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Recent experiments in the actinide region, using Gammasphere and the
evaporation residue detector HERCULES, have covered the territory be-
tween N = 126 and the center of static octupole deformation at N = 134.
The 22°Th nucleus and the neighboring 2!8Ra and 2!Th nuclei mark the
emergence of quadrupole-octupole collectivity in this mass region. Their
octupole bands have B(E1)/B(E2) ratios which are typical for the region,
but the level spacings do not concur with a rotational-like behavior. In
addition, a spin-dependent staggering of the B(E1)/B(E2) ratios is ev-
ident. These features can be described, based on a phonon picture, by
a constant-frequency tidal-wave mode for a reflection-asymmetric nuclear
surface.
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PACS numbers: 27.80.+w, 27.90.+b, 23.20.Lv, 21.60.Ev

1. Introduction

Indications of the onset of octupole collectivity in the actinide region just
above magic neutron number N = 126 can be inferred, for example, from
the marked difference between the level schemes of 2'8Th [1] and 22°Th [2].

* Presented at the Zakopane Conference on Nuclear Physics “Extremes of the Nuclear
Landscape”, August 30—-September 5, 2010, Zakopane, Poland.
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The N = 128 isotope exhibits a single E2 sequence with decreasing energy
spacings between levels as a function of spin. This behavior is attributed
to excitations associated with the (gg /2)2 valence-neutron multiplet. In con-
trast, the yrast structure of the N = 130 isotope consists of a sequence
of successive even- and odd-spin states with alternating parity, similar to
those of the heavier even-mass isotopes. In the latter case, the spacing cor-
responding to the E2 transitions is approximately constant, a behavior that
has been interpreted as due to a reflection-asymmetric tidal wave moving
over the nuclear surface |2]. In the heavier isotopes, the spacing increases
with spin, resembling rotational motion. It is carried by a combination of the
collective quadrupole and octupole modes, of which B(E1)/B(E2) ratios of
transition probabilities of the order of 1076 fm=2 are a benchmark.

In the odd-mass thorium isotopes, alternating-parity structures that
meet the above B(E1)/B(E2) benchmark are found already three mass
units away from N = 126 viz. in 2!Th [3]. Moreover, in this nucleus parity
doublets (see Sec. V.D.1 of Ref. [4]) are observed and the implications are
twofold. First, the observation suggests that 2'°Th shares more similarities
with 223Th than with the next heavier isotope, 22!'Th, and an explanation
has been provided based on the occupation of specific K orbitals in the
neutron system [3]. Second, the isotone of 2°Th, 2!"Ra [5] has only one
alternating-parity structure. This difference between isotones is understood
as resulting from the increase with proton number Z of the softness of the
octupole mode for Z > 90 (see Fig. 7 of Ref. [4]). It also emphasizes that
the Th isotopes are excellent cases for studying octupole collectivity.

Traditionally, the collective degrees of freedom have been described as
static quadrupole-octupole deformation [4]. Recently, Ref. [6] argued that an
interpretation in terms of the condensation of octupole phonons may be more
appropriate. Additional experimental evidence for the latter has been pre-
sented in Refs. |7,8]. In this framework, the reflection-asymmetric tidal-wave
and octupole-condensation pictures are manifestations of the same physics
mechanism.

This paper presents results from ~-ray spectroscopic work in this mass
region along with a discussion that further strengthens the above phonon
picture. A study of the spin-dependent staggering of the B(FE1)/B(E2)
ratios that has been first pointed out in the 229Th case [2] is presented. New
experimental information is reported for 22! Th and 2!®Ra. The experiments
were performed at the ATLAS accelerator at Argonne National Laboratory,
with a combination of the Gammasphere [9] and HERCULES [10] detector
arrays. The HERCULES array is ideal for spectroscopic work in this region,
using very asymmetric heavy-ion fusion reactions |2, 11], and provides a
means to separate the 7 rays of the evaporation residues (ERs) from those
of the dominant fission products and other sources of background.
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2. Experiments and analysis

The nuclei of interest were populated via zn or axn evaporation in the
128-MeV 26Mg + 98Pt — 224Th* and 96-MeV 80 + 207Ph — 225Th* reac-
tions and the pertinent information about the experiments is summarized in
Table I. When used with HERCULES, Gammasphere comprises 98 HP Ge-
BGO modules. It is worth mentioning that HERCULES has 64 detectors,
arranged in 4 rings, and that the inner ring was partially collimated. In the
180 + 207Pb experiment, an improved version of HERCULES was used [12].
The main difference with respect to the 26Mg + 98Pt experiment was a lower
ER kinetic energy and, accordingly, a rather long Time-of-Flight. Scattered
beam particles traveled the flight path in ~ 10 ns and beam bursts of AT-
LAS are nominally separated by 82.5 ns. The beam was swept in the 20O +
207Ph experiment to avoid having the ERs arrive at a HERCULES detector
at the same time as the next beam burst. The sweeping allowed a hardware
veto of scattered beam and fission events.

TABLE I

Objectives and conditions of the experiments introduced in the text.

26Mg+ 198Pt 180+ 207Pb
Nuclei of interest 220, 219Th 221, 218RaP
Target thickness 0.88 mg/cm? 0.47 mg/cm?
Beam intensity 3 pnA 6 pnA
Beam period 82.5 ns 247.5 ns®
HERCULES coverage? 6.1° < 0 < 25.5° 6.6° < 0 < 26.8°
Flight path 24.1 cm 23.2 cm
Time-of-Flight range ERs 65-90 ns® 91-126 ns®
Trigger condition GSf only GSf, HERCULES

#The ER channels are 4n and 5n, respectively.

PThe ER channels are 4n and a3n, respectively.

°One out of three ATLAS periods (beam sweeping).

dPolar angles with respect to the beam axis.

°Determined by the ER production at the beginning or end of the target.
f Abbreviation for Gammasphere.

The « rays from ER nuclei were selected by two-dimensional gating on
the HERCULES parameters time-of-flight and pulse height. The energies
of these v rays were corrected for Doppler shift by using the observed ER
direction. Finally the ~-ray coincidences and angular distributions were
analyzed. Examples of ER-gated 7-ray coincidence spectra from the 180 +
207Ph experiment are shown in Fig. 1.
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Fig.1. Sample ER-gated v-ray coincidence spectra for (a) ?2!Th and (b) 2'®Ra
from the 80 + 207Pb experiment. The gating transitions have energies of 174
keV (?21Th [13]) and 219 keV (*'®Ra [14]). The 22! Th transitions in spectrum (a)
marked with an asterisk are newly observed. Contaminant peaks in spectrum (a),
labeled “c”, are from 222Th and are attributed to 2°®Pb target impurities.

The goal of this experiment was a study of 22! Th. Dahlinger et al. [13]
demonstrated that 22!Th has not the parity-doublet behavior of 22*Th.
Hence, it remains important to delineate the non-yrast structure of 22! Th.
The spectrum gated by the low-lying 174-keV (Iy +57) — (Iy + 4) tran-
sition, where Ij is the ground-state spin [13], is representative for the yrast
octupole band, which has been extended [15]. Among the newly observed
~ rays shown in this spectrum, the 185- and 618-keV lines are transitions
from non-yrast states, the latter transition being a direct link to the yrast
band. The study of 2'8Ra provides new information on B(E1)/B(E2) ratios
in this N = 130 nucleus and Fig. 1 (b) shows the quality of the data.
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3. Results

3.1. N = 130 isotones

The 229Th level scheme, established in the Mg + 98Pt experiment,
has the following features: First, alternating-parity structures persist up
to the highest spins observed, but the nucleus exhibits a vibrational-like
behavior. Second, two odd-spin, negative-parity E2 sequences, labeled “a”
and “b” in Fig. 4 of Ref. |2], are present (and a non-yrast even-spin, negative-
parity sequence). Third, the B(E1)/B(E2) ratios stagger as a function spin.
The first and second feature is shown in Fig. 2. The yrast states of 22Th
have an approximately constant rotational energy fuw ~ E,/2. The isotone
218Ra [14] shows a very similar behavior, which is in contrast to the N > 132
isotones and which indicates that these N = 130 nuclei do not rotate faster
to acquire angular momentum. The third feature is shown in the top-left
panel of Fig. 3. For I < 14, the B(E1)/B(E2) ratios for the odd-spin states
(negative parity) lie systematically lower than the ratios for the even-spin
states (positive parity). In Ref. [2], the deviating data point for the 13 state
was attributed to a loss of E2 strength at the backbending of the sequence
(cf. Fig. 2). The B(E1)/B(E?2) ratio for the 13, state is smaller, but in line
with the staggering effect. For I > 14, no staggering effect is recognized.
This may be attributed to the spread of E'1 strength due to the presence of
two 137 and 15~ final states.

24 b ]
L | O parity + o "\ ]
20 + | W@ parity - \D\.\. R
~ + ./E
S 16 + /0O B
e

~ 7 e

g 12r T 1

o=

e e n?

2 8t /0 .
i=3h n /
_________ /

4 + IIZI E
O
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3
ho (MeV)

Fig.2. Initial spin I vs. rotational energy fuw for the near-yrast E2 sequences in
220Th [2]. A distinction between positive- and negative-parity sequences is made
using open and full symbols, respectively. The dashed horizontal lines indicate an
initial alignment ¢ close to 3k of the yrast negative-parity sequence (see Sec. 4.1).
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The B(E1)/B(E2) ratios for 2!8Ra, obtained from the 0 + 207Pb
data, are shown in the top-right panel of Fig. 3. The ratios stagger with
the same phase as in the 220Th case and the effect occurs for 9 < I < 14.
The plot of B(E1)/B(E?2) ratios for 2®Ra appears to be smoother than the
corresponding 2?°Th data. This seems to be expected, since a backbending
and a second odd-spin, negative-parity sequence are unique for 22°Th [2].
Another observation is that the staggering effect in 2'®*Ra starts two units
higher in spin than in the ?20Th case.
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Fig.3. B(E1)/B(E2) ratios (top) and energies E—FE,¢t (bottom), as a function of
spin I, for occtupole-type structures in ?2°Th and 2'8Ra. The values for the sets of
yrast states with opposite parity are connected, those for the yrare states are not.
The reference energy used in the bottom plots is defined as E,ef = 5/23 MeV [ (see
Sec. 4.1). The E-E, vs. I plot for 28Ra has been truncated at I = 24.

3.2. Odd-mass thorium isotopes

The 2Th level scheme, established in the 26Mg + 98Pt experiment, has
as key feature two parallel structures of alternating-parity levels assigned
to s = =£i [16]. The level scheme is important for both the emergence



Tidal Waves and Onset of Collectivity above N = 126 677

of quadrupole-octupole collectivity in this region and the trend for parity-
doublet bands. The “simplex bands” in 2'9Th have B(E1)/B(E?2) ratios of
the same order of magnitude as those in the heavier thorium isotopes. For
the s = —i and +i structures, the average value of these ratios is 1.2(2)x10~°
fm=2 and 2.4(9) x 1076 fm~2, respectively. The decay sequences are rather
short and, thus, do not add to the systematic study of reduced transition
probabilities as a function of spin. Nevertheless, since their level-energy
spacings are not rotational-like they are in line with the features of 220Th.

The parity-doublet aspect implies that the pairs of states with the same
spin, but opposite parity, are nearly degenerate in energy. In 2Th, the
lowest four pairs differ in energy between —125 keV and +61 keV, i.e., the
energy differences fluctuate around 0 and none of the s = £i structures is
energetically favored over the other. For comparison, in the 223Th case the
energy differences vary between —61 keV and 431 keV. In this regard, the
two nuclei are similar indeed.

The yrast octupole band in 22! Th is fed by rather high-energy transitions
such as the 618-keV line reported in Sec. 2. An excited octupole band in
221Th has been identified which is elevated by about 400 keV relative to the
yrast band [15]. At this point, the 22! Th case serves as a contrast to the
parity doubling seen in 2!Th and ?23Th.

4. Discussion

4.1. Tidal-wave interpretation

In Ref. [2], it was pointed out that the 22°Th and 2'®Ra features do not fit
in a traditional nuclear-rotation framework, nor can they reflect the presence
of spherical vibrational phonons. Instead an approach was proposed which
considers collectivity arising from reflection-asymmetric nuclear tidal waves,
hereby retaining the structure of an octupole band. The nuclear shape in
the rotating frame of reference is a combination of quadrupole and octupole
deformations which both increase with spin. The concept of tidal waves
accounts for the features described in Sec. 3.1 as follows.

Vibrational-like behavior of I vs. hw. Figure 3 (bottom) shows that the
yrast energies deviate by less than 300 keV from the linear function Eief(I)
= 5/23 MeV I. Notably, this near-linear spin dependence concurs with the
near-vertical function I(w) shown in Fig. 2. The tidal wave travels with
a constant angular velocity w. The angular momentum increases because
the wave amplitude in the quadrupole-octupole degrees of freedom increases
along the yrast line. Following Ref. [6], the increase of the amplitude is
accomplished by stacking aligned quadrupole and octupole phonons carrying
2h and 3h of angular momentum, respectively. The parity of the state is
determined by the the number n of octupole phonons. Only states with
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even n or odd n mix. The positive-parity E2 sequence starts with the n =0
state, and the negative-parity sequence with n = 1 and, as indicated in
Fig. 2, with an initial alignment ¢ =~ 3h. Both sequences are built up, in steps
of 2h, by stacking quadrupole phonons. However, the quadrupole phonons
are in 220Th and 2'®Ra less collective than in the respective heavier isotopes,
as suggested by the deformation trend with N. This allows for the fact that
the stacking of octupole phonons becomes competitive with the quadrupole
mode as spin increases. The combined stacking of quadrupole and octupole
phonons results in the near-linear spin dependence of the excitation energy
noted above. In addition, a reduced quadrupole collectivity allows for the
alignment of individual nucleon spins that may have caused the backbending
seen in 229Th. Such an irregularity is also found in the quadrupolar tidal-
wave sequences of some cadmium nuclei around mass 110 [17]. Classically,
the combined-phonon stacks correspond to a heart shaped wave running over
the nuclear surface [6].

Spin-dependent staggering of B(E1)/B(E2) ratios. The B(E1)/B(E2)
ratios can be used as a probe of the competition between quadrupole- and
octupole-phonon excitations. In the absence of absolute B(E1) and B(E2)
values for 22°Th, we assume that the staggering effect is due to a variation of
the B(E1) value with spin. Using the fact that the total angular momentum
is the sum of the angular momentum S of the octupole phonons and R of
the quadruple phonons, a rule for the E'1 transitions has been put forward:
the transition n — n — 1, where .S and R change by —3 and 2, respectively,
is favoured over the transition n — n + 1, where S and R change by 3
and —4, respectively, because of the larger change of R [6]. The staggering
of the B(E1)/B(E2) ratios can then be related to a change in the phonon
configuration of the positive-parity E2 sequence from n = 0 to n = 2 around
I = 6. The corresponding change in 2!®Ra occurs around I = 8. Here,
a change in the staggering phase is seen which can be interpreted as an
admixture of the n = 0 and 2 configurations. In the 22°Th case, the negative-
parity sequence preserves its n = 1 character at least up to I = 13. However,
the 13, state represents the continuation of the n = 1 configuration in the
region of the backbending. The 137 state is associated with a rearrangement
of individual nucleon spins, like in the mass 110 cases.

A comment about the initial alignment is in order. A value close to the
limit of 3% is only observed at N = 130. For higher N, i < 2k is typical
(see Fig. 5 of Ref. [6]). In the heavier isotopes, the positive-parity sequence
seems to start with a substantial n = 0, n = 2 mixing, which reduces the
angular-momentum difference with the negative-parity sequence. The n =0
to n = 2 configuration change, on the other hand, is viewed as a response of
the N = 130 nucleus to an increasing angular momentum.
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4.2. Properties of the odd neutron

The common characteristic of the odd- and even-mass nuclei in the light-
actinide region is the appearance of low-lying positive- and negative-parity
states forming octupole-type band structures. Recall that the B(E1)/B(E2)
ratios of the structures in 2'*Th and ??°Th are similar (> 107% fm~2) and
concur with those measured in the heavier isotopes. However, the recently
studied odd-mass thorium isotopes differ from each other in a specific way.
Whereas 2!Th shows parity doublets, 22! Th is without this feature. A re-
lated feature of 2!Th is the presence of low-lying M1 transitions connecting
parts of the s = —i structure with the s = +i one [3].

To interpret the 21°Th level scheme, we refer to a neutron single-particle
diagram such as in Fig. 33 of Ref. [4], where the level energies are given
as a function of the quadrupole and octupole deformations. In the absence
of static octupole deformation (33 = 0), the lowest-lying configurations at
N =129 are (99/2)3 and i11/2(99/2)2. These give rise to the positive-parity
members of the s = 44 and s = —i bands, respectively. The coupling of
these two configurations with the octupole phonon explains the correspond-
ing negative-parity states. In addition, the M1 transitions indicate that
the angular momentum must have a component within the symmetry plane.
This tilt of the rotational axis generates the parity doublets by breaking the
simplex symmetry (see Sec.VL.B of Ref. [18]).

The tilt can be associated with the occupation of a K = 3/2 orbital, using
the single-particle diagram for a small deformation 3 < 0.1. This should
be contrasted by the case of 22! Th (N = 131). For a moderate deformation
P2 ~ 0.1, the odd neutron occupies a K = 1/2 orbital, consistent with
an i11/2(99/2)4 ground-state configuration of 22'Th [13]. For K = 1/2, no
tilt is expected and parity doublets are absent. Hence, 22! Th resembles the
even-mass neighbors with their K = 0 bands.

5. Conclusions

Octupole correlations provide a good example about how the symme-
tries of the rotating mean field dictate the spin-parity sequence of the level
structure. The 2'®Ra, 2'°Th, and ??°Th nuclei mark the onset of quadrupole-
octupole collectivity just 3-4 mass units above N = 126. In these nuclei,
the pattern of E'1 and cross-over E2 transitions is fully developed like in
the heavier-mass octupole-type rotors, but the details of the level structures
do not concur with that excitation mode. The I(w) function behaves in a
vibrational-like manner and B(E1)/B(E2) vs. I staggers. These features
are described in a consistent way by the tidal-wave concept.
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A sub-aspect of 219Th is the parity doubling found in this nucleus which
leads to the following conclusion. Parity doublets occur in odd-mass and
odd-Z, odd-N octupole nuclei, because there is an angular momentum com-
ponent within one of the reflection planes. The exceptions are K = 1/2
bands (and K = 0 bands in even-mass nuclei) where such a component is
absent, and a single alternating-parity sequence appears.

Tidal waves seem to be a rather common phenomenon in transitional
regions. The present cases represent a change from non-collective behavior,
associated with a spherical nuclear shape, to collective behavior, with sta-
ble quadrupole and octupole deformations. Analog cases in the regime of
reflection-symmetric shapes are the “tidal” bands in the mass 110 region [17].
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