
VOLUME 80, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 9 FEBRUARY 1998
Decreasing Collectivity in Smoothly Terminating Bands in theA « 110 Region
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Lifetimes of states in two rotational bands in108Sn and one in109Sb have been determined using the
Doppler shift attenuation method. The deduced quadrupole moments for the states are in excellent
agreement with cranked Nilsson model predictions, which imply a gradual change in the nuclear
shape from collective near-prolate at medium spin to noncollective oblate at high spin. This change
results from the gradual alignment of the spin vectors of the valence particles and holes in a specific
configuration. These data provide crucial evidence in support of the phenomenon of smooth band
termination. [S0031-9007(97)05258-7]
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The nuclei in theA , 110 mass region have revealed
some surprising nuclear structure features in recent yea
In the tin isotopes, rotational bands arising from proto
two-particle–two hole (2p-2h) excitations across theZ ­
50 shell gap [1,2] coexist with single-particle states a
moderate spin. These 2p-2h structures have a quadrup
deformation of ´2 ­ 0.20 0.25 induced through the
promotion of protons from the up-sloping (with increasin
´2) pg9y2 orbital into the down-slopingpsg7y2, d5y2d
or ph11y2 orbitals. In the Sb isotopessZ ­ 51d, the
corresponding bands are based on a 3p-2h proton struct
[3–5]. At higher frequencies, as the valence nucleon
align their spin vectors with the axis of rotation, the
structures in nuclei aroundA , 110 display a unique
feature, whereby the dynamic moments of inertia,J s2d,
gradually decrease with increasing spin to unusually lo
values, typically about one-third of the rigid body value
Moreover, the energy of the last few states in the bands
observed to increase rather than decrease when a rota
liquid drop reference energy is subtractedsE 2 ERLDd.
In addition, several of these bands have been observed
have a sharp falloff in intensity for the last transition.

These intriguing features have been interpreted usi
configuration-dependent cranked Nilsson calculation
[6,7], which indicate that, as the spin vectors of th
available valence nucleons outside theZ ­ N ­ 50
double-shell closure align, the nuclear shape gradua
traces a path through the triaxial plane from a collectiv
near-prolate shape (g , 0±, Lund convention [8]) to
a noncollective oblate shapesg ­ 160±d over many
transitions (see Fig. 1). The band-termination spin for
specific configuration is equal to the sum of the aligne
spins of the valence particles and holes. This feature h
been calledsmooth band terminationin order to contrast
it with the shorter and more irregular terminating band
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seen in nuclei such as158Er [9,10]. The reason why the
bands in theA , 110 region can be followed to, or close
to, termination is because they are yrast or near yrast ov
a large spin range.

The high-spin experimental properties of these te
minating band structures are in remarkable agreeme

FIG. 1. Calculated deformations (´2 and g) for the f20, 2g1

(band 1) andf21, 2g2 (band 2) configurations in108Sn and
the f21, 2g2 (band 1) configuration in109Sb as a function
of spin in steps of2h̄. hThe notation used isfp1p2, ngatot ,
wherep1 and p2 are the number of holes and particles in th
proton g9y2 and h11y2 orbitals, respectively,n is the number
of neutrons in theh11y2 orbital, andatot is the total signature:
the remaining orbitals outside100Sn beingsg7y2, d5y2d.j Note
the gradual transition from a collective near-prolatesg , 0±d
shape to a noncollective oblatesg ­ 160±d shape as the
spin increases.
© 1998 The American Physical Society
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with the cranked Nilsson model calculations. A cruciall
important prediction, however, remains to be experime
tally validated: The collectivity of these bands is expecte
to decrease as the band spin increases towards termina
[6,7]. In order to test the predicted decreasing collecti
quadrupole moments andBsE2d transition probabilities
with increasing spin, an experiment has been performed
obtain, for the first time, the individual state lifetimes an
quadrupole moments for two terminating bands in108Sn
(bands 1 and 2 [1]) and one band in109Sb (band 1 [3,4])
(see Fig. 1).

High spin states in109Sb and 108Sn were populated
using the54Fes58Ni, xpd reactionssx ­ 3, 4d at a beam
energy of 243 MeV. The beam, which was provided b
the 88-inch cyclotron at the Lawrence Berkeley Nation
Laboratory, was incident on a600 mgycm2 thick, en-
riched, 54Fe target foil on a15.2 mgycm2 gold backing.
Lifetimes of states in the 2p-2h bands were obtain
using the Doppler shift attenuation method [11], whic
relies on a knowledge of the initial velocity distribution
of the recoiling nuclei and the time scale of the nucl
slowing down and stopping in the target and backin
material. A smaller data set was also collected using
self-supporting500 mgycm2 54Fe target. These latter
data were used to extract the intensities of the transitio
within the bands. Gamma rays were detected using
Gammasphere array [12] which consisted of 95 hyperpu
large volume germanium detectors. A total of2.5 3 109

quadruple and higherfold gamma coincidence events w
collected in the backed target experiment. The data w
decomposed intoEg 2 Eg 2 Eg events and sorted into
gatedEg 2 Eg correlation matrices. This was achieve
by gating on several transitions located below, and
coincidence with, the bands and, if possible,g rays at the
bottom of the bands. Only transitions with no Dopple
shifted component were used as gates. One axis of
matrices contained all detectors while the other ax
contained detectors at specific angles. In order to produ
matrices with sufficient statistics, it was necessary to a
together detectors located in certain adjacent angles
produce composite angles. The combinations (number
detectors) used were 79.2±(5) and 80.7±(4) giving 79.9±,
99.3±s5dy100.8±s3d ! 99.9±, 121.7±s5dy129.9±s10d !

127.2±, 50.7±s8dy58.3±s4d ! 53.2±, 32.7±s5dy37.4±s5d !
35.1±, and 142.6±s5dy148.3±s5d ! 145.5±. Additional
detectors were located at 17.3±(5), 69.8±(6), 90±(8),
110.2±(7), and 162.7±(5).

Spectra were projected onto the composite ang
axis using the cleanest gates. The resulting spec
yielded Doppler broadened line shapes in the regi
750–1150 keV and Doppler shifted transitions at high
energies. Lifetimes of states within the bands we
extracted from these Doppler shifts using the analys
package of Wells and Johnson [13], and the energy lo
was modeled using the prescription of Gasconet al. [14].
Shell corrections were applied to the electronic stoppi
powers of Northcliffe and Schilling [15] following the
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prescription of Ward [16]. The detailed slowing dow
history of the recoils in the target and backing materi
was simulated using a Monte Carlo technique, whic
involved 10 000 histories with a time step of 0.002 p
and the results sorted according to detector geome
The calculated average time taken to stop the reco
was approximately 1.3 ps. Calculated line shapes we
produced assuming both feeding into the top of the ban
which was simulated through a rotational cascade
five transitions with a similar moment of inertia to tha
of the band itself, and sidefeeding into each state. T
sidefeeding intensity was constrained to be the same
that deduced experimentally from the thin target da
Fits were made to spectra from three different angl
simultaneously. These included various combinations
forward and backward detectors and detectors situa
at 90±, the latter of which were particularly useful for
locating contaminants. The effective lifetime of th
highest transition observed in each band was determin
and used as an input parameter to obtain the lifetimes
states lower in the bands. Final results were obtain
by fitting up to six members of a band simultaneous
with independent variable lifetimes for each state. Th
lifetime of the associated sidefeeding was also varied a
simulated using a rotational cascade of five transitions
most of the states in the bands. Furthermore, the dynam
moment of inertia,J s2d, of the sidefeeding cascade wa
varied to check that this did not significantly affect th
results. In this case, the in-band levels were observed
have similar lifetimes to those quoted in Table I. For th
lowest two or three levels in each band, both indepe
dent multiple single-step feeding and rotational casca
feeding were tried. The former method yielded slight
better fits to the data. In this case, five independent lev
were used whose lifetimes were all variable. In gener
the sidefeeding lifetimes were found to be 1–3 time
faster than the in-band lifetimes. Figure 2 shows th
experimental data, together with the best calculated fi
for four transitions from band 1 in109Sb.

Band 1 in108Sn is crossed at high spin by another stru
ture which has the same parity and signature [see inse
Fig. 3(b)]. The 1895 keV linking transition was strong
enough to extract an effective lifetime. This yielded
value which was the same, within errors, as the sidefee
ing time deduced for the 1704 keV transition in band
Since the 1895 keVg ray accounts for more than 50% of
the sidefeeding into this state this is a good cross che
that the sidefeeding lifetimes obtained are reasonable.

The lifetimes of the states in thef20, 2g1 band 1 and
f21, 2g2 band 2 of108Sn and thef21, 2g2 band 1 of109Sb
are summarized in Table I (for notation, see the capti
of Fig. 1). The errors are determined primarily from th
spread in the results from fitting the lifetimes to differen
angle data. They also reflect the behavior of thex2 in the
neighborhood of the best fit for each angle combinatio
used; however, they do not include systematic erro
which are inherent in the stopping powers used, a
1175
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TABLE I. Gamma ray energies, spins of initial states from
which theg rays depopulate, sidefeeding intensities, lifetimes
and reduced transition strengths for states in the three ban
All g-branching ratios were 1.0 unless explicitly stated.

Eg ISF BsE2d
(keV) Jp

i (%) t (ps) se2 b2d
109Sbs1d 791 39

2

2 0 0.64810.088
20.071 0.36510.042

20.051
a

861 43

2

2 12(3) 0.40910.046
20.033 0.42110.034

20.047

977 47

2

2 14(3) 0.25310.032
20.027 0.36210.039

20.046

1093 51

2

2 15(3) 0.14910.015
20.014 0.35110.033

20.035

1203 55

2

2 13(4) 0.10710.012
20.014 0.30210.040

20.034

1326 59

2

2 8(5) 0.06210.006
20.008 0.32110.041

20.032

1476 63

2

2 19(5) 0.05110.009
20.008 0.22810.036

20.040

1648 67

2

2 42(8) 0.03110.007
20.007 0.21610.049

20.049

1849 71

2

2 60(10) 0.02910.007
20.007 0.13010.031

20.031

2097 75

2

2 60(10) 0.01910.006
20.005 0.10610.033

20.028

108Sns1d 791 161 10(3) 0.94710.148
20.151 0.27810.044

20.043

901 181 10(3) 0.54010.084
20.090 0.25410.042

20.040

1014 201 15(4) 0.31010.041
20.042 0.24510.032

20.032

1119 221 15(4) 0.20210.038
20.034 0.23010.039

20.043

1225 241 15(5) 0.13710.031
20.018 0.21610.029

20.049

1356 261 22(5) 0.07710.013
20.009 0.23110.027

20.039

1514 281 30(6) 0.05610.011
20.011 0.18310.036

20.036

1704 301 65(10) 0.04710.016
20.012 0.12110.031

20.041

108Sns2d 948 232 0 0.44010.064
20.060 0.21810.030

20.032
a

1042 252 0 0.27010.036
20.036 0.24610.033

20.033

1180 272 20(4) 0.15910.023
20.021 0.22410.030

20.032

1356 292 15(5) 0.08210.014
20.010 0.21710.026

20.037

1542 312 40(8) 0.05110.008
20.007 0.18310.025

20.029

1741 332 50(12) 0.03010.006
20.006 0.17010.034

20.034

1982 352 66(15) 0.02310.007
20.007 0.11610.035

20.035

aExperimentalg-branching ratios of 0.9 were used in each cas

which could be as large as615%. Table I also contains
the experimental side feeding intensities and the deduc
BsE2d values.

Figure 3 shows the experimentally deduced transitio
quadrupole momentsQt for each state, and compares
them with the values calculated from the equilibrium de
formations of corresponding states for the suggested co
figurations. The calculations were performed using th
configuration-dependent shell correction approach pl
the cranked Nilsson potential [17], with the generaliza
tion [6,7] which allows the identification of high-j or-
bitals in eachN shell after diagonalization. This is
done by locating the orbitals with the largest expecta
tion value of j2 at a low frequency and then following
these diabatic orbitals for all frequencies. This techniqu
1176
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FIG. 2. Experimental data and associated line-shape fits f
the 2385, 1648, 1326, and 861 keV transitions in band 1 o
109Sb. The spectra result from summing together projection
obtained by gating on the 806 and 593 keV fully stopped feed
out transitions below the band. These projections were tak
from matrices which had been created using gates on seve
transitions which are below, and in coincidence with, band
(Fig. 3 of Ref. [4]). Composite angles for the detectors use
to create the spectra are shown in the top right-hand corner
each box. Stopped transitions marked with anL are linking
transitions from the bottom of the band to the spherical state
The 853 and 1341 keVg-rays are low-lying transitions from
spherical states at the bottom of the109Sb decay scheme.

distinguishes between the particles of approximateg9y2
character and those belonging to other low-j subshells of
the N ­ 4 oscillator shell. The calculations are carried
out in a mesh in the deformation spaces´2, ´4, gd. Then,
for each fixed configuration and each spin separately, t
total energy of the nucleus is determined by a min
mization with respect to the shape degrees of freedom
Pairing correlations are neglected in the calculations,
feature motivated by the lack of expected quasipart
cle alignments ath̄v $ 0.6 0.7 MeV in the observed
bands [7]. The transition quadrupole momentQt is calcu-
lated from the equilibrium deformationss´2, ´4, gd using
Eq. 3–5 of Ref. [18].

The overall agreement between theory and experime
is remarkably good (see Fig. 3) and documents th
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FIG. 3. Experimentally deduced transition quadrupole m
ments for (a) band 2sf21, 2g2d, (b) band 1 (f20, 2g1) in 108Sn,
(c) band 1sf21, 2g2d in 109Sb (see Fig. 1 for notation). Solid
lines represent the calculated values for these configuratio
and were obtained from the cranked Nilsson model. The in
in (b) shows the top of band 1 in108Sn and how it is crossed
by what is thought to be thef21, 3g1 terminating configuration
(see Ref. [1] for further details).

decreasing collectivity of these bands as they gradua
approach termination. This agreement is obtained witho
any “a posteri” adjustment of parameters. Indeed, th
deformations were calculated previously (see Fig. 1
Ref. [4] and Fig. 5, Ref. [1]) and since theQt values
depend on these, following the earlier theory techniqu
of Ref. [7], the values were defined prior to experimen
The values ofQt for the I ! sI 2 2d transition have
been calculated from the deformation of the initial sta
I , thereby neglecting deformation changes between
two states. Close to band termination the differen
in equilibrium deformations between theI and sI 2 2d
states becomes considerable (see Fig. 1). This sugg
that the Qt calculations are less accurate for the nea
termination transitions. However, taking an average
Qt for the initial I and final sI 2 2d, states would only
marginally affect the calculated values in the spin rang
where experimentalQt values have been extracted; thu
we have used the same definition as in Ref. [7], which
expected to provide reliable results.
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The excellent agreement between the experimental l
times and the theoretical calculations shows that t
collective quadrupole moments for these three smo
terminating bands in108Sn and109Sb decrease with in-
creasing spin. This crucial agreement, along with that
the other experimental properties, provides firm supp
for the cranked Nilsson model calculations which ha
been used to interpret smooth band termination for diffe
ent configurations in a range of nuclei in this mass regio
These results conclusively document, for the first tim
the smooth band-termination phenomenon as the grad
transition from collective rotation towards a noncollec
tive terminating state, where the angular momentum
limited to the sum of the aligned spins of the individ
ual valence particle and hole constituents of the spec
configuration.
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