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Resolution of Chiral Conundrum in %A g: Doppler-Shift Lifetime Investigation
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The nature of the chiral candidate bands in '°®Ag, one of only two known examples of candidates which
actually cross, is investigated experimentally and theoretically. Lifetimes have been determined for these
bands in % Ag using the Doppler-shift attenuation method with the y-detector array AFRODITE. The level
scheme of '%Ag has been extended, and three negative-parity bands have been observed to high spins.
Configurations were assigned to the negative-parity bands based on a quasiparticle alignment analysis and
on configuration-fixed constrained relativistic mean field calculations. The excitation energies, B(M1) and
B(E2) values, as well as B(M1)/B(E2) ratios have been compared with results of particle-rotor model
calculations. From the investigations, it is concluded that the three close-lying negative-parity bands are a
two-quasiparticle high-K band and a pair of four-quasiparticle bands. The proposal that the two lowest-

lying bands are chiral partners has not been confirmed.
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Spontaneous chiral-symmetry breaking is a phenomenon
of general interest, affecting, e.g., the chiral symmetry of the
gauge theory in particle physics and the geometric properties
of certain molecules in chemistry. Frauendorf and Meng [1]
suggested the existence of this phenomenon in triaxial, odd-
odd nuclei where three angular momentum vectors may
couple to each other in either a left- or right-handed mode.
In the laboratory frame, the restoration of spontaneous
chiral-symmetry breaking can be observed as a pair of
nearly degenerate bands. At low spins, they are energetically
separated and understood as a chiral vibrational mode [2,3].
With increasing spin, they approach each other and become
approximately degenerate after a critical spin, comprising
levels of identical spin and parity, forming thus the static
chiral mode—a consequence of quantum tunneling between
the left- and right-handed solutions [2,3]. The existence of
chiral bands has been proposed in the A ~ 80 [4], 100 [5],
130 [6], and 190 [7,8] mass regions.

Although the chiral-partner bands have energies close to
each other, it is rare to observe a crossing between them.
Crossings are important as a test of the onset of static
chirality. The most famous example of such a crossing is in
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134Pr [9,10]. Indeed, for some time, '**Pr was regarded as
the best example of nuclear chirality.

Additional characteristics of chiral-partner bands are that
their in-band B(M1) and B(E2) values as well as their
B(M1)/B(E2) ratios should be identical [11,12]. The
importance of the investigation of electromagnetic transi-
tion rates was demonstrated when measurements revealed
large differences in B(E2) values between the candidate
chiral bands in '3*Pr, causing this nucleus to lose its status
as the best example of nuclear chirality [13]. Convincing
evidence for the manifestation of static chirality in the
A =~ 130 region has been found on the basis of lifetime
measurements in the nuclei 2%128Cs [14,15].

The only other known case of a crossing between chiral
partners is in the nucleus '"®Ag, as proposed by Joshi et al.
[16], where a pair of negative-parity bands crosses at
I = 14. Such a crossing has not been observed in other
doublet bands in the A ~ 100 region [5,17-21]. Joshi et al.
[16] assigned mgy /'2 ® vhyy ), configurations to the two
lowest negative-parity bands 1 and 2 and considered the
effect of large y softness on the chiral geometry. In a novel
suggestion, for the yrast band 1, the nucleus was assumed
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to have a triaxial shape, while the excited partner band 2
was explained in terms of an axial nuclear shape. Shape
transformation induced by chiral vibration was given as
possible explanation for a planar axial rotational band
being a partner of a triaxial band. Alternatively, in a recent
investigation, Ma et al. [22] proposed that the excited
partner band 2 in '%Ag is due to the alignment of an extra
pair of 4/, neutrons.

With the characterization of the crossing bands being an
open question, we have performed a detailed and complete
spectroscopic investigation of '°*Ag. To provide a stringent
test of the chiral interpretation, the lifetimes, hitherto
unavailable in the band crossing region, were measured
for the bands in "% Ag to high spins using the Doppler-shift
attenuation method. In a previous lifetime investigation
using the recoil-distance method [23], only lifetimes for
band 1 up to I = 13, below the crossing region, have been
extracted. The present experiment was carried out with the
y-detector array AFRODITE at iThemba LABS, which was
equipped with four CLOVER detectors, each at 45° and 135°
with respect to the beam direction. A *Zr('#N, 4n) reaction
at a beam energy of 71 MeV has been used. The target was a
self-supporting metallic *Zr foil of 17 mg/cm? thickness
with an enrichment of 57.4%. This target thickness was
chosen to stop the recoils, which had a maximum initial
recoil velocity of v, /¢ = 1.3%, in the target. Approximately
3.4 x 10° suppressed y-y events were collected.

The level scheme was investigated by replacing the
17 mg/cm? target with one of 0.7 mg/cm? and collecting
approximately 0.4 x 10° y-y events. In a second experi-
ment, a stack of two self-supporting *°Zr foils, 0.6 mm
apart, with a total thickness of 1.4 mg/cm?, was used at a
beam energy of 62 MeV. To obtain information on the
angular distributions and linear polarizations of the emitted
y radiation, the CLOVER detectors were placed at 45°
and 90°, respectively. Approximately 1.1 x 10° suppressed
y-y-y coincidence events were collected.

A partial level scheme of '"Ag resulting from the
present experiments is shown in Fig. 1. It has been
considerably extended with respect to the schemes pub-
lished in Refs. [16,24,25]. Band 2 has been extended by
three transitions up to the 22~ state. Band 3, established up
to the 21~ level, has been completely revised with respect
to the level scheme of Ref. [24] and is found to deexcite by
six newly established high-energy transitions to band 1
(carrying ~80% of the total intensity) and by four transitions
to positive-parity states. A zgy /12 ® vgy/, configuration has
previously been assigned to the latter states [26]. Spin-parity
and multipolarity assignments, based on results of the
angular distribution and linear polarization analysis, agree
with those given previously [16,24], except for the revised
band 3. For this band, a spin and parity of 10~ is assigned to
its lowest observed level.

To extract lifetimes, single-gated coincidence spectra
from the thick-target experiment have been used. The data
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FIG. 1 (color online). Partial level scheme of '°°Ag. The widths
of the arrows represent the relative intensities of the transitions.
The lifetimes in ps, deduced in the present work, are indicated;
their uncertainties are, on average, 20%.

were sorted into two y-y matrices for which the energies of
y rays detected in the 45° and 135° detectors, respectively,
were stored into one axis and those of y rays observed in
any detector into the second axis. For the lifetime analysis,
the program system COMPA, GAMMA, SHAPE [27-29] has
been used, applying the “wide gate on transition below”
gating technique. This requires the knowledge of cascade
and sidefeeding intensities. Furthermore, an appropriate
treatment of sidefeeding is required to determine its time
distribution. The sidefeeding cascades between the entry
states of the final nucleus and the considered levels have
been simulated with Monte Carlo methods [27-29], taking
into account statistical E1, M1, and E2 transitions,
stretched E2 bands, as well as bands of large deformation
in the continuum and particle-hole excitations which
generate cascades of stretched magnetic dipole transitions.
Parameters for the calculations have been taken from the
literature [30,31] or were extracted from the present data
set. The effective quadrupole moments Q,,,, = 4.04:(% and
Ohigh = 9f§ of the unobserved stretched E2 cascades
feeding low- and high-spin states, respectively [27], have
been determined by line-shape analysis of the strong
high-lying 1284.1 keV 19~ — 17~ transition of band 2.
The deduced quadrupole moments are consistent with exp-
erimental values found in ' Ag [32] and '%%Cd [33].
The lifetime analysis has been carried out step by step,
starting at the highest level in each band, for which a
Doppler line shape has been observed. In this way, the
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cascade feeding times as well as the sidefeeding time
distributions could be taken into account. As an example,
the line-shape analysis of the 966.6 keV y line deexciting
the 16~ level of band 2 in '°®Ag is shown in Fig. 2. This line
shows a broad Doppler line shape and is superimposed by
the strong 960.2 keV transition of the instrumental line
shape, deexciting the 10~ level of band 2. Taking into
account the line-shape analysis of the 537.2 keV transition
deexciting the same level, a lifetime of 7 = 0.40 = 0.04 ps
has been deduced for the 16~ level of band 2 in a y°
analysis. The uncertainty includes the statistical uncer-
tainty, that related to the cascade and sidefeeding pattern
and the uncertainty of the stopping power of the recoils
being ~10% [34]. The lifetimes of all investigated levels
are given in the level scheme of Fig. 1. From the lifetimes
and the branching ratios of the A/ = 1 and 2 transitions in
bands 1 to 3 of '%°Ag, the reduced transition probabilities
B(M1) and B(E2) have been deduced and are shown in
Fig. 3. The E2:M1 mixing ratios § of the Al =1 tran-
sitions, deduced in this work, are small and could be
neglected in the calculation of the B(M1) values.

Joshi et al. [16] have assigned 7gy /12 ® vhyy ), configu-
rations to the negative-parity bands 1 and 2, while Ma et al.
[22] assigned a 7gy /12 ® vhi, J configuration to band 2. An
inspection of the aligned angular momenta (alignments)
reveals that band 1 has ~6# while band 2, as well as
band 3, have =104, as can be seen in Fig. 4. The different
alignments were explained by Joshi et al. [16] as a result of
aplanar and planar rotations for the partner bands, but here,
the alternative of different configuration assignments is
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FIG. 2 (color online). The line-shape analysis of the 966.6 keV
y line deexciting the 16~ level of band 2 in 'Ag is shown
for (a) the 45° spectrum (forward direction) and (b) the 135°
spectrum (backward direction).

considered by performing an empirical analysis of quasi-
particle energies ¢’ and alignments i [35]. The quasiparticle
alignments i of bands 1 to 3 in '°°Ag are compared in Fig. 4
with those obtained by summing quasiparticle alignments
of bands from the neighboring odd-mass nuclei !> Ag [20],
107 Ag [24], '5Pd [36,37], and '°’Cd [38].

As can be seen in Fig. 4(a), the zrgg/l2 ® vhyy, configu-
ration assignment to band 1 in '%Ag is confirmed below
0.5 MeV. Above 0.5 MeV, the alignment of band 1
indicates an onset of band crossing.

For bands 2 and 3, a good agreement is found for the
alignment if a 7g5), ® v{gy2. dsj2} vl 1/, four-quasipar-
ticle configuration is assigned to the bands where the
notation v{gy/,,ds;,} indicates that the 2ds,, and lg;,
neutron orbitals interact and mix with each other. In
Fig. 4(b), the alignments of bands 2 and 3 in 'Ag are
compared with those deduced from neighboring odd-mass
nuclei, using bands C and D in '®Ag of zgy /12 ®
v{97/2.ds 2 }vhy, » configurations [20]. As can be seen,
not only the aligned angular momenta of band 2 in '%Ag
but also those of band 3 are quite well reproduced. The
alternative 7gy /12 ® yh?l P configuration assignment for
these bands, proposed by Ma et al. [22], can be excluded
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FIG. 3 (color online). Comparison of experimental (symbols)
and calculated (lines) excitation energies and electromagnetic
transition properties of (a) band 1 and (b) bands 2 and 3. The open
squares for band 1 indicate results from Ref. [23]. The theoretical
results for ng;/'z ® v{g7/2}*vhy1)» configurations of bands 2
and 3 are displayed as dashed and dotted lines, respectively.
The B(M1) values of bands 2 and 3 are also compared with
calculations using a 7gy}, ® vhy, , configuration, shown as
dash-dot-dotted and dash-dotted lines, respectively.
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FIG. 4 (color online). Quasiparticle alignment i as function of
rotational frequency for (a) band 1 and (b) bands 2 and 3 in ' Ag.
The experimental points are shown as full symbols. The align-
ments deduced from the neighboring nuclei are indicated as
straight lines. Results of theoretical calculations are displayed
as dashed and dotted lines. The Harris parameters used are
Jo = 8.9h*/MeV and J, = 15.7h*/MeV? [39].

because its alignment is ~3# larger than those of bands 2
and 3 [cf. Fig. 4(b)]. This is a significant difference,
considering that in the neighboring nuclei, the alignment
relations are fulfilled to within (1-2)7 [39].

Adiabatic and configuration-fixed constrained triaxial
relativistic mean field calculations [40—44] have been
carried out with the effective interaction PC-PK1 [45], to
find the ground state and the local minima for the negative-
parity configurations available in '°°Ag. The features for
the configurations of these minima are summarized in
Table I. The ground state A has a prolate configuration of
(# =0.19, y = 0° and shows softness to y deformation.
State a corresponds to a bandhead of 7gy /12 ® vhyi )
configuration, the same as assigned in the quasiparticle
analysis to band 1, with a deformation of (f = 0.22,
y = 0°). State b corresponds to a bandhead of zgy /12 ®
v{ds)s. g72}*vhy1 > configuration, the same as assigned in
the quasiparticle analysis to bands 2 and 3, with a slight
triaxial deformation of (f = 0.21, y = 5.3°). Bands of
Gy, ® V{972, dsjn}?vhyyy,  configuration are  indeed
expected at low excitation energies theoretically.

To gain a better understanding of the excitation energies
and electromagnetic transition properties of bands 1 to 3,
particle-rotor model (PRM) calculations using the configu-
rations and deformations given in Table I have been
carried out.

For band 1, a moment of inertia of 164%/MeV has been
used. The calculations reproduce the data well up to

TABLE L.

I = 14, as shown in Fig. 3(a). The B(E2) value is almost
constant because the deformation is fixed in the calcula-
tions. Above I = 14, band 1 is crossed by a band of
ngy), ® vhi,,, configuration, which is not taken into
account in the calculations. Band 1 is at low spins
interpreted as a two-quasiparticle high-K band of zgy /12 ®
vhy,/, configuration.

The scenario proposed by Joshi et al. [16], that bands 1
and 2 have 7gy /12 ® vhyy ), configurations of triaxial and
prolate shape, can be tested in the model against the
experimental alignments. Calculations have been carried
out for y = 0° and 30° shown as dotted and dashed curves,
respectively, in Fig. 4(a). The y = 0° curve reproduces the
experimental alignments reasonably well, while a reduction
in aligned angular momentum is predicted for y = 30°.
Neither curve is in agreement with the larger aligned
angular momenta observed for bands 2 and 3.

In the calculations for bands 2 and 3 of zgy /12 ®
v{g7/2.ds;2}*vhyy o configuration, four single-j shells,
viz. 199/, 1hyis2, 1972, and 2ds),, should be adopted
for the PRM calculations, which demands a large model
space and a considerable numerical effort. Considering the
strong mixing of the g;/, and ds;, pseudospin partner
orbitals, the {g;/5,ds;,}* configuration can be well
approximated either by a {g;,,}* or a {ds,}* configura-
tion. The moment of inertia was taken as 22A%/MeV. In
Fig. 3(b), the experimental energy and electromagnetic
transition properties of bands 2 and 3 in 'Ag are
compared with the PRM results. Similar results have been
obtained, by using either the {g;,}* or the {ds/}*
configuration, which demonstrates that the considered
approximation is reasonable.

Bands 2 and 3 are separated by ~900 keV at [ < 154
and gradually approach each other to =450 keV at
I =21h. The experimental and theoretical excitation
energies show an impressive agreement. The calculated
aligned angular momenta are also in good agreement with
experiment, as shown in Fig. 4(b). The experimental
B(M1)/B(E2) ratios are reproduced quite well by the
PRM calculations, although the agreement between the
experimental and calculated B(M1) values, while reason-
able, is not as good. Nevertheless, the agreement is clearly
better than with the calculated B(M1) values for the
alternative, 7gy /12 ®1/h?1 P configuration [cf. Fig. 3(b)],

Excitation energies E, in MeV, deformation parameters f and y, unpaired nucleon configurations, as well as parities

for the minima of the ground state (gs) A and the negative-parity states a and b in the configuration-fixed constrained triaxial relativistic

mean field calculations.

State E, B.7) Unpaired nucleon configuration r Experiment
A 0.00 (0.19,0.0°) 7z:g9_/]2 ® L/g7_/12 + gs

a 1.32 (0.22,0.0°) g5} ® Vhyo - Band 1

b 1.78 (0.21,5.3°) gyl @ {ds)r. g7/2 2 vhyy ) - Bands 2 and 3
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which has already been excluded on the basis of aligned
angular momenta.

The observations that the B(M1) values calculated for
the 7gy /12 ® z/g% /zyh“ /2 configuration do not fall off as
quickly with spin as the experimental values and that the
calculated B(E2) values increase slightly result from the
fact that a frozen rotor is adopted in the calculations.
Both the large energy differences between the doublet
bands 2 and 3 as well as the small triaxial deformation do
not support static chirality [46]. It might be possible to
interpret these bands as a pair of four-quasiparticle chiral
vibrational bands, considering the y softness of '"Ag, or
alternatively, as pseudospin partner bands, considering
that the g7/, and ds/, orbitals are pseudospin partners, but
the correct interpretation of bands 2 and 3 requires further
investigations.

In summary, a thorough spectroscopic and theoretical
investigation of the negative-parity bands in '°Ag has been
carried out. The bands have been revised and extended, and
their lifetimes were measured using the Doppler-shift
attenuation method, representing the first high-quality life-
time measurement of the proposed chiral bands in the mass
A ~ 100 region. The analysis of alignments and comparison
of theoretical and experimental results allow a new under-
standing of the conundrum represented by the crossing
bands 1 and 2. We find that while band 1 corresponds to a
gy /12 ® vhy, ), two-quasiparticle configuration, band 2 nei-
ther has a two-quasiparticle configuration nor results from
the alignment of a pair of /1, , neutrons [22]. It is conclusive
that bands 1 and 2 do not form a pair of chiral-partner bands
as proposed by Joshi et al. [16].

The crossing between bands 1 and 2 is caused by
configurations of different alignment. Although their
electromagnetic properties are not fully understood, bands 2
and 3 are in reasonable agreement with the properties exp-
ected for zgy), ® v{ds)y, g7/2}°vh1), four-quasiparticle
configurations.
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