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Abstract

Three rotational bands in !°8Sn have been investigated to high frequency
via the 54Fe(°®Ni,dp) 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 MeV/h. The structures of these
bands are thought to be based on 2p-2h proton excitations across the Z=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
structures and a gradual shape change from collective prolate, at low-spin, to

non-collective oblate at high-spin.



I. INTRODUCTION

Previous work on '%%Sn has identified three rotational bands [1] which dominate the high
spin structure. One of these bands was assigned positive parity whilst the remaining two bands
were tentatively assigned as having negative parity. The properties of these bands are very
similar to those of rotational bands observed in odd-A Sb nuclei [e.g. 2,3], which have recently
been interpreted as resulting from a smooth transition from a prolate collective shape at low
rotational frequencies, to a non-collective oblate shape at the highest frequencies observed. This
situation has been shown to arise when a particular valence configuration evolves continuously
from high collectivity at low spin to a point where all the spin vectors of the particles involved
in the configuration are maximally aligned, and has been called a ‘smooth’ or ‘soft’ terminating
band [4].

The bands in !°8Sn have previously been interpreted as being built on Tr(gg2 ®g2%) and
'lr(gg2 ®g%h% ) 2p-2h proton excitations across the Z=>50 shell gap, with aligned h_1_21_ neutrons
also being involved in the configurations [1]. Related 2p-2h structures were first discovered in
the heavier even-A tin isotopes by Bron et al [5]. In the earlier work on °®Sn [1] only one of the
three bands had been linked into the known level scheme (6], thus making the assignment of the
configurations somewhat tentative. Also, in that work it was not possible to confirm the spin
assignments given by Azaiez et al [6] for the positive parity band (band 1 of ref [1]) since there
were insufficient statistics to allow a directional correlation analysis (DCO) to be performed for
the weak high-energy linking transitions below the band.

In order to further investigate the above problems we have obtained new data on the rota-
tional bands in 1°8Sn. In the present work we report the observation of linking transitions for
one of the two previously unconnected bands and also the measurement of DCO ratios for link-
ing transitions from the two bands which are now connected. These results have enabled us to
obtain new spin assignments for both of these bands. There is also evidence for a band crossing
in the 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 based

on this model.



II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Data from two different experiments have been used in this work. In both cases, the levels in
198Sn were populated via the **Fe(®®Ni, 4p) reaction at a beam energy of 243 MeV. The energy
was chosen to be the same as in previous studies [1].

The high-spin properties of '°Sn were investigated with the early implementation of the
Gammasphere y-ray detector array. At that time, the array consisted of 24 bismuth-germanate
(BGO)-suppressed HPGe detectors, each with an efficiency of approximately 75% relative to a
3”x3” sodium iodide crystal at 1.3 MeV. In this particular experiment the target consisted of
two stacked 0.5mg/cm? foils of **Fe with an enrichment of 97%. The multifold event by event
data were analysed as follows. Firstly, the events were unpacked into three-fold coincidences
and used to produce an E,-E,-E, cube which contained 3.9x10® triples events. The triples
data were also used to produce E,~E, matrices. In this case the third gamma ray was used as
a gate. This produced ‘clean’ matrices for studying the various rotational bands. Information
from these matrices and the cube was used in order to determine the transitions at the top of the
three known rotational bands. Analysis was carried out using the graphical analysis programs
LEVIT8R (cube) and ESCL8R (matrices) [7]. These programs enabled the level scheme to
be deduced from the coincidence relationships and relative intensities of the gamma rays. In
this early implementation of Gammasphere there were no detectors close to 90° to the beam
direction, and consequently, it was not possible to perform a directional correlation analysis.

In the second experiment, gamma rays were detected using the Chalk River 87 spectrome-
ter array. For a valid coincidence event 9 or more of the BGO inner ball crystals (K>9) were
required in addition to two Compton suppressed HPGe counters; a total of 7x108 such events
were acquired. The target consisted of 580ug/cm? **Fe, enriched to >95%, on a 25mg/cm?
thick gold backing. In order to enhance the four-particle reaction channel the data were sorted
offline, with a filter on the BGO ball requiring 8<K<16, into an angular-correlation matrix
which contained data from detectors at §= +79° with respect to the beam direction along one
axis and data from detectors at §= +£37° along the other axis. Coincident v-ray intensity ratios

(L,(37°=79°)/L,(79°- 37°)), obtained from this matrix, were used to determine stretched-dipole,



stretched-quadrupole and unstretched quadrupole transitions using the method of Directional
Correlation from Oriented states (DCO) [8]. In this geometry, intensity ratios of 1.0 are pre-
dicted for a stretched quadrupole-stretched quadrupole correlation and ~0.6 for a stretched
quadrupole-stretched dipole correlation with no mixing [9]. Values greater than or less than 1.0
are possible for mixed M1/E2 transitions (ie J—J—J-2 correlation) depending on the sign of the
multipole mixing ratio. In the present work, only strong stretched E2 quadrupole transitions
were used as gating transitions.

These backed-target data were used to obtain DCO ratios for transitions below the rotational
structures in 1°Sn. These decays are emitted after the recoiling nuclei have stopped in the gold
backing. The data could not, however, be used to obtain DCO ratios for transitions within the
rotational bands (with the exception of the lowest two transitions in band 1) as the collectivity
of these structures results in Doppler smearing as the gamma rays are emitted while the nucler

are slowing down in the target and gold backing.

III. EXPERIMENTAL RESULTS

Previous work on '%Sn (1] has identified three rotational bands which dominate at high spin.
The present work has enabled us to study the highest spins in these bands and to link in one
of the two previously unconnected bands to the spherical levels at low spin. We have also been
able to measure DCO ratios which has enabled us to determine the spins of the two bands which
are now linked into the main decay scheme.

The decay scheme deduced for '°®Sn from the present work is shown in figure 1. Figure 2
shows the double-gated gamma ray spectra obtained from the thin-target cube for the three
previously reported intruder bands. The spectra are the sums of double-gate combinations of
all the gamma rays in each of the bands shown.

Band 1 had previously been observed up to the 1895 keV transition. The present work has
extended this and shows that there is in fact a band crossing occuring beyond spin 30&. The
spins of the levels in this band are different to those given in references [1,6]. Those presented in

reference [1] were in fact taken from reference [6] as it was not possible to measure DCO ratios



for the high energy transitions below this band in the former experiment. In the present work we
have been able to determine new DCO ratios for these transitions. Results for the transitions of
interest are presented in table 1. The DCO ratios for the 523, 727, 739 and 939 keV transitions,
which depopulate band 1, clearly support pure E2 assignments for these gamma rays. The
intermediate levels which are populated by the decay of the 727 and 739 keV transitions decay
via high energy gamma rays which have DCO ratios of approximately 0.8. This is indicative
of mixed M1/E2 transitions with no parity change and a spin change of either one or zero.
However, only the latter option, which leads to a spin-parity assignment of 12t for the lowest
level of band 1, is consistent with the DCO ratio for the 1178 keV transition which depopulates
that level. Thus the present results indicate that the lowest level of band 1 has a spin and parity
of 12%, not 14" as previously published. It was not possible to obtain DCO ratios for any of
the new transitions at the top of this band as the intensities fall off rapidly (e.g., the uppermost
1872 keV transition is estimated to be ~3% of that of the 707 keV 7-ray). Consequently, we
have assumed that the 1619, 1895, 1974, 1540, 1722 and 1872 keV gamma rays are stretched E2
transitions.

The improved quality and quantity of the data from the third generation Gammasphere
array has enabled us to link band 2 to the low lying levels. In the present work approximately
50% of the decay-out intensity of this band has been observed. This is the sum of intensities of
the 898, 1179 and 1242 keV ~v-rays, which contribute ~10%, ~40% and <5% respectively. DCO
ratios for the relevant transitions above the 1160 keV 12% —10% transition are given in table 2.
These support the spin assignments given in figure 1 for band 2. The DCO ratios for all other
transitions which are not listed are consistent with the multipolarity assignments given in refs.
[1,6]. Previous work [1] placed the 948 keV transition directly above the 819 keV gamma ray.
The triples data have enabled us to show, however, that there is in fact a 901 keV transition
between these two gamma rays. Furthermore, in reference [1] it was tentatively suggested that
there was a 2540 keV gamma ray on top of the 2241 keV transition. This could not be observed
in the present work; however, we do have tentative evidence for a 2569 keV gamma ray (see fig.
2b).

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 6t —4+
yrast transition (bands 1 and 2 have ~8% and 30% respectively). Transitions within the band
are assumed to have E2 multipolarities. The present work has enabled us to extend this band
by one transition (928 keV) below the 1029 keV gamma ray. At the top of the band the previous
work [1] suggested a tentative 2277 keV transition; this could not be confirmed. There is however
evidence for a weak transition of 2287 keV above the 2001 keV gamma ray in this band (see
fig 2¢). The triples data still support the decay of this band into band 1 above the 1014 keV
gamma ray, however the intensity of the branch is too weak to enable us to assign a specific
pathway. There is also very weak evidence that some higher members of the band see the 1119
keV transition in band 1 (not shown in fig 1). Band 3 possesses a weak decay branch to the
positive parity structure shown on the right hand side of fig 1.

The tentative spins and parities of band 3, shown in figure 1, have been assigned on the
basis of a comparison with calculations presented in the discussion section and also on where

the band is experimentally observed to feed into band 1.

IV. DISCUSSION

The low-spin structure of *°8Sn is dominated by spherical states in which the valence neutrons
occupy the low-lying vg z ,Vd% and vh 1 orbitals. A discussion of the structure of the low-spin
states is presented in reference [6] and will not be repeated here. The main focus of this paper
is the high-spin states, which are dominated by rotational type structures. In previous work [1]
these have been discussed in terms of proton w(ggz ®g"é) and W(ggz ®g%h%) 2p-2h excitations
across the Z=>50 closed shell. The present work focuses on their interpretation in terms of the
smooth band termination calculations of Ragnarsson et al [4] (see also Afanasjev and Ragnarsson

[10]). These calculations will be discussed in section 4.2 below.

A. Dynamic Moments of Inertia

Figure 3 shows the dynamic (J(*) moments of inertia for the three bands observed in the

present work. Previous work indicated that all three structures probably involved an aligned
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pair of h u neutrons. Indeed, cranking calculations showed that these were expected to align at
a low rotational frequency of around 0.35 MeV/E for a quadrupole deformation consistent with
that measured for band 1 (i.e. €=0.2) [1]. Furthermore the higher frequency hump around
hw ~0.55 MeV in band 1 was attributed to the alignment of the proton g1 pair of particles. The
absence of such an alignment in bands 2 and 3 can be taken as evidence of a different proton
configuration for these structures; that is w(ggz ®gzhu ) as suggested previously. The new data
from the present work show that bands 2 and 3 now exhibit very similar behaviour for their
dynamic moments of inertia (see fig. 3). This supports the previous suggestion that the two
bands are signature partners.

Figure 3 also shows that the J() moments of inertia of all three bands gradually reduce
to approximately one third of the rigid-body value (assuming €,=0.2) at very high rotational
frequencies. This feature is characteristic of smoothly terminating bands and has been seen
in several other nuclei [e.g. 11-13] and reproduced in theoretical calculations [4,11]. Such
behaviour suggests that the individual particle spin contributions (from particles involved in
the valence configuration) to the total spin of a state is significant at high rotational frequency.

This naturally leads to a reduction in collectivity for the structures.

B. Smooth Band Termination Calculations

Calculations have been performed for '°Sn in order to investigate the high-spin features and
under-lying configurations of the three rotational bands. The calculations were carried out with
the Nilsson-Strutinsky method [14] and employed a modified oscillator potential. They also
utilised new techniques [4] for identifying the N=4 g2 holes and g 1, d% particles. In the model,
the energy is minimised with respect to the deformation parameters €5, 5 and +.

Figure 4b shows the lowest-energy calculated configurations in the spin range of interest.
These are 2p-2h configurations and their structures are given in the figure. Figure 4a shows the
equivalent experimental data for the three bands in !°8Sn. The experimental excitation energy
of band 3 was chosen to be consistent with that for its assumed signature partner, band 2.

Clearly there is remarkable agreement between the calculated and experimental data.



The calculations predict that the positive parity r[ggz ®(gzds PI® l/[(dg_ g1 )Ghz%] configuration
should be crossed by the w[ggz ®(g%h12_1)]® V[(dgg%)sh?z_l] positive parity configuration at spin
32h. This is precisely where band 1 is observed to undergo a band crossing. We therefore as-
sign the upper and lower parts of this band to these two configurations, respectively. It is also
interesting to note that the configuration change is the same for both protons and neutrons.
Unfortunately, however, neither structure i1s observed to its terminating spin.

A further point of interest is the interaction strength between the yrast and yrare 327 states.
The decay of the 34* state to the two 32 states proceeds via the 1540 and 1619 keV ~4-rays,
which carry ~60% and ~40% respectively of the total decay intensity. If the assumption is made
that there is no mixing between the observed 34" state and that resulting from a continuation
of the W[ggz ®(g%d%)2]® v[(d%g%)ﬁhz%] configuration (the latter would be expected to lie ~600
keV higher in excitation from theoretical calculations), then an interaction strength of the order
of 40 keV is obtained between the two bands. This is somewhat larger than might be expected
given the differences between the two configurations. It is interesting to note, however, that the
orbitals which are involved in the configuration differences (d§ ) 81 and h% for both protons and
neutrons) are the same as those which lead to sizeable octupole correlations in the neighbouring
isotone '1%Te [15].

Band 2 is well explained as the favoured signature of the the lowest negative-parity
w[ggz ®(g_;_h171)]® u[(d%g%)ehﬁg_] configuration. The same configuration (not specifying the ds,
34 neutrons) was originally suggested for this structure in ref. [1], based on the fact that the
proton gz alignment was not observed. The terminating spin for the favoured signature of this
structure is 39~. The experimental data show that, with this configuration assignment, band
2 is seen to the penultimate transition (377). There is however tentative evidence for a 2569
keV transition from the final terminating state (see fig. 2b). It is worth noting that in '°Sb,
where all three bands were tentatively observed to their respective terminating states, the final
transition in each band was very much weaker, and hence much more difficult to identify than
the penultimate transition [11]. It is perhaps not surprising, therefore, that the terminating
state in 1%Sn band 2 is difficult to observe.

Based on the comparison of the experimental moments of inertia between bands 2 and 3, the



relative intensities of the two bands, the position where band 3 is observed to feed out to band
1, and the calculations shown in figure 4, we tentatively suggest that the remaining structure
(band 3) can be associated with the unfavoured signature of the 71'[g§2 ®(g:hu)® V[(d%g%)sh"{%]
configuration. If this assignment is correct then band 3 is also observed to the penultimate state
before termination.

Figure 5 shows how the intrinsic nuclear shapes of the configurations discussed are predicted
to change as a function of spin. According to calculations, at the bottom of the bands the
nucleus is close to prolate (y ~0° €, ~0.2) and so there is a collective rotation about an axis
perpendicular to the symmetry axis. As the frequency increases, the spin vectors of the valence
particles gradually align with this axis and this results in the nuclear shape slowly changing
towards the non-collective single-particle shape (v ~60°). This gradual shape change within a

single configuration has been termed ‘soft’ or ‘smooth’ band termination [4].

C. Smooth Termination in the A~110 Mass Region

Smoothly terminating bands have now been observed in several nuclei in the A~110 mass
region. As discussed previously such structures, based on related 3p-2h proton configurations,
are well known in Sb nuclei [eg 2,3,11,16,17]. It is interesting to note, however, that in 1°°Sb
the three observed bands are all predicted to have the same 3p-2h proton configuration (i.e.,
w(ggz ®(g%d%)2)®h% [2,12]. Here the three different structures are related to the different oc-
cupancy of the g 7, d% and h u neutron orbitals. Very recently a band with smooth termination
properties has been reported in an odd mass tin isotope, '!Sn [18]. In this case, the 2p-2h proton
structure is coupled to an h u neutron. Related structures have also been observed in Te nuclei
le.g. 12,19] where the associated configurations are predicted to involve rg(gz Qg rds )?) ®h"l?1
4p-2h proton states. Evidence has also been established for the presence of smooth band termi-
nation behaviour in the light Iodine isotopes 1'% where 5p-2h proton structures are involved
[20,21]. However, in the slightly heavier nucleus *7I smooth termination is not observed. In-
stead, abrupt termination (i.e., similar to that observed in 22Xe [22]) is seen in the yrast band,

which is then followed by single-particle oblate yrast states [23]. This suggests that there may

10



be a boundary between the two types of terminating bands.

In many of the smooth termination cases discussed above it has proved difficult to ob-
serve the structures close to termination as the nuclei concerned generally have several more
protons/neutrons involved in the configurations than those in °Sn and 1°°Sb, and hence the
terminating spins are somewhat higher. In one particularly favourable case, however, in Te

[12], a smoothly terminating band has been observed to spin 50k, which is close to termination.

V. CONCLUSIONS

In conclusion, three rotational bands have been observed in '°8Sn, and their structure can be
successfully interpreted in terms of smoothly terminating bands based on 2p-2h proton struc-
tures. The configurations of the positive-parity band and one of the negative-parity bands have
been established, and that of a third band tentatively assigned to be the signature partner of
the negative-parity band.
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Figure Captions
Fig. 1. Partial decay scheme for ®®Sn deduced from this work. Gamma ray intensities are
proportional to the widths of the arrows. The dashed transitions from the bottom of band 3 do

not necessarily represent single unobserved gamma rays.

Fig. 2. Spectra showing the three rotational bands in '®Sn (a) band 1, (b) band 2 and (c) band
3. Transitions within each of the bands are labelled. These spectra are the results of all possible

combinations of double gates on the members of each band from a RADWARE cube.

Fig. 3. Dynamic moments of inertia versus rotational frequency for the three rotational bands

in 1%8Sn. Also shown is the moment of inertia for a rigid body with a quadrupole deformation

62:0.2.

Fig. 4. Comparison between the lowest three calculated and experimentally observed rotational
bands in '°8Sn. In each case the same smooth rigid-rotor reference has been subtracted. The
energy scales are different because the calculations are normalised to the liquid drop energy at
spin zero, whilst in the experimental case the normalisation is to the measured mass. Dashed
(solid) lines indicate negative (positive) parity states. The terminating states for each of the
configurations shown are indicated by large circles. The theoretical configurations shown are the
lowest in the spin range of interest and are based on 2p-2h and 3p-3h proton structures. Below
spin 20k other configurations based on Op-Oh and 1p-lh proton configurations are yrast. The
nomenclature used in the theoretical calculations is [p; pz,n] where p; is the number of proton
holes in the g2 orbital, p, is the number of h% protons and n is the number of h u neutrons

involved 1n the configuration.

Fig. 5. € — v plot showing how the calculated nuclear shape evolves for the three structures
discussed in the text. The terminating states are clearly seen to have y=60°, whilst at low spin
each of the bands is close to a prolate shape; 1.e. y=0°. Each data point shown is separated by

4h. The configurations shown are: A 7[g5? ®(g%d%)2]® V[(dgg%)shzl_l] which terminates at spin

15



36™; o and e, the favoured and unfavoured signatures of the 7[g5? ®g%h171]® V[(d%g%)eh

figuration which terminate at 39~ and 387, respectively, and V =[g;> ®g%h%]® vi(d

which terminates at 42*. This latter configuration crosses the first one at spin 32A.
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TABLES
TABLE I. Angular correlation ratios for transitions below band 1 in 1°8Sn. One E2 transition from

the bottom of band 1 (706 keV) is included for comparison

E,(keV) %{;—% Assignment
J7 =J%
523 1.09(10) 12t — 10*
707 1.02(2) 141 — 12%
727 1.00(6) 127 — 107"
739 1.10(7) 12 — 107
939 1.01(5) 10* — 8+
1178 0.62(6) 12+ — 11~
1253 0.85(5) 10t — 10*
1265 0.83(5) 10t — 10*
1498 0.78(8) 10T — 10t
1510 0.79(4) 107 — 10%
1715 10T — 107
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TABLE II. Angular correlation ratios for transitions from negative-parity levels above the yrast

121 level in 1988n.

E,(keV) %%:%% Assignment
7 —-J%
683 0.55(6) 13- — 192+
722 0.77(12) (137) — 13"
752 0.94(20) 15~ — (137)
884 0.97(9) 17" — 15~
898 0.97(10) 923~ — 21~
911 1.02(7) 17 — 15~
1072 0.97(9) 19~ — 17-
1096 1.00(7) 15~ — 13-
1179 0.97(11) 21~ — 19~
1230 1.00(11) 21~ — 19~
1474 1.10(12) 157 — 13~
1506 0.98(8) 177 — 15~
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