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Decreasing Collectivity in Smoothly Terminating Bands in theA ~ 110 Region
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Lifetimes of states in two rotational bands'fiSn and one in®Sb 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]

PACS numbers: 21.10.Tg, 21.10.Ky, 21.10.Re, 27.60.+]j

The nuclei in theA ~ 110 mass region have revealed seen in nuclei such as®Er [9,10]. The reason why the
some surprising nuclear structure features in recent yearsands in theA ~ 110 region can be followed to, or close
In the tin isotopes, rotational bands arising from protorto, termination is because they are yrast or near yrast over
two-particle—two hole (2p-2h) excitations across the=  a large spin range.

50 shell gap [1,2] coexist with single-particle states at The high-spin experimental properties of these ter-
moderate spin. These 2p-2h structures have a quadrupat@nating band structures are in remarkable agreement
deformation of e, = 0.20-0.25 induced through the

promotion of protons from the up-sloping (with increasing

&) mgosy oOrbital into the down-slopingm(g7/2,ds/2) 1=60° y=30°
or mhy, orbitals. In the Sb isotope§Z = 51), the ] ~ .
corresponding bands are based on a 3p-2h proton structure 0.2 -----_ | N S
[3-5]. At higher frequencies, as the valence nucleons N
align their spin vectors with the axis of rotation, the / . e
structures in nuclei around ~ 110 display a unique
feature, whereby the dynamic moments of inertiE?,
gradually decrease with increasing spin to unusually low
values, typically about one-third of the rigid body value.
Moreover, the energy of the last few states in the bands is
observed to increase rather than decrease when a rotating ] N 109 ' 1]
liquid drop reference energy is subtractgd — Eryp). T~/ 1Y mSSb“) [21’2]+
In addition, several of these bands have been observed to / \/\r R mgsn(” [20’2]_
have a sharp falloff in intensity for the last transition. S Sn(@) [21,2]

These intriguing features have been interpreted using 0.0 = : T : }
configuration-dependent cranked Nilsson calculations 0.0 0.1 0.2
[6,7], which indicate that, as the spin vectors of the £, COS (7 +30°)
available valence nucleons outside tle= N = 50
double-shell closure align, 'the? nuclear shape gradugll band 1) and[21,2]" (band 2) configurations iN®*Sn and
traces a path through the triaxial plane from a collectivene [21,2]- (band 1) configuration in'®Sb as a function
near-prolate shapey(~ 0°, Lund convention [8]) t0 of spin in steps of2i. {The notation used i§p; p», n],

a noncollective oblate shapéy = +60°) over many wherep, and p, are the number of holes and particles in the
transitions (see Fig. 1). The band-termination spin for &roton gy and ki), orbitals, respectivelyn is the number
specific configuration is equal to the sum of the alignecﬁ‘: neutrons in thek,y, orbital, anda, is the total signature:

. ) . e remaining orbitals outsid®°Sn being(g7/.ds;).} Note
spins of the valence particles .and' holes. This feature hgge gradual transition from a collective near-prolége~ 0°)
been calledsmooth band terminatiom order to contrast shape to a noncollective oblatey = +60°) shape as the
it with the shorter and more irregular terminating bandsspin increases.
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IG. 1. Calculated deformationgy and y) for the [20,2]*
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with the cranked Nilsson model calculations. A crucially prescription of Ward [16]. The detailed slowing down
important prediction, however, remains to be experimenhistory of the recoils in the target and backing material
tally validated: The collectivity of these bands is expectedvas simulated using a Monte Carlo technique, which
to decrease as the band spin increases towards terminatimvolved 10000 histories with a time step of 0.002 ps,
[6,7]. In order to test the predicted decreasing collectiveand the results sorted according to detector geometry.
guadrupole moments and(E2) transition probabilities The calculated average time taken to stop the recoils
with increasing spin, an experiment has been performed twas approximately 1.3 ps. Calculated line shapes were
obtain, for the first time, the individual state lifetimes andproduced assuming both feeding into the top of the band,
quadrupole moments for two terminating bands%sn  which was simulated through a rotational cascade of
(bands 1 and 2 [1]) and one band'fiSb (band 1 [3,4]) five transitions with a similar moment of inertia to that
(see Fig. 1). of the band itself, and sidefeeding into each state. The
High spin states in'®Sb and!®®Sn were populated sidefeeding intensity was constrained to be the same as
using the>*Fe(*®Ni, xp) reactions(x = 3,4) at a beam that deduced experimentally from the thin target data.
energy of 243 MeV. The beam, which was provided byFits were made to spectra from three different angles
the 88-inch cyclotron at the Lawrence Berkeley Nationalsimultaneously. These included various combinations of
Laboratory, was incident on 800 ug/cn? thick, en- forward and backward detectors and detectors situated
riched, >*Fe target foil on al5.2 mg/cn? gold backing. at 9, the latter of which were particularly useful for
Lifetimes of states in the 2p-2h bands were obtainedocating contaminants. The effective lifetime of the
using the Doppler shift attenuation method [11], whichhighest transition observed in each band was determined
relies on a knowledge of the initial velocity distribution and used as an input parameter to obtain the lifetimes of
of the recoiling nuclei and the time scale of the nucleistates lower in the bands. Final results were obtained
slowing down and stopping in the target and backingby fitting up to six members of a band simultaneously
material. A smaller data set was also collected using avith independent variable lifetimes for each state. The
self-supporting 500 wg/cn? >*Fe target. These latter lifetime of the associated sidefeeding was also varied and
data were used to extract the intensities of the transitionsimulated using a rotational cascade of five transitions for
within the bands. Gamma rays were detected using thmost of the states in the bands. Furthermore, the dynamic
Gammasphere array [12] which consisted of 95 hyperpurenoment of inertia, J®, of the sidefeeding cascade was
large volume germanium detectors. A total2af x 10°  varied to check that this did not significantly affect the
quadruple and higherfold gamma coincidence events wenesults. In this case, the in-band levels were observed to
collected in the backed target experiment. The data werbkave similar lifetimes to those quoted in Table I. For the
decomposed int&, — E, — E, events and sorted into lowest two or three levels in each band, both indepen-
gatedE, — E, correlation matrices. This was achieved dent multiple single-step feeding and rotational cascade
by gating on several transitions located below, and irfeeding were tried. The former method yielded slightly
coincidence with, the bands and, if possibjerays at the better fits to the data. In this case, five independent levels
bottom of the bands. Only transitions with no Dopplerwere used whose lifetimes were all variable. In general,
shifted component were used as gates. One axis of thtee sidefeeding lifetimes were found to be 1-3 times
matrices contained all detectors while the other axidaster than the in-band lifetimes. Figure 2 shows the
contained detectors at specific angles. In order to producexperimental data, together with the best calculated fits,
matrices with sufficient statistics, it was necessary to addor four transitions from band 1 if°Sb.
together detectors located in certain adjacent angles to Band 1in'%Sn is crossed at high spin by another struc-
produce composite angles. The combinations (number dfire which has the same parity and signature [see inset to
detectors) used were 79(8) and 80.7(4) giving 79.9,  Fig. 3(b)]. The 1895 keV linking transition was strong
99.3°(5)/100.8°(3) — 99.9°, 121.7°(5)/129.9°(10) —  enough to extract an effective lifetime. This yielded a
127.2°, 50.7°(8)/58.3°(4) — 53.2°, 32.7°(5)/37.4°(5) —  value which was the same, within errors, as the sidefeed-
35.1°, and 142.6°(5)/148.3°(5) — 145.5°. Additional ing time deduced for the 1704 keV transition in band 1.
detectors were located at 17(3), 69.8(6), 90°(8), Since the 1895 keWy ray accounts for more than %0of
110.2(7), and 162.7(5). the sidefeeding into this state this is a good cross check
Spectra were projected onto the composite angl¢hat the sidefeeding lifetimes obtained are reasonable.
axis using the cleanest gates. The resulting spectra The lifetimes of the states in tH&0,2]" band 1 and
yielded Doppler broadened line shapes in the regiofi21,2]” band 2 of'®®Sn and thg21,2]~ band 1 of'®Sb
750-1150 keV and Doppler shifted transitions at highelare summarized in Table | (for notation, see the caption
energies. Lifetimes of states within the bands wereof Fig. 1). The errors are determined primarily from the
extracted from these Doppler shifts using the analysispread in the results from fitting the lifetimes to different
package of Wells and Johnson [13], and the energy losangle data. They also reflect the behavior of fdn the
was modeled using the prescription of Gasetml. [14].  neighborhood of the best fit for each angle combination
Shell corrections were applied to the electronic stoppingised; however, they do not include systematic errors
powers of Northcliffe and Schilling [15] following the which are inherent in the stopping powers used, and

1175



VOLUME 80, NUMBER 6 PHYSICAL REVIEW LETTERS 9 EBRUARY 1998

TABLE I. Gamma ray energies, spins of initial states from ' J 800 ! ! )
which the y rays depopulate, sidefeeding intensities, lifetimes, 250 | = 351°
and reduced transition strengths for states in the three bands.
All y-branching ratios were 1.0 unless explicitly stated. 400
150 |
E, Isr B(E2)
(keV) J7 (%) 7 (ps) (e*b)
UsHn) 791 2T 0 oeasti 0365, % i IR
- 145.5
861 L7 1203) 04097308 0421700} ; .
977 477* 14(3) 02537002 036270030 5 150 400 | .
1003 50 15@) oo ossit O "
1203 52—57 13(4)  0.107%8313  0.3027353 50 0 : . :
_ 22 1570 1620 1670 1720
1326 2 8(5)  0.06270008  0.32150:0%
2000 T T
1476 S7  19(5)  0.051759%  0.22879%8
627* +0‘007 +0‘o49 4000 | 861 keV B .
1648 = 42(8)  0.031%0007  0.21670.049
1849 17 60(10) 0.029°637 0.130°G63! 1000 2000
2097 27 60(10) 001974 0.106"5%3%
108Sn(1) 791 16% 10(3) 094770148 (2787004 2000
901 18" 10(3) 0.54070%8 0.2547001 4000
1014 20" 15(4) 0.310t8:8ﬂ 0.245t8j8§% 1000
1119 22 15@) 02027388  0.230°00% 2000
1225 24% 15(5) 0.13770%i 0216700

1356 267 22(5) 0.07773%  0.2317393% Qo60 1310 1360 %30 ss0 870
1514 28* 30(6)  0.056°9911 0.1837993

1704 30" 65(10) 0.04770015 0.1217901 ENERGY (keV)
_ FIG. 2. Experimental data and associated line-shape fits for
0.064 0.030 5 " .
1sn(2) 948 23 0 0.440%506  0.218%5032 the 2385, 1648, 1326, and 861 keV transitions in band 1 of
1042 25° 0 0270700 0.24670033 198p, The spectra result from summing together projections

obtained by gating on the 806 and 593 keV fully stopped feed-

- +0.023 +0.030
1180 27 20(4)  0.159%0m1  0.224%003 out transitions below the band. These projections were taken

1356 297 15(5) 0.082700s  0.217700%8 from matrices which had been created using gates on several
- +0.008 +0.025 transitions which are below, and in coincidence with, band 1

1542 317 40(8) 0'051;8‘882 0'183;8‘822 (Fig. 3 of Ref. [4]). Composite angles for the detectors used

1741 337 50(12) 0.030%g00¢ 0.17070034 to create the spectra are shown in the top right-hand corner of

1982 35~  66(15 +0.007 +0.035 each box. Stopped transitions marked with farare linking
(15) 0023 %ay  0.11670055 transitions from the bottom of the band to the spherical states.
The 853 and 1341 ke\y-rays are low-lying transitions from
spherical states at the bottom of tH&Sb decay scheme.

aExperimentaly-branching ratios of 0.9 were used in each case

which could be as large as15%. Table | also contains distinguishes between the particles of approximgaie
the experimental side feeding intensities and the deducecharacter and those belonging to other Ipwtbshells of
B(E2) values. the N = 4 oscillator shell. The calculations are carried
Figure 3 shows the experimentally deduced transitiorout in a mesh in the deformation spaes, 4, y). Then,
quadrupole momentg), for each state, and compares for each fixed configuration and each spin separately, the
them with the values calculated from the equilibrium de-total energy of the nucleus is determined by a mini-
formations of corresponding states for the suggested comnization with respect to the shape degrees of freedom.
figurations. The calculations were performed using thePairing correlations are neglected in the calculations, a
configuration-dependent shell correction approach plugseature motivated by the lack of expected quasiparti-
the cranked Nilsson potential [17], with the generaliza-cle alignments atiw = 0.6-0.7 MeV in the observed
tion [6,7] which allows the identification of high-or-  bands [7]. The transition quadrupole moméntis calcu-
bitals in eachN shell after diagonalization. This is lated from the equilibrium deformatior(s,, €4, y) using
done by locating the orbitals with the largest expecta-Eq. 3—5 of Ref. [18].
tion value of j> at a low frequency and then following  The overall agreement between theory and experiment
these diabatic orbitals for all frequencies. This techniquds remarkably good (see Fig. 3) and documents the
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4 T T T T ' T The excellent agreement between the experimental life-
times and the theoretical calculations shows that the
collective quadrupole moments for these three smooth
terminating bands in®Sn and'®Sb decrease with in-
creasing spin. This crucial agreement, along with that for
the other experimental properties, provides firm support
(@) "sn(2) T =39 for the cranked Nilsson model calculations which have
max been used to interpret smooth band termination for differ-
A ent configurations in a range of nuclei in this mass region.
oo These results conclusively document, for the first time,
(6% the smooth band-termination phenomenon as the gradual
[ i § ¢ T | transition from collective rotation towards a noncollec-
tive terminating state, where the angular momentum is
Aol limited to the sum of the aligned spins of the individ-
(b) IOSSn(l) I =36 er,,/ ual valence particle and hole constituents of the specific
s iy configuration.
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