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Electromagnetic transition rates in high-spin bands in **Nd
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Lifetimes have been measured for transitions in the two multiquasiparticle rotational bands in the nucleus
136Nd. The extracted transition probabilities are compared with results of tilted-axis cranking and random-phase
approximation calculations. The bands are identified as being built on two distinct quasiparticle configurations,
with very different associated transition rates. These findings are contrary to an earlier suggestion that the bands

form a chiral-band pair in this even-even nucleus.
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Rotational bands have for a long time been one of the best
ways to gain an understanding of the underlying deformation
and single-particle structure in open-shell nuclei and of the role
of symmetries and symmetry breaking in these systems [1].
Recently, several near-degenerate A/ = 1 bands with the same
parity have been found in odd-odd and even-odd nuclei in the
A ~ 105, A ~ 135, and A ~ 190 regions, where nuclei have
generally been expected to assume a triaxial shape. Some
of these structures have been interpreted as chiral rotational
bands on the basis of the mean field tilted-axis cranking
(TAC) model [2—4], the two-particle-plus-rotor model [5,6], or
extensions of the interacting boson approximation model [7,8].
Chiral rotation can appear in triaxial nuclei when protons
and neutrons align along different principal axes and the
collective rotation occurs along the third axis so that the total
angular momentum lies outside the three principal planes. This
leads to possible left-handed and right-handed orientations
of the reflection-symmetric triaxial nuclear shape relative
to the angular momentum. In the static case, this would
lead to two degenerate sequences of states. However, rapid
conversion between the two structures typically leads to an
energy splitting between the two bands that can be described
as chiral vibrations. In some cases, the two bands cross over
in a “chiral band crossing” where they are almost degenerate
Over a narrow spin range.

A pair of almost degenerate bands with negative parity
was reported some time ago in the even-even nucleus **Nd
[9]. Two possible interpretations of these bands have been
proposed: they either correspond to chiral partner bands or they
are associated with different single-particle configurations.
The closeness in excitation energy and the presence of strong
linking transitions between the bands have been viewed as
arguments favoring the chiral interpretation. On the other hand,
the fact that the two bands decay out to different low-spin
configurations close to the band head, and the observation
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that the linking transitions between the bands occur only in
the “band-crossing region” argue in favor of the interpretation
where different intrinsic configurations are associated with the
bands.

Lifetime measurements for the transitions in these bands
in **Nd have now been performed. The electromagnetic
transition probabilities associated with the two bands are
found to be markedly different. In addition, new calculations
in the framework of the TAC model complemented by the
random-phase approximation (RPA) indicate that the two
bands are associated with different configurations.

The experiment was carried out at the Argonne Tandem
Linac Accelerator System (ATLAS) and employed a 175-MeV
“0Ar beam to populate high-spin states of '*Nd with the
10Mo(*0Ar, 4n) reaction. The target was a 1.14-mg/cm?-thick,
isotopically enriched foil backed by a 17.9-mg/cm? layer of
Pb to slow down and finally stop the recoiling nuclei. The
choice of the beam energy was dictated by the need to optimize
the population of the high-spin bands in the nuclei under
investigation. Five- and higher-fold coincidence events were
recorded using the Gammasphere array [10] in the stand-alone
mode; the array was comprised of 100 Compton-suppressed
large-volume HPGe detectors at the time of this measurement.
A total of about 2.5 x 107 events were accumulated and stored
for further analysis.

Because the Doppler-shift attenuation method (DSAM)
involves detection of y rays at different angles during the
slowing-down process in the thick target, the power of the
BLUE database approach [11] proved extremely useful in
efficiently sorting the data angle by angle. Several angle
versus energy matrices were generated with the precondition
of coincidence between two y rays. The starting point of the
double gating were the lowest (strongest and fully stopped) two
transitions in the yrast band. Initially the process was carried
out by adding the next y ray in the cascade (and removing
the lowest one) as one of the two gating transitions. The
process was repeated until the band heads of the high-spin
bands under consideration were reached. From then on, all
possible combinations of carefully chosen double gates were
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FIG. 1. Partial level scheme of '3*Nd showing the two high-spin bands under discussion in this article.

employed to avoid possible contamination and to extract as
clean a spectrum as possible from the angle versus energy
matrix for each ring (angle) of Gammasphere for further
analysis of the relevant Doppler shifts. Background subtraction
was performed separately for each fold, as well as for each
Gammasphere ring, following the prescription of Starosta
etal.[12].

In case of the peaks that were not fully stopped, the gate files
were created by observing the peak shape distribution at each
angle by projecting the previously generated double-gated
angle versus energy matrix onto the energy axis. The entire
peak at each angle (ring), comprising both the “stopped”
and “shifted" components was then included in the gate;
this eliminated a possible DSAM lifetime bias that could be
introduced by omission of the tails of the peak line shape
containing the fast time component of the gating transition.
All gating transitions were below the level of interest.

Analysis was performed for two different angle sets, with
each set containing spectra from forward, transverse, and the
complementary backward angles [13]. Spectra were summed

up for greater statistics for the two or three rings that were
closest on the same side of the central (~90°) ring. For each
angle set, lifetimes of states in both of the high-spin bands
(Fig. 1) were obtained using the LINESHAPE analysis codes
of Wells and Johnson [14]. A total of 5000 Monte Carlo
simulations of the velocity history of the recoiling nuclei
traversing the target and backing material were generated
in time steps of 0.002 ps. Electronic stopping powers
were calculated with the code SRIM [15], and velocity
profiles were generated for each angle based on the detector
geometry.

Side-feeding into each level and feeding into the top most
level of each band were initially modeled as a five-transition
cascade with a moment of inertia comparable to that of the
in-band sequence [13,16]. The quadrupole moments of the
side-feeding sequences were allowed to vary, which, when
combined with the moment of inertia, acted as the effective
side-feeding lifetime parameters for each level.

Starting with the top most transition in each band, the in-
band and side-feeding lifetimes, the background parameters,
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FIG. 2. (Color online) Experimental data and associated line-shape fits for the transitions in both bands under consideration. The spectra
are labeled on the right-hand side with the angles of the corresponding rings.

and the contaminant-peak parameters were rendered free to
vary. The forward, transverse, and backward spectra for each
transition were fitted simultaneously. The best-fit background
and stopped contaminant-peak parameters were then fixed, and
the in-band and side-feeding lifetimes were used as an effective
feeding time parameter for the next lower level in the band.
Each level was added and fitted in turn, until the entire band
was included in a global fit that had independently variable
lifetimes for each in-band and side-feeding level [13,16].
Representative examples of DSAM fits are displayed in Fig. 2.

The branching ratios for the levels in the two high-spin
bands under consideration here are presented in Table I. These
have been extracted following the process discussed by Chiara
et al. [16]. Incidentally, no information is available on these
branching ratios from previous work on these bands [17,18].
The extracted lifetimes and derived transition rates are listed
in Table II. Uncertainties in the lifetime measurements were
derived in the usual manner from the behavior of the x2
fit in the vicinity of the minimum [13,16,19,20]. Systematic
uncertainties associated with the modeling of the stopping
powers are not included in the quoted errors and may be as
large as 15%. It should be noted that to derive the absolute
B(M1)’s, it has been assumed that the A/ = 1 transitions have
pure M1 multipolarity. The associated transition quadrupole
moments, Q;, are comparable to those obtained for similar
bands in the neighboring nuclei [8,21,22].

The formalism for the TAC calculation is described in
Refs. [4,22]. Because RPA calculations have been carried out
as well, a quadrupole-quadrupole (Q Q) interaction Hamilto-
nian has been used instead of the Strutinsky renormalization
(SCTAC [23]) generally employed in TAC calculations. A
self-consistent TAC Hamiltonian in a harmonic oscillator basis
with the Q Q force acting on two major harmonic oscillator N
shells (Niow = 4 and Ny, = 5) was formulated as:

2 5
r_ Z ko Z AN) 7N ym+1
H = hy+ ?N_“Qm 0, (=) -

m=-—2

&-J. (D
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TABLE I. Branching ratios for transitions in the two bands under
consideration in this work. The columns represent, respectively, the
excitation energies (E,) of the depopulating levels (in keV’s), the
transition energies (E,) (also in keV’s), the initial and final spins
for the transitions, and branching ratios for transitions depopulating
from the same level.

E, E, Jr=J7 Branching ratio
Band 1
5645.3 229.3 157 — 147 0.60(3)
274.0 157 — 147 0.14(2)
338.0 157 — 14~ 0.26(3)
5954.0 308.7 16~ — 15 0.82(4)
538.0 16~ — 14~ 0.13(1)
2247 16 — 15 0.05(1)
6310.2 356.2 177 — 16~ 0.62(3)
664.9 177 — 15 0.09(1)
332.8 17— — 16~ 0.29(3)
6711.4 401.2 18~ — 17- 0.57(6)
757.4 18~ — 16~ 0.24(2)
389.6 18~ — 17 0.19(2)
7147.2 435.8 197 — 18 0.83(8)
837.0 197 — 17 0.17(2)
Band 2
5729.3 199.6 157 — 14~ 0.93(5)
382.0 157 — 13 0.07(1)
5977.4 248.1 16~ — 15~ 0.90(3)
447.7 16~ — 14~ 0.10(1)
6321.8 344.4 177 — 16~ 0.66(4)
5925 177 — 15 0.24(2)
367.8 177 — 16~ 0.10(1)
6756.0 4342 18~ — 17 0.73(7)
778.6 18~ — 16~ 0.08(1)
445.8 18~ — 17 0.19(2)
7221.5 465.5 197 — 18~ 0.88(9)
899.7 197 — 17 0.12(2)
11-3
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TABLE II. Lifetimes and electromagnetic transition probabilities
for the two high-spin bands in '3*Nd; systematic errors associated with
modeling the stopping powers are not included and may be as large as

15% (see text).

SpinI (#) Lifetime (ps) B(M1) (/Lﬁ) B(E2)(e?b?) Q,(eb)
Band 1

15~ 0.93(9) 2.7(3) - -

16~ 0.88(10) 1.7(2) 0.26(3) 1.73(10)

17— 0.71(6) 1.1(1) 0.08(1) 0.95(6)

18~ 0.56(8) 0.9(2) 0.14(2) 1.26(9)

19~ 0.32(5) 1.7(3) 0.11(2) 1.11(10)
Band 2

15— 1.27(6) 4.4(3) 0.54(8) 2.50(19)

16~ 0.87(8) 3.53) 0.51(7) 2.42(17)

17— 0.61(7) 1.4(2) 0.44(6) 2.24(15)

18~ 0.51(7) 1.0(2) 0.04(1) 0.67(8)

19~ 0.31(5) 1.6(3) 0.05(1) 0.75(8)

hy is the spherical Woods-Saxon energy [2] and

_ Niow — B\ [24,»n 1"
anN) _ ( lo ) |: (p)] Q%V) 2)

N —B A

are the dimensionless quadrupole operators for each N-shell
multiplied by an N- and isospin-dependent quenching factor
[4,24]. A, () are the neutron and proton numbers and A =
A, + A,. The values of «p (0.036 MeV) and B (0.5) that
resulted in good agreement with experimental data in '*Nd
[22] were employed here as well. The angular velocity in the
cranking term, @ - j, is defined as w; = wsin ¥ cos ¢, wp, =
wsin¥ sing, and w3 = wcos ¥, where ¥ and ¢ are the tilt
angles [2]. The effects of pairing, which are expected to be
small for these high spin, four-quasiparticle configurations,
have been ignored.

The RPA calculates the harmonic excitations around the
mean field minimum that in this case corresponded to
€, = 0.23-0.25 and y = 25°-30°, values very close to those
obtained earlier for the chiral bands in *°Nd [22]. The
calculations will describe the system as long as one is in
the chiral vibrational regime, well before the transition to
static chiral rotation occurs. The Hamiltonian H is rewritten
in RPA by only keeping terms up to second order in the boson
operators [4,25]. The RPA equations

[ Hrpa, 01] = ERPAOJ 3)
are solved using the
Refs. [25,26].

Figure 3 presents the energy as a function of spin for the
bands of interest in '**Nd. The two negative-parity bands 1 and
2 cross each other at spin I~ 17x. Strong linking transitions
between the two bands also occur around this spin value.

TAC calculations were performed for several configura-
tions. The best agreement with the experimental energies is

strength function method of

achieved with configurations involving either two aligned /11 »
protons combined with a negative-parity /1/2d3/> neutron
excitation, or two aligned 4/, neutrons and a negative-parity
hi1/287/2 proton excitation. The TAC results reproduce the
rotational energies of the bands rather well, as can be seen
in Fig. 3. The energy plot would suggest that, at low spins,
band 2 has a yrhfl/2 ® vhyy2d3); configuration and assumes a

whii2872 ® vh%1 P configuration beyond the band crossing;
forband 1, the situation is reversed. If the bands are indeed built
on different configurations, the location and spin of the band
crossing is very sensitive to the details of the single-particle
levels and to the deformation. It is, therefore, not surprising
that the calculations fail to reproduce the details of the band
crossing. Indeed, the fact that the calculations indicate two
bands very close in energy and with similar spins can in itself
be regarded as constituting good agreement between theory
and experiment.

Reduced B(M1) and B(E?2) transition probabilities were
calculated from the resulting lifetimes and experimental
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FIG. 3. (Color online) Measured and calculated energies relative
to the ground state as a function of spin for the two bands in **Nd.
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FIG. 4. (Color online) Calculated and measured M1 (upper
panel) and E2 (lower panel) transition rates in the two bands. The
error bars are statistical only and do not include the ~15% error
associated with the uncertainty in modeling the stopping powers (see
text).

branching ratios. The experimental and calculated in-band
transition probabilities are displayed in Fig. 4. It can be seen
that the transition rates are rather different for the two bands,
although the B(M 1) values become close when the two bands
are closest in excitation energy. The B(M1) values follow
the ones computed for the nh%l » ® Vhi12d3)2 configuration
beyond the point of closest approach (I = 17h). The B(E?2)
values for the two bands always differ by factors of 2 to
3 and the calculations with the two different configurations
appear to come closer to the experimental data points above
I = 17h. A comprehensive interpretation of the transitions
rates is complicated by the fact that the experimental data
are mainly available in the band-crossing region where one
cannot expect to get a good agreement with theory because
band mixing is not included in the calculations.

The RPA calculations for both bands result in several
low-lying RPA phonons built on each configuration. Most
of these solutions are dominated by a pure particle-hole
excitation and are noncollective in character. However, for each
configuration, there also exists one low-lying RPA solution
with rather strong collective properties. By analyzing the
quadrupole transition matrix of each component, it can be
shown that these solutions represent mainly a reorientation of
the deformed shape relative to the angular momentum vector.
This, as reported previously for the chiral bands in '*>Nd, can
be interpreted as a chiral vibration [4,22]. The energies of these
lowest collective RPA phonons are, typically, 100400 keV, as
can be seen in Fig. 5.
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FIG. 5. (Color online) The RPA phonon energy as a function
of rotational frequency for the calculated configurations. The most
collective phonon states are connected by a solid line. The scattered
dots represent other RPA solutions.

In the RPA calculation for the why1/2872» ® vh%l P config-
uration, there is a fragmentation of the strength into several
states at iw = 0.35 MeV. The fact that there are competing
low-lying collective as well as noncollective RPA solutions
might indicate that these states are fragmented and/or irregular
and, therefore, difficult to observe experimentally.

In summary, electromagnetic transition probabilities for
transitions in two high-spin bands in '**Nd have been mea-
sured. These bands were previously identified as possibly
constituting a composite chiral pair. However, large differences
in the measured transition probabilities are inconsistent with
this interpretation. By comparing the experimental observa-
tions with TAC calculations, the two bands can be understood
as corresponding to two different configurations undergoing
band mixing due to the almost degenerate excitation energies.
This interpretation also explains why the two bands de-
excite toward different low-spin structures. However, both
configurations discussed in this article have collective chiral
vibrations built on top of them at excitation energies varying
from 100 to 400 keV, leaving open the possibility of observing
chirality in '3®Nd in the future.
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