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ABSTRACT

© Higher Education Press 2023

Progress in the studies of chirality in atomic nuclei at iThemba LABS is
reviewed. New regions of chirality, around mass 80 and 190 have been
discovered using the AFRODITE array, specifically in the nuclei 7*As,
788082 81Ky and 193:194198T, Many phenomena have been observed,
including multiple chiral bands in the same nucleus, the coexistence of
octupole correlations and nuclear chirality, and the coexistence of pseudo
spin and nuclear chirality. The best example of chiral degeneracy to date,
was found in '"#T1. The level scheme of '%°Ag has been revisited and inter-
preted in terms of two- and four-quasiparticle bands. Investigations using
the particle-rotor model have shown that the fingerprints of chirality in
the two-quasiparticle system only can occur in an idealised model descrip-
tion that is unrealistic. For systems with a higher number of quasiparticles,
the calculations showed that nuclear chirality can persist.
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1 Introduction

In their seminal paper, Frauendorf and Meng [1] showed
that there were specific nuclear configurations that, in
the particle-rotor model, would give rise to rotational
bands having a very special feature - beyond a given
critical spin, the bands would form degenerate pairs.
The calculated excitation energies for such bands are
shown in Fig. 1. They are based on the rhy; ), ®1/h1_11/2
configuration, with a triaxial nuclear shape and triaxiality
parameter v+ = 30°. Near their band heads the yrast and
the first excited rotational bands differ considerably in
their excitation energies for the same spin I, but as the
angular momentum in both bands increases, the relative
excitation energy diminishes, until, beyond a critical
spin, (in this case I. ~ 13h), the two bands become
degenerate. Beyond this critical spin not only the excitation
energies but all features of the bands become identical,
including moments-of-inertia, alignments, intra-band
B(M1) and B(E2) transition probabilities, etc. The next
pair of excited bands calculated for the same configuration
was found to behave in a similar way, that is, the two
bands have different excitation energies (and other
features) near their band heads, but become degenerate
above a certain critical angular momentum (in this case
I, ~ 16h).

This striking behaviour of the calculated bands was
found for nuclei with triaxial shape and for nuclear
configurations built on two valence nucleons, where one
of the nucleons occupied a single-particle orbital near
the bottom of a shell (in this case the proton occupied
the lowest-energy orbital of the hyy/, shell), while the
other was placed in an orbital near the top of a shell (in
this case the neutron occupied the highest-energy orbital
of the hyy, shell). The observed degeneracy was
explained by Frauendorf and Meng [1] as due to the
chiral symmetry formed in angular momentum space. It
is known that the angular momentum of a valence
nucleon (i) at the bottom of the shell is oriented along
the short nuclear axis, (i) at the top of a shell is
oriented along the long nuclear axis, and the angular
momentum of a rotating triaxial core is predominantly
aligned along the intermediate axis. Therefore, in such a
system these three angular momenta are mutually
orthogonal, and can form both a left- and a right-
handed systems, as illustrated in Fig. 1. As both the left
and the right-handed systems formed in the intrinsic
frame of the nucleus (defined by the three nuclear axes)
are in many ways identical, two rotational bands with
identical features will be observed in the laboratory
frame. These degenerate chiral partner bands will have
the same excitation energies and B(M1) and B(E2) tran-
sition probabilities. For a system with a chiral geometry
the total angular momentum is out-of-plane, that is out
of the planes defined by any two major nuclear axes.

The search for degenerate pairs of chiral bands

Fig. 1 Top: Excitation energies calculated with the PRM
for a triaxial nucleus with y = 30° and with nucleon configuration
Thitys ® yh1‘11/2 [1]. Bottom: A sketch illustrating the left- and
right-handed systems formed in angular momentum space by
the angular momenta of the valence proton, j, of the

valence neutron, j, and of the rotation, R.

became a new hot topic in nuclear structure. iThemba
LABS became an international centre for the study of
chirality by local and visiting groups from China, with
the principal experimental facility being the AFRODITE
array of HpGe detectors, coupled to the Separated
Sector Cyclotron. This led to the exploration of existing
and new regions of chirality on the nuclear chart, chiefly
using the methods of in-beam ~-ray spectroscopy. Theo-
retical and experimental questions focussed on testing
the predicted features of chiral partner bands, including
(i) why the bands would become degenerate only above
a critical spin I, (ii) would the experimentally observed
bands be truly degenerate and if not, what would affect
how strongly the degeneracy is broken, (iii) would there
be other fingerprints of chiral geometry, (iv) what would
be the impact of the single-particle angular momenta, e.
g. would it be possible to have chiral systems where the
single-particle angular momenta on the short and long
axes are very different. The investigations would soon
lead to unexpected discoveries relating chirality to other
symmetries such as pseudo spin and reflection asymme-
try.

This topic covered in this article is divided into the
following sections: Section 2 Theoretical studies of chiral
systems at iThemba LABS; Section 3 Experimental
techniques; Section 4 New Regions of Chirality; Section
5 Close near-degeneracy and multiple bands; Section 6
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Resolution of a chiral conundrum in the mass 100
region; Section 7 Pseudo spin and reflection asymmetry.

2 Theoretical studies of chiral systems at

iThemba LABS

2.1 Degeneracy in chiral partner bands

Among all chiral systems observed to date, [2], there are
no chiral partner bands that are truly degenerate in
their excitation energies, alignments, energy staggering
patterns, B(M1) and B(E2) transition probabilities. Thus,
it is important to understand what causes the differences
in the properties of the chiral partner bands.

Frauendorf and Meng [1] understood that the difference
in the excitation energies in the calculated partner bands
of Fig. 1 at low angular momenta (I < I.) were a result
of a planar geometry of the angular momenta, where the
total angular momentum remained oriented in the plane
of the short — long axes (the plane defined by axes 1 and
3 in Fig. 1). Only above a critical I. would the rotational
angular momentum along the intermediate axis become
sufficiently large to flip the total angular momentum I
away from that plane into an aplanar orientation (where
I has considerable components along all three nuclear
axes) and a chiral geometry be formed in angular
momentum space. But what may cause the divergence
from degeneracy for I > I.7 It was naturally expected
that such divergence might be caused by features of the
shape of the nucleus, for instance the shape might not
correspond to largest non-axiality with v = 30°, or that
it may possess some -~ softness, that may trigger
mixtures and overlaps of the wave functions of the left-
and right-handed systems.

Lawrie and Shirinda [3] studied further the features of
chiral bands, using the two-quasiparticle-triaxial-rotor
model (QTR) [4, 5]). They noted that when the wave
functions of the left- and right-handed systems are not
perfectly orthogonal but have some small overlap, the
expectation values of all the relevant operators such as
those of the excitation energies, single-particle, rotational
and total angular momenta, B(M1) and B(E?2) transition
probabilities, etc., would show non-identical values for
the chiral partner bands. Thus, if any divergence from
degeneracy would appear, it would be present in all
properties of the chiral partner bands. The magnitudes
of the divergences in the properties of the chiral partner
bands were then studied. Most importantly the impacts
of (i) the triaxiality ~, and (ii) nucleon configurations,
were evaluated. The calculated relative excitation energies
of chiral bands with the rhyy; @ vhy),
(where the proton and the neutron occupied the lowest-
and highest-energy orbitals of the hy;/, shell), at a
quadrupole deformation of ¢ = 0.15, for three different
cases of chiral systems are shown in Fig. 2. For each of
these cases the calculated total angular momentum is

configuration
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Fig. 2 Calculated [3] relative excitation energy for the
mhiij2 ® yh;ll/2 chiral bands, AE = Egiqe — Eyrast, for £2 = 0.15
and for three different cases. The solid red line corresponds
to v = 30° and fixed single-particle angular momenta of both
valence nucleons, (e.g., j. and j, are fixed along the short
and long nuclear axes, respectively). The dashed—dotted blue
line corresponds to = 30° the same Fermi levels for
protons and neutrons, but allowing their configuration spaces
to span over 5 single-particle orbitals each. The dashed black
line corresponds to v = 20° and the same configuration space
of 5 orbitals, for protons and neutrons.

aplanar (with considerable projections along the three
nuclear axes), and thus chiral systems are formed.
When, at ~ = 30° the single-particle angular
momenta j, and j, are fixed and aligned along the short
(@, =11/2) and long (Q,=11/2) nuclear axes by
restricting the configuration spaces for protons and
neutrons to one orbital each, the chiral bands reach
degeneracy in their excitation energies above I. = 164,
(see the red curve in Fig. 2). Similarly degeneracy is
reached for the other properties of these bands, such as
projections of the angular momenta, B(M1) and B(E2)
transition probabilities [3]. However, in realistic calcula-
tions the single-particle component of the wave function
is a mixture of orbitals, which reflects the gradual alignment
of the single-particle angular momenta under the influence
of the Coriolis interaction. In a more realistic case which
allows the configuration spaces for the proton and
neutron to span five orbitals near the corresponding
Fermi levels, the calculated chiral partner bands do not
reach degeneracy, as shown by the dashed-dotted blue
curve in Fig. 2. Instead there is a considerable divergence
in the excitation energies (and all other features of the
chiral partner bands). The impact of the nucleon config-
uration space is thus significant. The effect induced by a
reduction of the triaxial deformation to v = 20° seems to
be somewhat smaller (compare the difference between
the dashed black and the dashed-dotted blue curves
with that between the dashed-dotted blue and red

R. A. Bark, et al., Front. Phys. 19(2), 24302 (2024)
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curves in Fig. 2).

Therefore, it was concluded that chiral partner bands
in real nuclei are not expected to show degeneracy, but
only a certain degree of similarity in their properties,
which is often referred to as near-degeneracy. The expec-
tation that chiral partner bands would show degeneracy
in their excitation energies and other features is based
on an idealistic theoretical description that assumes that
the single-particle angular momenta that are fixed and
remain fully aligned along the long and short axes.

These studies also noted that the expectation value of
the angles between the three angular momenta, a(j,,j.),
a(jr, R), and a(j,, R), remain very close to 90° for both
chiral partner bands and for v = 30° only in the case of
configuration spaces restricted to one orbital, see the red
curves in Fig. 3. In more realistic calculations that
involve larger configuration spaces, these angles tend to
decease at higher spins. These results imply that the
typical sketch illustrating the nuclear chiral system as
built of three mutually orthogonal angular momenta
(e.g., Fig. 1) is simplified. In real nuclei the average
angles between the angular momenta of the proton,
neutron and collective rotation are smaller and decrease
further at higher spins.

The calculated wave functions for the chiral partner
bands were further investigated [6], in order to understand
better the orientation of the three angular momenta.
While the average angles a(jr,j.), a(jr, R), and a(j,, R),
suggested an aplanar orientation of the total angular
momentum and a chiral geometry (see Fig. 3), it was
interesting to determine whether there were contributions
with non-chiral, planar orientation of the total angular
momentum. Such components of the wave function
would have vanishing projection of the total angular
momentum along one of the nuclear axes and their presence
would cause a loss of degeneracy in the chiral partner
bands.

The probabilities for vanishing projection of the total
angular momentum along the three nuclear axes and for
the two partner bands are shown in Fig. 4. Consider the
case of triaxial deformation with v = 30°, and restricted
to one orbital configuration spaces, shown in magenta
diamonds in Fig. 4. At low spins (I < 16h), there are
negligible contributions with vanishing projections of I
along the short and long nuclear axes; however, there is
a considerable component with vanishing projection
along the intermediate axis, which causes the lack of
degeneracy in the chiral partners, see Fig. 2. Note that
as this contribution decreases at higher spins, the similarity
in the properties of the partner bands improves and
degeneracy is established for I > 16h, see Fig. 2. Indeed,
for I > 16h the contributions of components with non-
chiral geometry (with I, = 0, I, = 0, and I, = 0), are
negligible (< 2%), see Fig. 4.

It can be noted that for realistic configurations, where
the single-particle angular momenta are not fixed along

105+
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Fig. 3 Calculated expectation values for the angles
between the angular momenta j., j, and R, for the
mhi12 ® yh{fn chiral bands, for e; = 0.15, and for three cases
of chiral bands, as described in Fig. 2 and in the text. The
data for the yrast and side chiral bands are denoted with
open and filled symbols, respectively. The red triangles corre-
spond to v = 30° and proton and neutron restricted to the
lowest- and highest-energy orbitals of the hy;/, shell only —
i.e. where j. and j, are fixed along the short and long nuclear
axes, respectively. The blue squares correspond to v = 30°,
the same Fermi levels for protons and neutrons, but allowing
their corresponding configuration spaces to span over 5 single-
particle orbitals. The black circles correspond to v = 20° and
the same configuration spaces of 5 orbitals for protons and
neutrons. Reproduced from Ref. [6].
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Fig. 4 Calculated probability for vanishing projection of
the total angular momentum along the short (s), intermediate
(i), and long (I) axes for the whii/s @ vhyy,, chiral partner
bands and for restricted (fixed single-particle angular
momenta) and non-restricted (free single-particle angular
momenta) configurations and for e; = 0.15. Reproduced from
Ref. [6].

the nuclear axes, the calculated lack of degeneracy for
higher spins is caused by contributions corresponding to
non-chiral geometry (with I, = 0, and I, = 0). The
predicted considerable loss of degeneracy in the properties
of the chiral partner bands is caused by relatively small
planar contributions; such contributions are typically
less than 10%.

2.2 Other fingerprints of chiral symmetry

It is important to define clear fingerprints of chiral
systems in nuclei. Indeed a chiral system with fixed
single-particle angular momenta would create two
degenerate rotational bands built on the same nucleon
configuration. However, as discussed above, such expec-
tations are unrealistic; a realistic description allows the
single-particle angular momenta to change orientation
under the influence of the Coriolis force. Such a description
shows the expected degeneracy is lost and the two partner
bands differ in all their properties, such as excitation
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Fig. 5 Calculated intra- and inter-band B(M1) transition
probabilities for the nhy;/, ® yhl’ll/2 chiral partner bands, with
fixed single-particle angular momenta (restricted configuration
space) and free single-particle angular momenta (non-
restricted configuration space) at e2 = 0.25. Open and filled
symbols denote intra- and inter-band B(M1) rates, respec-
tively. Reproduced from Ref. [6].

energies, alignments, moments-of-inertia, and B(M1) and
B(E?2) transition probabilities. Furthermore, even small
contributions from mnon-chiral components cause a
substantial loss of degeneracy. Therefore, bands that
correspond to a dominant chiral geometry of the angular
momenta may show partner bands exhibiting considerable
differences. This makes it important to search for additional
fingerprints that can be used to identify chiral symmetry.
Two additional fingerprints were proposed, (i) a specific
staggering of the B(M1) transition probabilities [7], and
(ii) a lack of energy staggering in the rotational bands
[8].

Shirinda and Lawrie investigated these two fingerprints
further, in particular considering both ideal and realistic
mhi1/2 ®uh1’11/2 configurations [6]. They found that as in
previous studies [7], the B(M1) transition probabilities
exhibit a large-magnitude staggering with a specific
phase (high values for even spins for the intra-band
transitions) particularly for the ideal case with v = 30°
(for example see Fig. 5), which may weaken and disappear
for less triaxial nuclear shape with v = 20°. However,
the calculations based on a realistic treatment of the
nucleon configuration produced a very different result.
They showed that even for the largest triaxiality of v =
30°, the expected staggering patterns change. For
instance, the staggering in the B(M1) values may disap-
pear, as observed for the intra-band transitions of the
side band, or may even appear with opposite phase (low

R. A. Bark, et al., Front. Phys. 19(2), 24302 (2024)
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values for even spins), as found for the intra-band tran-
sitions of the yrast band. The possible reasons for this
changed behaviour were associated with the complexity
of the B(M1) rates and the number of factors that can
influence them. For instance, in realistic calculations
there is a strong staggering in the angles between the
angular momenta (e.g., see the staggering in a(j,,j,) in
Fig. 3). Therefore, it was concluded that the B(M1)
staggering cannot be considered as an unambiguous
fingerprint of chirality, as other effects can overcome
and change the staggering pattern expected for a chiral
geometry.

It had been argued that chiral bands should not show
energy staggering, because for a system with three
mutually orthogonal angular momenta the Coriolis inter-
action would vanish [8]. On the other hand, as illustrated
in Fig. 3 the angles between the three angular momenta
are approximately 90° only for configuration spaces
restricted to one nucleon orbital. These angles are much
smaller and suggest considerable Coriolis effects when a
realistic configuration space is considered.

To study further the energy staggering pattern as a
possible fingerprint of chiral systems Shirinda and
Lawrie [6] plotted the calculated energy staggering
E(I)-E(I-1) 1

i (1)

S(I) =
for the mhyy /s ® Vhﬁl/z chiral bands and v = 30° assuming
go = 0.15 and ¢, = 0.25, see Fig. 6. Indeed, for a chiral
system with fixed-single particle angular momenta, the
parameter S(I) does not show staggering (see the
magenta diamonds in Fig. 6). However, large energy
staggering was found in both bands when a realistic
description of the single-particle angular momenta was
adopted at e, = 0.15. This result was understood as a
natural consequence of the Coriolis interaction acting on
a system where the three angular momenta are not
mutually orthogonal. This idea was further tested with
calculations carried out for larger quadrupole deformation
of e, = 0.25. For the latter system the Coriolis interaction
would be smaller due to the larger moment-of-inertia
associated with the larger e,. Indeed the calculated
parameter S(I) had a considerably smaller staggering,
see Fig. 6. It was thus concluded that one cannot expect
vanishing staggering for chiral systems because the
angles between the angular momenta are in general
smaller than 90°. Furthermore, in principle vanishing
energy staggering might be a consequence of a large
moment-of-inertia and may not be related to possible
chiral geometry of the angular momenta of the system.
Based on their investigations, Shirinda and Lawrie [6]
concluded that both features of (i) specific staggering in
the B(M1) transition probabilities, and (ii) lack of
energy staggering in the partner rotational bands,
cannot be considered as reliable fingerprints of chiral
symmetry. It was proposed to use calculations in order
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Fig. 6 Calculated energy staggering parameter
S(I)=[E(I)— E(I —1)]/(2I) and difference in the excitation
energies AE of the 7rh11/2®uh1’11/2 partner bands for fixed
single-particle angular momenta (restricted configuration
space) and free single-particle angular momenta (non-
restricted configuration space), at v = 30° and e = 0.15,
0.25. Reproduced from Ref. [6].

to evaluate the orientations of the angular momenta of
the system and test whether chiral geometry is present.
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(4), and long (I) nuclear axes, for the yrast and the side 7hg/» ® yz‘;33/2 partner bands and at v = 30° and ¢; = 0.15. Reproduced

from Ref. [11].

2.3 Asymmetric nucleon configurations

In order to form a chiral system one needs an aplanar
orientation of the total angular momentum I. It may
seem natural to assume that the best chiral geometry
would form when T has similar projections on the three
nuclear axes, that is j,, j,, and R would have similar
magnitudes. On the other hand several chiral partner
bands with very good near-degeneracy (which would
imply good chirality) were observed and associated with
very asymmetric nucleon configurations, for instance
with the three-quasiparticle wh?, 2 ® vhi} /2 configuration

n '¥Nd [9] and with the four-quasiparticle rhq/, ® viyy,
conflguratlon in %'T1 [10]. Therefore it was interesting
to test whether chiral geometry could exist for very
asymmetric nucleon configurations.

Shirinda et al. [11] used the Many-Particle Rotor
Model [12], for the 7hg/, @ 1/i1_33/2 configuration, with e, =
0.15, and v = 30°. The probability distributions for the
projections of the total angular momentum on the three
nuclear axes are shown in Fig. 7. A peak at near-zero
projection implies dominant planar components;
however, when the distributions of all three projections
of I peak at large, non-zero values, a chiral geometry is

formed. Figure 7 shows that while near the band heads
(I =19) and at high spins (I = 27) planar components
are indeed dominant, the states of both partner bands in
the middle spin range (I = 23) have chiral geometry in
angular momentum space. Therefore it was concluded
that chiral geometry can also exist for strongly asymmetric
nucleon configurations.

2.4 Many-particle chiral bands built on the same

nucleon configuration

It was already shown in the seminal paper of Frauendorf
and Meng [1], that a number of chiral systems can form
with the same 7rh11/2®1/h11/2
chiral system would be associated with the two lowest-
energy bands, which become degenerate for spins above
I. ~ 13h, see Fig. 1, while an excited chiral pair would
comprise the next two bands that reach degeneracy near
I. = 16h. In these calculations one can easily identify
the bands that form the yrast (the two lowest-energy
bands) and the excited (the third and fourth bands)
chiral systems. However, in real nuclei where the single-
particle angular momenta are not fixed to remain
aligned along the short and long nuclear axes, the chiral

configuration. The yrast

R. A. Bark, et al., Front. Phys. 19(2), 24302 (2024)
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Fig. 8 Calculated excitation energies E and angular
momenta of the neutrons j, along the nuclear short z-axis for
the six lowest-energy bands for realistic configuration
descriptions and for the chiral bands at e; = 0.25 and v =
20°, 30°. The calculated bands are labelled bands 1, 2, 3, 4, 5
and 6 according to their excitation energy at low spin.
Reproduced from Ref. [13].

partners show considerable differences in their excitation
energies, and in some cases the bands may even cross
each other. Thus, often it is not obvious how to group
the observed bands into pairs of chiral partners.
Shirinda and Lawrie studied such multiple chiral
systems built on the same nucleon configurations in
order to shed more light on such questions [13, 14].

Calculations were carried out for three typical three-
and four-quasiparticle configurations relevant to the A =
100, 130, and 190 mass regions, respectively. The proba-
bility distributions of the projections of the total angular
momenta suggested that chiral geometry is formed for
all calculated cases. (For the ng;/lz ® vhi, /2
in the A = 100 mass region, see [14].)

The calculated excitation energies for the six lowest-
energy 7rg;/12 ®uhfl/2 bands in the A = 100 mass region
are shown in Fig. 8 for v = 30° and 20°. One can group
the bands into chiral pairs according to their excitation
energies. In this case one would build the three chiral
systems denoted on the figure with different colours. In
order to study the similarity in the nature of such pairs
the expectation values of the projections of the angular
momenta for the neutrons along the short nuclear axis
are also shown. It is clear that there is no specific similarity
in the magnitudes and trends of these angular momenta
for each pair of bands. For instance consider the calculations
for v = 30°. Bands 1 and 2, the bands that would naturally

configuration

be associated with the yrast chiral system, show a large
difference in their neutron angular momenta, as large as
~ 2h. It could be noted that in fact the excited partner
bands show closer similarity in these angular momenta,
particularly Bands 5 and 6. The calculations for v = 20°
again reveal distinctive differences in the magnitudes of
these angular momenta for Bands 1 and 2. In this case
at high spins there is a considerable similarity between
the neutron angular momenta calculated for Bands 2
and 3, and for Bands 1 and 4, rather than for Bands 1
and 2. It was concluded that when searching for chiral
bands it is best to find as many rotational bands with
the same nucleon configuration as possible, and to evaluate
their similarities including by testing their quasiparticle
angular momenta [13, 14]. This may provide an important
insight on the intrinsic nature of the bands. Very often
the calculated partner bands for the yrast chiral system
did not show particularly good near-degeneracy. By
contrast, the similarity in the features in the excited
chiral systems seemed considerably better. This suggests
that excited chiral systems may possess better near-
degeneracy and stronger chiral symmetry features.

As discussed above despite the numerous studies of
chiral systems there are still no confirmed fingerprints
that can be used for an unambiguous identification of
chiral bands. An interesting idea, to study the decay
patterns of rotational bands was suggested, in order to
possibly exclude an alternative interpretation in terms of
single-particle excitations, of the observed bands [15]. It
was noted that a set of rotational bands that are built
on different single-particle configuration (within the
Cranked Shell Model notation) would follow a different
decay pattern to that of a set of chiral partner bands
[15]. Therefore one could carry out such studies, when
applicable, to test and possibly rule out such an alternative
interpretation.

3 Experimental techniques

3.1  Reactions

The study of chiral phenomena in atomic nuclei is essen-
tially a study of how the nucleus can accommodate
increasing angular momentum. Therefore, one of the
best reactions for this purpose is the fusion-evaporation
reaction [16], as the experimental study of chiral bands
requires that relatively high-spin states of the nucleus be
populated. Details of the various reactions used in the
investigations are listed in Table 1. In general, heavier
beams are desirable as the input angular momentum
scales with the momentum of the beam. However, the
choice of reaction is ultimately restricted by the available
beam and target combinations that create the desired
final nucleus. As the regions of interest for the study of
nuclear chirality were often close to stability, lighter
beams between ‘He and '*O were often used to produce
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Table 1 Details of experiments covered in this review.

Nucleus Reaction(s) Beam energy (MeV)

Target thickness (mg/cm?)

Events (x10%) Refs.

Mass 80 region

TAs "Ge(a,p3n) 59, 63 2.9 + backing 1.9 vy Xiao, et al. [19]
Br Zn(12C,p3n) 60, 65 0.85 1.5 vy Liu, et al. [20]
0.16 pyy Liu, et al. [20]
80Br 6Ge(''B,a3n) 54 1.8 + backing 0.2 yy Wang, et al. [21]
"Ge("Li,2n) 35 0.2, 0.6 + backing 1.2 4y 9 Wang, et al. [21]
81Ky 82Se (a,5n) 65, 68 0.4 1.5 vy Mu, et al. [22]
82Br 82Se (a,p3n) 65, 68 0.4 1.5 vy Liu, et al. [23]
Mass 100 region
106Ag 90Zr (N,4n) 71 17 3.4 vy Lieder, et al. [24]
0.7 0.4 vy Lieder, et al. [24]
Mass 190 region
193] 160Gd(37Cl,4n) 167 1.0 Ndayishimye, et al. [25]
181Ta(180,6n) 105 1.0 10.0 vy Ndayishimye, et al. [25]
1947] 181Ta(180,5n) 91, 93 Stacked 2 or 3 x 0.5 3.0 yy Masiteng, et al. [10, 26]
181Ta(180,5n) 91 1.0 + backing 7Y Masiteng, et al. [27]
1981 Y7Au(a,3n) 40 13.0 Yy Lawrie, et al. [28, 29]
Y7Au(a,3n) 40 0.2 ey b) Lawrie, et al. [28, 29]

Note: @ Data from Max-Planck-Institut fur Kernphysik Heidelberg [17].

) Orsay electron spectrometer [18].

the species of interest, limiting the angular momentum
input to ~ 20A.

The stable, heavy-ion beams at the iThemba LABS
facility [30] are supplied by the Separated Sector
Cyclotron. As this is a £ = 200 cyclotron, proton beam
energies of up to 200 MeV are available; for heavy-ions,
the beam energy also depends on the charge state of the
beam. At iThemba LABS, two Electron-Cyclotron Reso-
nance Ion-sources (ECRIS) are available for charge
breeding — ECRIS4, which was originally built by
GANIL for the Helmholtz—Zentrum Berlin [31, 32] and
GTS2, based on the design of the Grenoble Test Source
[33]. The latter is able, for example, to produce useful
132Xe beams in the 38" charge state, giving a beam
energy of 2.2 GeV.

3.2 AFRODITE

Fusion-evaporation reactions leave the evaporation
residues in high-spin states which decay chiefly by ~-ray
emission. Thus ~y-ray spectroscopy becomes the main
tool for deciphering the properties of the excited states
of the nucleus, including any chiral properties. The chief
tool for ~-ray spectroscopy at iThemba LABS has been
the AFRican Omnipurpose Detector for Innovative
Techniques and Experiments (AFRODITE) [34, 35], an
array of HPGe detectors. During the course of these
investigations, which took place over a decade,
AFRODITE would be configured with up to nine Comp-
ton-suppressed Clover [36-38] HPGe detectors, each
with a peak-to-total ratio of up to 50%, and eight LEPS

[34] HPGe detectors for a total photopeak efficiency of
up to 1.6% at 1.3 MeV. The data acquisition system
passed through various upgrades and is presently
equipped with a digital data-acquisition system based on
XIA LLC PIXIE-16 cards [39]. This system allows data
to be taken in singles mode, which typically corresponded
to a y—y coincidence event-rate of around 10 kHz.

The AFRODITE frame, that supports the detectors,
can accommodate four Compton-suppressed clovers at
45° to the beam axis, eight at 90° and four at 135°. In a
typical experiment, the clover detectors would be
distributed equally around 90° and 135° to the beam
axis. This geometry allows the formation of various
ratios of Directional Correlations from Oriented (DCO)
states [40], which assists in making spin-parity assign-
ments. Data were recorded in coincidence mode, with
the condition that a minimum of two ~-rays should be
detected in separate detectors (doubles). A typical DCO
ratio, Rpco, between two ~-rays, ~1(0;) and ~(6;)
detected at angles (6; ;) = 135° or 90° was formed as

I(71(90°)72(135°))
I(71(135°)72(90°))"

If the first transition is of known stretched quadrupole
character, typical Rpco ratios give values close to 0.6,
and 1, when the second transition is of stretched pure
dipole or quadrupole character, respectively. Other
values are possible depending on the value of the
quadrupole—dipole mixing ratio of the second transition.
An Angular Distribution from Oriented states (ADO)
could also be formed as the ratio

(2)

Rpco =
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R I(7(135°)) 3) E, (keV)
ADO = 7/ lano\ !’
I(v(90°)) @ |00 935 960 965 970 975 980
106 Band 2 966.6 keV
where the intensities I(y(f)) are formed by summing Ag 16—14-

over all coincidences of the type I(y1(6)y2(«)), where
a=135°,90°. In the AFRODITE geometry, the Rupo
ratios are approximately 1.3 and 0.8 for stretched
quadrupole and pure dipole transitions, respectively.

Further information on r-ray multipolarities can be
obtained with the AFRODITE array by measuring the
linear polarisation P(#) of the emitted y-ray [41]. P(6) is
defined as the difference between ~-ray intensity with
electric vector parallel to the reaction plane, (defined by
the beam axis and the emitted -ray), and that with
electric vector perpendicular to the reaction plane,
normalised to their sum

1(0,¢ = 0°) — I(6, ¢ = 90°)
16,6 =0°) + 1(6,¢ = 90°)"

P(0) = (4)

The quantity P(90°) is used to determine the electric
or magnetic character of y-ray transitions, as it is positive
for both stretched F1 and E2 transitions, and negative
for stretched M1 and M2 transitions. As the name
suggests, the clover detectors have a four-fold segmentation
formed by four distinct crystals, arranged in a “clover’
pattern, which allows them to function as a Compton
polarimeter [42]. Those clover detectors at 6 =90° are
placed where P(f) is a maximum. By measuring the
intensity of ~-rays scattered from one crystal to the
other, in a direction either parallel to the beam line N/,
or perpendicular to the beam line N |, the linear polarisation
anisotropy can be formed,

(J,NJ_—N//
a]\/vl—]\f//7

)

Ap = (5)
where a represents the scattering efficiency of the detec-

tor. The linear polarisation and linear polarisation
anisotropy are related through

Ap = Q(E,)P(0), (6)

where @ is a measure of the efficiency of the polarimeter
which depends on v-ray energy. An internal calibration,
using known transitions, can be made to determine
Q(E,).

The primary information determined by spectroscopy
experiments are levels, spins and parities of nuclear
states. More can be learned about the nature of excited
states by measuring their lifetimes. These are related to
nuclear transition matrix elements which in turn depend
on the underlying nuclear structure of the nuclear states.
Quantities such as in-band transition rates are a critical
test of nuclear chirality, as they should be identical
between the chiral partners. Level lifetimes have been
measured with AFRODITE using the Doppler-Shift
Attenuation Method (DSAM) method. This method
exploits the fact that the energy of a y-ray emitted from

1000
£
=3
o
@)
500+
(b) 0¢
15001 7=0.40 £ 0.04 ps
966.6
135°
1000
E
3
O

500+

1930 1940 1950

Channel number

1910 1920 1960

Fig. 9 An example of a DSAM line-shape analysis [24].
The 966.6 keV ~-ray line is the transition that deexcites the
16~ level of Band 2 in 1%Ag. (a) The 45° spectrum (forward
direction) and (b) the 135° spectrum (backward direction).

a nucleus is Doppler shifted, depending on the velocity,
v, of the emitter and the angle of detection, 0, of the ~-
ray:
v

E, = Ey (1 + Ecos@) . (7)

As the reaction product slows down in the target
medium, the magnitude of the Doppler shift also
decreases. A knowledge of the stopping power of the
target medium for the reaction product allows the lifetime
to be deduced. Since the Doppler shift is maximized at
cos(f) = +1, experiments dedicated to DSAM measure-
ments would have the detectors mounted at 45° and
135°. Examples of various lineshapes are given in Fig. 9.
A 960.2 keV ~-ray de-excites a 10 level in '®Ag, and
because the 10~ state decays after the nucleus has
stopped, the 960.2 keV line shows only the instrumental
resolution. By contrast, the 966.6 keV line shows a
Doppler-shifted tail on the high-energy side of the peak
at 45°, and a low-energy tail at 135°, corresponding to
decays of a 16~ state while the nucleus slowed down in
the target.

The line shape would be simulated using a software
package such as the system COMPA, GAMMA, SHAPE
[43-45]. This package would use Monte Carlo methods
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to simulate all processes contributing to the lineshape,
including the stopping down process of the nucleus in
the target material, and the population and decay of all
states on the path feeding the level of interest. The
latter required calculation of the fusion-evaporation
process, consideration of statistical F1, M1 and E2 tran-
sitions and cascades of FE2 and M1 transitions. The
nuclear properties required as input for such calculations
were taken from the parameters in the literature [46, 47].
Examples of the quality of the fitted lineshapes are
given by the solid lines shown in Fig. 9.

3.3 DIAMANT

Higher sensitivity of the AFRODITE array can be
achieved by coupling it to an ancillary device that is
able to select the reaction of interest and thereby reject
unwanted background events. As many of the reactions
listed in Table 1 involve the emission of charged parti-
cles, the charged particle array DIAMANT [48, 49] was
often employed to enhance the selectivity of
AFRODITE. DIAMANT is an array of 54 CsI(Tl) scin-
tillators, each 3 mm thick and approximately 1 cm? in
area, covering a total of 95% of 4r. As momentum
considerations favour the emission of particles into the
forward direction, the “Chessboard” [50] comprising a
4 x 4 array of DTAMANT CsI(Tl) scintillators, was also
employed at 0°, depending on availability.

4 New regions of chirality

As we have seen above, the conditions required for the
manifestation of strict chirality in atomic nuclei are
rather demanding. The basic requirement is the existence
of a triaxial nucleus, followed by the requirement for
large particle angular-momentum components to be
aligned with the long and short axes of the triaxial
nucleus. In the seminal paper on chirality, Frauendorf
and Meng [1] identified the mass 130 region as prospective
for nuclear chirality. They suggested the level scheme of
134py as presenting possible experimental evidence of a
chiral pair, in which the particle angular momenta were
supplied by an hy;,, proton particle on the short axis
and an hy, neutron hole on the long axis. While
measurements of transition probabilities [51, 52] in *Pr
later excluded this as a case of nuclear chirality, it
prompted a search for other candidates in the region [53,
54], with the case of 'Cs emerging as the best example
of nuclear chirality [55].

In the mass 100 region, the next region of chirality to
be explored, the 7rg;/12 ®vhy1yo configuration would
supply the particle angular momenta in *Rh [8]. Going
lighter still, to the mass 80 region, chirality would be
associated with the mgg/, ®vge, configuration. In a
heavier prospective region of chirality, with mass around

Band 1

(16)*
2 30Br

1484.1*
I

(13)°

1507.8
1292.6*

L@

(1)

1356.0

1146.3*

E‘

)

972.6

§_]
2625

6 =

85.8

Fig. 10 Partial level scheme of 8Br showing the chiral
partners Band 1 and Band 2. Transitions added by Wang et
al. [21] are indicated by stars and red lines.

190, chiral bands could be formed from hg,, proton
particles and i3, holes, to the
Wh9/2®yi;31/2 configuration. Both these new regions of

neutron form

chirality, with mass 80 and mass 190, were discovered at
iThemba LABS.

4.1 Mass 80 region

The first candidate for chirality in the mass 80 region
was 8'Br. The partial level scheme shown in Fig. 10 is
the result of two experiments, one at iThemba LABS,
utilising AFRODITE and the Chessboard, and the other
experiment, at Max-Planck-Institut fiir Kernphysik
Heidelberg [17], employing six EUROBALL CLUSTER
detectors. Wang et al. [21] added a completely new band
to the level scheme — Band 2 — and used a DCO analysis
to deduce that it has the same parity as Band 1, which

R. A. Bark, et al., Front. Phys. 19(2), 24302 (2024)
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Fig. 11 (a) Excitation energy and (b), (c) staggering
parameter S(I) = [E(I) — E(I —1)]/(2I) as a function of spin
for the doublet bands in 3Br. The filled (open) symbols
connected by solid (dotted) curves denote experimental
(theoretical) values [21].

had been assigned [56] to the mgg/ ® vgg/» configuration.
The fact that Band 2 was too low in energy to be a ~-
vibration coupled to Band 1, taken together with the
existence of numerous interband E2 and M1/E2 transi-
tions, suggested Band 2 as a possible chiral partner to
Band 1. The interpretation of the character of Bands 1
and 2 was made with the assistance of Relativistic Mean
Field (RMF) Theory [57], which formed the basis for
input into the Triaxial Particle Rotor Model (TPRM)
[58] calculations. According to the RMF, the deformation
of the nucleus in the 7gg/, ® vge/» configuration is triax-
ial, with By =0.346 and ~ =24.59°. This deformation
implies lifetimes of the lowest-spin members of Band 1
that are in good agreement with measurements [56]. The
resulting TPRM calculations are compared with experi-
ment in Figs. 11 and 12. Although the main features of
the level energies and staggering parameter S(I) of the
bands are reproduced (Fig. 11), an overestimate of S(I)
is seen which is likely caused by a lack of Coriolis atten-
uation in the calculations [21].

By contrast, the in-band B(M1;1 —1—1)/B(E2I —
I —2) values plotted in Fig. 12 show a good agreement

(=]
N

B(M1)/B(E2) [12,/(eb?)]

o
o
u]

u]

Spin (k)

Fig. 12 Comparisons of the measured and calculated in-
band B(M1)/B(E2) ratios for the bands 1 (a) and 2 (b) in
80Br [21].

between experiment and theory. However, the same
calculations showed that the angular momentum of the
hole-like go,, valence neutron had a large mixture of
components with projections on both the long and inter-
mediate axes, departing from the picture of ideal chiral
geometry. The calculated probability distributions for
the projection of the total angular momentum along the
l-, - and s-axes are given in Fig. 13. They differ for the
two bands at the bandhead (I =9h), with that of Band
1 being maximum at K; = 0h and Band 2 being maximum
at K; =6k, indicating an oscillation of the collective
angular momentum through the s—I-plane. Therefore,
Wang et al. [21] concluded that the bands in *Br were
consistent with a chiral vibration, rather than static
chirality, which would require identical K distributions.

The discovery of chirality in the mass 80 region stimu-
lated the Shandong group to an intense experimental
programme at iThemba LABS to search for more examples
in the region. The level scheme of ¥Br, deduced by Liu
et al. [23] is shown in Fig. 14. Bands 1 and 2 were identified
as chiral partners using similar criteria as for ®Br — an
examination of level energies, staggering S(I), and B(M1)
/B(E2) values, which were all in satisfactory agreement
with the TPRM. Unlike ®Br, for which the TPRM
calculations were consistent with a chiral vibration, the
calculated angular momentum probability distributions
for the two bands, along the various axes, shown in
Fig. 15, are approximately equal in the spin interval of 9
to 127, implying that in this interval, ¥Br could be
interpreted as exhibiting static chirality.

Other nuclei to be studied in this mass region include
"As, ™®Br and 8'Kr, as listed in Table 1. New phenomena
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Fig. 13 The probability distributions for projection of total angular momentum on the long (I-), intermediate (i-) and

short (s-) axis in TPRM for the doublet bands in ¥Br [21].
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Fig. 14 Partial level scheme of %2Br showing the chiral
partners Band 1 and Band 2. New transitions and levels are
indicated in red [23].

such as the existence of octupole correlations between
chiral bands in ®Br and ™As, and the observation of
peudo-spin triplet bands in 8Kr were observed. These
discoveries are discussed in detail in Section 7 below.

4.2 Mass 190 region

The '®TI nucleus was the first case of nuclear chirality
to be identified in the TI isotopes in the mass 190 region
[28, 29]. The TI isotopes are the only mass region where
chirality is associated with nuclei with triaxial deformation
with v >30°.

Lawrie et al. [28, 29] observed a chiral pair in '¥T1,
shown in the partial level scheme of Fig. 16, using data
from experiments with the AFRODITE array at
iThemba LABS, and the electron spectrometer at Orsay
[18], as detailed in Table 1. The yrast band had been
assigned by Kreiner et al. [71] to the rhg ®ui1’31/2
configuration — a configuration with angular momentum
components on the short and long axes of the nucleus.
The level scheme was extended by adding a new side-
band, and confirming a low-energy 71.8 keV transition
at the head of the yrast band, implying a signature
inversion in the band. The combination of ADO, polari-
zation and conversion coefficient measurements allowed
firm spin assignments to be made to the yrast band and
its partner. The new side band was associated with the
same 7hg/, ® z/il‘31/2 configuration, as no other two-quasi-
particle configuration involving orbitals close to the
proton and neutron Fermi levels in TI could provide
the observed high spin and negative parity [28]. In addi-
tion, the observed alignments, moments-of-inertia and
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short (s-) axis in TPRM for the doublet bands in 82Br [23].
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Fig. 16 Partial level scheme [28] showing the pair of chiral bands in 1%TI.

B(M1)/B(E2) ratios were found to be almost identical
for both 7hg,, ®1/i1_31/2 bands, in line with expectations
for a chiral pair with perfect mutual orthogonality of the
three angular momenta. On the other hand, the excitation
energies differ by ~ 500 keV and considerable energy
staggering is observed in the yrast band. As discussed in

Sections 2.1 and 2.2 above, such features are not surprising
for real chiral partner bands [3, 6]. In order to study
whether these bands correspond to a chiral system, the
triaxiality of the nuclear shape of 'T1 was investigated
using two-quasiparticle-plus-triaxial-rotor model (QTR)
calculations.
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Fig. 17 Experimental (left panels) and calculated (right
panels) excitation energies, staggering S(I)=[E(I)— E(I—
1)]/(2I), and B(M1)/B(E2) transition probability ratios for
the yrast and side bands in "®TI at v = 44°. The calculations
with and without proton-neutron (V,,) interaction are shown.
Reproduced from Ref. [29].

It is known that in order to form a chiral system, a
triaxial nuclear shape would be required to contribute
angular momentum along the intermediate axis. The
even-even neighbours of %8T1 had been previously asso-
ciated with triaxial shapes with v ~ 36° [59-61]. To
determine the magnitude of the triaxial deformation in
19871, Lawrie et al. [28] compared the experimental data
for the Wh9/2®yi;31/2 pair of bands with QTR [4, 5]
calculations for different ~ deformations. As the
mhgje ® viizs bands exhibit signature inversion that can
be explained in the QTR model with the inclusion of a
residual proton—neutron interaction [62, 63], the residual
interaction

B 3/2
Vpn = V873 (mw) 0 (rp —7y) (uo + ui10p.0,)  (8)
was included, where the parameters vy and u; were set
to previously determined values [63].
The calculations were in best agreement with the
experimental data for triaxial deformation of v = 44°,

[28]. As shown in Fig. 15, the calculations reproduce
(i) the magnitude and the almost constant relative exci-
tation energy of the two bands as a function of spin,
(ii) the observed signature staggering in the yrast band
and its lack in the side band, and (iii) the smooth trend
and the equal values of the B(M1)/B(E2) ratios for both
bands. The importance of using calculations with
proton—neutron (V,,) interaction, particularly when the
calculations are intended to describe the energy staggering
of the bands, is worth noting. Indeed, the same calculations
but without V,,, fail to reproduce the experimental
energy staggering in these bands.

In order to examine whether chiral geometry was
formed, the expectation values of the projections of the
angular momenta of the valence proton, neutron and
rotation along the nuclear axes were calculated. It was
found that these angular momenta were predominantly
aligned along the short, long and intermediate axes,
respectively, supporting a chiral geometry [28]. In addi-
tion, the calculated expectation values for the angles
between these angular momenta were found to be close
to 90°, near the bands heads for the two bands, and
decreasing at higher spins, but remaining larger than 40°
up to highest spins, see Fig. 18 [29]. These results
suggest that the three angular momenta indeed form a
chiral geometry.

Lawrie et al. [29] also studied the orientation of the
angular momenta of the valence proton and neutron.
The probability distributions of the projections of these
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Fig. 19 Calculated distributions of the projections of the
angular momenta of the proton and neutron along the short
and long axes, respectively, for v = 44° and for the yrast and
side bands in ¥T1 [29)].

two angular momenta along the short and long nuclear
axes, respectively, are shown in Fig. 19. As the angular
momenta of the valence proton and neutron are not
fixed along the short and long nuclear axes, respectively,
contributions with different projections also appear, in
particular at higher spins. Nevertheless, the contribution
with largest alignment of 4.5h along the short axis for
the proton and of 6.5k along the long axis for the
neutron remain largest for both bands and for all spins,
confirming that these angular momenta are predominantly
aligned along these two axes. Such orientation, when
coupled with the dominant orientation of the rotation
along the intermediate axis, confirmed further that an
aplanar orientation of the total angular momentum was
formed.

5 Close near-degeneracy and multiple
bands

Following the discovery of a chiral system in the 4 =
190 mass region [28], other T1 isotopes were investigated
at iThemba LABS. Experiments with the AFRODITE
array revealed new chiral systems also in the '93:194T]
isotopes. The chiral system in '%3T1 is associated with
the whg, ® viy;, configuration [25]. In 19471 two chiral
systems were observed, based on the wh9/2®yi;31/2 and
mhy /o ® uil’;’/z configurations [10]. This is the only known
case where the chiral geometry of the angular momenta
in the two-quasiparticle chiral pair persists through a

band crossing and into a four-quasiparticle configuration.
Most importantly, the observed rhg,, ® yi1_33/2 pair
revealed a very close near-degeneracy between the chiral
partners, one of the best known to date [10].

51 197

The analysis of the experiments on '"T1 with the
AFRODITE array (for details see Table 1) allowed
Masiteng et al. [10, 26] to expand the previously known
wh9/2®yi;31/2 band [64] and to observe a new partner
band built on the same nucleon configuration, see Bands
1 and 4 shown in the partial level scheme in Fig. 20.
Both partner bands were extended through a band
crossing and into a mwhg ® Vg
configuration. A number of linking transitions between
the bands both below and above the band crossings
supported the proposed configuration assignments.

The excellent near-degeneracy of the observed chiral
partner bands with four-quasiparticle configuration was
highlighted [10]. These partner bands have similar exci-
tation energies; with energy difference not more than
110 keV throughout the whole spin range of the bands
and reaching a minimum value of 37 keV for the states
with I = 21, see Fig. 21. In addition, the four-quasiparticle
bands show practically identical alignments [65], i,, and
similar B(M1)/B(E?2) transition probability ratios. These
features were compared with the features of some good
chiral partners, such as the two-quasiparticle bands in
128Cs [66], '“Rh [8] and the three-quasiparticle band in
13Nd [9, 67] and found that the pair in *T1 represents
one of the best near-degeneracies, thus one of the best
nuclear chiral symmetry cases observed to date [10].

Masiteng et al. [10] also evaluated the expected triaxiality
of the nuclear shape for these bands of *#T1 using the
Cranked Nilsson—Strutinsky (CNS) codes [12, 68], see
Fig. 22. The deepest energy minimum was found to have
a moderately deformed quadrupole deformation with e, =
0.17 and v = —43° at I = 11, and to persist to high spins,
(I =21). The triaxial deformation implies favored rotation
along the intermediate axis. Coupling the rotational
angular momentum along the intermediate axis with the
quasiparticle angular momenta of the proton along the
short axis and of the neutron(s) along the long axis
would generate chiral geometry in angular momentum.

In addition to the chiral pair, details about another
negative-parity band, denoted as Band 3 in Fig. 20 were
also reported [26]. This band was associated with the
same mhg /o ® z/i;;’/z configuration as the four-quasiparticle
chiral partners Bands 1 and 4. It was the first time a
competition between a chiral pair and another band
built on the same configuration was observed.

It was noted that while the energies of the four-quasi-
particle chiral pair are very similar, Band 3 has somewhat
lower excitation energy, see Fig. 23 [25, 26]. Also while
the alignments of the chiral partner bands are almost

four-quasiparticle
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ratios for the partner bands in '*TI. Data involving the 11~
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Fig. 22 Potential energy as a function of deformation for
the negative parity bands in Tl at (a) T=11" and (b) I =
21". The spacing between the contour lines is 0.25 MeV.
Reproduced from Ref. [10].

identical, the alignment of Band 3 is lower by (1.5-2) &,
as shown in Fig. 24. The alignment of the chiral pair
was found to correspond well to the alignment expected
by the additivity rule, where the alignments of the odd
proton (in the kg, band in 19377) is added to the alignment
of the vi;}, band in the 19Hg isotone, see the red
dashed line in Fig. 23. Thus while the chiral pair corre-
sponds to a full alignment of the rhg,, ® yil‘;”/Q configura-
tion, Band 3 has an incomplete alignment.

For the triaxial shape suggested by the CNS calcula-
tions, see Fig. 22, more than one chiral pair built on the
same configuration may form. Thus in addition to the
chiral partners (Bands 1 and 4) it is possible to see
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a competition between rotational bands corresponding to
triaxial (the chiral pair of Bands 1 and 4) and axially
symmetric (Band 3) nuclear shapes [26]. However, no
sign of axially symmetric shapes was observable on the
potential energy surfaces shown in Fig. 22.

In order to study further the nature of the negative-
parity bands in '%TIl, Masiteng et al. [27] carried out
DSAM lifetime measurements with the AFRODITE
array. Details about the experiment are listed in Table 1.
An example of the line shape analysis is shown in Fig.
25, while the derived lifetimes are given in Fig. 26.

The experimentally measured B(M1) and B(E2) tran-
sition probabilities for the three negative-parity bands in
94T are shown in Fig. 27. It is clear that these experimental
values are similar (within the experimental uncertainties)
for all three negative-parity bands. Thus there is no sign
of a difference in the nucleon configuration or in the
nuclear shape corresponding to these bands.

Masiteng et al. [27] studied the expected features of
the rotational bands built on the whg,, @ yi;33/2 configura-
tion, using theoretical calculations with the MPR model
[12]. A triaxial shape with e; = 0.15 and v = 30° and 40°
was adopted. The calculated orientation of the angular
momenta supported chiral geometry for all four calculated
bands, denoted in Fig. 27 as A, B, C, and D. For v = 30°
the calculated excitation energies of these bands indicated
two well defined chiral pairs, where the yrast chiral pair
comprises bands A and B, while the excited pair is built
of bands C and D. This grouping is based on the
observed gap between the excitation energies of these
two pairs at high spins. However, as discussed above, see
Section 2.1, the near-degeneracy in the calculated yrast
chiral pair is in many case not as close as that of the
excited chiral pairs. The differences are particularly
large for v # 30° and asymmetric configurations. In the
present case, for v = 40° the side band in the yrast

0,1,2,3,4 in 91971 as a function of the initial spin I in
panels (a) and (b), and as a function of the rotational
frequency in panels (c) and (d). Harris parameters of
So = 82 MeV'! and S =40r* MeV? were used. The red
dashed line in panels (c) and (d) indicates the experimental
alignment of the corresponding Vilg)s band in the Hg isotone
increased by 2.1 h, a value that corresponds to the approximate
alignment of the hg/, proton. Reproduced from Ref. [26].

chiral pair lies at energies similar to those of the bands
in the excited chiral pair and this relative placement
looks very similar to the experimental observation. Thus
while all four calculated bands correspond to chiral
geometry, it becomes unclear how to group them into
chiral pairs.

It was also noted that the calculated B(M1) and B(E2)
transition probabilities for the chiral bands with
Thg /s ® 1/2'1733/2 configuration are similar to each other and
in agreement with the experimentally measured values
[27]. It was thus considered that all three observed
mhoss @ viy, bands in 19471 could correspond to triaxial
shape and have chiral geometry. Within this interpretation
a fourth band with the same configuration would be
expected at similar excitation energy as Bands 3 and 4.
Such a band was not observed experimentally; however,
its possible presence could not be ruled out [27].

52 19371

Following the observation of three competing rotational
bands with possibly chiral nature in '"T1, Ndayishimye
et al. [25] investigated the neighbouring '*T1. The
excited states were studied with the AFRODITE array,
for details on the experiment see Table 1. Modifications
and an extension of the previously reported [69] level
scheme of Tl were proposed, see the partial level
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scheme, shown in Fig. 28. The yrast mhg/, ® Vi1_32/2 band
was modified near its band head, and Bands 3 and 4
were revised and extended. Two new five-quasiparticle
bands, Bands 5 and 6, were also reported.

The three observed whg/, ® vi;, bands in 19371 were
compared with the three whg, @ i}, bands in 1947],
The excitation energies and the alignments of these
bands are shown in Figs. 23 and 24. As in '%TI, one of
the bands in 71 lies at lower excitation energy. Like
the bands in *3T1, the yrast band has a smaller alignment
than that for the two excited bands, which matches the
expected full alignment of the valence nucleons, shown
with dashed red lines in Fig. 24. Therefore it is very
likely that the observed bands in '3!%T1 have similar
nature.

The CNS energy surfaces for Tl at I = 14.5 and
18.5 are shown in Fig. 29. The deepest energy minimum
is found for v = -45° which corresponds to a triaxial
shape and a rotation around the intermediate axis. It

suggests chiral orientation of the angular momenta and
the presence of chiral partner bands.

Figure 29 also shows a second, shallower energy mini-
mum at y = —90°. This minimum also corresponds to
triaxial nuclear shape but the rotation is around the
long nuclear axis. It does not support chiral systems
because the total angular momentum is oriented in the
plane of the short and long nuclear axes.

Additional Cranked Shell Model (CSM) calculations
1*32/2 alignments
for nuclear shapes with v = —45° and with v = -90°. It
was found that for the former case the alignment of the
two i1/, neutrons (corresponding to Routhians A, and B)
is largest, while for v = -90° the A Routhian is shifted
to higher energy and the two lowest energy Routhians,
B and C, correspond to lower alignment. Therefore
according to these calculations the expected alignment
of two iy53/, neutrons will be larger for v = ~45° (for the
chiral pair) than for v = —90° (for the single band). Such

were carried out to evaluate the expected vi
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difference in the alignments is in agreement with the
experimental data.

Thus, two possible interpretations can be considered
for the observed negative-parity bands in 9%194T1. The
first was proposed initially for the whg, @ yi133/2 bands in
19471 [27]. Tt is based on the assumption that all three of

the observed bands correspond to nuclear shape with ~
~ —40°. Within this scenario all three bands have chiral
geometry of the angular momenta. It implies that two
chiral systems are generated, the yrast one corresponding
to the viys/, orbitals closest to the Fermi level, with the
largest alignments, while the excited one corresponds to
viyze orbitals with lower alignment. This scenario
predicts four rotational bands, one at lower energy,
while the other three bands lie at higher (and similar to
each other) excitation energies. The shortcomings of this
description are that (i) only three rotational bands have
been observed to date, and (ii) contrary to these calcula-
tions the observed lowest-energy band has lower alignment
that the excited bands.

The second interpretation assumes a competition
between rotational bands associated with v ~ —45° and
with v~ —90°. The former would correspond to chiral
geometry of the angular momenta and produce a chiral
pair. The latter would have a planar orientation of the
total angular momentum and produce a single band.
Therefore three rotational bands are expected within
this scenario, in agreement with the experimental obser-
vations. In addition, according to the CSM results the
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alignment for the chiral pair would be larger than that
of the single band. The shortcomings of this interpretation
are that the CNS calculations find a deeper energy mini-
mum at —45° than at -90°, indicating that the chiral
pair should have lower excitation energy than the single
band. In addition, while a secondary energy minimum
was found at v = —90° in '*TI, see Fig. 29, no sign of
similar energy minimum was noticed for 9T, see Fig.
22.

Ndayishimye et al. [25] considered that the second
interpretation, in terms of competing rotations around
the intermediate and long nuclear axes, was more probable
for 193T1, although the first one, in terms of multiple
chiral systems built on the same configuration, could not
be ruled out. More detailed studies on the T1 isotopes
would be very useful to shed more light on the nature of
these competing negative-parity bands.

6 Resolution of a chiral conundrum in the
mass 100 region

Early calculations [1, 54] of chiral pairs predicted that
the transition from planar to aplanar rotation — the
onset of static chirality — would be accompanied by the
crossing of the yrast chiral partner by the yrare partner,
after which the two bands would remain approximately
degenerate until high spins, when the core angular
momentum would dominate and return the nucleus to
principal axis rotation. Indeed the first candidate chiral
pair, in the nucleus **Pr, exhibited such a crossing near
spin 14h, with the pair of bands continuing close in
energy to spin 194 [70]. In the nucleus *'La, an extrapo-
lation of the yrare band implied a crossing, but it was
not extended to sufficient spin to be confirmed [54],
while in the isotones of 3*Pr, 139Cs, %La, and **Pm,
the yrare partner never crossed the yrast partner,
instead running approximately parallel.

It remained until a new region of chirality was
explored, the mass 100 region, before another potential
example of a crossing between yrare and yrast chiral
candidates would be reported. In the nucleus '%Ag, the
7'rg9_/12®yh11 /> configuration was involved in a crossing
[72]. However, rather than interpret the bands as a pair
of chiral partners, Joshi et al. [72] suggested that the
yrast band of the nucleus corresponded to a triaxial
shape, while its excited partner band was explained in
terms of an axial nuclear shape. Shape transformation
induced by chiral vibration was given as possible expla-
nation for a planar axial rotational band being a partner
of a triaxial band [72].

To come to a deeper understanding of the nature of
the bands in '%Ag, the nucleus was studied at iThemba
LABS by Lieder et al. [24] using the AFRODITE array,
in experiments detailed in Table 1. Two different targets
were used; a thin one allowed the reaction products to

recoil into vacuum so that ~-rays would be emitted with
minimal Doppler broadening, thereby enabling transitions
from high-spin states to be easily observed. A thicker
target was used for a DSAM measurement of lifetimes of
levels in the vicinity of the crossing region.

A partial level scheme deduced in this work [24] is
shown in Fig. 30. It shows three negative-parity bands,
where Bands 1 and 2, which cross near spin 144, are the
bands assigned to the mg; ! ®vhy;, configuration, as
discussed by Joshi et al f? ], and where Band 3 is
included because it could potentially play a role in chiral
phenomena. Not shown is a fourth band of positive
parity, which had been assigned to the 7rg9_/12®
v{ds/2g7/2} vh3, , configuration [73].

An example of the DSAM analysis is given for the
966.6 keV transition of Band 2 in Fig. 9. It shows the
fitted lineshape (red line), comprising a shifted and
unshifted component in the forward and backward
angles (45°, 135°). The lifetimes obtained from the
DSAM experiment, accurate to 20%, are given on the
level scheme (Fig. 30). These, along with branching
ratios, were used to obtain B(M1)/B(E2) ratios and
absolute B(M1) and B(FE2) values, as shown in Fig. 31.

In Fig. 32, quasiparticle alignments, i, are shown for
Bands 1 to 3. There is a difference of nearly 4i in
aligned angular momentum between Bands 1 and 2,
ruling out a simple interpretation in terms of chiral
partners, which led to Joshi et al. [72] to suggest that
the difference was due to planar and aplanar rotations.
However, the approach taken by Lieder et al. [24] was to
exploit the additivity of quasiparticle alignments to
perform an empirical analysis. Aligned angular momenta,
obtained by fitting alignments in neighbouring odd-
particle nuclei, were added together to predict the
aligned angular momenta for various configurations in
106Ag. These are shown as solid lines in Fig. 32. A good
agreement is obtained for Band 1, with the wg;/12 ® vhi)s
configuration. The quasiparticle alignments of Bands 2
and 3 are too low to be identified with the suggestion
[74] of a 71'99_/12 ®vh},,, configuration, but rather are in
good agreement with the predicted aligned angular
momenta for the (mixed) 7'rg9_/12 ®V{g7/2,d5/2}2 112
configuration. These assignments were further supported
by RMF [75-79] calculations which confirmed that the
empirically assigned configurations would lie lowest,
with prolate deformations near g = 0.2 for Bands 1 to 3.
The alignments, calculated using the RMF, shown in Fig.
32, are in good agreement with experiment. The quasi-
particle alignment was also calculated for v =30° but
such a value could not reproduce the data. Finally the
TPRM was used to calculate the experimental energies
and transitions shown in Fig. 31. The satisfactory agree-
ment between experiment and theory led to the conclusion
that the bands could not be identified as chiral bands,
but rather, were of two and four quasiparticle nature.
The second possible example of a pair of crossing chiral
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Fig. 30 Partial level scheme of 1°°Ag [24]. The widths of the arrows represent the relative intensities of the transitions.

The

lifetimes, in ps, are indicated in red; their uncertainties are, on average, 20%.

bands had been ruled out. It should be noted that this
conclusion also differed from a contemporary work by

Rather et al. [81].

7 Pseudo spin and reflection asymmetry

7.1

The atomic nucleus, as a many-body quantum system,
carries a wealth of information on fundamental symmetries
and symmetry breaking. Besides chiral symmetry, reflec-

Chiral bands and octupole correlations

tion symmetry also plays a very important role in
atomic nuclei. Octupole correlations are a manifestation
of broken reflection symmetry in the nuclear mean field
[82], an effect that develops when the valence nucleons
occupy states of opposite parity with both orbital and
total angular momenta differing by 3h. The conditions
are satisfied for proton (neutron) number Z(N) = 34, 56,
88 and 134 [82]. It is very interesting to explore new
phenomena that arise when chiral and reflection symme-
tries coexist in a single nucleus.

In 2016, Liu et al. [20] were the first to report the new
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phenomenon of the coexistence of chirality and octupole
correlations. Medium- and high-spin states in "®Br were
investigated using in-beam ~ spectroscopy using the
AFRODITE array (Table 1). Figure 33 shows the level
scheme of "Br and the experimental data in comparison
with TPRM calculations. Two pairs of positive- and
negative-parity doublet bands together with eight strong
electric dipole transitions linking their yrast positive-
and negative-parity bands were identified. The positive-
parity doublet bands (Bands 1 and 2) and the negative-
parity doublet bands (Bands 3 and 4) were proposed to
have configurations 7gg ® vge, and  mfs o @ vgg)a,
respectively. As shown in Fig. 33, the small energy
differences between Bands 1, 2 and Bands 3, 4 are well
reproduced by the TPRM calculations, as are the magni-
tude and trend of the energy staggering parameters S(I)
and B(M1)/B(E2) ratios. Thus, the configuration assign-
ments and the interpretation of Multiple Chiral Doublet
(MxD) bands are supported by the good agreement
between the theoretical calculations and the experimental
data. It should be noted that the deviation from the
data for the S(I) values and B(M1)/B(E2) ratios of Band
3 might be attributed to the neglect of mixing between
the f5/, and py ), orbitals in the TPRM calculations.

The observation of eight F1 transitions between posi-
tive-parity Band 1 and negative-parity Band 3 (see Fig.

the proton number of ™Br is close to 34, where the
octupole interaction between the mgq, and the mps/y
orbitals gives rise to octupole correlations, it was
suggested [20] that for the = f;/» ® vge» band, the 7 f;/,
orbital is actually mixed with the 7p;,, orbital, leading
to octupole interactions and E1 transitions between the
chiral bands. The experimental B(E1)/B(E2) branching
ratios and the energy displacement §E between Bands 1
and 3 in "®Br are compared with those of ?>Th [83] and
125Ba [84] in Fig. 34. The alternating parity band in
24T is understood as an example of stable octupole
deformation [83], while the positive- and negative-parity
bands connected by E1 transitions in '>*Ba have been
interpreted as evidence of octupole correlations [84]. As
shown in Fig. 34, the B(F1)/B(E2) branching ratios and
0E in ™Br are comparable with those in 2°Ba, but deviate
appreciably from those in 2**Th. So while stable octupole
shape can be discounted in ®Br, the features nonetheless
indicate the existence of octupole correlations. In Fig. 34,
the B(E1)/B(E2) branching ratios increase with spin in
Br. The §E stays constant for even spin, whereas for
odd spin it decreases dramatically, leading to an average
decreasing trend. Both features indicate that the
octupole correlations enhance with spin in "®Br.

Thus Liu et al. [20] observed MyD bands with
octupole correlations in "®Br, which provided the first
example of chiral geometry in octupole soft nuclei and
indicated that chirality and octupole correlations can
coexist in a single nucleus. It motivates further experi-
mental studies of the coexistence of multiple symmetries
in a single nucleus and encourages the theoretical explo-
ration of the reflection-asymmetric triaxial nucleus.

Recently, a new example of the coexistence of chirality
and octupole correlations in the nucleus, ™As was
reported by Xiao et al. [19]. High-spin states of ™As
were populated via the reaction ™Ge(*He, 1p3n) as
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Fig. 34 The experimental B(FE1)/B(E2) values (a) and
energy displacement §E (b) between Bands 1 and 3 as functions
of spin in "®Br, together with those in '?°Ba [84] and 2*Th
[83).

detailed in Table 1. Figure 35 shows the level scheme of
"As and the available experimental data in comparison
with TPRM calculations. One negative-parity and two
positive-parity bands were identified. Among them, the
two positive-parity bands (1 and 2) were suggested to

E(I —1)]/2I, and reduced transition probability ratios B(M1)/B(E2) for MxD in ™Br in comparison with the

have the configuration mge, ® vge,, — the same as the
chiral configuration in ™Br. As shown in Fig. 35, Bands
1 and 2 maintain an energy difference of ~ 400 keV over
the observed spin range. The two bands have similar
S(I) values and exhibit a smooth variation of S(I) as a
function of spin. The B(M1)/B(E2) values of the doublet
bands are similar and show odd—even staggering. As
these features are consistent with the fingerprints of the
chiral doublet bands, Bands 1 and 2 were suggested as a
pair of chiral doublet bands with the mgg/» ® vgy/» config-
uration. In addition, the above experimental features are
in good agreement with the TPRM calculations as
shown in Fig. 35. This agreement supports the configu-
ration assignment and interpretation of the doublet
bands.

The work placed three new E1 transitions linking
positive-parity Band 1 to negative-parity Band 3, implying
the existence of octupole correlations in ™As. The exper-
imental B(FE1)/B(FE2) values and energy displacement §E
between Bands 1 and 3 are shown in Fig. 36. It can be
seen that the B(E1)/B(E2) and §E values in As are
comparable with those in "®Br. These features suggest
that octupole correlations also exist in "*As. The proton
number (Z = 33) in ™As is closer to 34 than the neutron
number (N=41), so the occurrence of octupole correlations
n ™As are more likely to result from valence protons
occupying the mgg,, and mps,, orbitals.

7.2 Chiral bands and pseudo spin

The 2016 observation [20] of MyD with octupole correla-
tions in odd-odd "Br indicated that a simultaneous
breaking of chirality and reflection symmetries may exist
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in nuclei. The work motivated further studies of the
coexistence of multiple symmetries in a single nucleus

[85]. Recently, the coexistence of broken chiral symmetry
and pseudospin symmetry has attracted significant
attention. Pseudospin symmetry in atomic nuclei was
introduced [86, 87] to explain the near degeneracy of two
states with quantum numbers (n,l,5=1+1/2) and
(n—1,1+2,5 =1+ 3/2) — the pseudospin doublets.

In 2019, Jia et al. [88] presented calculations for the
three nearly degenerate bands with the ﬂg;/12®
vhiija(ds /2, g7/2) configuration in '"Ag, performed using
the CDFT and the Multiparticle Plus Rotor Model
(MPRM). The results suggested that these three bands
were pseudospin-chiral triplet bands. It pointed to the
possibility of pseudospin-chiral quartet bands existing in
atomic nuclei. Subsequently, such quartet bands with
the 7whyy/5(ds ), g7/2) ® vhyy o configuration were found in
131Ba [89]. The pseudospin-chiral triplet and quartet
bands mentioned above both involve the (dss, g7/2) pseu-
dospin doublet. Thus, it is of scientific interest to
explore pseudospin-chiral triplet (or quartet) bands
based on other pseudospin doublets.

Recently, Mu et al. [22] reported the first example of
pseudospin-chiral triplet bands involving the = (ps/s, f5/2)
pseudospin doublet. In this work, medium- and high-
spin states in the odd-A nucleus 8'Kr were studied via
fusion evaporation reactions at iThemba LABS (see
Table 1). Figure 37 shows the level scheme of Kr. Two
nearly degenerate positive-parity bands (2 and 3) with
the g2 12 ® Vg;/é configuration and three nearly degenerate

negative-parity Bands (5, 6 and 7) with the
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Fig. 37 Level scheme of 8'Kr [22].

7go2(D3j2: f5/2) @ vy, /12 configuration were identified.
Figure 38 presents the excitation energies E(I) and the
B(M1)/B(E2) ratios for these bands. As shown in Figs.
38(al) and (a2), for Bands 2 and 3, the E(I) values are
close to each other; the B(M1)/B(E2) ratios are similar

and show odd-even staggering with the same phase as a

function of spin. These behaviours are consistent with

the fingerprints of chiral doublet bands. Similarly, Bands
5 and 6 also exhibited the expected properties of chiral
doublet bands as shown in Figs. 38(b1) and (b2). There-
fore, Bands 2 & 3 and Bands 5 & 6 are likely to be two
pairs of chiral doublet bands. However, in Fig. 38(c2),
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Fig. 38 The experimental E(I) and B(M1)/B(E2) for bands 2, 3 with the ng3 , ® ygg_/12 configuration and bands 5, 6, 7 with
the mg9/5(ps/2, f5/2) ® vg, 5 configuration in 81Kr in comparison with the MPRM results [22].
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Bands 5 and 7 exhibit the opposite phase in the
B(M1)/B(E2) staggering, which is consistent with the
characteristic of pseudospin doublet bands proposed in
Refs. [90, 91]. Thus, Bands 6 and 7 were suggested as
the chiral partner and the pseudospin partner of Band 5,
respectively. From the signature argument, the largest
component of the configuration for Bands 5 and 6 would
be wg9/2p3/2®ug;/12, whereas for Band 7 it would be
Tgos2f5/2 ® Vgg_/12'

The MPRM calculations for Bands 2, 3, 5, 6 and 7, in
comparison with the available data, are also shown in
Fig. 38. The characteristics of the experimental data
were reproduced by the MPRM calculations. The agree-
ment between the calculated values and the corresponding
experimental data provides additional support for the
configuration assignments and interpretations of these
bands. Thus, based on the experimental features and
theoretical calculations, Bands 2 and 3 as well as Bands
5 and 6 are interpreted as chiral doublet bands, and
Band 7 is interpreted as the pseudospin partner of Band
5. These observations presented the two new chiral
configurations — ﬂgg/z ® Vgg’/lz and 7gg5(ps/2, fa72) © Vg§/12
— and the first example of pseudospin-chiral triplet
bands involving the (ps s, f5/2) pseudospin doublet.

8 Summary

The AFRODITE array has been used by local and
Chinese groups to discover new regions of chirality
around mass 80 and 190. Many phenomena have been
observed, such as multiple chiral bands, three and four
quasiparticle chiral bands, very close degeneracies,
octupole correlations and chiral bands, and pseudo-spin
chiral structures.

To understand the chiral bands, particle-rotor model
calculations were made to compare measured quantities
such as energies, B(M1)/B(E2) ratios, absolute transition
rates, and energy staggering to the model. The model
calculations also allowed one to draw conclusions about
the orientation of the angular-momentum vectors of the
proton, neutron and core components to judge whether
observed bands conformed to static chirality, or chiral
vibration. Studies of the features of chiral bands calculated
with the quasiparticle-plus-triaxial-rotor model indicated
that the fingerprints for broken chiral symmetry in the
intrinsic frame are too restrictive and may miss the
identification of some bands as chiral. The expectations
for (i) degeneracy in the energies, alignments, moments
of inertia, and B(M1), B(E2) transitions probabilities,
(ii) lack of energy staggering, and (iii) specific staggering
in the B(M1) transition probabilities, appear in the
calculations only in simplified model description, where
the single-particle angular momenta are fixed along the
short and long nuclear axes. It was also shown that
chiral geometry may form for many-particle nuclear

systems where the single-particle angular momenta
along the short and long nuclear axes differ substan-
tially.

According to the particle-rotor model, the nuclei 3Br
and ¥Br exhibit chiral vibration and static chirality,
respectively. In ®Br MyD bands were observed having
opposite parity. Transitions linking these bands indicated
the presence of octupole correlations. The level scheme
of Ag has been revisited and interpreted in terms of
two- and four-quasiparticle bands. In 8'Kr MyD bands
were observed but in this instance they were associated
with pseudo-spin partners. The nucleus Tl was the
first case of nuclear chirality reported in the mass 190
region, while 19319T1  exhibited multiple bands based on
two, three or four quasiparticle configurations. The four
quasiparticle chiral pair in '%*T1 showed the best example
of chiral degeneracy.
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