5620.11

10.11

631.1 37
2

2→ 35
2

2 41.4 25.6 0.3120.03
10.02 0.2820.02

10.01 0.20520.007
10.002 0.8320.07

10.07

759.4 39
2

2→ 37
2

2 15.8 9.8 0.2720.03
10.02 0.3420.02

10.02 0.3620.03
10.02 0.3920.03

10.03

Band 11 (DI 51)
300.9 33

2
1→ 31

2
1 18.9a 0 0.4120.03

10.04 0.3820.02
10.02 0.3220.02

10.02 4.4520.29
10.29

378.7 35
2

1→ 33
2

1 24.5 3.8 0.2720.01
10.01 0.25020.007

10.008 0.23920.014
10.007 4.1920.14

10.14

462.6 37
2

1→ 35
2

1 20.7 6.4 0.21420.009
10.007 0.21120.005

10.005 0.20420.021
10.005 2.7620.04

10.04

540.1 39
2

1→ 37
2

1 14.3 3.5 0.09720.006
10.006 0.11320.010

10.005 0.13220.008
10.005 3.1520.24

10.32

577.3 41
2

1→ 39
2

1 10.9 1.6 0.08520.008
10.006 0.07120.007

10.006 0.09720.013
10.005 3.6920.31

10.31

aThe intensity out of the33
2

1 state of band 11 is split among the 301-keV, 309-keV, and unobse
transitions. TheB(M1) value for the 301-keVg ray was calculated from its partial lifetime.
pr
ro
n

d
a
i-

o
te

ca
r

th
c

rr
h

n

st
ce

e
ge
age
v-

er-
u-
t of
a

s
ity

the
the in-band and side-feeding lifetimes. These values are
sented in Table I for all three angle sets. Systematic er
associated with the modeling of the stopping powers are
included in the quoted errors, and may be as large as620%.

For each band,B(E2) or B(M1) values were calculate
from the lifetimes fitted for each angle set using the stand
relationships@27#. Effects of internal conversion are negl
gible in each case. The dipole transitions of bands 10 and
were assumed to be of pure magnetic character. No cross
transitions were observed feeding out of any of the fit
levels in either dipole band; the crossoverE2 component of
the intensity of each level was, therefore, set to zero.

The size of the uncertainties, propagated through the
culation of the reduced transition strengths, did not appea
properly reflect the distribution of values measured in
three angle sets. In an effort to better estimate these un
tainties, ax2 minimization was performed~fitting a constant
value to the three measured points, weighted by their co
sponding uncertainties! to find the weighted average for eac
transition. In most cases, the minimum reducedx2, xn

2 , was
larger than 1.0, sometimes significantly so. Since the fu
tion being fitted is of known form~a constant!, this suggests
that the fitted lifetime uncertainties have been undere
mated. To correct this, we have renormalized those un
03431
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tainties by the factorAxn
2; refitting the weighted averag

results inxn
2;1.0. The uncertainty in the weighted avera

was determined as the difference in the value of the aver
which resulted in ax2 increase by 1.0. These weighted a
erages and uncertainties are also presented in Table I.

IV. DISCUSSION

Self-consistent cranking model calculations were p
formed for comparison with bands 5, 10, and 11. All calc
lations were made using TAC codes with the same se
parameters. TheDI 52 band 5 involves cranking about
principal axis. For this case we foundu590° by means of
the TAC codes, i.e., a principal axis cranking~PAC! solu-
tion, which is in accordance with theDI 52 character of the
band. For the twoDI 51 bands, we foundu,90°, which is
in accordance with theirDI 51 character. Proton propertie
were calculated assuming zero pairing, due to the proxim
of the proton Fermi surface to theZ550 shell gap. The
neutron Fermi surface lies sufficiently far from theN550
closed shell to warrant using a quasiparticle treatment of
neutrons. A neutron-pairing constant ofDn51.11 MeV was
determined to be appropriate for109Cd, calculated as 0.8
8-5
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FIG. 3. Experimental data and
associated line shape fits for th
1191.2-keV transition in band 5
the 432.9-keV transition in band
10, and the 378.7-keV transition
in band 11. The spectra are la
beled on the right-hand side with
the angles of the rings shown
these fits are for angle setB, but
are representative of all thre
angle sets included in the analysi
Contaminant peaks are marked b
a ‘‘C.’’ The unshifted g-ray en-
ergy for each transition is marke
by the vertical dashed line.
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times the experimental even-odd mass difference for
nucleus. The neutron chemical potentialln was chosen such
that the particle number ofN'61 was reproduced.

A. Band 5

The coupling constantk for the quadrupole-quadrupol
interaction used in these calculations was scaled from R
@1# by A25/3. To verify that this scaling was appropriate,k
was also estimated in the following way: PAC calculatio
were performed for band 5 above the backbend using
configuration p@(g9/2)

22#01 ^ n@(h11/2)
3#. ~The configura-

tion assignment for band 5 is discussed in Ref.@19#.! The
predictedB(E2) values were compared with the weight
averages calculated from the lifetime measurements for
band, and are shown in Fig. 4. The deformation paramete«2
was varied until the theory reasonably reproduced the exp
mentalB(E2) strengths.@The perturbed value atI 5 35

2 (\v
50.460 MeV) will be discussed in Sec. IV B.# k was then
adjusted so that the total energy of the nucleus in the intrin
frame was minimized for that same value of«2. The value
obtained with this procedure wask50.0355 MeV/a2,
wherea51.011A1/3 fm2, which is consistent with the valu
scaled from Ref.@1# and those used in other calculations
this mass region@4,6,7#.

The experimental angular momentum as a function of
quency for theDI 52 band 5 is compared with correspon
ing PAC predictions in Fig. 5. Above the backbend, the c
culation is for n@(h11/2)

3# at the equilibrium deformation
«250.14,g50°; at these frequencies, the theoretical pred
tions are in excellent agreement with the data. A maxim
of 8\ can be generated by fully aligning the proton hole
which, when coupled to three fully alignedh11/2 neutrons,
yields I; 43

2 . The remainder of the spin in band 5 can
03431
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attributed to a core rotational component. The contributio
to the moment of inertia from the core and the shears
predicted in these calculations to beJ core

(2)

512.8\2 MeV21 and J sh
(2)515.0\2 MeV21, respectively,

where the components of the moment of inertia are defi
as the increase in the angular momentum due to the cor
the closing shears blades per increase in rotational freque
Over half the angular momentum is generated by the she

FIG. 4. ReducedE2 transition strengthB(E2) as a function of
frequency for band 5. Experimental values are the weighted a
ages of all three angle sets, deduced from the fitted lifetimes~see
Table I!. The dotted line is meant only to indicate the order of t
transitions through the backbend. The dashed line shows the
prediction for an AMR band with thep@(g9/2)

22#01 ^ n@h11/2# con-
figuration, and the solid line is for an AMR band with th
p@(g9/2)

22#01 ^ n@(h11/2)
3# configuration. The dash-dotted line i

the TRS prediction for theB(E2) strength of a deformed axial roto
with «250.16.
8-6



n
M

t
se
la

th
th
o

uc
hy
5.

e
n

s

ch

l
ar

u
ta
s-

gn
.1
S
i-

his
er-
ng,
-
is

ison

nd
ld
As
et-

. The
ant
-
e

r,
ith

a-

to

the
wer
us
di-

ity

xis
us.

nd

nd
e

ds

for

SHEARS MECHANISM IN109Cd PHYSICAL REVIEW C61 034318
Taking the measuredB(E2) to be approximately 0.17
(e b)2, the J tot

(2)/B(E2) ratio is about
165\2 MeV21(e b)22, an order of magnitude larger tha
expected for a well-deformed rotor. Thus, the band has A
character, where the angular momentum is generated by
gradual alignment of the two proton spin vectors, as oppo
to small contributions of many particles to collective angu
momentum of a well-deformed nucleus.

Below, the first allowedh11/2 neutron alignment~FG in
the standard cranking model convention!, the calculation is
for n@h11/2# at the equilibrium deformation~calculated at
\v'0.30 MeV) of «250.12, g50°; at these lower fre-
quencies, the theory overestimates the spin by about 2\. The
cranking model used provides a static representation of
valence particles and does not account for fluctuations in
particle spin vectors. The inclusion of a larger number
active particles results in larger vectors, which could red
the relative size of the fluctuations. This may explain w
the calculatedI (v) improves above the alignment in band
For the lower part of the band,J core

(2) 54.2\2 MeV21 and
J sh

(2)59.8\2 MeV21. The lifetimes of transitions below th
backbend were not fittable in this analysis, so there are
experimentalB(E2) values for comparison. A previou
study, however, indicatedB(E2) strengths of;0.1 (e b)2

for the 522- and 835-keV transitions@28#. This is consistent
with the PAC calculations performed in this analysis, whi
also predictB(E2) values around 0.1 (e b)2 for the lower
part of band 5~see Fig. 4!. This results inJ tot

(2)/B(E2)
'140\2 MeV21 (e b)22, again indicating a large quanta
contribution to the moment of inertia, and hence AMR ch
acter.

The predicted equilibrium deformations are smaller in o
PAC calculations than those determined in PAC to
Routhian surface~TRS! calculations based on the Wood
Saxon single-particle potential@19#. The latter predict«2
'0.13 and 0.16 for band 5 below and above the FG ali
ment, respectively, as compared to our values 0.12 and 0
respectively. TheB(E2) values obtained by means of TR
calculations with«250.16 are shown in Fig. 4 for compar

FIG. 5. Angular momentum as a function of frequency for ba
5. Solid circles correspond to those transitions for which lifetim
were measured.
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son, and are found to be consistent with our values. T
implies that the Woods-Saxon potential, which has a diff
ent radial form factor than the Nilsson potential we are usi
gives a somewhat smallerB(E2) value for the same defor
mation. A larger fraction of the total angular momentum
generated by the shears in our calculations in compar
with the TRS calculations.

In both of these PAC calculations, theB(E2) strength is
approximately constant. In the case of a pure AMR ba
~i.e., R[0), the quadrupole moment of the nucleus wou
depend solely on the orientation of the active particles.
the particles align, the charge distributions become symm
ric about the cranking axis, resulting inB(E2) values that
would be expected to decrease to zero as spin increases
presence of core contributions, providing a nearly const
component to theB(E2) values, makes this behavior diffi
cult to identify. On the basis of the magnitude of th
J tot

(2)/B(E2) ratio relative to that of a well-deformed roto
however, this analysis indicates that band 5 is consistent w
AMR.

B. Bands 10 and 11

The experimental angular momentum of theDI 51 band
10 is shown in Fig. 6 in comparison with the TAC calcul
tion for the configurationp@(g9/2)

22#81 ^ n@h11/2# at the
equilibrium deformation~at \v'0.45 MeV) «250.10, g
50°. The backbend in this band was previously attributed
the first allowedh11/2 neutron alignment~FG! @19#, though
the details of the alignment were not well understood—
presumed FG alignment was observed at a frequency lo
than that predicted by the cranking model. This previo
study involved calculations using a PAC approach; the ad
tional degree of freedom introduced by the tilting angleu,
however, allows the first alignment for the positive-par
neutrons of mixedg7/2/d5/2 character~AB alignment! to
move lower in rotational frequency as the cranking a
moves away from the principal-cranking axis of the nucle
In fact, at the equilibrium value ofu determined in this cal-
culation, the AB alignment precedes the FG alignment, a

s

FIG. 6. Angular momentum as a function of frequency for ban
10 and 11. Note that theg7/2 label is shorthand for the mixed
g7/2/d5/2 orbitals. Solid circles correspond to those transitions
which lifetimes were measured.
8-7
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occurs at a frequency consistent with the experimentally
served alignment in this band. The upper part of band 1
compared with thep@(g9/2)

22#81 ^ n@h11/2(g7/2/d5/2)
2# con-

figuration at the equilibrium deformation~at \v
'0.45 MeV) of «250.08, g512°. Both parts of band 10
are in excellent agreement with their corresponding T
calculations.

The newly observed transitions linkingDI 51 band 11 to
states of known spin and parity suggest that the parity
band 11 is positive. The configuration of band 11 mu
therefore, include either zero or twoh11/2 neutrons. Both the
p@(g9/2)

22#81 ^ n@(g7/2/d5/2)# and p@(g9/2)
22#81

^ n@(g7/2/d5/2)
3# configurations can be ruled out; the form

is far too low in spin to be appropriate for band 11, and
latter is predicted to be less yrast than the configurati
involving neutrons from the steeply downslopingh11/2 orbit-
als. The most likely candidate is, hence, thep@(g9/2)

22#81

^ n@(g7/2/d5/2)(h11/2)
2# configuration, which agrees with th

tentative assignment proposed in Ref.@19#. This configura-
tion assignment is supported by the observation that ban
predominantly feeds two structures that were shown in R
@19# to most likely have the configurationsp@(g9/2)

22#81

^ n@(g7/2/d5/2)# ~band 14! and p@(g9/2)
22#01

^ n@(g7/2/d5/2)(h11/2)
2# ~band 3!. The experimental angula

momentumI of band 11 is also shown in Fig. 6 in compar
son with the TAC calculation for this configuration at th
equilibrium deformation~at \v'0.40 MeV) of «250.11,
g510°. The TAC calculations reasonably reproduce
general behavior of band 11. The upbend in this band
attributed to the positive-parity BC neutron alignment, p
dicted by the TAC codes to be the next allowed alignme
The difference in the sharpness of the alignment~see Fig. 6!
may be due to improper treatment by the TAC codes of
interaction strength at the BC alignment. The sharpness
crossing is a sensitive function of the chemical potentialln .
Imprecision in the value ofln used in the TAC calculations
may lead to too sharp a crossing due to uncertainties in
positions of single-particle levels. In addition, the calcu
tions used the same value for the pairing constantDn

throughout the entire range of rotational frequencies. Exp
mentally, one would expectDn to decrease in value at hig
frequencies, resulting in a less sharp alignment than
shown in the calculation in Fig. 6. This may also account
the larger disagreement found for the high-frequency st
in this band.

The weighted averageB(M1) values extracted from th
lifetime fits for bands 10 and 11 are shown in Fig. 7
comparison with theoretical predictions from the TAC cod
Two TAC curves are shown for each band, correspondin
the effective intrinsicg factorsgs,e f f5 f gs , where the spin
attenuation factorf is 0.7 or 0.5. The valuef 50.7 has been
used consistently for the TAC calculations in theZ550 re-
gion, though a value forf of 0.6 or lower seems more appro
priate for reproducing the experimentally observedg factors
for particles in this region@29#. The appropriateB(M1)
curves are, therefore, expected to fall between the two
tremes shown on the plot.

The overall trend of the data points for band 10 is that
a curve that decreases with increasing frequency~or spin!,
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characteristic of a shears band. The measured value fo
433-keV transition, however, is noticeably higher than t
others in the band. There is no evidence of any contamin
peaks or other problems with the fitting procedure that co
account for this discrepancy. There are, however, a num
of I p5 35

2
2 states with similar excitation energies:~tenta-

tively! the state at 5951 keV feeding into band 10, the 59
keV state in band 5, the 6160-keV state in band 10, a
~tentatively! the 6238-keV state in band 15. The proximity
these states may result in admixed wave functions wh
could account for the perturbation of theB(M1) of the 433-
keV transition.@As pointed out earlier, the 920-keV trans
tion feeding out of the35

2
2 level of band 5 has a perturbe

B(E2) as well.# The TAC calculation reproduces the d
creasing trend and the approximate magnitude of the ban
data.

The B(M1) values for band 11 behave similarly to ban
10; apart from the point for the 577-keV transition, th
B(M1) values exhibit the characteristic decreasing trend a
function of frequency and are reasonably well reproduced
the TAC predictions. There is a contaminant peak at 577 k
in band 14 that is present in the gate for the 577-keVg ray in
band 11, but theLINESHAPE code allows for the proper in
clusion and fitting of contaminant peaks, making it unlike
that the presence of the second peak is the cause for
perturbedB(M1) value. For this case, it was noted that t
errant point falls at about the spin where the BC alignm
begins~see Fig. 6!. The alignment of a pair of nucleons ma
result in the formation of new shears blades with a lar
B(M1) strength. Experimentally, one would expect to o
serveB(M1) values which decrease with increasing spin

FIG. 7. ReducedM1 transition strengthB(M1) as a function of
frequency for bands 10 and 11. Experimental values are
weighted averages of all three angle sets, deduced from the fi
lifetimes ~see Table I!. Two TAC curves are shown for both con
figurations, corresponding to a spin attenuation factorf 50.7 or 0.5.
B(M1) values deduced using the standard Do¨nau-Frauendorf fixed-
K formalism are also shown for comparison; the dotted curve c
responds to the configuration for band 10 and the dash-dotted c
is for band 11. Both Do¨nau-Frauendorf curves were deduced a
suming pureg7/2 character for the positive-parity neutrons~see
text!.
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SHEARS MECHANISM IN109Cd PHYSICAL REVIEW C61 034318
the states below an alignment, increase at the alignment,
then fall off again with increasing spin for states above
alignment. The increase inB(M1) strength for the 577-keV
transition in band 11 may reflect this behavior, though u
fortunately lifetimes could not be measured high enough
the band to observe theB(M1) behavior above the back
bend.

Calculations were also performed for both bands using
semiclassical~fixed-K) formalism of Dönau and Frauendor
@10# to contrast with the TAC predictions. As can be seen
Fig. 7, these curves are nearly constant as a function of
quency~spin! and are significantly offset from the magnitud
of the measuredB(M1) strengths. The positive-parity neu
trons were assumed to be of pureg7/2 character for the pur-
pose of these calculations.~TAC calculations withu'90°
indicate that this is a reasonable approximation.! Inclusion of
a d5/2 admixture results in curves which are;20% lower in
magnitude for band 10, which includes two active positiv
parity neutrons, and;5% lower for band 11, which include
one, but are still unable to reproduce the magnitude or sl
of the data. This reasonably demonstrates that angular
mentum in these observed bands cannot be generate
maintaining a fixed-K projection and cranking around a prin
cipal axis of the nucleus, but must involve a mechanism
which m' becomes smaller with increasing spin, as predic
by the TAC theory.

C. Semiclassical shears formalism

In addition to the TAC analysis discussed above,
analysis was performed for theDI 51 bands using the for
malism presented in Refs.@17,30,31# as a semiclassical in
terpretation of the shears mechanism. Reference@31# dis-
cusses a means of estimating the core contribution to
angular momentum for a shears band. The core compone
assumed to be a linear function of spin, i.e.,Rcore
5(DR/DI )(I 2I b), whereDR is the difference between th
maximum observed spin and the maximum spin that can
generated from the fully closed blades of the shears (I max
2@ j p1 j n#), DI is the range of observed spins in the ba
(I max2I b), andI b is the bandhead spin. For each configu
tion, j p was taken to be 8 andj n was chosen such as t
approximately reproduce the spin of the lowest obser
state~assumed to be the bandhead! when the blades are pe
pendicular. For band 10 below the backbend, a sma
(,10%) core contribution is estimated using this approa
For the cases of band 10 above the backbend and ban
the maximum observed spin for each configuration is eq
to the maximum that can be generated by the closing sh
blades, so the core contribution is negligible (R'0). This
approach, however, assumes that the configurations in q
tion have been observed to their terminating states. Thi
not necessarily the case here, where the configurations b
considered may have been crossed by more yrast config
tions prior to termination. In such an event, this model wo
underestimate the core contribution. The TAC calculatio
on the other hand, explicitly include core effects. Accordi
to the TAC calculations, the fraction of the total spin attri
utable to core rotation was 0.38, 0.04, and 0.32 for band
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below and above the alignment and band 11, respectiv
these values are significantly larger than the correspond
estimates given above for the bottom part of band 10 and
band 11. This would suggest that the configurations are
in fact, seen to termination, and that caution should be u
when applying the method outlined in Ref.@31# to estimate
the core contribution. It is apparent from both models, ho
ever, that the shears is the dominant contribution to the t
angular momentum.

Reference@30# proposed that the shears mechanism
generated by a residual interaction between the proton
neutron blades with a strength proportional toP2(cosupn),
where upn is the angle between the blades~shears angle!.
Experimentally, the shears angle for a pure shears b
~R50! can be estimated at each observed spinI by calculat-
ing upn5cos21@(I 22 j p

2 2 j n
2)/2 j p j n#. The excitation energy

of each state for pure shears should result solely from
closing of the blades. As discussed above, bands 10 an
are not pure shears bands, but because of its small core
tribution, the top part of band 10 can be approximated b
pure shears. For comparative purposes and to simplify
remainder of this analysis using the effective-interact
model ~EIM!, each band was treated as ifR[0; the ramifi-
cations of this assumption will be addressed.

The energies of states in each band relative to the11
2

2

state of band 5 were calculated and are plotted as a func
of upn in Fig. 8; these results are fitted with a function of th
form V(upn)5 1

2 V2(3 cos2upn21)1V0, which is appropri-
ate for a force generated by the exchange of a quadru
phonon. A good fit to this function is observed for band 1
both below and above the alignment; band 11 deviates so
what from this form, but is still reasonably well reproduce
The strength of the interaction is determined by the value
V2 for each sequence. The fits yieldV2;1200, 1800, and

FIG. 8. Excitation energy as a function of shears angleupn .
Experimental energies are relative to the11

2
2 state in band 5. Solid

curves are the results of fits to the data with a function of the fo
V2P2(cosupn)1V0 for the effective-interaction model~EIM!.
Dashed lines are values extracted from the TAC calculations. N
that only the relative energies of the three configurations are de
mined by the TAC codes; the absolute energy scale has been
justed for comparison with the data. The inset shows a plot of
correspondingB(M1) versus frequency deduced using EIM.
8-9
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C. J. CHIARA et al. PHYSICAL REVIEW C 61 034318
1600 keV for the bottom and top of band 10 and band
respectively. The corresponding number of proton-ho
neutron pairs is 231 for the lower part of band 10 and
33 for the upper part of band 10 and for band 11, result
in an interaction strength per proton-hole/neutron pair
;600, 300, and 250 keV/pair. In a similar analysis@4#, a
strength of ;500 keV/pair was estimated for110Cd and
compared with;300 keV/pair for 198Pb. The bands dis
cussed in this paper do not appear to be consistent with
1/A dependence of the interaction strength suggested in@30#.

In addition to the assumption thatR50, this semiclassica
analysis is further complicated by the assumption that th
are two rigid shears blades, one for proton holes and one
neutrons. For the upper states of band 10 and for band
this assumption is not valid due to the presence of
(g7/2/d5/2) neutrons. While theg9/2 proton holes have a high
V projection and theh11/2 neutrons have a low-V projection,
the positive-parity neutrons are mid-V, oriented roughly in
the direction of the tilted cranking axis, essentially forming
third blade. The previous analysis was repeated for the to
band 10 and for band 11, but with the spin of each staI
replaced withI 85I 2S j n(g7/2 /d5/2)

. ~The lower part of band
10 does not involve active positive-parity neutrons.! The re-
sidual interaction was then treated as if acting only betw
the proton-hole andh11/2-neutron blades. Fits to the corre
spondingV(upn) values resulted in interaction strengths
;650 and 450 keV/pair for bands 10 and 11, respectiv
which is more consistent with the results for the bottom
band 10 and for the band in110Cd. @Although agreemen
with the latter is perhaps surprising since the band in110Cd
includes (g7/2/d5/2) neutrons as well and should suffer th
same complication as the bands in109Cd.#

It is apparent from Fig. 8 that reasonable fits are achi
able despite the somewhat inappropriate assumption
R50. Careful consideration of the core is needed to av
misleading results. If the core was included in the fits for
lower part of band 10 and for band 11, part of the to
angular momentum would be generated by the core.
blades of the shears would close more slowly, resulting i
smaller range of shears angles for the observed states in
band. The excitation energy of each state, however, wo
also be partly due to the core as well as the shears. With
a more detailed analysis, the effect the inclusion of the c
has on the shape of the curves is not transparent. The u
part of band 10, however, having a minimal core compone
should make a reasonably good example of the usage of
model.

To compare the two shears models considered in
work, the shears angle and corresponding excitation ener
were also extracted from the TAC calculations and plotted
Fig. 8 ~dashed curves!. The shears angle was taken to be t
angle between the proton-hole blade and the blade forme
the sum of all valence neutrons, for comparative purpo
One point that becomes immediately apparent is that
range of shears angles for a given configuration is sign
cantly smaller for the TAC predictions than for the EI
predictions. For the lower part of band 10 and for band
this large difference is not surprising; without a core comp
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nent in the EIM calculations, the shears blades must cl
faster to generate angular momentum. The upper par
band 10, however, was shown in both models to hav
negligible core component, yet this large difference in t
range of angles persists. The rapid close of the shears in
EIM calculations implies a rapid decrease in the magnitu
of the m' vector, and hence a dramatic decrease inB(M1)
strength is expected. This behavior is demonstrated in
inset to Fig. 8; theB(M1) values were calculated using th
expression in@30#, with gn determined by assuming that a
the j n vectors were parallel, i.e.,gn5(1/S j n i

)(Sgn i
j n i

).

@The B(M1) strengths were also evaluated assuming
positive-parity neutrons were aligned parallel to the crank
axis and hence contributed nothing to theB(M1); the results
did not differ much from those shown in the figure.# It is
clear from this plot that the EIM calculations do not prope
reproduce the measured transition probabilities, even for
states in band 10 which are expected to have negligible c
effects.

This effective-interaction model may be a useful mod
for interpreting shears bands from a phenomenological p
spective, and has been successfully applied to the Pb re
@17,30,31#, where the shears bands consist of long, rig
high- and low-K blades in nuclei with small deformations
The model involves some simplifying assumptions, howev
which may limit its applicability to certain cases, as demo
strated in the current analysis.

V. CONCLUSIONS

In summary, lifetimes of states in twoDI 51 bands and
one DI 52 band in 109Cd have been measured using t
Doppler shift attenuation method in an experiment p
formed with the GAMMASPHERE array. The deduce
B(M1) values for the dipole bands exhibit the characteris
decrease as a function of spin expected for the shears me
nism. This decrease cannot be explained in the context o
traditional formalism wherebyK remains fixed and angula
momentum is generated by collective rotation about an a
perpendicular to the symmetry axis of the nucleus. Angu
momentum andB(M1) values were calculated using tilte
axis cranking codes, and have been shown to be consis
with the experimental results. The angular momentum a
B(E2) values deduced for theDI 52 band have also bee
shown to be consistent with principal axis cranking calcu
tions for an antimagnetic rotor. The ratioJ (2)/B(E2) was
found to be an order of magnitude larger for this band th
for well-deformed rotors, indicating a large contribution
the moment of inertia from the closing shears blades.
alternate model for the shears mechanism involving prot
neutron effective interactions where the strength is prop
tional to P2(cosupn) was also applied to theDI 51 bands.
An interaction strength of;600 keV/pair was estimated us
ing this model, though limitations of the applicability of th
model exist. Both models predict that the majority of t
angular momentum in each band is generated by the al
ment of proton-hole and neutron blades, consistent with
suggestion, based on analyses of Pb isotopes, that the s
mechanism should dominate in nuclei with«2&0.12.
8-10
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