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Octupele Callectivity in the Ground Band ef 14BNd
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E3 matrix elements have been determined for transitions between states up to I =13 in Nd,
providing direct evidence for strong octupole collectivity in a rotational band. These values, as well as
the corresponding E1 and E2 matrix elements, were obtained from Coulomb excitation data using

Ni and Mo ions, projectile excitation using a Pb target, and from recoil distance lifetime
measurements. The results are consistent with collective model predictions for Nd assuming
intrinsic quadrupole and octupole moments of Qzo = 400 efm and Qso = 1500 efm . The E3
strength coupling the negative-parity states to the P band is found to be appreciable.

PACS numbers: 23.20.Js, 21.60.Ev, 27.60.+j

The experimental study of nuclei with Z = 54—60 and
N = 88 populated by n-induced reactions [1] and fis-
sion [2] has revealed the presence of interleaved negative-
and positive-parity yrast bands that are coupled by en-
hanced El transitions. This behavior, which is char-
acteristic of reBection-asymmetric shapes, has been in-
terpreted within the mean-field approach as arising from
the presence of an octupole deformation, i.e. , Ps $0 [3,4].
Measurement of enhanced E3 matrix elements connect-
ing these states would provide unambiguous and direct
evidence for collective octupole correlations. Although
the E3 matri~ element between the ground state and
lowest 3 state has been measured for many nuclei [5]
including sNd [6], no measurement has yet been made
of the E3 matrix elements as a function of spin for an
octupole band. This is because real photon E3 emission
typically is about 10 times weaker than competing El
and E2 decay. The observed El transition strengths are
known to be an unreliable indicator of octupole correla-
tions because they are strongly affected by large single
particle contributions [7,8]. Heavy-ion Coulomb excita-
tion provides a sensitive means of measuring E3 matrix
elements since E3 excitation can be an order of magni-
tude stronger than competing El excitation. This has
been exploited in this work to carry out the first mea-
surements of E3, as well as El and E2, matrix elements
for a possible octupole collective band in Nd. During
the progress of this work, similar studies of 2 sRa [9] and
MNd [10] were undertaken.

Presented here are the results of such measurements
on Nd following Coulomb excitation with 58Ni ions,

Mo ions, and a Pb target in which both p-ray yields
and lifetimes were determined. A summary of the exper-
iments performed is as follows:

(i) A beam of 200 MeV Ni, provided by the Rochester
tandem Van de GraaIII' accelerator, bombarded a self-

supporting 1 mg/cm Nd target enriched to 93% t4sNd.

The scattered Nd and Ni ions were detected in kine-
matic coincidence using a parallel plate avalanche counter
(PPAC) covering the angular range 14' & 8 & 76', and
5 Ni ions were detected in a PPAC covering 110'
0 & 150 . This detector system is described else-
where [11,12]. The p rays were detected in coincidence
with scattered SNi and recoiling Nd ions using five
Compton-suppressed Ge spectrometers, positioned 15 cm
from the target. Measurements of the coincidence p-ray
yields were binned into four ranges of scattering angle, so
that the dependence of the Coulomb excitation on impact
parameter could be exploited.

(ii) Particle-p and particle-p-p coincidences were mea-
sured following the bombardment of the previously de-
scribed target with 330 MeV 2Mo ions, provided by
the Nuclear Structure Facility, Daresbury. The p rays
were detected by POLYTESSA [13] consisting of twenty
Compton-suppressed Ge detectors, and the scattered ions
were detected in PPACs subtending an angular range of
104'—154' [8]. In this experiment, transitions from both
the positive- and negative-parity states in the octupole
band were observed up to spins 10+ and 9, respectively
(see Fig. 1). Gamma-ray intensities were determined, in
coincidence with all backscattered Mo ions, at four se-
lected Ge detector angles.

(iii) An isotopically pure beam of 700 MeV t Nd, pro-
vided by HHIRF, at the Oak Ridge National Laboratory,
was excited by a 0.2 mg/cm self-supporting osPb tar-
get. Nd and Pb ions were detected in kinematic coin-.
cidence using a PPAC covering 14' & 8 & 76' [ll].
The p rays were detected (in coincidence with both ions)
by sixteen Compton-suppressed Ge detectors in the Spin
Spectrometer, which measured the total energy of the
entrance states and the multiplicity of the p-ray decay.
The p-ray yields were binned into Ave ranges of L9Nd.
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(iv) Lifetimes of nine excited states in 4sNd were mea-
sure using e rd

' th recoil distance method, following ine as-
ener of 210tic sca ering ot' tt ring of 58Ni ions at a bombarding energy o

MeV. This experiment has been described in more e ai
elsewhere [14].

Previously identified levels [1,15,16] and the levels
Fi . 1. For the

58 d 9 Mo work the 3 —+2+ transition was ob-Ni and o wor
i4 Nd thescure y e owd b the lowest (2+—+0+) transition in N, t e

inated b the338 keV transition (10+~9 ) is contaminate y e
6+—+4 transition in+ 't '

Nd and no transitions from
states a ove eb th 10+ state were observed. In all these
experiments, the 615 keV p ray (10+—+8+) is a doublet
with t e 2 1h 0+ 2+ transition. E2 transitions within t e
negative-pari y an w't b d ere not observed in these two ex-
perirnents, but transitions deexciting the quasi-p and -7
vibrational bands [16] were observed.

The Pb experiment was free of the isotopic contam-
ination problems present in the first two experiments.
The 13 state was the highest spin observed in the P
experiment with sufBcient transition strength to be an-
alyzed, and several E2 transitions within the negative-
parity band were observed. Particle-particle-p-p events
were used in conjunction with the p-ray multiplicity to

ments based on the present work were made using the
Mo and Pb particle-~-~ data for the 13-, 12+, p+, 6p+2+ 4+ 6+
+, 3+ 4+ and 6+ levels. The levels shown in Fig. 1

comprise all but 8 of those known to lie within 2 MeV of
the yrast line up to spin 13

A total of 2158 independent data points (2148 p-ray
yields, 9 lifetimes, and a previous measurement of the
decay width I'i- c+ [17]) were used with the semiclassi-
cal Coulomb-excitation least-squares search code, GosIA

[18], to fi 227 El E2 E3 and Ml matrix elements for
were de-Nd. A total of 140 of these matrix elements were e-

termined with moderate error limits. The relative phases
of the wave functions were chosen by fixing the sign o
one in-band E2 transition matrix element leading to each
state and one E3 matrix element between the positive-
and negative-parity bands. The other signs are observ-
ables. In order to take into account eKects due to virtual

'd t r model was used to constrainexcitation, t e rigi -ro or
th 'ble values of matrix elements witht e possi e

it I &13for unobserved transitions involving states wit I )
In these calculations the E4 matrix elements were con-
strained to lie within a range of values determined by a
previous measurement of (4+llE4]]0+) = 3600 efm 6

el. Theand the predictions of the axial rigid-rotor mo
eKect of varying eth E4 values was tested; the resulting

h El E2 and E3 matrix elements werechanges in t e
h 10 e fm 5 e fm, and 70 e fm, respective y,

which are much smaller than the assigned errors. a rix
elements connecting states in the quasi- and -p bands
also were included in the fit. The overall value of the y2,
norma ize o el' d to the number of data points in t e fit, was
1.01. The extracted values of the El, E2, an ma-

i s. 2 3trix elements for the yrast states are shown in ig .
and 4, respective y. el Th errors shown take into account
cross-correlation eKects.

B E2;2 —+I ~ +The enhanced E2 matrix elements e.g. ,
0+) = 55 Weisskopf units (W.u. )) for the positive-parity
states follow the predictions of the rotational mo el, i.e. ,

(Jf IIE&ll Ji) = ~~q~o(»i + 1)'~'(J'0&0I Jy0),

wit an approx''th roximately constant intrinsic moment
Th tive-parity states show a systematica y sma er

s ins. Theintrinsic-frame quadrupole moment for lower spins. e
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FIG. 2. Ground-band El matrix elements. Curve corre-
sponds to rotor predictions assuming Qqo = 0.25 e fm.

measured static E2 moments are consistent with the as-
signment of a prolate intrinsic shape for this nucleus ex-
cept that the static E2 moment for the j. state is con-
siderably smaller than the rotor prediction. The E2 sys-
tematics are illustrated by the summed B(E2) strengths
involving each state. These summed strengths (([E2 x
E2] =

)) can be related directly to the intrinsic-frame
quadrupole moment [19]. The summed E2 strengths for
the ground-state band are fairly constant for spins )5,
with a value of -+20000 e2 fm4. The measured intrin-
sic collective moments, Q~o, can be related to the de-
formation coordinates Pp using the formalism of Lean-
der and Chen [20]. The summed strength involving the
ground-, p-, and p-band states corresponds to a p2
=+0.20. Summations involving only ground-band states
correspond to 90% of the E2 strength.

The ground-band E3 matrix elements follow the trend
of the rotational model predictions for a K = 0 band,
assuming a ~Qso~

—1500 efm (~Ps~ = 0.12), but for
lower spins the E3 matrix elements exhibit a stagger
(positive- and negative-parity states are shown with dif-
ferent symbols in Fig. 4). This stagger could be indicative
of mixing with higher K g 0 states, although a survey
of rare-earth nuclei with Z & 50 [21] has revealed lit-
tle evidence for this. Nevertheless, such K mixing also
could explain the anomalously small value of the static
quadrupole moment of the 1 state. The measured value
of B(E3;3 —+ 0+) = 36 W.u. is in good agreement
with the previous measurement [6]. The E3 matrix ele-
ments connecting the negative-parity states to the P band
are unexpectedly large, being about half of those to the
ground band. This is reflected in the summed B(E3)
strengths for the negative-parity band which are fairly
constant, with =30% of the B(E3) strength coupling
to the P band, while the B(E3) strength involving the
gamma band accounts for (10%. This shows a consider-
able fractionation of the E3 strength among the K = 0
bands.

The El matri~ elements are fairly constant for I ( 5

1992

FIG. 3. Ground-band E2 matrix elements. Curve cor-
responds to rotor predictions assuming Qqo = +400 efm .
Matrix elements connecting positive-parity states are plot-
ted with crosses; matrix elements connecting negative-parity
states are plotted with diamonds.
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FIG. 4. Ground-band E3 matrix elements. Curve corre-
sponds to rotor predictions assuming ~Q3o~ = 1500 efm .
Matrix elements for even I are plotted with crosses; matrix
elements for odd I are plotted with diamonds.

[B(E1;1 ~ 0+) = 0.0016 W.u.]. Above I-7, the
(I~ ~E1~ ~I —1) are consistent with the value of Qro = 0.23
efm given by recent experiments [1,22], and agree rea-
sonably well with estimates [1,23], but are lower than
calculations [24] using more appropriate shape pararne-
ters, which predict Qro = 0.34 efm. The relative signs
of the El and E3 matrix elements have been fixed in the
present analysis so that Qro and Qso have the same sign.
This relative phase is taken from Ref. [24] and is the same
as that expected for a deformed liquid drop [25] alone us-
ing Strutinski's method to calculate the dipole moment.
This phase of the product E1x E3 could not be measured
uniquely, since comparable fits were obtained with either
choice of this phase, resulting in similar magnitudes for
the El and E3 matrix elements.

Mean-Beld calculations which allow octupole defor-
rnation have been made for r4sNd [1]. These give
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an octupole-deformed configuration at spin 7-8 with
mean values of the deformation parameters of Pz ——+0.20,
P3 0.075 lying close in energy to the reflection symmet-
ric minimum with P~=+0.22 and Ps ——0. The value of
]Ps™]extracted from the centroid of Qso depends on
the magnitude of the octupole moment at the minimum,
and the softness of the nucleus to octupole deformation.
Nazarewicz and Tabor [23] have investigated the effect of
varying the barrier height between the octupole minima
upon the K = 0+ - K = 0 energy level splitting and
the B(E3) transition rate between the bands. They find
that although the energy levels are very sensitive to the
barrier height, the B(E3) remains almost constant for
large barrier height (octupole deformed) and almost zero
barrier (octupole vibrator). It therefore appears that
while the existence of strong octupole collectivity can be
demonstrated in i4sNd, the present data are insuflicien
to determine the degree of octupole softness.

In summary, a comprehensive set of E1, E2, and E3
matrix elements are presented for sNd. The yrast band
82 and E3 matrix elements are consistent with predic-
tions of a model which assumes a rotating shape hav-
ing, on average, Qzo —+400 efm (pz —+0.18), and
]Qso] —1500 efm ([Ps~

—0.12), with a considerable
stagger for low spins. These results are sensitive only
to the centroid of Q3Q not the distribution width. The
B(E3) values coupling the negative-parity states to the P
band are roughly half the magnitude of the B(E3)values
in the ground band. This measurement of the E3 matrix
elements up a collective band provides unambiguous evi-
dence for strong octupole collectivity in the ground band
f 148Nd
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