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ARTICLE INFO ABSTRACT

Editor: B. Blank

Two new negative-parity bands have been identified in the odd-odd '®™Rh nucleus. According to their

experimentally observed properties, they have the same 7(lgy /2)"®v(lh]| /2)' high-j configuration as the
previously known negative-parity chiral doublet bands. This observation raises the possibility of the existence of
multiple chiral doublet bands, M yD, in this nucleus. Comparing the properties of the observed bands with results
of detailed theoretical calculations, one can conclude that the lower energy parts of bands 1 and 2 are chiral
partner bands with the z(1g, /2)“®v(lh11 /2)1 two-quasiparticle configuration, while bands 3 and 4 are chiral
partner bands with the z(lgy /2)‘1 ® v(lg, /2)‘2(1h11 /2)1 four-quasiparticle configuration. Thus, MyD based on
different configurations is observed in '™Rh.

1. Introduction

Chiral rotation of triaxial nuclei when, in the intrinsic frame of the
rotating triaxial nucleus, the total angular momentum vector lies out-
side the three principal planes, was proposed in 1997 [1] as a novel
form of spontaneous symmetry breaking. After the first identification of
the phenomenon in four N = 75 isotones in 2001 [2], many chiral candi-
date nuclei have been reported experimentally in the A ~ 80, 100, 130,
and 190 mass regions [3-22]. A review of the experimentally observed
chiral bands can be found in Ref. [23]. Observation of chiral bands also
in odd-mass nuclei [10,18,19] emphasizes the importance of the triax-
ial core [19], while comparison of their properties with those of the
odd-odd cases suggests that in the chirality regions chiral geometry can
be robust against the change of configuration. This raises the possibil-
ity of having more than one chiral doublet structures in a single nucleus
with different configurations. Indeed, it was demonstrated by Meng et
al. [24-27], based on adiabatic and configuration-fixed constrained tri-
axial covariant density functional theory (CDFT) calculations, that it is
possible to have multiple pairs of chiral doublet bands in a single nu-
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cleus. They introduced the acronym MyD for this phenomenon. The
first experimental evidence for the predicted M yD with different and
with identical configurations have been reported in 133Ge [28] and in
103Rh [29], respectively. Since then, the MyD phenomenon has been
observed in several odd-mass nuclei, as well as in some odd-odd (i.e.
78Br [22]) and even-even (i.e. 1?*Nd [30]) nuclei. However, in the A ~
100 mass region it has only been reported in odd-mass nuclei.

In this Letter we report on the observation of two new negative-parity
bands in !*Rh, which have similar properties to the previously observed
chiral bands [14], and which are interpreted also as a chiral band pair.
This observation exhibits the existence of M yD in this odd-odd nucleus
for the first time in the A ~ 100 mass region.

2. Experimental methods and results

Medium- and high-spin states of '°*Rh were populated using the
967r('1B,3n) reaction at a beam energy of 40 MeV. The beam, provided
by the 88-inch Cyclotron of the Lawrence Berkeley National Laboratory
(LBNL), impinged upon an enriched 500 pg/cm? thick self-supporting Zr
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Fig. 1. Partial level scheme of '%Rh. The energies are given in keV, the widths of the arrows are proportional to the relative transition intensities.
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Fig. 2. Typical yyy-coincidence spectra obtained in the present work showing
the placement of the y rays in bands 3 and 4.

foil. The emitted y-rays were detected by the Gammasphere spectrom-
eter. [31,32] Approximately 9 x 108 four- and higher-fold events were
accumulated and sorted off-line into 2-d and 3-d histograms. The data
analysis was carried out using the RADWARE software package [33].
A more complete level scheme of **Rh was constructed using the ob-
served coincidence relations, as well as energy and intensity balances
of the gamma transitions. Spin and parity assignments for the new
states were deduced from the measurements of angular-intensity ra-
tios, based on the method of directional correlation from oriented states
(DCO) [34].

Results of the first analysis of the collected data set have been pub-
lished in Ref. [14]. A chiral band pair with the 7g9,,®Vh,, /, configura-
tion has been reported. That analysis concentrated only on the published
band pair. A more extensive analysis of the data set has been performed
in this work, which provided an extended level scheme with several new
bands. In this Letter we concentrate on the negative-parity bands and on

the possible multiple chiral doublets among them. Two new negative-
parity medium-spin rotational bands have been found. A partial level
scheme showing the bands relevant to the focus of this Letter is plotted
in Fig. 1. Bands 1 and 2 are the formerly reported chiral band pair [14],
while bands 3 and 4 are the newly identified bands. Most of the previ-
ously published levels and transitions have been confirmed and bands
1 and 2 have been extended by 1 and 2 levels, respectively. The pub-
lished placement and decay of the 17~ member of band 1 could not
be unambiguously confirmed, as the energies of the depopulating tran-
sitions overlap with that of depopulating the 17~ member of band 2.
They cannot be separated from coincidence relations with transitions
below them in the level scheme. In case of band 2, these transitions are
in coincidence with the 1298 keV transition above the 17~ level. How-
ever, in case of band 1 no transition populating the 17~ level could be
found. Bands 3 and 4 could be firmly placed by the coincidence relations
of the many transitions connecting them to each other and to bands 1
and 2. Typical yyy-coincidence spectra supporting the placements of
the new bands are seen in Fig. 2. Dipole or quadrupole character could
be determined from the measured DCO ratios for many new transitions.
The measured DCO ratio values for the Al = 1 transitions matched with
the values expected for pure dipole transitions (~0.6) within the exper-
imental errors. Thus, we accepted pure M1 multipolarity for them. The
derived characters assisted in spin-parity determinations for the new
levels. The parities were deduced using the additional assumption that
if a level decays by both quadrupole and dipole transitions with compa-
rable intensities, then the quadrupole transition is E2. The 953, 1000,
1012 and 1047 keV transitions from band 3 to band 2 have been found
to have E2 character, fixing the spin-parities of the levels in the upper
part of band 3, as they are shown in Fig. 1. The spin-parities of the lev-
els in the lower part of band 3 are derived from the observed dipole
character of 252, 318, 402 keV transitions, and from the many linking
transitions to the different spin-parity levels of bands 1 and 2. The spin-
parities of the levels in band 4 could be derived from the obtained E2
character of the 804 keV and the 1172 keV decay-out transitions. These
spin-parities are confirmed by the obtained dipole character of the 1078
keV and 1038 keV transitions.
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Fig. 3. Comparisons between the experimental and theoretical quasiparticle
alignments of bands 1, 2, 3, and 4.

3. Discussion

To assist in the configuration assignments for bands 1-4, we have
derived their quasiparticle alignments as defined in Ref. [35] (see in
Fig. 3) and the in-band B(M 1)/ B(E2) ratios of reduced transition prob-
abilities (see in Fig. 5). The intrinsic quantum number K =4 and the
Jo=8.9 A2 /MeV and J, = 15.7 h*/MeV? parameters of the Harris for-
mula J = J; + J;@?, describing the dependence of moments of inertia
on the rotational frequency, have been adopted in the derivation of the
quasiparticle alignments. It can be seen that all of the four bands have
rather similar alignments over a wide range of rotational frequencies,
which indicates that the high-; orbitals involved in their configurations
are the same. Bands 1 and 2 were previously proposed as chiral doublet
bands built on the same 71:(1g9/2)‘1 ® v(lhll/z)l configuration [14]. In
band 1, there is an increase in alignment at 7w ~ 0.54 MeV, while in
band 2 the increase in alignment occurs at i ~ 0.34 MeV. The align-
ment values in bands 3 and 4 are similar to each other and a bit larger
than those of bands 1 and 2. The B(M1)/B(E?2) ratios derived in the
present analysis agree with that of presented in Ref. [14] with one ex-
ception. The in-band B(M1)/B(E2) ratio for the 15~ state of band 2 is
about five times larger in the present analysis than the published value.
It is very large compared to the values derived for the other levels, due
to the rather small intensity of the 949 keV E2 transition. This may be
a sign of a configuration change in band 2 at this level.

It is seen in Fig. 3 that the new bands, similarly to the previously
published ones, have quasiparticle alignment values around 87, which
shows that very probably the 7(1gg /2)_l ® v(lhy, /2)l high-j configu-
ration is part of their quasiparticle configurations. Indeed, we assign
the 7(1gg /2)’1 ®v(lg, /2)’2(1h1 I /2)1 four-quasiparticle configuration to
these bands based on the following discussion. This observation raises
the possibility of the existence of multiple chiral doublet bands, M yD,
in this nucleus, similarly to the case of '%Rh.

The standard fingerprints of chiral bands, i.e., close excitation ener-
gies, a constant staggering parameter S(I) =[E(I)— E(I — 1)]/21, and
a similar behavior of the B(M 1)/ B(E2) ratios of transition probabili-
ties, are fulfilled for both the bands 1 and 2, as well as for bands 3 and
4 as seen in Fig. 5. Thus, there may be two pairs of composite chiral
partners, bands 1 and 2, as well as bands 3 and 4, in 104R,

In order to understand the nature of the observed negative-parity
band structure in '%*Rh, first adiabatic and configuration-fixed con-
strained CDFT calculations [24] were performed to search for the possi-
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Fig. 4. The potential energy as a function of # in adiabatic (open circles) and
configuration-fixed (lines) constrained triaxial RMF calculations with the effec-
tive interaction PC-PK1 for '™Rh. The § and y shape parameters of the labeled
states are given in parentheses.

Table 1

The excitation energies E,, deformation parameters f§ and y, and
their corresponding configurations (valence nucleon and unpaired
nucleon) as well as the parities of minima for states A-F and a in the
configuration-fixed constrained triaxial CDFT calculations.

State E, B,7) Unpaired configuration

3

A 000 (027.232°)  x(lgyy) ™ @ v(lhyy)! -
B 0.08  (024,214°)  x(lgy)™' @ v(lgyn)™! +
C 029 (0.22,13.6°)  7(2p;n)' ® v(lgyn)™ -
D 0.87 (019, 0.0°)  x(lgyp)! ®v(lgy;,)! +
E 121 (0.36,85%)  n(lg;) @ v(lhy))! -
F 241 (046,42°)  7(2py;)”" @ v(lgy)y)! -
a 130 (026,189°)  x(lgy)™' @ v(lgyn) Ay ) —

ble configurations and deformations. With the obtained configurations
and deformations, quantum particle rotor model [28,36,37] calculations
were performed to study the energy spectra and B(M1)/B(E2) ratios.

By minimizing the energy with respect to the deformation y for
a given f, both adiabatic and configuration-fixed constrained triaxial
CDFT calculations have been performed with the effective functional
PC-PK1 [38] for '%Rh. The obtained potential energy curves (PECs)
are shown in Fig. 4. The adiabatic PEC (open circles) is separated into
several regions owing to different configurations and the uninterrupted
PEC (lines) with a certain configuration can be derived from the cor-
responding configuration-fixed constrained calculations. This gives the
local minima A, B, C, D, E and F in Fig. 4. The excitation energy E,,
deformation parameters, valence and unpaired nucleon configurations,
and parity for these minima are summarized in Table 1. It is found that
these minima A-F are all with two unpaired nucleon configurations. As
shown in Fig. 4, the configuration-fixed constrained calculation is also
performed with the four unpaired nucleon configuration a. Its corre-
sponding information is also listed in Table 1.

State A is the ground state, with a triaxial deformation (0.27, 23.2°)
and an unpaired nucleon configuration 7(1gy /2)‘1 ® v(lhyy /2)1. This
configuration was assigned to bands 1 and 2 [14]. States B, C, D, E, and
F have the unpaired nucleon configurations z(1gy;,)™" ® v(1g7/,)7",
7(2p1 ) @ v(lgy )", m(1g90)! @ v(1g72)7", 7(1g7/0)" @ v(1hyy )Y,
and 7(2p;3 /2)’1 ® v(lgy /2)’1, respectively. Of which states B and D are
positive parity states, while states C, E, and F are negative parity states.
For these negative parity states, states C and F do not contain high-; va-
lence nucleon orbital, while state E has a slight triaxial deformation. In
addition, one notes that the energy difference between states A and C
is rather small. Currently, we have not accounted for potential admix-
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Fig. 5. Comparisons between the experimental and theoretical excitation ener-
gies relative to a reference rotor E(1)—0.011(I+1), S(I)=[E(I)-E(I-1)]/21
parameters, and the B(M 1)/ B(E?2) ratios of transition probabilities for the dou-
blet bands 1 and 2 (left panel) and doublet bands 3 and 4 (right panel) in '**Rh.

tures between these states. The reason of this omission is that any such
admixtures would necessitate a two-body interaction potential linking
a py, and gy, proton with a Al =3, alongside a (ds,, 87/,) and hy;
neutron with a A/ =3 or 1. We anticipate that such admixtures would
be negligible in magnitude. However, it is necessary to include these po-
tential admixtures in further analysis for a more precise description of
the bands. For the minima with four unpaired nucleons, state a is a neg-
ative parity state with triaxial deformation parameter y = 18.9°, which
is favorable to the chiral doublet bands. Its excitation energy with re-
spect to the ground state is about 1.30 MeV, which is consistent with
the band-head energy 1.397 MeV of band 3 at I = 10A. We assign this
configuration to the bands 3 and 4.

With the obtained configurations A and a, and with the correspond-
ing deformation parameters from the constrained triaxial CDFT calcula-
tions, quantum particle rotor model (PRM) [39-43] calculations were
performed to study the spectroscopic properties of bands 1-4. Fig. 5
shows the experimental and theoretical excitation energies relative to a
reference rotor E(I)—0.011(I + 1), the staggering parameters .S(/), and
the B(M1)/B(E?2) ratios for the doublet bands 1 and 2 (left panel) and
for the doublet bands 3 and 4 (right panel). In the PRM calculations, the
moments of inertia .7, = J, sinz(y —2kn/3) with Jy =16 h? /MeV and
24 h? /MeV, adjusted to reproduce the trend of the energy spectra of the
doublet bands, are used for the bands 1-2 and bands 3-4, respectively.
For the electromagnetic transition, the empirical intrinsic quadrupole
moment Q, = (3/ \/g)R(z)Z pwith Ry = 1.2A'/3 fm, gyromagnetic ratio
gr=Z/A =043, g,(89)y) =126, g,(hy; ) =—0.21, g,(g7/,) = 0.70,
and g, (ds )= —0.46 are adopted. Here, the proton and neutron g fac-
tors are determined from 8oy = &1 +(&s — g)/ 21+ 1) with g; = 1(0) for
protons (neutrons) and g, = 0.6g,(free). As shown in Fig. 5, the PRM
results reasonably agree with the data, which confirm the present con-
figuration assignments.

For bands 1-2, the PRM results excellently agree with the experi-
mental energy spectra for I < 14h, and deviate from the data in the
higher spin region since the configuration has changed (cf. Fig. 3). These
two bands are separated by ~ 540 keV at I = 87. They approach each
other with increasing spin, and the separation finally goes to ~ 200 keV
at I = 14h. The energy difference between the doublet bands is rather
large since their triaxial deformation is still small to form the static chi-
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Fig. 6. Comparisons between the experimental and theoretical B(M 1) and
B(E2) values of transition probabilities for the doublet bands 1 and 2 in '**Rh.
The experimental data is taken from Ref. [44].

rality. As shown in Fig. 3, the theoretical alignment for band 1 shows a
smooth increase rather than a sharp increase. For band 2, the theoret-
ical alignment deviates from the data at the high rotational frequency
region, which indicates that the adopted configuration becomes not ap-
propriate. The experimental staggering parameter S(I) is seen to vary
smoothly with spin. The calculated S(I) values for band 2 show a lit-
tle staggering behavior. The B(M 1)/ B(E?2) ratios of bands 1 and 2 are
similar, which further supports the interpretation in terms of chiral dou-
blets between bands 1 and 2. The calculated B(M 1)/ B(E?2) is smaller
than the experimental data. The staggering behavior is reproduced for
band 1 in I < 147. For band 2, there is no obvious staggering at I < 147,
which is also reproduced by PRM. However, the B(M 1)/ B(E2) peak of
band 2 at I = 15# is not reproduced, which can be attributed to the
band crossing.

We further compare the experimental and theoretical B(M 1) and
B(E?2) transition probability values for doublet bands 1 and 2, as de-
picted in Fig. 6. Noting that experimental data is available only for band
1 [44]. The PRM calculations reasonably reproduce the experimental
B(M 1) values, while they tend to overestimate the experimental B(E2)
values. This observation raises the possibility that the CDFT calculations
may have overestimated the f deformation parameter. Additionally,
time dependent perturbed angular distribution (TDPAD) measurements
have been reported for the magnetic moment of the isomeric 6~ band
head within band 1 in Ref. [14]. The resulting g factor value obtained
for this state is determined to be g = 0.33(2). In the PRM, the g factor is
calculated to be g = (.25, a bit smaller than the experimental data. We
have further checked that for this state, the rotor angular momentum
components are R, ;; =3.15, 1.87, and 1.387, which gives rotor angu-
lar momentum vector length |R| ~ 3.9, smaller than the proton hole
(lj pl ~ 5h) and neutron particle (|j,| ~ 67) angular momentum vector.
As seen in the following, this state shows the chiral vibration feature.

Elucidation of the chirality evolution with increasing angular mo-
mentum is provided in Fig. 7, where probability distributions for the
projection onto the long (/), intermediate (i), and short (s) axes are pre-
sented. At spin I =6, 8, 10, and 127, the K distributions for bands 1
and 2 distinctly exhibit characteristics of chiral vibration. Specifically,
the maximum K; distribution occurs near K; =0 for band 1, and at
K; =4, 6, 8, and 10 for band 2, respectively. In this spin region, band
1 corresponds to the zero-phonon state, while band 2 represents the
one-phonon state. Upon reaching I = 14 and 164, the K distributions
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for bands 1 and 2 become similar, demonstrating the characteristics of
static chirality. The rotational mode changes from the planar to the apla-
nar mode, consistent with the increasing alignment shown in Fig. 3. At
I = 18n, the K; distributions for bands 1 and 2 become different. The
maximum K, distribution occurs near K; =0 for band 1 and at K; =6
for band 2. This shows that the motion contains a vibration through
the i-s plane. However, one notes that the maximum K; distribution of
bands 1 and 2 occurs at a large value for I = 14, 16, and 18%. The rota-
tional mode tends to be principal axis rotation, resulting in the observed
staggering behavior of the B(M 1) values, as depicted in Fig. 6.

Bands 3-4 are associated with the configuration 7z(lgg /2)_1 ®
v(lg, /2)*2(1 hyy /2)1. The energy separation between bands 3 and 4 was
found to be ~ 200 keV, which, combined with the spin-independent
S(I) parameter and the similar B(M 1)/ B(E2), leads to the interpre-
tation of these bands being chiral partners as well. One notes that the
PRM calculations overestimate the energy splitting between the doublet
bands and do not reproduce the staggering behavior of B(M 1)/ B(E2),
which might indicate that the predicted y value is underestimated.

To investigate the angular momentum geometries of bands 3 and 4,
we have calculated the expectation values of the squared angular mo-
mentum components along the intermediate (i), short (s), and long (/)
axes for the rotor, valence neutrons, and valence proton. The results are
presented in Fig. 8. In both bands 3 and 4, the valence neutrons and
proton exhibit stable components. Specifically, the neutron g;,, holes
demonstrate minor components along the three principal axes, the neu-
tron h,y/, particle aligns mainly along the s axis, and the proton g/,
hole aligns mainly along the / axis. As for the collective core angular
momentum, it predominantly aligns along the s axis within the region
of I < 15h, and subsequently shows a tendency to align along the i
axis. Consequently, the i axis component of the total angular momentum
becomes comparable with the s axis one around I = 15%. As a result,
the energy difference between the doublet bands becomes the smallest.
Hence, the chiral vibration region is predicted for I < 15#, followed by
the onset of chiral rotation. However, it should be noted that the / axis
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R, valence neutrons j,, valence proton j,, and total nucleus J,,,, for bands 3
(top panel) and 4 (bottom panel) calculated by PRM.

component is relatively small, and the total angular momentum closely
approximates the i-s plane.

4. Summary

In summary, two new negative-parity bands have been identified
in 'Rh beside the already known chiral doublet structure. The ob-
served properties of the four bands are rather similar, and the levels
with the same spin-parities are close to each other in energy. To search
for multiple chiral doublet bands in this nucleus, the properties of the ob-
served bands have been compared with results of calculations involving
adiabatic and configuration-fixed constrained CDFT, as well as quan-
tum PRM calculations. According to this comparison, the lower energy
parts of bands 1 and 2 form a chiral doublet structure based on the
7(1g9/2)™" ® v(1hy;p)" configuration, while bands 3 and 4 also form a
chiral doublet based on the 7(1gq /2)’] ®v(lgy /2)’2(1h1 1 /2)1 configura-
tion. In bands 1 and 2, the chiral vibration phenomenon is predicted
within the range of angular momentum values up to 127, which is
succeeded by chiral rotation occurring in the region of 13 < I < 16#. Be-
yond this region, the nucleus tends to orient along the i axis and changes
to a principal axis rotation behavior. In bands 3 and 4, the chiral vibra-
tion phenomenon is predicted to be within I < 157, followed by the
onset of chiral rotation. It provides the first experimental evidence for
MyD in an odd-odd nucleus in the A ~ 100 mass region.
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