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Three rotational bands iA%Sn have been investigated to high frequency via #ie(®®Ni,4p) reaction
at 243 MeV. One of these bands is observed to undergo a band crossing at high spin. All three bands show
a large decrease in their dynamic moments of inertia, to approximately one third of the rigid body value, as
the rotational frequency approaches 1 MgVIiThe structures of these bands are thought to be based on
2p-2h proton excitations across tAe=50 shell gap and their properties can be interpreted in terms of cranked
Nilsson-Strutinsky calculations. Such calculations predict smooth band terminations for all three struc-
tures and a gradual shape change from collective prolate, at low spin, to noncollective oblate at high spin.
[S0556-28186)00105-1

PACS numbdss): 21.10.Re, 27.60j, 23.20.Lv

I. INTRODUCTION The bands in'%Sn have previously been interpreted as
being built onm(ge;©97,) and m(ges®g7h1y) 2p-2h
Previous work on'%Sn has identified three rotational proton excitations across tti&=50 shell gap, with aligned
bands[1] which dominate the high spin structure. One ofhl/2 neutrons also being involved in the configuratidag

these bands was assigned positive parity whilst the remairka|ateq 2p-2h structures were first discovered in the heavier

ing two bands were tentatively assigned as having negatingeml\ tin isotopes by Broret al.[7]. In the earlier work on

parity. The properties of these bands are very similar to thosg, : .
of rotational bands observed in o#dSb nuclei(e.g.,[2,3]), *Sn[1] only one of the three band_s had beer) linked into
which have recently been interpreted as resulting from ahe known level schemig], thus making the assignment of

smooth transition from a prolate collective shape at low rothe configurations somewhat tentative. Also, in that work it

tational frequencies, to a noncollective oblate shape at th&as not possible to confirm the spin assignments given by
highest frequencies observed. This situation has been showfzaiezet al. [8] for the positive parity bangband 1 off1])

to arise when a particular valence configuration evolves consince there were insufficient statistics to allow a directional

tinuously from high collectivity at low spin to a point where correlation analysi§DCO) to be performed for the weak
all the spin vectors of the particles involved in the configu-high-energy linking transitions below the band.

ration are maximally aligned, and has been called a |5 order to further investigate the above problems we
smooth” or “soft” terminating band[4]. This feature is ;0 optained new data on the rotational band&®sn. In

ver){, different to.the. other cases where abrurng or “sud- the present work we report the observation of linking transi-
den” band termination has been observedy., *°%€r [5], : :
tions for one of the two previously unconnected bands and

122¢e [6]). Here terminating states of maximal spin have _ o e
been identified but their valence configurations are not th&!SO the measurement of DCO ratios for linking transitions

same as those of the collective bands which dominate th#om the two bands which are now connected. These results
spectroscopy at lower spins. In this case the oblate noncohave enabled us to obtain new spin assignments for both of
lective states cross the prolate collective states and becontikese bands. There is also evidence for a band crossing in the
yrast at high spin. positive parity band at high spin. This feature is discussed
within the Nilsson-Strutinski cranking model. Finally, the
structures of all the bands are compared with calculations
*Current address: Lawrence Livermore Laboratory, P.O. Box 808based on this model.
Livermore, CA 94550.
TCurrent address: Chemistry Department, Washington University,
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The energy was chosen to be the same as in previous studikisown rotational bands. Analysis was carried out using the
[1]. graphical analysis programgViTsr (cube andescL8R(ma-

The high spin properties of°®Sn were investigated with trices [9]. These programs enabled the level scheme to be
the early implementation of the Gammaspherey detector deduced from the coincidence relationships and relative in-
array. At that time, the array consisted of 24 bismuth-tensities of the gamma rays. In this early implementation of
germanatdBGO)-suppressed HPGe detectors, each with arGammasphere there were no detectors close to 90° to the
efficiency of approximately 75% relative to ax3 sodium  beam direction, and consequently, it was not possible to per-
iodide crystal at 1.3 MeV. In this particular experiment theform a directional correlation analysis.
target consisted of two stacked 0.5 mgfcrvils of 54Fe In the second experiment, gamma rays were detected us-
with an enrichment of 97%. The multifold event by eventing the Chalk River & spectrometer array. For a valid co-
data were analyzed as follows. First, the events were unincidence event 9 or more of the BGO inner ball crystals
packed into threefold coincidences and used to produce afK=9) were required in addition to two Compton sup-
E,-E,-E, cube which contained 30108 triples events. The pressed HPGe counters; a total of Z0® such events were
triples data were also used to prodiegE,, matrices. In this  acquired. The target consisted of 586/cm? S“Fe, enriched
case the third gamma ray was used as a gate. This productm >95%, on a 25 mg/crhthick gold backing. In order to
“clean” matrices for studying the various rotational bands. enhance the four-particle reaction channel the data were
Information from these matrices and the cube was used isorted off line, with a filter on the BGO ball requiring 8
order to determine the transitions at the top of the threesK<16, into an angular-correlation matrix which contained
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data from detectors al==*79° with respect to the beam
direction along one axis and data from detectorsdat 800 1 (c)
+37° along the other axis. Coincideftray intensity ratios 600 -
[1,(37°=79°)I1,(79°—-37°)], obtained from this matrix, were

used to determine stretched-dipole, stretched-quadrupole, 4001
and unstretched-quadrupole transitions using the method of 200
directional correlation from oriente(©CO) states[10]. In

this geometry, intensity ratios of 1.0 are predicted for a 0
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J—J—J—2 correlation depending on the sign of the mul-
tipole mixing ratio. In the present work, only strong stretched
E2 quadrupole transitions were used as gating transitions. 0
These backed-target data were used to obtain DCO ratios 9000
for transitions below the rotational structuresffSn. These 1
decays are emitted after the recoiling nuclei have stopped in 6000 -
the gold backing. The data could not, however, be used to |
obtain DCO ratios for transitions within the rotational bands 3000
(with the exception of the lowest two transitions in band 1
as the collectivity of these structures results in Doppler
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Ill. EXPERIMENTAL RESULTS FIG. 2. Spectra showing the three rotational band&fn (a)

band 1,(b) band 2, andc) band 3. Transitions within each of the

Previous work ont%sn [1] has identified three rotational bands are labeled. These spectra are the results of all possible com-
bands which dominate at high spin. The present work habinations of double gates on the members of each band from a
enabled us to study the highest spins in these bands and RADWARE cube.
link in one of the two previously unconnected bands to the o
spherical levels at low spin. We have also been able to meavhich depopulates that level. Thus the presgnt results. indi-
sure DCO ratios which has enabled us to determine the spirf@te that the lowest level of band 1 has a spin and parity of
of the two bands which are now linked into the main decayl2 ', not 14" as previously published. It was not possible to
scheme. obtain DCO ratios for any of the new transitions at the top of

The decay scheme deduced f#8Sn from the present this band as the inte.n_sitie_s faII_ off rapid(g.g., the upper-
work is shown in Fig. 1. Figure 2 shows the double-gatedMost 1872 keV transition is estimated to 8% of that of
gamma-ray spectra obtained from the thin-target cube for théhe 707 keVy ray). Consequently, we have assumed that the
three previously reported intruder bands. The spectra are the619, 1895, 1974, 1540, 1722, and 1872 keV gamma rays
sums of double-gate combinations of all the gamma rays i'e stretched?2 transitions.
each of the bands shown.

Band 1 had previously been observed up to the 1895 ke
transition. The present work has extended this and show
that there is in fact a band crossing occurring beyond spin 30
fi. The spins of the levels in this band are different to those
given in[1,8]. Those presented [11] were in fact taken from

y TABLE I Angular correlation ratios for transitions below band
in 198Sn. OneE2 transition from the bottom of band(Z07 keV)
included for comparisor(x) Too weak to measure.

[8] as it was not possible to measure DCO ratios for the E, (keV) 1(37=79) Assignment
high-energy transitions below this band in the former experi- 1(79-37) 77
ment. In the present work we have been able to determine

new DCO ratios for these transitions. Results for the transi- 923 1.0910 12" 10"
tions of interest are presented in Table I. The DCO ratios for 707 1.022) 14" —12"
the 523, 727, 739, and 939 keV transitions, which depopulate 727 1.006) 12" —10"
band 1, clearly support pur&2 assignments for these 739 1.1@7) 12" —10"
gamma rays. The intermediate levels which are populated by 939 1.015) 10" —8"
the decay of the 727 and 739 keV transitions decay via high ~ 1178 0.626) 12F —11"
energy gamma rays which have DCO ratios of approxi- 1253 0.8%5) 10" —10"
mately 0.8. This is indicative of mixetM1/E2 transitions 1265 0.835) 10" —10"
with no parity change and a spin change of either one or 1498 0.788) 10" —10"
zero. However, only the latter option, which leads to a spin- 1510 0.794) 10" —10"
parity assignment of 12 for the lowest level of band 1, is 1715 % 10t —10"

consistent with the DCO ratio for the 1178 keV transition
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TABLE Il. Angular correlation ratios for transitions from
negative-parity levels above the yrast1fevel in 1083n,
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‘]i HJf E 60+
o)
683 0.55%6) 137 —12% E 501
722 0.7712) (137)—13" g o
752 0.9420) 15 —(137) Q 407 3" (igid) £,=0.2
884 0.979) 17 —15 % 304
898 0.9710 23 =21 S w0l
911 1.027) 17" —15 a
1072 0.979) 19 —17 10 t t t t ' ¢ t
1096 1.007) 15 13 03 04 05 06 07 08 09 10 11
1179 0.9711) 2119 fi> (MeV)
1230 1.0011 21" —19 . N .
1474 1 1312; 15,:13, FIG. 3. Dynamic moments of inertia versus rotational frequency
1506 0 988) 17 15 for the three rotational bands #18Sn. Also shown is the moment of
. —

inertia for a rigid body with a quadrupole deformaties=0.2.

The improved quality and quantity of the data from thel, have been assigned on the basis of a comparison with
third-generation Gammasphere array has enabled us to lirfi@lculations pregented in the discussion section aqd also on
band 2 to the low lying levels. In the present work approXi_where the band is experimentally observed to feed into band
mately 50% of the decay-out intensity of this band has beer
observed. This is the sum of intensities of the 898, 1179, and
1242 keV vy rays, which contribute~10%, ~40%, and IV. DISCUSSION
<5%, respectively. DCO ratios for the relevant transitions
above the 1160 keV 1210 transition are given in Table  The low spin structure ot%sn is dominated by spherical
Il. These support the spin assignments given in Fig. 1 fostates in which the valence neutrons occupy the low lying
band 2. The DCO ratios for all other transitions which are?97:2,vds;2, and vhyy, orbitals. A discussion of the struc-
not listed are consistent with the multipolarity assignmentgure of the low-spin states is presented8hand will not be
given in Refs[1,8]. Previous work1] placed the 948 keVv repeated here. The main focus of this paper is the high spin
transition directly above the 819 keV gamma ray. The triplesstates, which are dominated by rotational type structures. In
data have enabled us to show, however, that there is in factR{evious work[1] these have been discussed in terms of
901 keV transition between these two gamma rays. FurtheProton m(ggs®97,) and m(ges®a7.h1y) 2p-2h excita-
more, in[1] it was tentatively suggested that there was ations across th&Z=50 closed shell. The present work fo-
2540 keV gamma ray on top of the 2241 keV transition. Thiscuses on their interpretation in terms of the smooth band
could not be observed in the present work; however, we dtermination calculations of Ragnarssenal. [4] (see also
have tentative evidence for a 2569 keV gammals®e Fig. Afanasjev and Ragnarssh2]). These calculations will be
2(b)]. discussed in Sec. IV B below.

Band 3 still remains unconnected to the main part of the
level scheme. This is the weakest of the three bands; the
lower members having approximately 2% of the intensity of
the 6" —4* yrast transitionlbands 1 and 2 have 8% and Figure 3 shows the dynamicA®)) moments of inertia
30%, respectively Transitions within the band are assumedfor the three bands observed in the present work. Previous
to haveE2 multipolarities. The present work has enabled uswork indicated that all three structures probably involved an
to extend this band by one transiti¢é828 ke\) below the  aligned pair ofhy;;; neutrons. Indeed, cranking calculations
1029 keV gamma ray. At the top of the band the previousshowed that these were expected to align at a low rotational
work [1] suggested a tentative 2277 keV transition; thisfrequency of around 0.35 Me¥/for a quadrupole deforma-
could not be confirmed. There is however evidence for dion consistent with that measured for bandi.g., €,=0.2)
weak transition of 2287 keV above the 2001 keV gamma rayl]. Furthermore the higher frequency hump around
in this band[see Fig. 2c)]. The triples data still support the 7 w~0.55 MeV in band 1 was attributed to the alignment of
decay of this band into band 1 above the 1014 keV gamméhe protongy,, pair of particles. The absence of such an
ray, however the intensity of the branch is too weak to enalignment in bands 2 and 3 can be taken as evidence of a
able us to assign a specific pathway. There is also very wealfferent proton configuration for these structures; that is
evidence that some higher members of the band see the 11199q>®03,h1,) as suggested previously. The new data
keV transition in band Inot shown in Fig. L Band 3 pos- from the present work show that bands 2 and 3 now exhibit
sesses a weak decay branch to the positive parity structusery similar behavior for their dynamic moments of inertia
shown on the right-hand side of Fig. 1. (see Fig. 3. This supports the previous suggestion that the

The tentative spins and parities of band 3, shown in Figiwo bands are signature partners.

A. Dynamic moments of inertia
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Figure 3 also shows that thg‘® moments of inertia of T T R P T TR
@)

all three bands gradually reduce to approximately one-third

of the rigid-body valugassuminge,=0.2) at very high ro- < 557 ., Exp. E
tational frequencies. This feature is characteristic of 2 ] r
smoothly terminating bands and has been seen in several = 5-02 E
other nucleile.g.,[13-15) and reproduced in theoretical cal- S C
culations[4,13]. Such behavior suggests that the individual ~ & 453 n
particle spin contributiongfrom particles involved in the 3 ] r
valence configurationto the total spin of a state is signifi- w3 408 -0 a
cant at high rotational frequency. This naturally leads to a ] Sn C
reduction in collectivity for the structures. e NN

I T Y Y S T U O W S VY VT T I T W W W A

B. Smooth band termination calculations 10
®) o Calc.

Calculations have been performed f818Sn in order to
investigate the high spin features and underlying configura-
tions of the three rotational bands. The calculations were
carried out with the Nilsson-Strutinsky methfith] and em-
ployed a modified oscillator potential. They also utilized new
techniqued4] for identifying the N=4ggq;, holes andgy,,
ds;, particles. In the model, the energy is minimized with
respect to the deformation parametess e,, andy.

Figure 4b) shows the lowest-energy calculated configu-
rations in the spin range of interest. These are 2p-2h configu- -1.0
rations and their structures are given in the figure. Figure S —

4(a) shows the equivalent experimental data for the three 12 16 20 24 28 132 36 40 44
bands in%sn. The experimental excitation energy of band 3 Spin, 1 (h)
was chosen to be consistent with that for its assumed signa-
tur?jparﬁne[]’ baf?d 2. cabl o H | FIG. 4. Comparison between the lowest three calculated and
early there is remarkable agreement between the calCuxperimentally observed rotational bands'#iSn. In each case the
lated and experimental data. The calculations predict that théame smooth rigid-rotor reference has been subtracted. The energy
positive parity7| ggs® (97,052 2]® v[ (ds,9712)®h3, 0] con-  scales are different because the calculations are normalized to the
figuration should be crossed by thﬁ[gs;é@(g%/zhil/?)] liquid d.rop.en(.ergy at spin zero, whilst in the exper.imen.tal case the
® v[(ds972)°h3,,] positive parity configuration at spin normalization is to the measured mass. Dasletid) lines indicate
32%%. This is precisely where band 1 is observed to undergo Qegatlve_(posn!ve) parity states._ The terminating sta_ltes for each of
band crossing. We therefore assign the upper and lower pa © conf|gurat|on_s shown are indicated by Iar'ge C'rdes.' The theo-
of this band to these two configurations, respectively. It iSretlcal configurations shown are the lowest in the spin range of
. . . . . interest and are based on 2p-2h proton structures. Below spin 20
also interesting to note that the configuration change is the : . )
other configurations based on Op-Oh and 1p-1h proton configura-
Same for both prqtons and neutrpns. Unfortgnately, howeve{lons are yrast. The nomenclature used in the theoretical calcula-
s oot o et = e vacan gt te-Jo7 8L ] hre, s e rumbor f o o n e
tween the yrr)ast and yrare 32states. The decay gf the ﬁg’z Orr]z'lﬂ?r'g,ffs'isntvhj\,';‘fj”?f‘i;ghclgﬁffgﬁﬁgﬂﬁf nehis the number of
347 state to the two 32 states proceeds via the 1540 and 2 '

1619 keV y rays, which carry~60% and~40%, respec- (not specifying theds),, g-j, neutrons was originally sug-
tively, of th_e total (_dgcay intensity. If the assumption is madegested for this structure ifil], based on the fact that the
that there is no mixing between the observed 3ate and proton gy, alignment was not observed. The terminating
that resulting from a continuation of themgo>  spin for the favored signature of this structure is 39The
® (970512 21® v[(ds0712) °h3yn]  configuration (the latter  experimental data show that, with this configuration assign-
would be expected to lie-600 keV higher in excitation from ment, band 2 is seen to the penultimate transidn ).
theoretical calculationsthen an interaction strength of the There is however tentative evidence for a 2569 keV transi-
order of 40 keV is obtained between the two bands. This igion from the final terminating statfsee Fig. 2)]. It is
somewhat larger than might be expected given the differworth noting that in%*Sb, where all three bands were ten-
ences between the two configurations. It is interesting tqatively observed to their respective terminating states, the
note, however, that the orbitals which are involved in thefinal transition in each band was very much weaker, and
configuration differencesdg,, 972, andhy,, for both pro-  hence much more difficult to identify than the penultimate
tons and neutronsare the same as those which lead to siz-transition[13]. It is perhaps not surprising, therefore, that the
able octupole correlations in the neighboring isotdi®e  terminating state intSn band 2 is difficult to observe.
[17]. Based on the comparison of the experimental moments of
Band 2 is well explained as the favored signatureinertia between bands 2 and 3, the relative intensities of the
of the lowest negative parity 7[gqs®(935h1)]  two bands, the position where band 3 is observed to feed out
®v[(d5,zg7,2)6h§l,2] configuration. The same configuration to band 1, and the calculations shown in Fig. 4, we tenta-
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figurations, are well known in Sb nuclée.g.,[2,3,13,18,
0.2 1 19). It is interesting to note, however, that #i°Sb the three
observed bands are all predicted to have the same 3p-2h
proton configuration[i.e., m(ges® (g7/d52)2)®h11p [2,
14]. Here the three different structures are related to the dif-
ferent occupancy of thg;.,, ds;» andhqq, neutron orbitals.
Very recently a band with smooth termination properties has
been reported in an odd mass tin isotopgSn[20]. In this
case, the 2p-2h proton structure is coupled tchaf, neu-
tron. Related structures have also been observed in Te nuclei
(e.g.,[14,21)), where the associated configurations are pre-
| dicted to involve 7g[ o5® (g7,:052)?]®h3,,, 4p-2h proton
0.0 0.1 0.2 states. Evidence has also been established for the presence of
€,c08(y+30°) smooth band termination behavior in the light iodine iso-
topes 13113, where 5p-2h proton structures are involved
[22,23. However, in the slightly heavier nucled$’l smooth

FIG. 5. e-vy plot showing how the calculated nuclear shape P s
evolves for the three structures discussed in the text. The terminaErmlnatlon is not observed. Instead, abrupt terminatien,

. . 2 . -
ing states are clearly seen to haye60°, whilst at low spin each similar to. th"ﬁ observed in*Xe [6.]) IS Seen in the yrast
of the bands is close to a prolate shape; iye=0°. Each data point band, which is then followed by single-particle oblate yrast
shown is separated by#4 The configurations shown aré states[24]. This suggests that there may be a boundary be-

7 952® (Grio0ls)2]® ] (dsp0712)°h2y5] Which terminates at spin tween the two types of termina_lting bands. _
36 O and @, the favored and unfavored signatures of the In many of the smooth termination cases discussed above

7 0g2® g% h 1@ v (dg872)®h2y,,] configuration which termi- it has proved difficult to observe the structures close to ter-

nate at 39 and 38, respectively, and¥ m{gg®glshl,,]  Mination as the nuclei concerned generally have several

® [ (dsj972) %h3,,5] Which terminates at 42. This latter configu- More protons and/or neutrons involved in the configurations

ration crosses the first one at spini32 than those in%sn and 1°%Sb, and hence the terminating
spins are somewhat higher. In one particularly favorable

. 1 . .
tively suggest that the remaining structutend 3 can be ~€@se, however, int'“Te [14], a smoothly terminating band
associated with the unfavored signature of th@gg,% has been observed to spinfg0vhich is close to termination.

®(g3h11)1® v [(dsz9712)®h2,,,] configuration. If this as-
signment is correct then band 3 is also observed to the pen-

ultimate state before termination. In conclusion, three rotational bands have been observed
Figure 5 shows how the intrinsic nuclear shapes of thgn 1085 and their structure can be successfully interpreted
configurations discussed are predicted to change as a fungy terms of smoothly terminating bands based on 2p-2h pro-
tion of spin. According to calculations, at the bottom of theon structures. The configurations of the positive parity band
bands the nucleus is close to prolate~(0°,e,~0.2) and SO and one of the negative parity bands have been established,

there is a collective rotation about an axis perpendicular tnd that of a third band tentatively assigned to be the signa-
the symmetry axis. As the frequency increases, the spin veggre partner of the negative parity band.

tors of the valence particles gradually align with this axis and
this results in the nuclear shape slowly changing towards the ACKNOWLEDGMENTS
noncollective single-particle shape/{60°). This gradual
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V. CONCLUSIONS
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