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Decay out of the highly deformed bands in the odd Nd isotopes: The Nd nucleus
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The decay of the highly deformed (HD) band in the nucleus ' Nd has been studied with the GASP array

using the reactions ' Pd+ Si and Sb+ F. Four decay paths linking the HD band to the normal-deformed
states have been established, which fix I =29/2+ for the lowest state of the HD band lying at E =4885 keV.
The sudden disappearance, at the low spin side, of the HD bands in the ' ' Nd isotopes can be explained

by total Routhian surface calculations through a change of the nuclear shape which is microscopically related
to the transfer of the valence neutron from a N= 6 to a N=4 Nilsson orbital.

PACS number(s): 21.10.Re, 23.20.Lv, 27.60.+j

In the Nd nuclei with neutron number ranging from
N =73 to 77 super-deformed or highly-deformed (HD) rota-
tional bands were reported some time ago [I], which have
been interpreted as being built on a second minimum in the
nuclear potential energy surface. The experimental fact that
the population of these bands in the odd Nd isotopes is much
larger than usual t1,2] offers a good opportunity to search
here for the connection of the HD structures with the normal-
deformed (ND) states. Indeed, the decay out of the HD bands
has been recently studied in great detail in the two nuclei

Nd P] and ' Nd [4] exploiting the improved sensitivity
of the new generation of large y-ray detector arrays. The
spin and the parity of the band levels could be determined
for the erst time, thus allowing a detailed comparison with
theoretical calculations. The i]3/2 neutron character of the
bands has been firmly established and the rather different
decay-out behavior in the two nuclei could also be under-
stood. In Nd the decay out of the HD band has been
explained, in a quantitative way, in terms of an accidental
mixing of highly-deformed and normal-deformed states [3].
Within this approach it is also clear why the band in Nd
ends at spin 17/2+. In ' Nd, where the HD band ends at
spin 25/2+ and no mixing with ND levels has been observed,
the low spin termination" of the band has been related to
the disappearance, at low rotational frequency, of the second
minimum in the nuclear potential energy surface [4]. It is
worth noting that total Routhian surface (TRS) calculations
for the nuclei of this mass region (which have been in exist-
ence for several years) [5,6] predict both the presence of a
second minimum associated with the occupation of the i&3&2

neutron orbital and also its disappearance at low rotational
frequencies. However, the validity of such calculations could
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not be tested in a quantitative way since precise data on the
decay out of the bands was missing.

In order to understand which of the two different decay-
out mechanisms observed in the Nd and Nd nuclei is
characteristic for the A = 130 mass region, new experimental
data on the decay out of the HD bands was clearly needed. In
this spirit we have extended our investigation to the next
heavier odd Nd isotope where a HD band is known t1],
namely to Nd. From lifetime measurements using the
Doppler shift attenuation method [7] a quadrupole moment
g=4.0 eb for the HD band of Nd has been measured.
Under the assumption of an axially symmetric shape, a de-
formation parameter P2= 0.22 has been derived which is the
smallest among the known HD bands in the A = 130 mass
region. The experimental quadrupole moment is equally well
explained by TRS calculations either through a triaxial mini-
mum (P2= 0.27, y-10' —20') based on the i]3/2 orbital or a
prolate minimum (P2=0.20) based on the less deformation
driving h9/2 orbital [7].It is therefore essential to experimen-
tally determine the parity of the HD band in order to dis-
criminate between the two different possibilities.

We have populated the Nd nucleus via the
Pd( Si,3n) and the ' Sb( F,5n) reactions at beam ener-

gies of 125 and 97 MeV, respectively. The GASP array with
40 Compton-suppressed Ge detectors and the 80 element
BGO ball has been used for a standard coincidence mea-
surement, where only triple- or higher-fold events have been
collected. Two different experiments have been performed
using the Si beam, one with a stack of thin Pd foils
(2X0.5 mg/cm ) and one with a gold-backed Pd target
(1.5 mg/cm of "Pd on 10 mg/cm of gold). A total of
1.3X10 and 2.3X10 events have been collected in the
thin- and in the backed-target experiments, respectively. With
the F beam only a gold-backed target (1 mg/cm of

Sb on 10 mg/cm of gold) was used and 4X10 events
were collected. The experiments with backed targets had the
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FIG. 1. (a) High energy part of a doubly-gated spectrum, with

gates set on transitions in the HD band of ' Nd, obtained using
the 'toPd+3 Si reaction with thin self-supporting targets. (b) Same
as (a) but with a gold-backed target and gates set on transitions in
the HD band below E~=900 keV. (c) Same as (b) but for the

Sb+ F reaction. Transitions belonging to the HD band are la-
beled with full dots; transitions connecting the HD band to the ND
states are labeled with their energies.
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two-fold goal of obtaining a detailed level scheme of Nd
at low excitation energy and of identifying the transitions
which depopulate the HD band. In fact, only a few levels at
low spin were known in the literature for this nucleus [8];
however, in order to study the decay out of the HD band into
the ND levels, one needs a detailed level scheme at medium
and high spins. The second and important reason to choose a
backed target for the study of the decay out comes from the
knowledge of the lifetimes of the band levels. From the pre-
vious backed-target experiment [7] it results that the transi-
tions of the HD band with energies higher than E~=800 keV
suffer from the Doppler broadening effect; on the contrary,
the transitions deexciting the lowest levels of the HD band
appear as sharp lines in the y-ray spectrum, which means
that they are emitted from states with lifetimes longer than
the stopping time of the recoiling nuclei in the backing. As
the transitions which link the HD band to the states of nor-
mal deformation are expected to have similar lifetimes but
also to be very weak, it is easily realized that one can en-
hance their detection by taking advantage of the much better
energy resolution achieved in a backed-target experiment.

Figure 1 is a nice example proving how, for our case, the
use of a backed target helped to And the decay out of the HD
band. The upper part of the figure shows the region above 1
MeV of a doubly-gated spectrum obtained bombarding a thin

FIG. 2. Partial level scheme of ' Nd showing the bottom of the
HD band and the part relevant for the decay-out process of the HD
band, Only states above the 11/2 isomer are drawn. The thickness
of the arrows is proportional to the intensity seen in coincidence
with the HD band.

' Pd target with a Si beam. The gates are set on all tran-
sitions assigned to the HD band in Nd. It is evident from
this spectrum that the band is in coincidence with a few other
transitions in the energy range 1—1.5 MeV. A striking effect
is observed in the two analogous spectra obtained in the
backed-target experiments (middle and lower part of the fig-
ure for the oSj+&soPd and the &9F+ i23Sb reactions respec
tively). The new transitions in coincidence with the HD band
appear as sharp lines, like the low-lying transition in the HD
band (not shown in the figure), whereas the transitions of the
HD band above 1 MeV are completely smeared out by the
Doppler broadening. This fact strongly suggests that the tran-
sitions of 1086, 1330, 1370, 1384, and 1412 keV are related
to the decay-out process of the band.

From the analysis of the triples data we could observe
clear coincidence relationships between four of these transi-
tions and other transitions belonging both to the HD band
and to the ND structures of ' Nd. Four decay paths for the
HD band have been established, each one consisting of two
transitions, 925—1330, 595—1370, 581—1384, and 843—1412
keV, respectively, which unambiguously fix the excitation
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TABLE I. Energies, relative intensities, and DCO ratios for the
transitions in the lower part of the HD band of Nd and for the
transitions relevant for its decay out.

10

Energy
(keV)

634.7(3)
678.5(3)
741.6(3)
802 4(4)

I, —+II

HD band transitions

33/2+ —+ 29/2+

37/2+ —+ 33/2+
41/2+ ~37/2+
45/2+ ~41/2+

Intensity

54(2)
109(4)

100
99(4)

DCO
ratio

1.06(9)
1.03(5)
1.01(6)
1.01(6)

6—
X

4-
133N

1/2 9/2 17/2 25/2 33/2 41/2 49/2 57/2

I (5)

581.2(4)
595.1(4)
842.6(5)
924.5(1)
1330.4(5)
1370.0(5)
1383.9(5)
1412(1)

Decay-out transitions
33/2+ ~29/2+

33/2+ —+ 29/2+
29/2+ ~25/2+

27/2+ ~23/2+
29/2+ —+ 27/2+

33/2+ 31/2+
33/2+ —+ 31/2+
29/2+ —+ 27/2+

5(3)
5(2)
3(2)

20(3)
6(2)
6(2)
5(2)
3(1)

0.96(5)
&0.2
&0.2
~0.2
&0.2

energy of the HD band. A partial level scheme of Nd
which shows only the part related to the decay out of the HD
band is drawn in Fig. 2. In the proposed level scheme only
one of the above mentioned transitions (1330 keV) deexcites
directly the HD band. On the basis of intensity relationships
and considering that the intermediate levels should not be
yrast, we prefer for the other three decay paths an ordering
with the low energy transition preceding the high energy one.
Energies and relative intensities of the transitions which are
relevant for the decay-out process are given in Table I: it is
seen that only =20%%uo of the intensity of the HD band is
carried out by the observed linking transitions. We know that
other y lines (e.g. , 1086 keV, see Fig. 1) link the HD band to
the normal-deformed states but we have not been able to
place them in the level scheme.

In order to establish the spins and the parity for the HD
band levels, we extracted the DCO ratios for the ' Nd tran-
sitions using the data of the ' F+ Sb reaction. A DCO
y-y matrix has been created with the detectors at 90' with
respect to the beam direction on one axis and the detectors at
34 and 146' on the other axis. Gates were set along both
axes on known stretched quadrupole E2 transitions and the
intensities I (90') and I (34') of the transitions of interest
(with 90' and 34' indicating the axis where the gate has been
set) were extracted from the obtained spectra. The theoretical
DCO ratios R gDp=I&(9 0)/I&(34 ) are, in our geometry,
RDco=1 for a stretched quadrupole transition and =0.5 for a
pure dipole one. For a transition with mixed multipolarity
(L = 1 and L = 2) the DCO ratio is strongly dependent on the
mixing ratio 8'. One can in principle distinguish between E1
and mixed M1+E2 transitions when gating on stretched
quadrupole transitions, if the degree of mixing in the later
case gives a DCO ratio significantly different from 0.5,
which is the value for a pure dipole transition (e.g. , E1).For
example, the two transitions of 582 and 707 keV in the lower
part of the level scheme of Nd show DCO ratios of
0.27(2) and 0.28 (2), respectively, which are indicative of a
mixed M1+E2 multipolarity; on the other side of the DCO

FIG. 3. Excitation energy vs spin for the HD bands of ' Nd,
Nd, and Nd. The yrast lines, which for ' Nd and ' Nd are

almost coincident, are also drawn. The data are from Ref. [3]
( Nd), Ref. [4] ( Nd), and the present work ( Nd).

ratio of the 328 keV (19/2 —+17/2 ) transition is 0.50(2),
which is indicative of a pure L = 1 multipolarity (in this case
E1).The 1330, 1370, 1384, and 1412 keV transitions are all
characterized by a strong anisotropy in the spectra produced
by gating on the HD band transitions (proved to be of EI=2
character from this analysis) as well as on other low-lying
E2 transitions in coincidence with the band. The anisotropy
is such that the transitions are not visible in the spectrum
obtained when gating on the 90 axis, whereas in the one
obtained by gating on the 34' axis they have intensities com-
parable to those shown in the y-ray spectrum of Fig. 1(c).An
upper limit of 0.2 for the DCO ratios of the four y rays can
be extracted, which is compatible only with AI=1 transi-
tions of mixed M1+E2 character. With such multipolarity
for the 1330 keV transition and with that (AI=2, E2) of
the 925 keV transition a spin and parity of 29/2+ is deter-
mined for the lowest level of the HD band which lies at 4885
keV of excitation energy. The other three linking transitions
(581, 595, and 842 keV) are degenerate with other strong
transitions of ' Nd and therefore a meaningful value for
their DCO ratios could not be extracted. They are assumed to
have an AI=2, E2 character.

The analysis of the thin-target data from the reaction
Si+ Pd leads to the extension of the HD band at higher

spins by three more transitions with respect to Ref. [7]; their
energies are 1511, 1593, and 1683 keV, respectively. This
gives for the highest observed level of the HD band a spin
I"=97/2+ and an excitation energy of 24.0 MeV. The
present results on spins and parity are in agreement with the
theoretical interpretation given some time ago [5] for the HD
bands of odd-even nuclei in this mass region. They are asso-
ciated with one quasiparticle i&&&2 neutron excitation with sig-
nature n=+1/2.

Knowing now the excitation energies and spins of the HD
bands in the three odd Nd isotopes with A = 133—137 we
can compare their different behavior in the decay-out region.
In Fig. 3 the excitation energies of the HD band levels of

Nd, &3sNd, and &37Nd are reported as a function of spin
and, for comparison, the yrast lines of the three nuclei are
also drawn. One can immediately see that the HD bands,
which are yrast and therefore populated preferentially at
higher spins, cross the ND yrast line at different points of the



52 DECAY OUT OF THE HIGHLY DEFORMED BANDS IN THE . . . R9

~ ~ -I I - ~ ----l - ~ ---- ~ --- I- I-04~~

0.2-;

0.1-;

0 cl
~%/ T \ ~ W ~ I I f ' 1 I f

0.0 0.1 0.2 0.3 0.4 0.5 0.1
W

'I e

0.2 0.3 0.4 04 0.6

«D

~ ~

II

0 ~ - I I I ~ - S I I--- ~

0.3 =;

0.2-;

0.1 -,
'

0 ~ I 1 'I l i I

0.0 0.1 0.2 0.3 0.4

0 4 I ..

0.3 =;

0.2-;

0.1-:

0.5
I I ~ 8 I

0.1 0.2 0.3 0.4 04 0.6

FIG. 4. Total Routhian surface calculations
for the lowest (Tr, n) =(+,+1/2) configuration
in Nd, Nd, and Nd at two rotational
frequencies. The prolate minimum at Pz
=0.30—0.36 is associated with the i]3/2 configu-
ration. At the lower frequency a less deformed
minimum (P2=0.18—0.25) associated with the
odd neutron in a %=4 configuration appears. In

Nd and Nd this minimum has some degree
of triaxiality.
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I-E* plane and that they continue down to lower spins until
=700 keV above the yrast lines where they suddenly disap-
pear. The lowest observed spins (17/2+ for Nd, 25/2+ for

Nd, and 29/2+ for ' Nd) of the HD bands seem, from
this picture, to be somehow related to their excitation energy
above the yrast line. We will show in the following that the
different behavior of the HD bands in the decay-out region
(e.g., the lowest spin observed in the band) can be explained
by theoretical calculations.

We have performed for the three nuclei ' Nd, ' Nd,
and ' Nd total Routhian surface (TRS) calculations based
on a Woods-Saxon potential including monopole pairing cor-
relations [5,6]. The shape of the nucleus is minimized with
respect to the deformation parameters P2, P4, and y for
different rotational frequencies and quasiparticle configura-
tions. The results are shown in Fig. 4 for the configuration
(+,+1/2) at two relevant rotational frequencies for each
nucleus. At the higher frequency a secondary minimum is
present at p2 =0.30—0.36 which has been associated with the
occupation by the odd neutron of the strongly down-sloping
E ] 3/2 intruder orbital. This minimum persists also at higher
frequencies continuing to be prolate in the Nd and

Nd nuclei and becoming triaxial in the case of Nd. The
calculations shown in Fig. 4 clearly demonstrate that at the
lower frequency the minimum in the potential energy surface
moves from the high p2 deformation to a lower deformation,
which is associated [5] with a configuration having the odd
neutron placed in a N= 4 Nilsson orbital (here N is the main
oscillator quantum number). The frequency where the second
minimum becomes energetically unfavored is different for

the three nuclei and is very close to the experimental value
of half the energy of the lowest transition observed in the
band. At those frequencies (see Fig. 4) almost no barrier
exists between the two minima and therefore the configura-
tion mixing between the HD and the ND states may be
significant [9]. The decay prefers then to go to the yrast
levels of the normal deformed, energetically favored mini-
mum instead of continuing along the HD band. This behavior
seems to be general and to occur in all three Nd nuclei dis-
cussed here, as well as in the odd-even Sm and Gd nuclei
[10].The case of ' Nd is peculiar in that there is a strong,
accidental mixing of the 17/2+ HD state with the 17/2+ state
of the N= 4[400]1/2+ band, which drives the major part of
the decay-out flux towards the [400]1/2+ band [3].This band
is built on the minimum at deformation pz=0. 25 shown in
Fig. 4 (top left). The other decay branches from the lowest
HD band members (17/2+ and 21/2+) in ' Nd have much
lower intensities, being similar to those of the linking transi-
tions in Nd and ' Nd.

It seems therefore that the decay-out process in the three
Nd nuclei can be described in the same way. The lowest
observed spin of the HD bands in the three nuclei (17/2+,
25/2+, and 29/2+, respectively) is related to the frequency at
which the change of the nuclear shape occurs. The TRS cal-
culations predict such a nuclear shape change in each of the
three nuclei discussed here, exactly at the frequency value
which corresponds to the lowest transition of the HD band.

In summary, through the study of its decay out we have
determined spins, parity, and excitation energy for the HD
band in ' Nd. The sudden disappearance at different spin
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values of the HD bands in the odd Nd nuclei has been dis-
cussed and found to be well described by cranked shell
model calculations in terms of a change from a more de-
formed to a less deformed nuclear configuration.
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