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Decay Out of the Yrast and Excited Highly Deformed Bands in the Even-Even Nucleus134Nd
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The decay out of the yrast and excited highly deformed (HD) bands in134Nd has been investigated via
the 28Si 1 110Pd 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 theni13y2 andnd5y2 orbitals. [S0031-9007(96)00639-4]

PACS numbers: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.+j
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The most striking signature of superdeformed (SD) n
clear shapes at high spin is their characteristic deexc
tion through the emission of long sequences of rotatio
transitions. The regularity of the deexcitation patte
has been widely exploited in experiments performed w
the last generation of Ge arrays to identify such wea
populated structures and by now SD bands have b
found in nuclei with mass,130, 150, 190 [1,2] and more
recently in nuclei with mass,80 [3]. At the point of decay
towards normal-deformed (ND) states, the SD rotatio
sequence disappears suddenly and the transition inte
fragments into so many weak branches that a direct ide
fication of the linking transitions has, in general, not be
possible. From the theoretical point of view this feature
the decay-out mode has been explained in statistical te
as a process triggered by small admixtures of ND sta
into the SD wave functions [4]. The study of the dec
out is clearly of paramount importance, as it is the on
safe way to determine the excitation energy and to ded
the spin and parity of the SD states.

From the experimental point of view, an ingenio
attempt to identify the linking pattern by building th
energy sum of two consecutive transitions has lead t
tentative location of the SD band of143Eu [5]; however,
the same method was not successful in other cases
the heavierA ­ 190 mass region the statistical natu
of the process has been confirmed by Henryet al. [6],
who isolated a quasicontinuous spectrum of the dec
out transitions in192Hg; this spectrum was qualitativel
reproduced by the recent calculations of Døssinget al. [7].
Very recently, Khooet al. [8] discovered a few discrete
linking transitions in194Hg, which account for,5% of the
decay strength, with the remaining strength in unresol
(statistical) gamma rays.

The study of the decay-out process in theA ­ 130 mass
region, on the other hand, has been successful in the ca
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odd Nd nuclei [9–12]. We call highly deformed (HD) th
bands built on the second well in the nuclei of theA ­ 130
region, in order to emphasize their smaller deformat
(b , 0.3 0.4) with respect to the SD bands in theA ­
80, 150, 190 regions (b , 0.5 0.6). The observation of
discrete linking transitions has been favored here by
smaller excitation energy of the HD configuration wi
respect to the ND yrast line in the decay-out regi
(,1 MeV, in contrast with energies of,4.5 MeV for SD
bands in the Hg nuclei), as well as by the relatively high
intensity of the HD bands in the odd nuclei. The transiti
between the two minima requires only one or two lev
crossings on the path from high to low deformation a
therefore induces less fragmentation of the decay-out
than in the other regions of superdeformation [13].

In the even Nd nuclei the HD bands are only weak
populated and so far no linking transitions have been
served [14,15]. Their configurations have been essenti
assigned on the basis of the behavior of the dynamical m
ments of inertia (Js2d) and assume the occupation of a si
gle i13y2 neutron orbital. However, only the determinatio
of spin and parity of the band levels will allow one to co
firm this theoretical prediction. Moreover, the observati
of linking transitions in an even-even nucleus will hel
through the comparison with the odd-even ones, in und
standing the interplay between the pairing correlations a
mixing of ND and HD states in the decay-out process.

In this Letter we report on the first identification o
discrete transitions linking both the yrast and excited H
bands of134Nd to the ND states. The present data allo
us to fix the excitation energy of the two HD bands a
to infer their spins and parities, in agreement with t
previously suggested configurations [14]. The decay-
mechanism is understood in terms of mixing between H
and ND states, which is triggered by the crossing betw
theni13y2 andnd5y2 orbitals.
© 1996 The American Physical Society 239
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The 134Nd nucleus has been populated via the28Si 1
110Pd reaction at 130 MeV. The target consisted of t
self-supporting foils of110Pd with a total thickness o
1.36 mgycm2. The GASP array with 40 Compton
suppressed Ge detectors and the 80-element BGO ba
been used for a coincidence measurement. Events
accepted when at least three suppressed Ge detector
three detectors of the BGO ball fired in coincidence.
total of 1.9 3 109 events have been collected. By doub
gating on all known members of each HD band [14]
obtained very clean spectra, which allowed the extens
of the excited HD band at lower spins by two transitio
(765.1 and 726.4 keV), as well as the determination w
higher precision of the energies of the two lowestg rays
in the yrast HD band (733.3 and 667.9 keV). Examp
of spectra showing the linking transitions and their co
cidence relationships with other ND and HD transitio
are given in Fig. 1. A partial level scheme of134Nd rel-
evant for the decay-out process is given in Fig. 2.
the yrast HD band, fourg rays with Eg , 1.3 MeV are
observed. The 1336 and 1332 keV transitions are in
incidence with two otherg rays of 736 and 740 keV
respectively, whereas the 1339 and 1358 keV transit
directly deexcite the HD levels. The three linking tra

FIG. 1. Doubly-gated spectrum of the yrast HD band in wh
the g rays of the HD band are indicated by asterisks (up
panel), high-energy part of the single-gated spectrum of
excited HD band (middle panel), and double-gated spect
with gates on the transitions of the yrast HD band and on
1339 keV linking transition (bottom panel).
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sitions with energies,1330 keV are also in coincidence
with the transitions of band 3 below the181 level (see
Figs. 1 and 2). The position of the HD yrast band re
tive to the ND levels is fixed by the 1358 keV transitio
which connects its lowest observed level to the grou
state band. In the case of the two decay paths of 73
1336 and 740–1332 keV, the errors for the intensities
the strongly contaminated 736 and 740 keV transitions
not allow us to establish their ordering. The one adop
in Fig. 2 is preferred because it gives intermediate lev
which are not yrast, in agreement with their weak pop
lation. From theg-g coincidence analysis we could als
place unambiguously the three linking transitions of 178
1889, and 1928 keV of the excited HD band, as is sho
in Fig. 2. The energies and relative intensities of the tra
sitions which are relevant for the decay-out process
given in Table I. It can be seen that only,50% (,40%)
of the yrast (excited) HD band intensity is carried out
the observed discrete linking transitions, to be compa
with ,5% for the 194Hg case [8].

The spins of the HD band levels have been determin
from the analysis of the differential correlation orientatio
(DCO) ratios using the procedure described, e.g.,
Ref. [12]. Because of the very weak intensity of th
high-energy linking transitions, definite values of the
DCO ratio could not be obtained. However, the linkin
transitions of the yrast HD band show strong 90±–34±

anisotropy when gating on all in-bandE2 transitions and
therefore their dipole character is established. For the
and 740 keVg rays which are strongly contaminated, n

FIG. 2. Partial level scheme of134Nd showing the part
relevant for the decay-out process. The arrow thickness
proportional to the transition intensity.
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TABLE I. Gamma-ray energies, relative intensities, spins, a
DCO ratios for the transitions in the lower part of the yrast a
excited HD bands of134Nd and for the transitions relevant fo
the decay out.

Yrast HD band
Eg skeVd Ig s%d Ip

i ! Ip
f DCO ratio

876.6 100(5) 25s2d ! 23s2d 1.00(2)
808.1 100(5) 23s2d ! 21s2d 1.00(2)
733.3 37(5) 21s2d ! 19s2d 0.88(10)
667.9 10(5) 19s2d ! 17s2d 1.00(3)

1331.9 13(3) 19s2d ! 181 · · ·
1336.3 7(3) 19s2d ! 181 · · ·
1338.6 27(3) 19s2d ! 181 · · ·
1357.5 4(3) 17s2d ! 161 · · ·

Excited HD band
Eg skeVd Ig s%d Ip

i ! Ip
f DCO ratio

898.6 100(2) s261d ! s241d 1.10(10)
821.4 78(3) s241d ! s221d 1.07(10)
765.1 60(5) s221d ! s201d · · ·
726.4 32(5) s201d ! s181d · · ·

1780 12(4) s201d ! 181 · · ·
1889 17(5) s181d ! 161 · · ·
1928 10(3) s201d ! 181 · · ·

DCO ratios could be obtained. They are assumed to h
DI ­ 2, E2 character. The negative parity indicated
parentheses for the yrast HD band accounts for the th
retically assigned configuration (see discussion belo
The linking transitions of the excited HD band do n
show significant anisotropy between 90± and 34±; this
is consistent with aDI ­ 2, E2 character and leads to
even spins and positive parity. The present measu
energies and spins of both HD band-head levels determ
their excitation energy relative to the yrast ND line
,1100 keV in the decay-out region.

Two different types of decay-out pathways are o
served experimentally: that of the excited HD band, wh
most likely consists of stretchedE2 transitions, and that o
the yrast HD band, where the decay out proceeds viaE2
and E1 transitions. For the 1780 and 1928 keV linkin
transitions of the excited HD band we estimated theB(E2)
strengths from the ratio between the decay-out and the
band (726 keV) transition intensities by a simple ener
scaling of the transition operators. Assuming an in-ba
B(E2) strength of 400 W.u., similar to that measured f
the HD band in the neighboring133Nd nucleus [16],B(E2)
strengths of the order of 1 W.u. are obtained for the lin
ing transitions. Such sizable out-of-band strengths clea
indicate a spread of the ND states into the HD min
mum, which leads to a significant mixing between the H
and ND states. The final 1889 keV decay-out transit
deexciting the lowest observed HD state has somew
stronger intensity than the other linking transitions (s
Table I). Since the energy of the in-band transitions
e
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decreasing in contrast to that of the out-of-band ones,
enhanced decay-out strength is indeed expected.

Examining the decay out of the yrast HD band one o
serves that the212 state decays into three192 levels that
are within 6 keV of excitation energy. It is difficult to give
an exact assignment for the additional two states. Ho
ever, knowing the limited number of HD configuration
and the high level density at that excitation energy, we c
rather firmly conclude that their origin involves states wi
ND shapes. The presence of even a very small interac
will lead to a sizable mixing of the corresponding wav
functions, a fact which is indicated by the similar deex
tation pattern of the three19s2d states. The analysis of th
out-of-band strengths of both HD bands in134Nd, together
with the ,50% intensity of the observed discrete trans
tions, suggests that the decay-out mechanism in134Nd is
only partially due to the stochastic mixing between t
ND and HD states as proposed by Vigezzi, Broglia, a
Døssing for theA ­ 150, 190 regions [4]. In other words
it indicates that the quantum structure of the mixed N
bands is still of importance.

The identification in this measurement of one more H
state below the192 level allows us to extract a value o
0.11 3 1026 fm22 for theB(E1)yB(E2) ratio between the
668 keV (E2) and 1339 (E1) transitions. Assuming again
a B(E2) value of 400 W.u., we get aB(E1) strength of
,1023 W.u., comparable to those observed in the hea
Ba-Sm region, for which stable octupole deformatio
have been predicted. Since the neutron Fermi surfac
high deformation is almost between thef7y2 and i13y2

orbitals and the HD yrast band of134Nd is assumed
to involve the ni13y2-h9y2yf7y2 configuration [14], one
can indeed expect octupole couplings to be pres
Apparently, the enhanced deformation has a similar eff
as an increase of the neutron number.

Possible configurations of the HD bands of134Nd were
already discussed in Ref. [14] in terms of occupation
the available Nilsson orbitals at high deformation. In o
der to interpret the present more detailed informatio
we have performed new calculations for134Nd within the
cranked Strutinsky approach based on a Woods-Saxon
tential including pairing interaction [17,18]. Each config
ration is treated diabatically, thus avoiding unphysical le
crossings between different structures. As established
viously [14], a proton gap is present atZ ­ 60 for de-
formations ranging fromb2 ø 0.20 to 0.37, which cover
the quadrupole deformations of the ND and HD stat
The occupied proton orbitals do not encounter theref
any level crossing in the collective path from high
low deformation. The situation is different for neutron
in that a pair of particles is moved from the up-slopin
f404g7y21 Nilsson orbit into the down-slopingf541g1y22

one when the deformation is changing from ND to H
(see also Fig. 3 in Ref. [14]). In addition, at least one ne
tron is moved from thef402g5y21 Nilsson state into the
f660g1y21 (i13y2) one. In our assignment, the excited H
241
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band involves theni13y2-f402g5y21 configuration that is
crossed at higher frequencies by thensi13y2d2 one, whereas
the yrast HD band involves theni13y2-nh9y2yf7y2 configu-
ration. The spins and parities indicated for the HD ba
in Fig. 2 are in accord with these assignments. A more
tailed discussion about the configurations of the differ
bands involving the neutroni13y2 orbital will be published
in a forthcoming paper.

In the decay-out region, the dynamical moment of ine
of both HD bands shows an irregularity which is al
observed for all HD bands of the other Nd nuclei [9,11,1
and appears at rotational frequencies which decrease
decreasing neutron number.

From the present calculations, but also from an insp
tion of the single-particle diagram reported in Fig. 3
Ref. [14], one can easily see that theni13y2 intruder crosses
thenf402g5y21 (d5y2) Nilsson orbital in the frequency re
gion where the increase inJs2d is observed in the HD band
of Nd nuclei. As the variation ofJs2d is always associate
with a change in structure of the corresponding rotatio
band, we associate the observed irregularity to the cr
ing between theni13y2 andnd5y2 orbitals. The rise inJs2d

thus corresponds to a partial deoccupation of the stro
deformation drivingni13y2 intruder orbital. When no pair
ing is present, the transition between the states at di
ent deformations (which form orthogonal sets) are seve
hindered, since the related operators act only on a si
particle. The presence of pairing correlations, on the o
hand, helps the nucleus to tunnel between the minima

A further insight into the role played by the pairin
correlations in the decay-out process can be obtained
a comparison of the decay-out pattern in the even-e
nucleus134Nd with the known decay out in the odd isoto
133Nd. There, the crossing between theN ­ 4 andN ­ 6
(i13y2) neutron orbitals is actually observed, but the H
band is traced to lower spin values. The reason for
difference can be related to the lower excitation ene
of the ni13y2 band in 133Nd; in fact, the crossing her
occurs when the HD band is rather cold and this expla
why it continues at lower spins. In the case of134Nd the
HD structures involve two-quasiparticle (qp) excitatio
that lie higher in energy with respect to the ground sta
because of the pair gap. Moreover, the pairing correlat
are smaller in the two-qp HD bands of134Nd than in the
one-qp HD band of133Nd. As the decay out occurs a
similar excitation energies above yrast in both HD nuc
we can conclude that the mixing with the ND states pl
a more important role than the sliding via the pairi
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interaction. In all cases, however, static pair gaps
calculated to exist and pairing is believed to be essen
for the decay towards the ND states.

In conclusion, the present results suggest that
decay out of the HD bands in134Nd is triggered by the
crossing with theN ­ 4 f402g5y21 Nilsson orbital that
has a smaller deformation than the correspondingN ­ 6
intruder configuration. The crossing favors the mixin
with the ND rotational bands strongly enhancing th
decay-out process and weakening the in-band transi
strength. The HD band becomes fragmented and lo
part of its character. The intensity of the decay-o
transitions increases when the spin of the deexcited
state decreases, indicating enhanced ND amplitude in
wave function when going down the band. Lifetim
measurements of the HD bands are crucial to furth
elucidate the decay-out process.
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