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Yrast spectroscopy of 130Nd and evidence of a highly deformed band
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High-spin states in130Nd were populated in the reaction94Mo(40Ca,2p2n) at a beam energy of 180 MeV.
The ground-state band has been extended toI p5(321) and three side bands were observed for the first time.
In addition, a weak band with a large dynamical moment of inertia was found. The moment of inertia of this
sequence is similar to those of structures found to be highly deformed in heavier even-even Nd nuclei.

DOI: 10.1103/PhysRevC.63.024316 PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j
te
e
v

n

y
h

n
fo
lc

-

hl
th
r-

ed.

has

to
e
ed

ly.
st
ast

in
is-

ed

s of
ble

, an
n
tes
of

en

si

/

MA

T

ta
.
0

7

I. INTRODUCTION

The nuclei in the light rare-earth region have attrac
much attention recently as a sundry of highly deform
bands have been observed. These structures typically ha
quadrupole deformation parameter ofb250.320.4 ~see
Refs.@1,2#, for example!, while bands of normal deformatio
in the same nuclei are found to haveb250.2020.25. Occu-
pation of at least one neutron in the intruderi 13/2 orbital, the
presence of highly deformed shell gaps atN572, 74, and/or
holes in the protong9/2 orbital are often cited as the primar
causes of these sequences. In particular, such bands
been found in a long chain of Nd (Z560) nuclei,N571
277 @3–9#. As these nuclei become more neutron deficie
the neutron Fermi surface approaches midshell, and there
creates increasingly larger ground-state deformations. Ca
lations from Möller and Nix @10# predict that the ground
state deformations steadily grow and peak nearN566 with
b250.33, which is as large as many of the observed hig
deformed bands in the heavier Nd nuclei. Thus exploring
well-deformed, proton-rich Nd nuclei is of significant inte
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est, especially to inquire how far below thei 13/2 orbital and
theN572 shell gap highly deformed bands can be observ
With this perspective, high-spin states of130Nd have been
investigated and a candidate highly deformed sequence
been identified.

II. EXPERIMENTAL DETAILS

The reaction 94Mo(40Ca,2p2n) was used to populate
high-spin states in130Nd. The 40Ca beam was accelerated
180 MeV by the 88-Inch Cyclotron facility located at th
Lawrence Berkeley National Laboratory, and was focus
onto a;0.5 mg/cm2 self-supporting94Mo foil. The Gam-
masphere spectrometer@11# was used in conjunction with the
selectivity of the Washington University Microball@12# to
detect the emittedg rays and charged particles, respective
Approximately 8.33108 events were recorded when at lea
one of the 95 CsI detectors from the Microball and at le
four of the 92 Compton-suppressed Ge detectors were
prompt coincidence. Gamma rays associated with the em
sion of two protons~comprising;17% of the total events!
were sorted into anEg3Eg3Eg cube, which was analyzed
with the RADWARE @13# package. Based upon the deduc
coincidence relationships, a new level scheme for130Nd is
proposed and shown in Fig. 1. The energies and intensitie
theg rays obtained from the present work are listed in Ta
I.

For determination of the spins of the observed states
angular-dependentEg3Eg matrix enabled us to perform a
analysis of the directional correlation of oriented sta
~DCO!. Specifically, gamma rays detected at angles
31.7°, 37.4°, 142.6°, or 148.3°~symmetric forward and
backward angles denoted hereafter as FB! were projected
along one axis whereas coincidentg rays detected at 90°
were projected along the other axis. The DCO ratio is th
defined by the expression
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RDCO5
I g1

~at FB; in coincidence withg2 at 90°!

I g1
~at 90°; in coincidence withg2 at FB!

,

whereI g1
is the intensity of theg ray of interest andg2 is the

gating transition. Expected DCO ratios for pure dipole (M1
and E1) and quadrupole (E2) transitions are 0.5 and 1.0
respectively, when the gating transition is a stretched qu
rupole (DI 52). Results of the DCO analysis are given
Table I. Weak transitions above states of determined s
where reliable DCO ratios could not be calculated, were
signed multipolarities assuming that normal band charac
istics persist.

FIG. 1. The level scheme for130Nd. The width of the arrows is
proportional to the relative intensity of the transition. Tentati
transitions are denoted by dashed lines. Spin and parity assignm
are explained in the text.
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TABLE I. Data for levels and gamma rays in130Nd.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity

Band 1
21 158.6 158.6 0.98~4! E2
41 484.8 326.2 [100 1.02~2! E2
61 939.1 454.3 92~4! 1.02~2! E2
81 1486.6 547.5 77~3! 0.95~3! E2
101 2099.8 613.2 54~3! 1.00~3! E2
121 2763.8 664.0 38~2! 1.00~4! E2
141 3468.0 704.2 26~1! 1.03~5! E2
161 4211.5 743.5 14.8~8! 1.00~9! E2
181 5020.8 809.3 9.3~6! 0.9~1! E2
201 5918.2 897.4 5.2~4! 1.1~1! E2
221 6909.1 990.9 2.7~3! (E2)
241 7993.8 1084.7 1.4~2! (E2)
261 9167.4 1173.6 0.6~1! (E2)
281 10425 1258 ,0.5 (E2)
301 11745 1320 ,0.5 (E2)
(321) ~13080! ~1335! ,0.5 (E2)

Band 2
(52) 1825.7 885.5 3.0~4! (E1)
7(2) 2144.1 318.4 2.7~2! (E2)

657.5 9.6~6! 0.55~5! (E1)
1205.4 1.0~1! (E1)

9(2) 2587.0 442.9 10.2~6! 0.96~9! E2
486.7 4.5~4! 0.5~1! (E1)
1100.0 2.7~3! (E1)

11(2) 3133.0 546.0 8.8~8! 1.0~1! E2
13(2) 3764.5 631.5 7.3~6! 1.0~1! E2
15(2) 4462.8 698.3 5.6~4! (E2)
17(2) 5213.4 750.6 4.9~4! (E2)
19(2) 6020.6 807.2 2.4~3! (E2)
21(2) 6910.2 889.6 1.3~2! (E2)
23(2) 7896.4 986.2 0.6~1! (E2)
25(2) 8978 1082 ,0.5 (E2)
27(2) 10120 1142 ,0.5 (E2)
(292) ~11296! ~1176! ,0.5 (E2)

Band 3
(81) 2689.6 545.9 1.3~2! (E1)

1203.0 1.7~2! (M1/E2)
395.2 1.5~2!

(101) 3076.3 386.7 4.7~4! (E2)
489.5 1.4~2! (E1)

(121) 3578.6 502.3 6.7~6! (E2)
444.7 1.5~2! (E1)

(141) 4177.6 599.0 5.3~5! (E2)
(161) 4845.9 668.3 4.6~4! (E2)
(181) 5582.3 736.4 2.8~3! (E2)
(201) 6406.5 824.2 2.0~2! (E2)
(221) 7334.9 928.4 1.1~1! (E2)
(241) 8372.8 1037.9 0.6~1! (E2)
(261) 9519 1146 ,0.5 (E2)
(281) ~10757! ~1238! ,0.5 (E2)
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III. THE LEVEL SCHEME

Prior to our work, only the ground-state band had be
observed in130Nd @14#. The present data enabled us to e
tend this band fromI p5241 to (321) as shown in Fig. 1,
where the structure is labeled as band 1. A spectrum of
ground-state band is given in Fig. 2~a!, which is a result of
summing all coincident spectra produced by double-ga
on every combination ofg rays above the 101 state. For the
transitions below the 201 level, DCO ratios were obtaine
and confirmed theE2 nature of theg rays~see Table I!. The
E41 /E21 ratio is equal to 3.06, suggesting that130Nd is a
good rotor as the rigid body value of this ratio is 3.33. T
quadrupole deformation is estimated to beb250.304 from
the energy of the 21 state by using Grodzins’ empirical for
mula @15#. A slightly lower deformation ofb250.290 is ob-
tained when using Raman’s empirical formula@16#. Both
values are in good agreement with the calculations of Mo¨ller
and Nix @10# (b250.311) as well as a standard tot
Routhian surface~TRS! @17# calculation (b250.296). Note
that theseb2 values are near the measured deformations
the highly deformed bands in the region.

Band 2 is the strongest side band observed in130Nd as
indicated in Table I and a spectrum of the sequence is
played in Fig. 2~b!. A DCO ratio of 0.55~4! was measured
for the 657.5 keV linking transition from the state at 2144
keV in band 2 to the 81 state of the ground-state structur
implying a change in spin of one unit of\. An I→I 21
assignment of thisg ray would suggest that the 1205.4 ke
transition, which depopulates the same state~see Fig. 1!, has
anE3 or M3 multipolarity. Transitions with these high mu
tipolarities are expected to have relatively long life times t
would not be observed in prompt spectroscopy. If instead
I→I 11 assignment is given to the 657.5 keVg ray, the
1205.4 keV transition would also have a dipole charac
This latter scenario is much more likely than the former, th
the state at 2144.1 keV has been assigned a spin ofI 57.
However, a firm parity assignment cannot be made for

TABLE I. (Continued).

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity

Band 4
(132) 3858.1 390.1 1.7~2! (E1)

1094.7 2.0~2! (E1)
(152) 4585.2 727.1 1.4~2! (E2)

373.8 1.1~1! (E1)
1117.3 1.7~2! (E1)

(172) 5435.2 850.0 2.2~2! (E2)
1223.3 1.0~1! (E1)

(192) 6360.0 924.8 1.8~2! (E2)
(212) 7340.4 980.4 1.1~1! (E2)
(232) 8375 1035 ,0.5 (E2)
(252) ~9476! ~1101! ,0.5 (E2)

aSpin and parity of the initial state.
bUncertainties inEg are 0.2 keV for most transitions, except fo
relatively weak transitions which are 0.5 keV.
cRelative intensity of the transition whereI g(326.2)[100.
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state or band 2. Systematically, the lowest-energy side ba
in even-even Nd nuclei have been given negative pa
@6,18#; therefore, band 2 is also tentatively assigned odd p
ity.

Band 3 feeds both bands 1 and 2 as shown in Fig. 1,
a sample spectrum is shown in Fig. 2~c!. Unfortunately, re-
liable DCO ratios could not be extracted for linking or in
band transitions of this sequence. Tentative spin assignm
were made based on intensity, energy, and decay cons
ations. The parity of band 3 could not be determined ba
upon experimental information, but the possible configu
tion assignment~discussed below! suggests that the structur
has positive parity.

A weak sequence, band 4 in Fig. 1, was observed to f
into band 1 at a high excitation energy. Once again, firm s
and parity assignments could not be made as DCO ra
could not be deduced. The tentative spin assignments
band 4 are based on the same arguments for the deca
transitions as for band 2 and on intensity considerations~the
former rules out the possibility of increasing the spins

FIG. 2. ~a! Spectrum of the ground-state band~band 1! in 130Nd.
The spectrum is a result of summing the coincidence spectra
erated by double-gating on all possible combinations ofg rays
above the 101 state in the band. The high-energy part of the sp
trum is displayed in the inset.~b! Spectrum of band 2 produced b
summing many double-gated coincidence spectra. Peaks ma
with a ‘‘c’’ are contaminant transitions.~c! Spectrum of band 3
produced in a similar manner as stated above. The high-en
transitions in the spectrum are shown in the inset.
6-3
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band 4 by 2\). The tentative negative-parity assignment
based on the arguments given in the next section.

IV. ROTATIONAL ALIGNMENTS AND CONFIGURATION
ASSIGNMENTS

For a discussion of the ground-state band and the pos
configurations of the linked side bands in130Nd, the rota-
tional alignments of bands 1–4 are plotted in Fig. 3. Sin
comparisons with nearby nuclei are made, the commo
used Harris parameters@19# of J0517\2/MeV and J1
526\4/MeV3 for this region~e.g. Refs.@14,20–22#! were
employed to subtract the angular momentum of the col
tive core.

FIG. 3. Rotational alignments of bands 1–4 in130Nd. The Har-
ris parameters ofJ0517\2/MeV andJ1526\4/MeV3 were used
to subtract the angular momentum of the collective core.
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A large alignment gain ofD i'10\ at a crossing fre-
quency of\vc'0.33 MeV is observed for band 1. The on
nucleons that can align at this low frequency and give suc
large increase in alignment are the low-K h11/2 protons. This
proton alignment (EpFp) is well known in the mass 130 re
gion and the crossing frequency and alignment gain are s
lar to those observed in nearby nuclei@23#. Cranked shell
model ~CSM! @24# calculations~using deformation param
eters determined by TRS calculations! were performed for
the quasiprotons and predicted the EpFp crossing to be nea
\v50.35 MeV, which is in good agreement with our expe
mental observations. A second crossing is expected in ba
caused by the alignment of twoh11/2 quasineutrons~EF!. The
next indication for a crossing in band 1 is not found un
very high frequencies (;0.66 MeV! in Fig. 3. However, the
CSM quasineutron diagram shown in Fig. 4 indicates that
h11/2 neutron alignment should occur near 0.5 MeV.~The
alphabetic labeling of the quasineutron orbitals in Fig. 4
summarized in Table II.! This is a 32% difference betwee
the calculated and experimental values which is somew
surprising since the CSM has predicted the EF crossing
within 10% of the observed frequency in several nearby
clei @5,20,25#. At this time it is not clear why the expecte
EF alignment is significantly delayed in the ground-sta
band, however, a similar effect has been observed in
nearby Ce nuclei@21#.

Band 2 has an initial alignment of approximately 3\ and
gains;8\ of alignment near\v50.34 MeV ~see Fig. 3!,
which is associated with the EpFp crossing. In the neighbor
ing odd-Z isotones59

129Pr @26# and 61
131Pm@22#, the band based

on anh11/2 proton is found to be the yrast sequence. The
fore, the lowest lying two-quasiproton band in130Nd would
likely have this proton in its configuration and would Pau
block theph11/2 crossing. Since this is not the case for ba
2, a two-quasineutron configuration is a more reasona
r
-

e
a-
in
FIG. 4. Cranked shell model calculations fo
quasineutrons in130Nd. The deformation param
eters~shown at the top of the figure! were deter-
mined by TRS calculations. Interpretation of th
lines is displayed at the top of the figure. Expl
nation of the orbital labeling scheme is given
Table II.
6-4
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TABLE II. Alphabetic quasiparticle labeling scheme for130Nd.

Label (p,a)n
a Configurationb Label (p,a)n

a Configurationb

Quasineutrons
A (1,1 1

2 )1 @402#5/2 B (1,2 1
2 )1 @402#5/2

C (1,1 1
2 )2 @411#1/2 D (1,2 1

2 )2 @411#1/2
E (2,2 1

2 )1 @523#7/2 F (2,1 1
2 )1 @523#7/2

G (2,2 1
2 )2 @541#1/2 H (2,1 1

2 )2 @541#1/2

aParity (p) and signature (a) of the orbital. The subscriptn numbers the quasiparticle excitations of
specific signature and parity starting with the lowest in energy at\v50 MeV.
bConfiguration of the orbital at\v50 MeV.
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possibility. From an inspection of the band structures in
neighboring odd-N 129Nd @27# and 131Nd @20# nuclei, one
concludes that the neutron orbitalsd5/2@402#5/2,
d3/2/s1/2@411#1/2, h11/2@523#7/2, andh9/2/ f 7/2@541#1/2 are
all near the neutron Fermi surface for130Nd. Among those,
the @523#7/2 band is the most intense structure in both oddA
nuclei suggesting that this neutron is a constituent of
lowest lying two-quasineutron configuration in130Nd.
Therefore, band 2 likely has the E neutron in its configu
tion ~the E configuration is systematically found to be mo
energetically favored than its signature partner F!. Since E
has a signature ofa52 1

2 and band 2 has been determined
havea51, the second quasineutron must also have nega
signature, leaving B, D, and G as possibilities. To reduce
number of possible configurations, one can consider the
ditivity of alignment for these quasineutrons. The alignme
values at\v50.15 MeV for the bands observed in129,131Nd
are tabulated in Table III and the averages are displaye
the final column. By adding the average values for the E
G neutrons, one finds a larger alignment (4.8\) than that
observed for band 2 (3.3\) at \v50.15 MeV. However,
summing the average alignments of the E neutrons with
ther the B or D neutrons gives a value (;3.7\) close to that
experimentally observed. Bands involving the@402#5/2 or-
bital are normally strongly coupled with little signature spl
ting, therefore, if the EB configuration is observed, o
would expect to see it coupled with its EA signature partn
In contrast, large signature splitting is expected with thea
52 1

2 signature being favored for the@411#1/2 orbital ~see
Fig. 4!. Thus we suggest that band 2 is the ED configurati
but we cannot completely rule out the EB assignment
second crossing in band 2 can be observed in Fig. 3
frequency near 0.6 MeV. Perhaps this is the neutron cros
FG as the CSM predicts this alignment to occur at;0.6
MeV ~see Fig. 4!.

Similar to bands 1 and 2, the alignment gain in band 3
\v'0.32 MeV is attributed to the EpFp crossing. This im-
plies that this latter structure is also a two-quasineutron ba
From inspection of Fig. 3, one may notice that this seque
has a relatively high alignment value, 5.5\, at low frequency
(,0.2 MeV!. Only a combination of the@523#7/2 and
@541#1/2 neutrons can produce such a large amount of in
alignment~see Table III!. This has led to the positive-parit
assignment of band 3 proposed in Fig. 1. Using the energ
cally favored signatures of these orbitals, E and H, resp
tively, one calculates from Table III an alignment value
02431
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5.35\ ~at 0.15 MeV! that is comparable to the experiment
observation (5.5\). The EH configuration would produce
sequence with signaturea50, which is in agreement with
the suggested spins for band 3 in Fig. 1. Thus we assign b
3 as the EH configuration.

Band 4 is a weak structure which is observed at h
excitation energy. The initial alignment for this band is qu
high,;7\, and one may notice from Fig. 3 that it apparen
does not undergo the EpFp crossing. Both of these facts lea
to the conclusion that band 4 is likely a two-quasiprot
band where one of the protons is based on anh11/2 orbital. A
structure with anh11/2 proton Pauli blocks the first proton
crossing and has a high initial alignment, as theph11/2 bands
in 129Pr @26# and 131Pm @22# have alignments of;4.5\ at
low frequencies. Therefore, the configuration of band 4
likely an h11/2 proton coupled with a low-K g7/2 or d5/2 pro-
ton. Both of these positive-parity orbitals are found in neig
boring odd-Z nuclei and have;1 – 2\ in initial alignment.
The crossing at\v'0.49 MeV is attributed to either the
h11/2 neutron alignment~EF! or the secondh11/2 proton align-
ment (FpGp). The alignment gain of;4\ observed in band
4 is reasonable with either interpretation, and the CSM p
dicts crossing frequencies of 0.49 and 0.54 MeV for the n
tron and proton crossings, respectively.

V. THE HIGHLY DEFORMED BAND

A regularly spaced (DEg'70 keV!, weak sequence ofg
rays has also been associated with130Nd. A spectrum of this
rotational structure is shown in Fig. 5, where the inba
transitions are designated with an asterisk. Although no li

TABLE III. Rotational alignment values~units of \) at fre-
quency 0.15 MeV for different configurations in129,131Nd, based on
experiments described in Refs.@20,27#.

Configurationa 129Nd 131Nd Average

A,B 1.2 1.0 1.1
C 1.1 0.7 0.9
D 1.6 1.2 1.4
E 2.4 2.4 2.4
F 2.4 2.2 2.3
G 2.4 2.4 2.4
H 3.0 2.9 2.95

aConfigurations based on those summarized in Table II.
6-5
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ing transitions could be identified from this band to any
the known bands in130Nd, the spectrum of this structur
certainly indicates coincidence relationships with groun
state transitions of130Nd. Furthermore, the appearance of t
442.9 and 1100 keV transitions in the spectrum of Fig. 5 a
indicates that it may feed band 2. Since the band could no
linked to known states, only an approximate spin assignm
can be given. Transitions up to the 101 state of band 1 andg
rays depopulating the 9(2) state in band 2 are seen in Fig.
which suggest that the spin of the lowest state isI>11. The
intensity of this sequence has been measured to be;0.5% of
the total population of the nucleus~as compared with simila
structures in neighboring nuclei which are>2%).

Figure 6~a! displays the dynamical moments of inert
(J (2)) of all the bands in130Nd. The new rotational struc
ture, labeled as band 5 in Fig. 6~a!, has a nearly constan
J (2) just below 60\2/MeV at frequencies above 0.3 MeV
This value is much larger than those for bands 1–4, wh
J (2)'40\2/MeV. In this region, a large constant dynamic
moment of inertia is often associated with large deformati
therefore, we propose that band 5 is the yrast highly
formed band of130Nd. The configuration of the yrast highl
deformed bands in Nd nuclei is commonly thought to
n( i 13/2,h9/2) @28#, as both orbitals are strongly down
slopping in a single-particle diagram. Since structures ba
on these neutrons were recently observed in the odd-A neigh-
boring 129,131Nd @27,20# nuclei, both of these orbitals ar
near the Fermi surface of130Nd. Thus, then( i 13/2,h9/2) con-
figuration appears to be a likely configuration assignment
this sequence in130Nd and a second minimum is indee
observed atb2'0.325 for this configuration in TRS calcu
lations.

The dynamical moments of inertia for the yrast high
deformed bands in the even-even132,134,136Nd @4,6,8# nuclei
are plotted in Fig. 6~b! with the highly deformed band in
130Nd. All of these bands are consistently near 60\2/MeV
between rotational frequencies of 0.4 and 0.5 MeV. Ho
ever, below 0.4 MeV interactions appear in the bands of
three heavier nuclei, as indicated by the fluctuations in th
J (2) values. These interactions generally occur where
highly deformed bands decay out, which may be caused

FIG. 5. Spectrum of the yrast highly deformed band in130Nd.
The inband transitions are marked with an asterisk. The spec
was produced by double-gating on all possible combinations of
inband transitions, except the 632 and 704 keVg rays.
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mixing between the highly and normal deformed states@28#.
As one can observe in Fig. 6~b!, the structure in130Nd shows
no interaction until;0.25 MeV, suggesting that the intensi
stays within the band to lower spins. As the neutron Fe
surface decreases toN570 for 130Nd, the i 13/2 and h9/2 or-
bitals are likely lying increasingly higher in energy; ther
fore, the yrast highly deformed band lies higher in ener
The fact that this band is approximately five times wea
than the yrast highly deformed band in132Nd @4# also indi-
cates that the band lies higher in energy in130Nd. The mix-
ing between normal and highly deformed states in
heavier Nd nuclei occurs near spinI'17, where the states
are relatively close in energy. An interaction at this spin
less likely for 130Nd since the highly deformed band may l
higher in energy, and therefore creates a larger energy
ference betweenI 517 states. Instead, the decay to the n
mal deformed states occurs at a lower spin and thus the b
can be observed to lower frequencies.

VI. SUMMARY

This investigation of high-spin states in130Nd has re-
sulted in the extension of the ground-state band to hig
spins and the establishment of three side bands. Based

m
e

FIG. 6. Dynamical moments of inertia for~a! bands in 130Nd
and ~b! the yrast highly deformed bands in130,132,134,136Nd.
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their alignment behavior, configurations for these side ba
have been proposed. A fifth band was also observed
could not be directly linked into the level scheme. This lat
structure shows a large dynamical moment of inertia wh
is consistent with the yrast highly deformed bands obser
in 132,134,136Nd. Therefore, we suggest this fifth band is al
highly deformed and it is observed to decay out at a low
frequency compared with the bands in the heavier Nd nuc
The fact that the highly deformed band likely lies higher
energy could keep it from interacting with normal deform
states until lower spins.
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