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Abstract: The nuclear structure studies of the neutron-rich nuclei
represent a vibrant and fast progressing field. A review is given of
a few regions of critical importance to nuclear structure that are
now accessible exclusively by mass separation techniques of fission
or spallation products. In particular, recent results on the doubly-
magic 132Sn are discussed as well as those for the low-lying bands in
the neutron-rich A~100 and A~150 regions: discrepancies between
the shape—coexistence interpretation and the experimental results on
the shape—coexistence regions of heavy Sr/Zr, Cd/Sn and Sm/Gd,
the ‘correspondence interpretation’ of transitional Sm/Gd, sugges-
tion that the A’ band in the transitional Sm/Gd nuclei represents a
new mode of intrinsic excitation in par with the # and ¥ modes, and
the issue of ‘di-nature’ of the excited 0+ bands. The latter, relates
to a seemingly contradictory feature shown by the excited 0" bands,
which behave like a weakly mixed (independent) second ground state
with its individual properties (like moment of inertia) and at the same
time like proper members of the g.s. structure.

Preface

The title of this talk is meant to be provocative. After all, the presently
used nuclear models provide quite adequate description of many nuclear phenom-
ena, and yet we know that these models are not the ultimate theory. There is a
growing list of results that are.poorly explained, although some model refinements
(like expansion of the model space or inclusion of additional terms) could account
for those discrepancies. On the other hand, there are also results that seem to con-
tradict the model assumptions outright and challenge our intuitive understanding
of the nuclear structure. As such results have a unique capacity to unravel new
phenomena and lead towards the next generation of theoretical models, it is these
results (or rather a selection of them) that are discussed here. Included is also
a brief presentation of our most recent experimental results on the neutron-rich
nuclei obtained at the fission-product mass separator OSIRIS at Studsvik. The
reader is referred, however, to the original publications for a complete discussion.

1. Introduction

The fission-product mass separator OSIRIS provides intense beams of several
hundred neutron-rich nuclei making it possible to study their structure in some de-
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tail. Among these nuclei, now accessible exclusively via mass separation techniques
of fission or spallation products, there are a few regions that are of critical interest
to nuclear spectroscopy.

Our current activities at OSIRIS have been focussed on improvements of the
ion—source performance and separation techniques [1,2] and on the implementation
of a By7(t) fast timing method [3,4] that proved itself so powerful in the domain
of the neutron-rich nuclei. These developments allow not only to access the more
exotic nuclei (like the neutron-rich A~150 region) but. also to study them in more
detail including the measurement of transition rates. Qur recent experiments have
been focussed on the doubly magic 132Sn and on the band structures in the heavy
Nd-Sm nuclei.

The nuclei at doubly closed shells, like ?32Sn, reveal the basic nuclear prop-
erties — level energies of single-particle states and specific single-particle matrix
elements. Furthermore, they provide information on deep polarization effects and
on the meson exchange currents in the multi-nucleon systems. For the medium
heavy nuclei (A>50) only the structure of doubly magic 2°*Pb has been probed by
a variety of experimental techniques [5] yielding crucial model parameters for the
interaction of nucleons. As for the other cases, neither "®Ni nor '°°Sn have been
observed experimentally, while 32Sn has been relatively poorly known, although it
has been observed [6] in-the 8~ decay of 132In. The severe lack of information is
caused by the difficulty in accessing these nuclei placed far—off stability line.

Recently, Fogelberg et al. [7] have reported the first results from a detailed
study of 132Sn using vv(6) and fast-timing Av+(t) delayed coincidence spectroscopy
performed at the improved OSIRIS ISOLfacility at Studsvik. As a result of this
work, discussed in Section 3, the number of known excited states of 132Sn has been
more than doubled yielding states of five different particle-hole multiplets. Four
level half-lives in the sub-nanosecond range have been determined, from which
transition probabilities of 12 intra— and inter-multiplet 4 rays have been deduced.

The heavy Nd-Sm isotopes represent the other class of nuclei — thdse placed
away from closed shells and characterized by the little understood interplay be-
tween quadrupole and octupole excitation modes and quasiparticle excitations. The
heavy Nd-Sm nuclei are located in a doubly transitional region: from spherical to
quadrupole deformed shapes at N=88/90 [8], and from octupole vibrational near
146Gd [9] to octupole deformed (or soft towards deformation) near 14¢Ba [10]. We
have investigated !32Nd [11,12] and 152:156Sm [13,14] as discussed in Sections 4 and
5. In particular, the new results reveal an unexpectedly strong influence of selected
quasiparticle configurations on the structure of the low-lying bands at the energies
about half the pairing gap (E,~700 keV).

In 1%2Sm, we have measured [13] the lifetimes and v branching ratios for the-
07 and 0} states. The B(E2) and p?(E0) rates for the 03 band (long interpreted [8)
as a classical case of the shape—coexisting ‘spherical’ band) were found to be well
reproduced by the pairing—plus—quadrupole (PPQ) calculations [15] which show no
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shape—coexisting minima. Furthermore, we interpret the energy and transition rate
systematics for the Sm-Gd nuclei as supporting the correspondence relations [16,17]
between levels of the quadrupole vibrational multiplets in the spherical nuclei and
the ground state (g.s.), §, and 4 bands in the deformed nuclei extended to include
the 07 (B') states as suggested by Sakai [17]. No distinction is made for the shape-
coexisting intruder states. Moreover, a number of features suggest that the 8’ band
likely represents a new mode of intrinsic excitation in par with the 8 and v modes.
These results are discussed in Section 6.

In Section 7 we elaborate on the issue of ‘di-nature’ of the excited 0%
bands (18], which generally show a seemingly contradictory feature, i.e. the ‘shape-
coexisting’ bands which moments of inertia vastly differ from that of the ground
state band, often display fast B(E2) rates towards (and also weak mixing with) the
lower-lying levels of the g.s. structure.

However, as a starting point to this Lecture we take the A~100 region where
the most abrupt transition from spherical to deformed shapes takes place. This
unique and yet largely unknown region has already shown a wealth of surprising
results. Some of our recent findings (by the TRISTAN/BNL, JOSEF/Jilich and
OSIRIS/Studsvik collaborations) have been discussed at the previous Zakopane
School [19] and are briefly highlighted below.

2. A~100

The most interesting phenomena in the A~100 region seem to be concen-
trated along the heavy Sr and Zr nuclei as they undergo a spectacular transition
from spherical to quadrupole defomed shapes by an addition of a mere neutron
pair. With our recent lifetime measurements of the 27} states in %°~%8Sr [20-22]
the systematics of the intrinsic quadrupole moments Q, became complete for-the
whole chain of even-even Sr nuclei, and thus it was possible to demonstrate [22] for
the first time the abruptness of this transition as seen in Fig. 1. This abruptness is
related to the existence of two flat regions for the spherical and deformed shapes. In
Fig. 1 the dashed lines at Q$°=0.96 b for N=50-58 and at Q3"=3.79 b for N=59-62
represent the average values for those groups of nuclei. The abrupt transition from
spherical to deformed shape is clearly visible at N=59.

The newly measured B(E2; 2} — 0}) rates provide additional evidence for
a close similarity between Sr and Zr nuclei and a strong argument for their excep-
tional sphericity as ®3~%Sr and %°~9Zr show the lowest B(E2) values known for
nuclei with A>56, second only to 2°4=21°P}b [22]. Until recently, it was the sud-
den appearence of a strong deformation at N=60 that was considered particularly
puzzling [23,24]. However, as can be seen in Fig. 1, the quadrupole moment for
N=60 hardly appears exceptional, but rather close to the value that would be at-
tained anyhow if a gradual progress of deformation took place instead. It is thus
the spherical nuclei, and not the deformed ones, that exhibit exceptional B(E2)
strengths and merit a close theoretical investigation.
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Figure 1 Intrinsic quadrupole moments @, (deduced from the B(E2) values) as
a function of neutron number, N, for Sr nuclei (from Ref. [22]).

Yet very few theoretical studies have been performed for A~100. The chal-
lenge of this region seems beyond the capabilities of most models, unable neither
to deal with such exceptionally sharp discontinuities in nuclear properties nor to
treat, on equal footing, the extreme limits of nuclear structure: doubly closed sub-
shells effects and strong deformation. These features are not only displayed by the
neighbouring nuclei but also as ‘shape—coexistence’ within the individual structures.

In the ‘shape—coexistence’ picture two structures, spherical and deformed,
coexist in a nucleus.f In the N<58 nuclej the g.s. structure is spherical while the
excited one is deformed. The latter lowers down in the excitation energy with the
increased neutron number and becomes the g.s. at N=60. Although various theo-
retical models (23,24,26] predict strong mixing between the spherical and deformed
configurations, only a weak mixing is evident from the most recent data on the
N=>56 [27] and N=60 [21,28] nuclei. These conclusions, however, are also model
dependent, based largely on the interpretation of the exceptionally strong EQ rates
that proliferate in this region.

The identification of the 0% states — the band-heads of the deformed excited

t The term shape-coexistence, which has been derived phenomenologically
and implies distinctive features for the shape—coexisting bands, is not justified for
the present models where strong mixing dilutes the identities of levels (see also
comments in Ref. [25]). Nevertheless, we label that way models specifically derived
for the shape—coexisting nuclei.
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bands — is particularly confusing in the crucial N=58 Sr and Zr nuclei where
various claims and counter—claims have been made [29-32]. (The lack of data on
these nuclei is surprising since the corresponding beams are easily produced at the
fission—product mass separators.) However, the new data on °®Sr has unravelled
[19,33] almost mirror correspondence between *Sr and a series of 116:118:1205 pyclei
(see Fig. 2) based on a similar sequence of the lowest-lying levels, their relative
excitation energies, and the E2 and EQ transition rates. This correspondence raises
three issues:

(i) it points towards the 0} state being the deformed ‘shape-coexisting’ state

in 98Sr,

(ii) it gives further evidence for the exceptional sphericity of the g.s. structure
in 98Sr (since a comparison is made to the N=50 nuclei), and

(iii) it undermines the theoretical result [25] that the close-lying 0} and 07 states
‘interchange their transition rates’ via a strong and peculiar mixing or, to
say it differently, via a constuctive/destructive interference of the vibrational
and rotational configurations.
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Figure 2 The mirror correspondence between the lowest-lying levels in %¢Sr and
116Sn. The E2 transitions are marked by solid arrows with the B(E2) rates in W.u.
Similarly EO transitions are marked by open arrows with the p?(E0) rates in x10°
units (from Ref. [33]).

Point (iii) requires some explanation. In the shape—coexisting model [25] the de-
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formed 0% band-head has an intruder conﬁguratmn, and thus would decay to the
vibrational 2] state via a strongly hindered isomeric transition as compared to a
fast transmon from the second-phonon 0% state. Expenmentally (consider 11%Sn
in Fig. 2) one observes the opposite; the ‘intruder’ state decays via a fast transition
with B(E2; 07 — 2] )=18 W.u. while a close-lying 03 state decays via a slow B(E2;
07 — 2+) rate of 0 5 W.u." Note a fast E0 07 — 0+ transition that is frequently
ta.ken as evidence [26] for a strong mixing of these 0"’ states. Indeed the ‘shape—
coexisting model’ calculations reproduce (25] the aforementioned transition rates
provided that the 0F state is the 0% state of the second phonon multiplet and that
the 0F and 07 states are strongly mixed. However, the constructive/destructive in-
terference of the vibrational and rotational configurations, leading to the required
‘interchange of transition rates’ for the excited 0 states, occurs only for a specific
mixing. The argument against such a scenario raised in (iii) is that an occurence
of such specific mixing depends on a unique combination of a few factors — a rare
condition to be fulfilled for one nucleus let alone for a group of (Sr, Sn and Cd and
other) nuclei (see also Ref. [34]).
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Figure 3 Schematic representation of subshell orbits at *Zr (from Ref. [40]).

The correspondence of ?6Sr to 116-120Gn provides an interesting link to the
well-known Cd/Sn region, and yet it only adds to the ‘puzzle of the 0F states’ as the
recent experimental studies in the Cd/Sn region challenge the shape-coexistence
model [34,38,39]. An almost complete set of reduced E2 matrix elements mea-
sured for the lowest-lying states in 114Cd was found [34] to be in better agreement
with predictions by the harmonic vibrator model than by various shape—coexistence -
models. (In particular, the 0;" and 0F states, see Fig. 2, can be simply interpre-
tated as the 2-phonon and 3-phonon vibrational states.) The most basic tenet of
the shape-coexisting model for the Cd nuclei is the V-shape lowering and raising
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of the intruder configuration near the mid-shell region [35,36] — leading to the
model predictions [36] (see also the shape—coexistence model calculations by Heyde
and Van Isacker for }1%12°Cd quoted in Ref. [37]) that are contradicted by the ex-
perimental results [38,39]. Another tenet of the model calculations is the strong
mixing of the close-lying states [25,35,36] (which neccessitates these levels to loose
their identity and to be strongly displaced from their unperturbed positions) is also
contradicted by the experimental evidence [34,39]. As discussed above, there is no
evidence [21,27,28] for a strong mixing of the shape—coexisting states in the A~100
region as well. Clearly, the issue of ‘shape-coexistence’ must be addressed anew
as the currently used ‘shape—coexistence’ models are found inadequate. This issue
will be discussed again in Sections 5-7.
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Figure 4 Comparison of measured (dots) and calculated (squares) changes in
mean-square charge radii for 78~198r with respect to ®¥Sr (from Ref. [22)).

The unusual features of the A~100 region result from a competition between
low- (e.g.: vs;2) and high-spin (e.g.: vhy,/;) orbits near the Fermi level, see Fig. 3.
The effect of strong subshell closures culminates in °6Zr, which represents a unique
case of a doubly closed subshell nucleus quite removed from major shell closures.
In line with this claim, the lowest energy excitations in °6Zr are of the particle-hole
type [40]. There are two unusual features in this nucleus that are characteristic of
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nuclei in the doubly magic regions: a fast first forbidden %6Y? 0~ — 0% %¢Zr? 5~
transition with logft = 5.6 [41] and a fast B(E3; 3] — 07) rate of ~70 W.u. [42,43]
(the fastest known).

The exceptional strength of the B(E3) transition in *Zr has not been fully
expla.med [43], although it points towards unexpected softness towards octupole de-
formation right at the point of the shape transition. The interplay of the quadrupole
and octupole excitation modes in the heavy Sr and Zr nuclei has not been fully ex-
plored neither from the theoretical nor from the experimental points of view. Yet
the observed discrepancy between the mean-square charge radii § < r> > mea-
sured for the 78~190Gr nuclei by laser spectroscopy techniques [44] and the values
calculated from the B(E2) rates (see Fig. 4) can be largely accounted for by the
enhanced octupole collectivity [22]. The issue, however, remains open and subject
to vigorous theoretical investigations as it is not completely certain whether in this
comparison we measure and calculate the same quantity. To summarize:

o the exceptional ‘spherical’ or ‘doubly-magic’ features observed in the A~100
region require further detailed shell-model calculations with a better map-
ping of the fermion interactions obtained (ideally) from the doubly-magic
nuclei close to this region, i.e.: ®Ni and 190:1325y;

o the discrepancies related to the presently used shape-coexistence models
must be systematized and resolved in order to lead towards the microscopic-
macroscopic models that may satisfactorily handle shape—coexistence in such
extreme forms.

These issues are discussed further in the following sections.

3. Detailed Spectroscopy of 132Sn

Fogelberg et al. [7] have reported the first results from a detailed study of
132Sn populated in a B~ decay of 32In. Results from the y7(#) and fast timing
By7(t) coincidences are summarized in Fig. 5 and Table 1. One should note, that
the data of Fig. 5 is of preliminary nature as the analysis of the y+(#) coincidence
data is still in progress. The present sub—division of levels need not be correct in
all cases. Similarly, the order of the 1823.1- and the 1035.8-keV transitions is not
firmly established. Furthermore, the lifetime measurement, although fully analysed,
represents a preliminary effort designed to identify the optimal conditions for a full
run (with much improved electronics and statistics) to be performed at a later time
this year. The present results are nevertheless impressive. It is estimated that less
than five percent of the S-transition intensity of !3%In feeding bound states of !32Sn
is missing from the scheme.

3.1 Positive parity states

The previously suggested [45] 7t state at 4918.5 keV has now been firmly
established, while a new 5% level at 4885.3 keV has been tentatively assigned. All
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Table 1  Half-lives in '*2Sn and '32Sb measured at OSIRIS (from Ref. [7]).

Nucleus Level T2 T2
(keV) OSIRIS [7] (Previous work [6])
13260 4416 39(4)ns® 4.0(3) 5.6(4) 2.1(3) ns
4716 21.8(35) ns ¢ 21.5(5) 20.2(8) ns
4831 26(10) ps
4848 1.98(5) us
4919 39(21) ps <0.5 ns
4942 39(18) ps
5399 <40 ps
5479 <30 ps
5629 29(15) ps
132G 86 14.9(5) ns * 14.8(18) ns
426 23(8) ps <2 ns
1078 <13 ps <2 ns
1325 <50 ps <0.8 ns

¢ Value deduced from slope fitting in the fy-(t) experiment.
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Figure 8 Schematic representation of subshell orbits at !32Sn (from [45)).

80



Table 2 B()) transition rates deduced for 3?Sn in Ref. [7].

Level J* Ti/2 4 out I, Mult. Fw *® B(A) +*

(keV)

4416 4t 39(4)ns 644 13 El 3645 4.6-8
375.1 100 E2 2.5 1.7-3

4416.2 12 E4 0.17

4716 6+ 21.5(5) ns  299.6 78 E2 3.9 1.05-3

4848 8+ 1.98(5) us 1325 23 E2 9.3 4.35-4

4831 4~  26(10)ps 4146 09 El 3.445  4.9-8
479.1 42 M1 131 1.4-2

4919 Tt 39(21) ps 70.4 020 M1 27 6.7-2
203.1 7.5 M1 17 10.6—2

4942 5~ 39(18) ps 111.5 2.9 M1 33 5.0-2
226.7 0.9 El 7.6+4 2.2—-7
526.2 32 E1l 2.7+4 6.2—-7
590.6 2.1 E2 3.7 1.1-3

5629 Tt 29(15) ps 230.0 1.0 M1 357 5.1-3
710.3 3.2 M1 3.3+3 5.5—4
780.8 4.1 M1 3.443 5.3—-4
913.3 14 M1 1.6+3 11.3-4

¢ Units used E1 [e2}], M1 [u%]], and E2 [24?].
b Notation: 5.1+5 means 5.1x10%, 3.3—8 means 3.3x10~8.

positive parity states below 5 MeV likely belong to the v f;/, uh;'lll2 multiplet (see
Fig. 6 for the configuration of orbits). This assumption is supported by the fast M1
transition rates from the 7* level that confirm the common microscopic structure
of the levels involved. For the 70.4 and 203.1 keV transitions, which can be taken to
be predominantly of M1 multipolarity, the B(M1) rates deduced from the level half-
life (see Table 2) are of the order of 0.04 W.u., thus typical of the M1 transitions
within a particle-hole multiplet.

The four levels at ~6 MeV most likely have positive parity and are members
of the rg; /27l'g9_/12 multiplet. The excitation energy and the observed f~ feeding
of the most strongly populated state at 5629.0 keV agree with the predictions [45]
for the 7* member of the multiplet. From its half-life, and again assuming a M1
multipolarity of the depopulating transitions, one finds hindrance factors well in
excess of 10® for the transitions to the previously discussed vv~! levels below 5
MeV. As expected these transitions are strongly hindered as a consequence of the
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configurations involved. In contrast, the 230.0-keV transition from the same level is
substantially less hindered, suggesting it connects two levels of the #7~! multiplet.

3.2 Negative parity states

For the negative parity states three new transitions have been observed and
the lifetimes have been measured for the 4~ and 5~ levels of the v f7/, x»'d:';/l2 multi-
plet. As seen in Table 2, a strong hindrance is observed for the E1 transitions to the
positive parity states, as such transitions are strongly forbidden in the case of pure
configurations. The 111.5- and 479.1-keV transitions (assumed to be M1) show the
low hindrance expected for intra—multiplet M1 transitions. The 590.6-keV cross-
over transition can only be of E2 multipolarity. Its B(E2) rate of ~10~3 €282 is
very similar to those observed [46] between the even-spin states of the lowest-lying
positive parity multiplet, see Table 2.

3.3 Higher-lying levels

In the decay of !32In, the most intense 3 transition populates a level at 7211.1
keV for which J*=6" and configuration v f;/; ug.,’/l,_, have been firmly assigned [45].
This S transition and the main y-ray decay of the 7211.1-keV level are equivalent
to the f—decay of !3!In and the subsequent y-ray decay of the ug.,’/; state in 131Sn

[47]. In 1328n the B~ feeding to the 7~ state in the same multiplet is predicted [45]
to be 1/8 of the feeding to the 7211.1-keV level. As the level at 7243.9 keV follows
this prediction, it is adopted as the 7~ member of the v f;/, vg.,—/12 multiplet.

3.4 Further Studies in the '*?Sn and "®Ni regions

The new results confirm the ability to study !32Sn, and by default a few
other nuclei in this crucial region, in great detail at the improved OSIRIS ISOL-
facility at Studsvik. Furthermore, it also improves the chances to study nuclei in
the immediate vicinity of doubly-magic "®Ni.

The vv(8) setup used for }32Sn involved five ordinary Ge and six BGO detec-
tors. The sensitivity of such measurements on '3?Sn (and other rare species) can be
much improved with a large detector array with Compton suppressed Ge detectors.
Even the use of an ‘old generation’ (e.g., TESSA) array over a limited period of
time at OSIRIS could significanlty improve the identification of rare decays, weakly
populated levels or weak, but crucial, decay branchings. Such possibilities should
certainly be explored, leading perhaps to data much enriched over those described
here, although even these first results represent an extraordinary improvement over
the previous knowledge of 1325n.

4. Band Structure in 1*2Nd

Nuclei in the heavy Ba-Sm region feature the lowest-lying 17 states in the
rare—earth region [48,49] with the K™=0" excitations well below 800 keV in 148Ce
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and 144-148Ba  The properties of these states show strong fluctuations. The B(E1)
branching ratios and the B(E1) rates show abrupt changes in 4¢Ba [10], while
sudden increase in excitation energy is observed for the K*=0~ band in !*?Nd
(49,50].

Although this region is subject to many theoretical studies exploring the cru-
cial interplay of quadrupole and octupole modes of excitation, any critical model
testing is handicapped by the scarcity of data on the negative parity states, It
is thus indeed fortunate that the odd-odd nuclei in the A=140-160 region often
have negative—parity ground states which, via the 8~ decay, preferentially popu-
late states with negative parity in their daughter even-even nuclei. This provides
efficient means, and in fact a unique opportunity, to study the systematics of the
negative—parity states of different types (including the octupole bands) in this re-
gion. Until recently, however, this region has been inaccessible to direct spectro-
scopic studies. The improvements of the target and ion source at OSIRIS [1,2] and
other facilities (e.g.: Ref. [51]) have made it possible to overcome this problem.

A —a-
2000 Kkn=3
L 4- 1806 30(10)
3-_ 1828  42(18)
} 41883  s4(se)
{ 3o je01  12(7)
2= 1542 145(11)
1500 + A 1474 Kn=2-
| -~ 408 -
E 2 1281 3- 1239
= f Ot _ 1140 AT . 1148
o] i Kn=0+ Kn=0-
% 1000 +
o !
)
i 3
>
Q
— Kr=0+
500 + .6t___48¢ 63(10)
4+ 237 330(14)
L 2+ 73 4450(260)
ol & __ o

Figure 7 Ground state and K*=0%, 0, 2~, and 3~ bands identified in !32Nd.
The new half-lives (in ps) are listed to the right of the level bar (from Ref. [12]).

Recently, Hellstrom et al. reported [11,12,52] on the detailed y-ray spec-
troscopy of levels in !32Nd populated in the 8~ decay of *?Pr. The measurements
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included yv(0) and fast timing Bvy+v(t) coincidences. The results for the negative
and positive parity states are discussed below.

4.1 Negative parity bands

The results for the negative parity bands are summarized in Fig. 7. Bands
with K*=0", 2=, and 3~ have been firmly identified, while new half-lives have
been measured for 8 levels as indicated in the figure. There is no evidence for levels
of a K*=1" band. The new results for !*2Nd and !**Sm [14] are combined into a
new systematics of the octupole bands.

Figure 8 (below left) Excitation energies of the K¥=0" bands in the A=150
region. Data for a given element are connected by a solid line (from Ref. [12]).
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Figure 9 (above right) Excitation energies of the I*=1" and 3~ members of the
K*=0" bands at N=92. Note that in this figure it is the Sm points (Z=62) and
not the Nd ones (Z=60) that appear to be abruptly displaced from the otherwise
smooth systematics. (from Ref. [12]).

The K*=0" systematics of Fig. 8 shows a rather smooth and gradual de-
crease of the excitation energies with both increasing neutron and decreasing proton
numbers towards a minimum near '4¢-148Ba (N=90-92). A singular departure from
the smooth systematics appears at 12Nd (N=92) where a sharp jump by ~300 keV
is noticed. However, in the N=92 systematics plotted in Fig. 9, it is the Sm points
(Z=62) and not the Nd points (Z=60) that shows a sudden jump. This confusing
pattern may become clear as new data become available.
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Figure 11 Excitation energies of the K*=2" bands in the A=150 region. For
each isotonic chain the data have been connected by a solid line. (from Ref. [12]).

In the K*=1" systematics (Fig. 10), one observes a sharp lowering along
a narrow valley at neutron number N=94 associated with the two—quasineutron
{v5/21[642] — v3/2~[521]} configuration [49]. The K*=1" band in '*¢Sm, which
we have tentatively identified [14] at the excitation energy of 803.5 keV, represents
the lowest-lying K*=1~ band known in the rare-earth region (49]. However, as
the minimum in the systematics of the K*=1" bands has not been established, it
is possible that the energy of this band is even lower in !*Nd. This could explain
the sudden rise of the K*=0~ band in '*2Nd (a trend that should also continue
into 134Nd if the following logic is true). A sharp minimum can occur only if the
occupation of a specific quasiparticle configuration is optimal. Consequently, the
minima in the excitation energies for bands with different K* will be anticorrelated.
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Table 3 Energies of the 2} states and deformation parameters f; of selected
light lanthanides (from Ref. [11}).

Nucleus E(2}) [keV] B2 ® B2/Ba(s.p.)
150Nd 130.1 0.285 10.75
1525 121.8 0.306 11.91
154Gd 123.1 0.310 12.49
156Dy 137.9 0.293 12.16
152Nq 72.6 0.333 12.5
160Gd 75.3 0.353 14.22
164Dy 73.4 0.348 14.45
¢ See Ref. [54] for a definition; data from Refs. [54,55)].
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Figure 12 (a) Proton pairing energies for a series of isotones. The deformed
shell gap at Nd (Z=60) becomes significant for N=90,92. (b) Energies of the 2}
states for selected N=92 isotones. Its smooth trend is interrupted at 132Nd due to
the increase in the moment of inertia of the g.s. band caused by the increase in the
proton pairing gap. The dashed line serves only to guide the eye (from Ref. [11]).

To say it differently, lowering the K¥=1" band requires the K*=0" band to rise in
excitation energy since it is not likely to find optimal conditions for both excitations
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in the same nucleus.

In the K*=2" systematics of Fig. 11, the excitation energies show a sharp
lowering along two narrow valleys at proton numbers Z=66 (dysprosium) and Z=74
(tungsten) associated with the two—quasiproton {x7/27[523] — »3/2*[411]} and
{n9/27[514] — x5/2%[402]} configurations, respectively [49].

In summary, the systematics of the K¥=1" and 2~ bands show rather sim-
ilar features that contrast with the pattern of the K*=0" excitations. In both
cases, one observes a sharp lowering of the excitation energies along well-defined
neutron or proton numbers, indicating strong influence of the specific quasiparticle
contributions. (In contrast, the lowering of the K¥=0" bands is along both neutron
and proton numbers, giving a flat minimum.) However, as the minimum excitation
energy is well below 1 MeV, it needs to be explained why the quasiparticle configu-
rations should have such a profound influence on the excitation energies at energies
as low as half the pairing energy gap.

4.2 Positive parity bands

152Nd exibits the g.s. properties of a well-deformed nucleus (see Fig. 7), the
energy of the 2} state being among the lowest in the region. The corresponding
large moment of inertia is, however, not simply a consequence of a large deformation
as seen in Table 3. The g.s. of both 3°Nd and '%?Nd exhibit 8, deformation
parameters significantly lower than their neighboring nuclei, even in those cases
where the moments of inertia of the Nd nuclei are higher. The deviation from the
expected proportionality of the moment of inertia to the square of 3; is remarkable.
This effect, see Fig. 12, is likely due to a local variation of the strength of the
(proton) pairing interaction, caused by the small deformed shell gap at Z=60 for
deformation close to §;=0.3.

The first three members of the first excited K*=0% band (illustrated in
Fig. 7) have been identified [11] in '*2Nd. The rotational parameter A of this
band is about 50% larger than that of the g.s. band (Fig. 13), thus indicating
different quadrupole deformation. A similar effect has been noticed in %°Nd [53].
As the lowest excited states of deformed nuclei can be viewed as predominantly
composed of two—quasiparticle excitations, this effect must be a consequence of
the excitation of valence nucleon pairs between orbitals with different deformation—
driving properties {11]. This argument favours a shape—coexistence picture of the
first excited 0% bands in !3%152Nd. One should also note, that the v branchings
from the first excited K*=0% band to the g.s. band deviate strongly from the Alaga
predictions for both 1*°Nd [53] and '*2Nd [11].

5. 0% Band in *2Sm

We have studied [13] levels in *2Sm as populated in the low-spin 8~ decay
of 152Pm. A part of a revised decay scheme is illustrated in Fig. 14. As seen in
Fig. 14, the 0}, 0F (1082.7 keV), and 0} (1658.4 keV) states are strongly 3 fed
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Figure 13 (a) The ratio Rzo = AE(25 — 03)/AE(2, — 0,) of the 2*-0% level
spacings of the first excited K*=0% and the g.s. bands of the N=90 and 92 isotones
Ba-Er. (b) The corresponding ratio Ry; = AE(45 —25)/AE(4, —2,). The low Ry,
tatio[ob]tm'ned for 136Gd (N=92) may be due to a subshell effect at Z=64. (from
Ref. [11]).

with logft ~6.5-7.1, while the feeding of the 07 (684.8 keV) and 0F (1736 keV,
but not observed here) states is very weak (logft<8.5). Half-lives of 15(6) ps and
8(5) ps were measured for the 07 state at 1082.7 keV and for the 0} state at 1658.4
keV, respectively, using a fast timing §vv(t) technique [3,4]. The newly measured
transition rates for the 4’ (0F) band are compared in Table 4 to the pairing-
plus—quadrupole (PPQ) calculations [15]. (The B(E2) rates for the 2;, level were
approximated from the relative intensities by adjusting the p?(EO; 2;, — 2;) rate
to equal that of the 0}', — 0; transition.)

The microscopic PPQ calculations tested the hypothesis of shape—coexistence
in 132Sm but yielded neither potential energy surfaces with two minima (one de-
formed and one spherical) nor an excited 07 state with much smaller Brm, than the
g-s. These calculations were already found [15] in agreement with various experi-
mental results for the lower-lying bands. However, it is their untested predictions
for the 07 band that represent the most controversial outcome of the Kumar cal-
culations. As seen in Table 4, the agreement is very good for all nine B(E2) rates
but poor for the two E0Q transitions.

The new results confirm, for the first time, the interpretation of the 0;," band
as the ‘m’ band (as defined by Kumar [15]) and also give weight to the controversial
conclusion drawn by Kumar who questioned [15] the shape—coexistence interpreta-
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Figure 14 A partial level scheme for the low—spin decay of >2Pm—152Sm. Labels
‘g’ ‘B, ‘v, ‘8", and ‘"’ mark members of various bands discussed in the text (from

Ref. [13]).

tion of the 07 band and, as a consequence, of the Sm~-Gd region. Further theoretical
studies of the B’ bands are necessary but the real issue (raised by the new experi-
mental data discussed in this Lecture) is whether the B(E2) and p?(EO0) rates and
the (p,t) and (¢, p) cross sections are in fact shape independent or not.
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Table 4 Transition rates deduced for the 8’ (07 ) band in !52Sm (from Ref. [13]).

L — I B(E2)  PPQ LI,  p*E0) PPQ
(Wa)  [15] (x10%) [15]

0p — 2, 0.8(3) 3.0 0 —0,  83(9) 133

24 — 0, 0.21(11) ¢ 0.7 0p — 0, 1.2(8) 1.4

28 — 2, 0.11(6) *  0.07 0p—0g  21(9) 195

25 — 4, 2.7(14)¢ 1.5 25 =25  21Norm 153

00 — 25  40(16) 82

25— 05  <05°¢ 0.34

2ﬂl - 2p 9(5) e 8.4

25 — 45 40(21) ¢ 34
25 — 05  184(100) ¢ 96

* The uncertainty includes contribution due to normalization, see text.

6. Correspondence Interpretation of the Low-lying Bands
in the Neutron-rich Sm and Gd Nuclei

The new results on 2Sm and the heavy Cd nuclei [34,38,39] challenge
the shape-coexistence models or model interpretation of these regions of shape-
coexistence. These results, however, are for different cases. The excited shape—
coexistence structure is deformed in the vibrational !'*Cd, while it is spherical in
the deformed 152Sm. Furthermore, in 114Cd the shape—coexisting state is the first
excited 0% state, while in '*2Sm it is the second one. The essence of findings on
114Cd [34] is that the B(E2) rates for the low-lying positive-parity levels (including
the intruder band) fit best a pattern predicted for quadrupole vibrational multi-
plets. Such case could be similar to the lighter Sm nuclei, which are vibrational,
and then one could follow the evolution of the vibrational multiplets (which would
include the intruder states) towards the deformed bands across a shape transition
at N=88/90.

As the first step of the analysis we note, that the high selectivity of the
P~ decay is also seen in the (p,t) reactions (and perhaps in the (t,p) as well).
The 0F and 0} (0F and 07) states in heavy Sm/Gd nuclei are strongly (barely)
populated in the (p,t) reaction [56], while the (¢, p) reaction [57] populates the 03
state with an exceptional strength. This selectivity provides a natural classification
of the first and second excited 0% states in the transitional Sm and Gd nuclei (at
N=86-96). (The Gd data supplements the Sm systematics.) The 3 sequence is
strongly populated in the (p,t) reaction and weakly in the (t,p) transfer while the
B' sequence shows the opposite features. The excitation energies for the 3’ sequence
remain almost constant (see Fig. 15), while those for the 3 sequence change widely.
This shows again that the 8 and 8’ sequences have different intrinsic structures.
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Figure 15 (a) Excitation energies of the  and ' sequences of 0% states in heavy
Sm and Gd. (b) Same as (a) but for the ‘deformed’ and ‘spherical’ sequences. The

‘spherical’ sequence includes the g.s. bands for N<88 and the 8’ (0F) bands for

N>90, while the ‘deformed’ sequence includes the 3’ (0F) band for N=88 and the
g.s. bands for N>90 (from Ref. [13]).

The relative level energies within the g.s., 8, and 3’ band sequences evolve
smoothly from vibrational towards rotational patterns — all showing similar be-
haviour (see Fig. 16). If one breaks the g.s. and 8’ sequences into the shape-
coexisting ‘deformed’ and ‘spherical’ sequences (Figs. 15 and 17), then again the
‘deformed’ (‘spherical’) sequence shows a smooth decrease of the relative 2%, 4%,
and 6% energies and the increase of the energy ratios R(4%/2%) from moderately
deformed (vibrational) at N=88 to fully deformed at N=96. (R= ~2.8, 3.01, 3.25,
3.29 for 159-1365m and 2.39, 3.01, 3.24, 3.29 for 152-138Gd for the ‘deformed’ and
2.15, 2.31, 2.52, 3.23 for 148-134Gm, and 2.02, 2.19, 2.19, 3.27, 3.30 for 1*°~138Gd for
the ‘spherical’ sequences.) These results disagree with the ‘shape—coexistence’ inter-
pretation which presupposes either stable spherical and deformed shapes or clearly
defined shape differences. Only at N=84-90 does the ‘spherical’ band sequence
appear to be significantly less deformed than the ‘deformed’ one (see Fig. 17).

The 1%2Sm and 14Cd results follow the correspondence interpretation (16,17
(here extended to include the pattern of B(E2) rates) which provides a schematic
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Figure 16 (below left) Relative excitation energies within the g.s., 8 and g’
sequences of bands in heavy Sm (solid circles connected by solid lines) and Gd

(open circles connected by broken lines). Note discontinuities at N=88/90 for the
B and B’ bands (from Ref. [13]).
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Figure 17 (above right) Relative excitation energies within the ‘deformed’ and
‘spherical’ sequences of bands in heavy Sm (solid circles connected by solid lines)
and Gd (open circles connected by broken lines) (from Ref. [13]).
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Figure 18 The ‘correspondence’ relation [16,17] between the quadrupole vibra-
tional multiplets and the g.s., 8, v and ' bands in the rotational nuclei. Only
selected levels are indicated, marked by the level spin (above the level bar) and
by the phonon number N (in the leftmost column). Fast vibrational AN=1 tran-
sitions which evolve towards fast intraband (slow interband) rotational transitions
are marked by solid (broken) arrows. Their B(E2) pattern is ‘fast’ (‘transitional’).
Other transitions (not shown) are forbidden in the vibrational limit (AN>2) and
evolve towards slow interband transitions. Their B(E2) pattern is ‘slow’ (from
Ref. [13]).

representation of the smooth structural changes that occur in the transition from
vibrational to rotational nuclei and gives a bench-mark to classify the experimental
data and to uncover major departures from its simple patterns. In particular, levels
of the quadrupole vibrational multiplets (spherical nuclei) evolve into the levels of
the g.s., B, 7, and B’ bands in the deformed nuclei [16,17] as schematically shown in
Fig. 18. Importantly, we make here no distinction for the intruder states. Moreover,
each B(E2) rate should follow one of the three patterns.that is predetermined by
the position of the transition in the vibrational scheme of Fig. 18. Three distinctive
B(E2) patterns are expected [13]: ‘fast’ (consistently high rates at ~50-100 W.u.),
‘slow’ (consistently low rates at >1 W.u.), and ‘transitional’ — a smooth- decrease
of transition rates by ~2 orders of magnitude from ~ 100 W.u, to ~1 W.u.

The 8 and B' sequences defined above overlap with those of the correspon-
dence interpretation, provided (which is critical here) that the shape—coexisting 8
bands can be treated as part of these dynamically evolving phonon multiplets. Out
of 17 individual B(E2) rates obtained for transitional Sm and Gd, 13 in Sm and
14 in Gd follow the predetermined patterns, while 4 in Sm and 3 in Gd do not.
(Data for Sm and Gd, which are almost identical, are summarized in Figs. 19 and
20 and Table 5; for a detailed discussion see Ref. [13].) Thus, 80% of the B(E2)
rates for the 8, v, and ' bands follow the correspondence patterns. The remaining
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Figure 19 (below left) B(E2) systematics for the intraband 8 — § and interband
f — g.s. transitions in heavy Sm and Gd. Note, the expected ‘transitional’ (0; —
2} and 27,’ — 4}), ‘fast’ (2}' - 0;), and ‘slow’ (2; — 0}) patterns. The exception
is the 2§ — 27 pattern predicted to be ‘slow’, but where the B(E2) rates vary from

low values (~1 W.u.) in both limits to rather high values (~17-68 W.u.) in the
transitional region in between (from Ref. [13]).
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Figure 20 (above right) (a): B(E2) systematics for the intraband 4, — 2,
(squares) and interband 2., — 24 (circles) transitions in heavy Sm and Gd. (b):
Same as (a) but for the 2, — 0, (circles) and 2, — 2, (squares) transitions (from
Ref. [13]). Note, the expected ‘fast’ (4% — 2%) and ‘transitional’ (27 — 2})
patterns. The overall pattern for the 23 — 07 transition is ‘slow’, as expected,
but at higher B(E2) rates of ~3 W.u. The 2} — 2} pattern (expected to be
‘transitional’) is approximately followed in Gd, while in Sm the pattern is rather flat
with B(E2) rates of ~8 W.u. (at N=86-88), which is lower than the expected rates
of ~40-100 W.u. The lower rates in this case could be correlated and somewhat
complementary to the higher rates observed in Fig. 19 for the 2; — 2;’ pattern.
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Table 5  Systematics of the experimental B(E2) and p?(E0) rates from the g’
band in heavy Sm and Gd (from Ref. [13]).}1

I', — I, ISOSmss lSZSmgo 152Gd88 154Gd9° 158Gd92 lSSGd‘M

B(E2) (W.u]
Oy —2, 0.17 0.8(3) 14 3.4(10)
2 — 0, 0.00004 0.21(11) 0.033 0.035 0.31(2)  0.31(4)
2 —2, 0.19 0.11(6) 1.3 0.065 1.2(1)  0.24
2 —4, <16 2.7(14) 041 1.1 43(4)  1.4(2)
Op: - 2,9 29 40(16)
25, =05 <12 <05 1.6 <1 <0.3
2 =2 11 9(5) 16. 11.
25, — 45 40(21) 21.
28 —2, 13 21. <2 19(6)
28 — 05 [110]° 184(100) [100]*  [200]°

p? [x10°)

0p—0, 1.2 1.2(8) 3.9 3.0(13)
2 —2, 16 3.4 >0.8 0.6(2)
0p — 05 [42)¢ 21(9) [153] 32(15)
25 — 25 42 [21]¢ 153. 67

Zﬂ' - 2-7 17

® For !*°Sm and !52:1%4Gd the absolute rates were approximated: first for the 23,
state by setting the fast intraband B(E2; 2;, — 0;’,) rate equal to 110, 100, and 200
W.u., respectively, and then for the 0;, state by setting the P*(EO; 0;’, — 0;) and
p*(EO; 2;, — 2;) rates equal. Uncertainties (expected to be large) are not provided
for the approximated results.

tt Six B(E2) patterns follow the expectations: one ‘fast’ (2;’, — 0;,) and five ‘slow’

(0;, — 2';, 2;, — 0'9", 2;, - 2',", 2;, — 4,*, and 2;’, — 0?,') Two sequences
involving the 2}'; and 2‘.3‘ states somewhat deviate from the expected patterns. By
now this deviation is fully expected, and in fact, necessary if the data are to be
self-consistent. The apparent ‘mixing effect’ of the 2?”L and 23 states is to lower

the fast ‘transitional’ and ‘fast’ rates and to raise the ‘slow’ rates. It is seen for the
2;, — 2; transition. Our data for N=88 and 90 show B(E2) rates at 9-16 W.u.,

lower than the expected ‘transitional’ rate of 40~100 W.u. Similarly, significantly
higher values of 13-21 W.u. are observed for the 2}', — 2‘_‘; transition predicted to
be ‘slow’ at ~1 W.u.
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discrepancies can be traced to the ‘mixing effect’ of the 2} and 2F states in the
transitional region, where the high ‘transitional’ and ‘fast’ rates are lowered while
the ‘slow’ rates are increased.

We interpret the results for !'4Cd and 152Sm as supporting the correspon-
dence relations [16,17] between levels of the quadrupole vibrational multiplets in
the spherical nuclei and the g.s., 3, and 4 bands in the deformed nuclei extended
to include the 0F states as suggested by Sakai [17).

The 8 and v bands which band-heads evolve from the N=2 vibrational mul-
tiplets represent two basic excitation modes. One may ask whether the §' band,
which band-head evolves from the N=3 multiplet, is also associated with a distinc-
tively different excitation mode as well. A number of facts, such as the uncorrelated
excitation energies for the # and #' bands in heavy Sm and Gd (Fig. 15), the high
selectivity of the 8~ decay (Fig. 14), and the closely anticorrelated high selectivity
of the (p, t) reaction for }32Sm, affirm that the A and ' states have different intrin-
sic structures. Yet the 3, v, and #' bands show also common features like smooth
correlations of the relative excitation energies and of the transition rates. Thus
the 8’ band could represent a new mode of intrinsic excitation in par with the g
and 7 modes. Yet B’, as the N=3 mode of excitation, could be more complex than
the N=2 3 and v modes. This could explain the inability of the phenomenological
models based on a severely truncated space (like IBA) to account for the band and
the neccessity to invoke the intruder picture.

7. ‘Di-nature’ of the excited 0+ bands

Properties of the low-lying 0% states remain puzzling. Their population
(through reaction or B decay) and deexcitation processes frequently reveal equally
strong evidence for different (apparently inconsistent) components in the wave func-
tions [39,49). The shape—coexisting Cd and Sm/Gd nuclei discussed in Sections 2
and 6 could illustrate this point. Although some evidence [8,25,35] points towards
existence of low-lying intruder structures with vastly different shapes, a number
of properties can be explained without invoking shape-coexistence [15] or in fact
negating various aspects of the current shape-coexistence models [34,39]. In the
case of the two close-lying 0% states in !14Cd there is even a confusion which one
of them is the shape—coexisting intruder as the expected properties seem to al-
ternate between the levels but in a way that would negate strong configuration
mixing [34,39]. Despite these complications the B(E2) transition rates within and
in between the bands generally follow [13,34] simple ‘correspondence’ patterns.

In general one would expect the g.s. and excited bands to have similar mo-
ments of inertia and/or deformation. A band that departs from this expectation
is considered anomalous or intruder. The essence of the shape-coexisting models
[25,35] is that the intruder band, which shows a moment of inertia strongly differ-
ent from the g.s. structure, is associated with its own minimum in a potential well.
Transitions from this band to the g.s. structure are forbidden or strongly retarded
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unless there is a configuration mixing. However, as discussed in section 2, a strong
configuration mixing is required that can invert the decay properties of the 07 and
07 states like for 118Sn or 114Cd [25,35].

One may ask, however, whether this mixing and inversion of transition rates
is in fact necessary? In this section (based on Ref. [18]) we want to explore an
alternative proposition — of ‘di-nature’ of the low-lying collective bands (which is
not necessarily limited to the 0% bands). Namely, that the excited 0% bands show
a duality of conflicting properties as a general feature, not acquired through strong
mixing. These bands, which show individual properties (like moments of inertia,
high selectivity in the particle transfer reactions or 8 decay) based on different
intrinsic (quasiparticle) structures, and follow at the same time also a common
pattern of intra- and interband transition rates predicted by simple models (like
the quadrupole vibrational model for !14Cd [34]). Di-nature clearly emphasizes the
importance of dynamical effects in nuclei.

In the present discussion we consider all excited 01 bands to be dominated by
individual intrinsic excitations even for nuclei that are not deformed. The intruder
states thus loose their special status. Furthermore, since strong mixing is no longer
necessary, any excited 0* band would appear as a ‘second g.s. structure’.

Fig. 21(a) illustrates the Mallmann plot [58] for the g.s. bands in the A=150-
190 region while Fig. 21(b) illustrates the same plot for all known excited 0% bands
for A>56 (data from Refs. [17,49]). The relative energy ratios 8*/2+ and 6*/2+
for the excited 0% bands plotted against the 41 /2% ratio not only form its own
pattern (thus indicating weak mixing with other levels), but in fact follow exactly
the same patterns as the g.s. bands. This latter feature confirms that the excited 0%
bands show a general property of a (second) g.s. Note, that due to the experimental
difficulties the data on the excited bands are not only scarce but also less reliable
than those for the g.s. bands.

In the next step we examine the relationship between the deformation of
the g.s. and that for the excited 0* bands. Fig. 22(a) illustrates the ratio of the
relative energies of the 2% states for the excited band (labelled ‘o’) and the g.s. band
plotted against One could have expected & priori that the data points (excluding a
few intruder states) would follow a horizontal line at the E/E ratio of 1. Instead
the data are generously scattered. For a detailed discussion of Fig. 22 the reader
is referred to Ref. [18], we only note that the 2t energies of the excited states
are significantly lower than those for the g.s. structures in two regions: for the
magic/spherical nuclei (R<2.4) and for the strongly deformed ones (R~3.3).

Fig. 22(b) illustrates the ratio of the 4* /2% ratios for the excited and the
g.s. bands plotted agains the 41 /2% ratio for the g.s. band. Although one observes
a scatter of points, they are not so widely dispersed as those in Fig. 22(a). We will
not discuss this Figure in detail, except to mention that it is consistent with the
systematics of Fig. 22(a). Note, if the scatter of points in these Figures would be
due to the configuration mixing then neither the g.s. nor the excited bands would
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follow the Mallmann plots (Fig. 21) so well. There are also other arguments against
strong mixing already raised in the previous sections. Thus one may conclude
that in general the moments of inertia and/or deformation of the g.s. and excited
bands are different. Consequently, it is an exception, rather than a rule, for these
parameters to be the same for different bands in a given nucleus.

The issue of ‘di-nature’ of the excited bands should be further explored.
There is a strong need for a more complete and reliable systematics of the excited
bands and particularly of the absolute transition rates. One should also reexamine
the nature of strong EQ rates in the absence of strong configuration mixing of
shape—coexisting states.

Summary

A new generation of experiments carried out at OSIRIS takes advantage of
the high beam intensities from an improved ISOL-facility and a higher detection
sensitivity from multidetector arrangements. Furthermore, these experiments in-
clude fast timing Bv+(t) measurements which unravel crucial lifetime information.

The new experiments bring important data on the regions/issues of special
interest: structure of doubly-magic 13265 and the nature of the excited 0% and the
low-lying octupole bands in the medium heavy nuclei.
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