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Decay Out of the Yrast and Excited Highly Deformed Bands in the Even-Even Nucleus*Nd
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The decay out of the yrast and excited highly deformed (HD) band¥iiid has been investigated via
the2Si + '19Pd reaction at 130 MeV using the GASP array. Several deexcitation pathways have been
established for both the yrast and excited HD bands. The resulting spins remove previous ambiguities
in the assignment of the excited HD band and confirm the structure assigned to the yrast HD band.
The decay out is understood in terms of mixing between the normal-deformed and HD states, which is
triggered by the crossing between tha;,, andvds,, orbitals. [S0031-9007(96)00639-4]

PACS numbers: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.+j

The most striking signature of superdeformed (SD) nu-odd Nd nuclei [9—-12]. We call highly deformed (HD) the
clear shapes at high spin is their characteristic deexcitébands built on the second well in the nuclei of the= 130
tion through the emission of long sequences of rotationalegion, in order to emphasize their smaller deformation
transitions. The regularity of the deexcitation pattern(8 ~ 0.3-0.4) with respect to the SD bands in te=
has been widely exploited in experiments performed with80, 150, 190 regionsg ~ 0.5-0.6). The observation of
the last generation of Ge arrays to identify such weaklydiscrete linking transitions has been favored here by the
populated structures and by now SD bands have beesmaller excitation energy of the HD configuration with
found in nuclei with mass-130, 150, 190 [1,2] and more respect to the ND yrast line in the decay-out region
recently in nuclei with mass-80 [3]. Atthe pointofdecay (~1 MeV, in contrast with energies of4.5 MeV for SD
towards normal-deformed (ND) states, the SD rotationabands in the Hg nuclei), as well as by the relatively higher
sequence disappears suddenly and the transition intensitytensity of the HD bands in the odd nuclei. The transition
fragments into so many weak branches that a direct identbetween the two minima requires only one or two level
fication of the linking transitions has, in general, not beercrossings on the path from high to low deformation and
possible. From the theoretical point of view this feature oftherefore induces less fragmentation of the decay-out flux
the decay-out mode has been explained in statistical termthan in the other regions of superdeformation [13].
as a process triggered by small admixtures of ND states In the even Nd nuclei the HD bands are only weakly
into the SD wave functions [4]. The study of the decaypopulated and so far no linking transitions have been ob-
out is clearly of paramount importance, as it is the onlyserved [14,15]. Their configurations have been essentially
safe way to determine the excitation energy and to deducassigned on the basis of the behavior of the dynamical mo-
the spin and parity of the SD states. ments of inertia () and assume the occupation of a sin-

From the experimental point of view, an ingeniousglei 3/, neutron orbital. However, only the determination
attempt to identify the linking pattern by building the of spin and parity of the band levels will allow one to con-
energy sum of two consecutive transitions has lead to &rm this theoretical prediction. Moreover, the observation
tentative location of the SD band 8f%u [5]; however, of linking transitions in an even-even nucleus will help,
the same method was not successful in other cases. through the comparison with the odd-even ones, in under-
the heavierA = 190 mass region the statistical nature standing the interplay between the pairing correlations and
of the process has been confirmed by Heatyal.[6],  mixing of ND and HD states in the decay-out process.
who isolated a quasicontinuous spectrum of the decay- In this Letter we report on the first identification of
out transitions in'%Hg; this spectrum was qualitatively discrete transitions linking both the yrast and excited HD
reproduced by the recent calculations of Dgssingl. [7].  bands of'*Nd to the ND states. The present data allow
Very recently, Khooet al.[8] discovered a few discrete us to fix the excitation energy of the two HD bands and
linking transitions in'®Hg, which account for-5% of the  to infer their spins and parities, in agreement with the
decay strength, with the remaining strength in unresolvegreviously suggested configurations [14]. The decay-out
(statistical) gamma rays. mechanism is understood in terms of mixing between HD

The study of the decay-out process inthe= 130 mass and ND states, which is triggered by the crossing between
region, on the other hand, has been successful in the casetbe vi 3/, andvds,, orbitals.
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The Nd nucleus has been populated via ti8i +  sitions with energies-1330 keV are also in coincidence
110pd reaction at 130 MeV. The target consisted of twowith the transitions of band 3 below thk8™ level (see
self-supporting foils of!1%d with a total thickness of Figs. 1 and 2). The position of the HD yrast band rela-
1.36 mgcm? The GASP array with 40 Compton- tive to the ND levels is fixed by the 1358 keV transition
suppressed Ge detectors and the 80-element BGO ball hagich connects its lowest observed level to the ground
been used for a coincidence measurement. Events wesgate band. In the case of the two decay paths of 736—
accepted when at least three suppressed Ge detectors &r&86 and 740—-1332 keV, the errors for the intensities of
three detectors of the BGO ball fired in coincidence. Athe strongly contaminated 736 and 740 keV transitions did
total of 1.9 X 10° events have been collected. By doubly not allow us to establish their ordering. The one adopted
gating on all known members of each HD band [14] wein Fig. 2 is preferred because it gives intermediate levels
obtained very clean spectra, which allowed the extensiowhich are not yrast, in agreement with their weak popu-
of the excited HD band at lower spins by two transitionslation. From they-vy coincidence analysis we could also
(765.1 and 726.4 keV), as well as the determination withplace unambiguously the three linking transitions of 1780,
higher precision of the energies of the two lowgstays 1889, and 1928 keV of the excited HD band, as is shown
in the yrast HD band (733.3 and 667.9 keV). Examplesn Fig. 2. The energies and relative intensities of the tran-
of spectra showing the linking transitions and their coin-sitions which are relevant for the decay-out process are
cidence relationships with other ND and HD transitionsgiven in Table I. It can be seen that ony50% (~40%)
are given in Fig. 1. A partial level scheme &¥Nd rel-  of the yrast (excited) HD band intensity is carried out by
evant for the decay-out process is given in Fig. 2. Fothe observed discrete linking transitions, to be compared
the yrast HD band, fouy rays withE, ~ 1.3 MeV are  with ~5% for the **Hg case [8].
observed. The 1336 and 1332 keV transitions are in co- The spins of the HD band levels have been determined
incidence with two othery rays of 736 and 740 keV, from the analysis of the differential correlation orientation
respectively, whereas the 1339 and 1358 keV transitionDCO) ratios using the procedure described, e.g., in
directly deexcite the HD levels. The three linking tran- Ref. [12]. Because of the very weak intensity of the

high-energy linking transitions, definite values of their
DCO ratio could not be obtained. However, the linking
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FIG. 1. Doubly-gated spectrum of the yrast HD band in which
the y rays of the HD band are indicated by asterisks (upper B4

panel), high-energy part of the single-gated spectrum of the

excited HD band (middle panel), and double-gated spectrun¥IG. 2. Partial level scheme of*Nd showing the part
with gates on the transitions of the yrast HD band and on theelevant for the decay-out process. The arrow thickness is
1339 keV linking transition (bottom panel). proportional to the transition intensity.
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TABLE I. Gamma-ray energies, relative intensities, spins, anddecreasing in contrast to that of the out-of-band ones, the
DCO ratios for the transitions in the lower part of the yrast andenhanced decay-out strength is indeed expected.

excited HD bands of**Nd and for the transitions relevant for Examining the decay out of the yrast HD band one ob-
the decay out serves that theé1~ state decays into threl®~ levels that

Yrast HD band are within 6 keV of excitation energy. Itis difficult to give
E, (keV) 1, (%) [ = If DCOratio  an exact assignment for the additional two states. How-
876.6 100(5) 25(=) — 23(-) 1.00(2) ever, knowing the limited number of HD configurations
808.1 100(5) 23) 21 1.00(2) and the high level density at that excitation energy, we can
733.3 37(5) 210 — 190 0.88(10) rather firmly conclude that their origin involves states with
667.9 10(5) 190 — 1709 1.00(3) ND shapes. The presence of even a very small interaction
1331.9 13(3) 19) — 18+ will lead to a sizable mixing of the corresponding wave
1336.3 7(3) 190) — 18% functions, a fact which is indicated by the similar deexci-
1338.6 27(3) 190) — 18* tation pattern of the threed(~) states. The analysis of the
1357.5 4(3) 170 — 16* out-of-band strengths of both HD bands'#iNd, together
Excited HD band with the ~50% intensity of the observed discrete transi-
E, (keV) 1, (%) 17— I DCO ratio  tions, suggests that the decay—out_ mephanisr‘i‘?‘md is
898.6 100(2) (261) — (247) 1.10(10) only partially due to the stochastic mixing betwegn the
821.4 78(3) (24+) — (227) 1:07(10) ND a_nd HD states as proposeq by Vigezzi, Broglia, and
765.1 60(5) (22+) = (20*) Dgssing for thel = 150, 190 regions [4]. In other words,
726.4 32(5) (20") — (18%) it |nd|c§1tes_ that_ the quantum structure of the mixed ND
1780 12(4) (20%) — 18 bands is still of importance.
1889 17(5) (18) — 16+ The identification in this measurement of one more HD
1928 10(3) (20*) — 18+ state below thd9~ level allows us to extract a value of

0.11 X 107 fm~2 for the B(E1)/B(E2) ratio between the
668 keV E2) and 1339[1) transitions. Assuming again
a B(E2) value of 400 W.u., we get B(E1) strength of
DCO ratios could be obtained. They are assumed to have 1073 W.u., comparable to those observed in the heavy
AI = 2, E2 character. The negative parity indicated in Ba-Sm region, for which stable octupole deformations
parentheses for the yrast HD band accounts for the thediave been predicted. Since the neutron Fermi surface at
retically assigned configuration (see discussion below)high deformation is almost between tife,, and ii3/»
The linking transitions of the excited HD band do not orbitals and the HD yrast band of‘Nd is assumed
show significant anisotropy between °9@nd 34; this  to involve the vii3/2-h9/2/f7/2» configuration [14], one
is consistent with @Al = 2, E2 character and leads to can indeed expect octupole couplings to be present.
even spins and positive parity. The present measure@pparently, the enhanced deformation has a similar effect
energies and spins of both HD band-head levels determinas an increase of the neutron number.
their excitation energy relative to the yrast ND line at Possible configurations of the HD bandséfNd were
~1100 keV in the decay-out region. already discussed in Ref. [14] in terms of occupation of
Two different types of decay-out pathways are ob-the available Nilsson orbitals at high deformation. In or-
served experimentally: that of the excited HD band, whichder to interpret the present more detailed informations,
most likely consists of stretchdg transitions, and that of we have performed new calculations f5fNd within the
the yrast HD band, where the decay out proceed€fia cranked Strutinsky approach based on a Woods-Saxon po-
and E1 transitions. For the 1780 and 1928 keV linking tential including pairing interaction [17,18]. Each configu-
transitions of the excited HD band we estimatedB{ig2)  ration is treated diabatically, thus avoiding unphysical level
strengths from the ratio between the decay-out and the incrossings between different structures. As established pre-
band (726 keV) transition intensities by a simple energyviously [14], a proton gap is present At= 60 for de-
scaling of the transition operators. Assuming an in-bandormations ranging fronB, = 0.20 to 0.37, which cover
B(E2) strength of 400 W.u., similar to that measured forthe quadrupole deformations of the ND and HD states.
the HD band in the neighboring®Nd nucleus [16]B(E2)  The occupied proton orbitals do not encounter therefore
strengths of the order of 1 W.u. are obtained for the link-any level crossing in the collective path from high to
ing transitions. Such sizable out-of-band strengths clearlyow deformation. The situation is different for neutrons,
indicate a spread of the ND states into the HD mini-in that a pair of particles is moved from the up-sloping
mum, which leads to a significant mixing between the HD[404]7/2" Nilsson orbit into the down-sloping41]1/2~
and ND states. The final 1889 keV decay-out transitionone when the deformation is changing from ND to HD
deexciting the lowest observed HD state has somewhdsee also Fig. 3 in Ref. [14]). In addition, at least one neu-
stronger intensity than the other linking transitions (seetron is moved from th¢402]5/2* Nilsson state into the
Table 1). Since the energy of the in-band transitions is[660]1/2 (i;3/2) one. In our assignment, the excited HD
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band involves thevijs»-[402]5/2" configuration that is interaction. In all cases, however, static pair gaps are

crossed at higher frequencies by #;/,)> one, whereas calculated to exist and pairing is believed to be essential

the yrast HD band involves thei;s,-vhq/2/ f7/2 configu-  for the decay towards the ND states.

ration. The spins and parities indicated for the HD bands In conclusion, the present results suggest that the

in Fig. 2 are in accord with these assignments. A more dedecay out of the HD bands it**Nd is triggered by the

tailed discussion about the configurations of the differentrossing with thev = 4 [402]5/2" Nilsson orbital that

bands involving the neutroi;,, orbital will be published has a smaller deformation than the corresponding: 6

in a forthcoming paper. intruder configuration. The crossing favors the mixing
In the decay-out region, the dynamical moment of inertiawith the ND rotational bands strongly enhancing the

of both HD bands shows an irregularity which is alsodecay-out process and weakening the in-band transition

observed for all HD bands of the other Nd nuclei [9,11,12]strength. The HD band becomes fragmented and loses

and appears at rotational frequencies which decrease witkart of its character. The intensity of the decay-out

decreasing neutron number. transitions increases when the spin of the deexcited HD
From the present calculations, but also from an inspecstate decreases, indicating enhanced ND amplitude in the

tion of the single-particle diagram reported in Fig. 3 ofwave function when going down the band. Lifetime

Ref. [14], one can easily see that thi;, intruder crosses measurements of the HD bands are crucial to further

the »[402]5/2" (ds,,) Nilsson orbital in the frequency re- elucidate the decay-out process.

gion where the increase i?) is observed in the HD bands

of Nd nuclei. As the variation of @ is always associated

with a change in structure of the corresponding rotational

band, we associate the observed irregularity to the cross-
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