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Lifetime measurements in mass regions A=100 and A=130 as a test

for chirality in nuclear systems
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Abstract. Two odd-odd nuclei from the A ~ 100 and A ~ 130 regions, namely '"Rh and '**Pr have been
studied in search for chiral doublet bands via **Zr(''B,3n)'>Rh and '"*Sn('°F,4n)'3*Pr reactions, respectively.
Two nearly degenerate bands built on the gy, ® vh;;), configuration have been identified in 102Rh and on
the 7gy1,» ® vhi1/, configuration for 134pr. Lifetimes of excited nuclear states were measured using Doppler-
shift attenuation method and recoil distance Doppler-shift method. The deexciting gamma rays were registered
by the Indian National Gamma Array for '2Rh and using the EUROBALL IV detector array with an inner
Bismuth Germanate (BGO) ball for 1**Pr, respectively. Polarization and angular correlation measurements have
been performed to establish the spin and parity assignments for these bands. The derived reduced transition
probabilities are compared to the predicitons of the two quasiparticles + triaxial rotor and interacting boson

fermion-fermion models.

1 Introduction

Chirality is a phenomenon which is often found in nature.
Examples of systems demonstrating chirality are present
in chemistry, biology, high energy physics, etc. Chiral-
ity has recently been proposed as a novel feature of ro-
tating nuclei [1-3]. A spontaneous breaking of the chiral
symmetry can take place for configurations where the an-
gular momenta of the valence protons, valence neutrons,
and the core are mutually perpendicular [1]. This can oc-
cur, for example, when the proton and neutron Fermi lev-
els are located in the lower part of valence proton high-
J (particle-like) and in the upper part of valence neutron
high-j (hole-like) subshells and the core is triaxial. Under
such conditions, the angular momenta of the valence par-
ticles are aligned along the short and long axes of the tri-
axial core, while the angular momentum of the rotational
core is aligned along the intermediate axis. The projec-
tions of the angular momentum vector on the three prin-
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cipal axes can form either a left- or a right- handed sys-
tem and therefore the system expresses chirality. Since the
chiral symmetry is dichotomic, its spontaneous breaking
by the axial angular momentum vector leads to a pair of
degenerate Al = 1 rotational bands, called chiral doublet
bands. Pairs of bands, presumably due to the breaking of
the chiral symmetry in triaxial nuclei, have been found in
the mass regions A~130 [4-9], A~105 [10-15] and A~195
[16-18], and A~80 [19]. There is also a significant inter-
est from theoretical point of view to investigate the chi-
ral phenomenon [2, 20-24]. However, only in few cases
(126Cs [25], '?8Cs [8] and '?®T1 [17]) the systematic prop-
erties [26] of the chiral bands, which originate from the
underlying symmetry, were confirmed including the tran-
sition from chiral vibrations to static chirality in ('**Nd)
[9]. Thus, the yrast and side bands should be nearly degen-
erate. Characteristic selection rules for electromagnetic
transitions, as discussed, e.g., in [27-29], provide a finger-
print of the ideal static chirality. In the region where the
chiral symmetry sets up the B(E2) values of the electro-
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magnetic transitions de-exciting analog states of the chi-
ral twin bands should be almost equal. Correspondingly,
the B(M 1) values should exhibit odd-even staggering. The
B(M1) values for Al = 1 transitions connecting the side
to the yrast band should have odd-even staggering which
is out of phase with respect to the B(M1) staggering for
transitions de-exciting states in the yrast band. The main
goal of the present work was to check for the existence of
chirality in the mass regions A ~ 100 and A ~ 130.

2 Experiments
2.1 12Rh

Excited states in '’Rh were populated using the reaction
%7r("'B,3n)'2Rh at a beam energy of 36 MeV. The beam
was delivered by the 15-UD Pelletron accelerator at the
Inter University Accelerator Center (IUAC) in New Delhi
[30, 31]. The target consisted of 0.9 rng/cm2 947r, enriched
to 96.5%, evaporated onto a 8 mg/cm? gold backing. The
recoils were leaving the target with a mean velocity v of
about 0.9 % of the velocity of light, c. The target and
backing were chosen to ensure lifetime determination in
the sub-picosecond region using the Doppler-Shift Atten-
uation Method (DSAM).

The de-exciting gamma-rays were registered by the In-
dian National Gamma Array (INGA), whose 15 Clover
detectors are accommodated in a 4m geometry [32]. For
the purposes of the DSAM analysis the detectors of INGA
were grouped into rings with approximately the same po-
sition with respect to the beam axis. The rings where ap-
preciable Doppler-shifts are observed are these at angles
of 32, 57, 123 and 148 degrees. Gain matching and ef-
ficiency calibration of the Ge detectors were performed
using '3?Eu and '*3Ba radioactive sources before sorting
the data in matrices and cubes. The events were unfolded
and sorted into -y coincidence matrices. For the lifetime
analysis, matrices were constructed where one of the y-
rays was detected at an angle with a significant Doppler-
shift whereas on the other axis detection by all detectors of
INGA was allowed. To measure intensities, a matrix was
constructed where the y-rays were detected on both axes
by all detectors of INGA.

2.2 34pr

Excited states in '3*Pr were populated using the reac-
tion '"”Sn('?F4n)'3*Pr. The beam was delivered by the
Vivitron accelerator at IReS in Strasbourg. Lifetimes of
the states were measured using both the recoil distance
Doppler-shift (RDDS) and the Doppler-shift attenuation
(DSAM) methods. For the RDDS measurement, a beam
with an energy of 87 MeV was used. The target consisted
of 0.5 mg/cm? "9Sn foil facing the beam. The recoils,
leaving the target with a velocity of 0.98 (2) % of the ve-
locity of light, were stopped in a 6.0 mg/cm? gold foil.
For the DSAM measurement, a beam energy of 83 MeV
was used. The target consisted of 0.7 mg/cm? ''°Sn, evap-
orated onto a 9.5 mg/cm? '8/ Ta backing used to stop the

recoils. The deexciting y rays were detected using the EU-
ROBALL IV detector array composed of 26 clover and 15
cluster Ge detectors and an inner BGO ball [33]. The clus-
ter and clover detectors of EUROBALL were grouped into
rings corresponding to aproximately the same polar an-
gle with respect to the beam axis. For the present RDDS
and DSAM measurements, the rings of main interest are
those where appreciable Doppler shifts can be observed.
These are the rings 5, 6, 7, 8, 9, and 10 at angles of 122.6,
130.4, 137.6, 147.5, 156.1, and 163.5 degrees, respec-
tively. Events were collected when at least three y rays
in the Ge cluster or clover segments and three segments
of the inner ball fired in coincidence. Gain matching and
efficiency calibration of the Ge detectors were performed
using 152Fy, 133Ba and 3°Co radioactive sources. In the
RDDS case data were taken at 20 target-to-stopper dis-
tances ranging from electrical contact to 2500 pum.

3 Data analysis and results
3.1 12Rh

In order to investigate the level scheme reported in Fig. 1
and electromagnetic properties of the transitions of inter-
est in '2Rh we have performed four types of data analy-
ses. The ordering of the transitions in the level scheme was
determined according to y-ray relative intensities, y-y co-
incidence relationships, and y-ray energy sums. The elec-
tric or magnetic character and multipolarity of the transi-
tions were deduced by linear polarization and angular cor-
relations measurements, respectively. The lifetimes were
derived by using the DSAM. Such complex approach is
employed for the first time in the case of the investiga-
tion of chirality in nuclei. The angular correlation function
for two successive transitions from oriented states depends
on the spins of initial, intermediate and final levels, and
on the multipole mixing ratios [34]. In the present work,
the angular correlation analysis was carried out with the
computer code CORLEONE [35]. The best fit confirms
the spin hypothesis 11 — 10 — 9. In the present experi-
ment, we used the four Clover detectors from the ring at
90 degrees with respect to the beam axis as one compos-
ite Compton polarimeter. The coincidence signals from
the respective arms of the polarimeter, perpendicular and
parallel to the reaction plane, were summed-up to improve
the statistics. The difference spectrum in Fig. 2 reflects the
linear polarization of the transitions observed. The nega-
tive lines correspond to transitions of predominantly mag-
netic character while the positive lines correspond to tran-
sitions of predominantly electric character. The electro-
magnetic character of all previously known transitions was
confirmed. As clearly seen, the transitions of 824 and 966
keV linking the two bands have predominantly magnetic
character (M1) which leads to the assignment of negative
parity to Band 2. In this way, the level scheme shown in
Fig. 1 was derived. The Doppler-shift attenuation method
was utilized to determine the lifetimes of excited states in
102Rh. The analysis was carried out within the framework
of the Differential decay method (DDCM) [36] according
to the procedure outlined in [37] where details about the
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Figure 1. Partial level scheme of '“2Rh. Two negative-parity
bands, candidates for chiral partner bands, are indicated as Band
1 and Band 2.

Table 1. Derived lifetimes in Band 1 and Band 2 of '>Rh.

Band 1
E.q [keV] State [I7] 7 [fs]
1576 (IDy 458(44)
2038 (12)7 227(58)
2477 (13)7 320(71)
2965 (14)7 170(25)
3494 (15)7 117(39)
4022 (16)7 68(14)
Band 2
E.o [keV] State [I] T [fS]
1731 (10); 163(52)
2183 (1), 156(60)
2542 (12);

Monte-Carlo simulation of the slowing down process, de-
termination of stopping powers, and fitting of line shapes
can be found. For each level, lifetimes were derived in-
dependently at the four rings with appreciable Doppler-
shifts. Their final values, obtained by averaging while pay-
ing attention to systematic errors are presented in Table 1.

Thus, we have succeeded to extend the known level
scheme [38] by a new Al = 1 band with a negative par-
ity and to determine 8 new lifetimes. The present results
come to supercede the preliminary level-scheme published
in [39]. More detailed information can be found in [40].
A comparison between theoretically calculated and exper-
imentaly derived B(M1) and B(E?2) values for the case of
102Rh are shown in Fig. 3 and discussed later.
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Figure 2. The difference of the coincidence spectra registered by
the perpendicular and parallel arms of the composite Compton
polarimeter indicates predominantly magnetic or electric char-
acter of the transitions. It is clearly seen that transitions with
energies 824.3, 913.5, and 966.4 keV have magnetic character.
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Figure 3. (Color online) Experimentally derived and theoret-
ically calculated B(E2) and B(M1) transition strengths in chi-
ral candidate bands of '®>Rh. In the upper panels experimental
B(E2) and B(M1) values for transitions in Band 1 and Band 2
are presented. In the second row, the results of TQPTR calcula-
tions are displayed.

3.2 34pr

In Fig. 4, the two bands, candidates for chiral partner
bands are displayed. For the analysis of the RDDS data,
has been employed the standard version of the differential
decay-curve method (DDCM) [41], with gates set on both
shifted (S) and unshifted (U) components of a transition
depopulating levels below the level of interest. For each
flight time ¢, a lifetime value 7 for the level of interest is
calculated by directly using the areas of the U or S peaks
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Figure 4. Partial level scheme of '**Pr. Two nearly degener-
ate positive-parity bands, candidates for chiral partner bands, are
indicated as Band1 and Band 2.

of a transition depopulating the investigated level and of
the directly feeding transitions. A lifetime value is derived
at each distance and the final result for 7 is determined as
an average of such values within the sensitivity region of
the data. More details about the DDCM applied to RDDS
measurements can be found in Refs. [36, 41]. For the anal-
ysis of the DSAM data, we performed a Monte Carlo sim-
ulation of the slowing-down histories of the recoils using
a modified [34, 42] version of the program DESASTOP
[43]. The analysis of the line shapes was carried out ac-
cording to the DDCM for treating DSAM data [36, 37].
The results are shown in the Table 2. The clover rings of
Euroball form a highly efficient Compton polarimeter. On
the basis of directional correlation of y radiation from ori-
ented states [44] and linear polarization analysis, an M1
character with negligible E2 component was assigned to
the AI = 1 intraband transitions. The Al = 2 intraband
transitions show an E2 character. The interband transi-
tions with A/ = 2 have an E2 character and the interband
transitions with A/ = 1 show a mixed M1 + E2 character.
More detailed information can be found in [45, 46].

4 Discussion
4.1 2Rp

To study the bands build on ng9» ® vhii, configura-
tion, we have performed two quasiparticles + triaxial ro-
tor (TQPTR) calculations in the framework of the model
presented in Ref. [47]. The Hamiltonian of this model in-
cludes the rotational energy of the core, the quasiparticle
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Figure 5. (Color online) Experimentally determined and theoret-
ically calculated B(E2) and B(M1) transition strenghts in chiral
candidate bands of '**Pr. In the upper panels experimental B(E2)
and B(M1) values for transitions in Band 1 and Band 2 are pre-
sented. In the second row, the results of TQPTR calculations
are displayed. In the panel of the bottom the predictions of the
IBFFM are presented.

energies of the odd proton () and neutron (v), and a resid-
ual proton-neutron interaction V,,. The core is treated as
a rigid body with a fixed overall quadrupole deformation
€ and a triaxiality parameter y. More details about the
single-particle states involved and the Nilsson parameters
used can be found in Ref. [48]. The parameters € and 7y
were varied until reasonable fit of the energies and transi-
tion probabilities in the lowest two negative-parity bands
was obtained for the values of € = 0.25 and y = 20°. In the
TQPTR calculation, both yrast and yrare negative - par-
ity bands are based on the 11th proton orbital with posi-
tive parity and on the 14th neutron orbital with negative
parity. They originate from the ngg/; and vh,;,, subshells
and are associated at y = 0° with the Nilsson configura-
tions 7/2*[413] and 1/27[550], respectively. The calcu-
lated transition strengths are compared to the experiment
in Fig. 3. The theoretical B(E2)’s reproduce quite well the
absolute values and the increasing trend of the experimen-
tal data after spin I = 14 7. At lower spins, the descrip-
tion is worse since the rigid rotor approach cannot explain
the small drop of the experimental values between spins 9
and 13 7. The comparison between the experimental and
calculated B(M1) transition strengths leads to the conclu-
sion that the TQPTR calculations reproduce roughly the
data in Band 1, but overestimate the transition strengths in
Band 2 (at spins 10,11 7). The differences in the absolute
B(M1) transition strengths in Band 1 and Band 2, together
with the absence of an appreciable out of phase stagger-
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ing of the two data sets, indicate that the expectations for
the observation of a static chirality in '°’Rh are not re-
alized. Also, the TQPTR calculations reveal that the opti-
mum value of the triaxiality parameter y = 20° differs from
the value of 30° characterizing the static chiral case. The
difference in the core contribution to the yrast and yrare
negative-parity bands mentioned above point that dynamic
effects as coupling of the quasiparticles to fluctuations of
the shape of the core may lead to differences in the prop-
erties of these two bands.

4.2 134pr

The energies and electromagnetic transition probabilities
of the chiral candidate bands in '3*Pr are calculated both
in the framework of the two-quasiparticle triaxial rotor
model (TQPTR) as described in Refs. [1, 47] and of the
IBFFM [49, 50]. IBFFM model is based on the interacting
boson model (IBM-1) [51, 52] for even-even nuclei and
the interacting boson-fermion model (IBFM-1) [53, 54]
for odd-A nuclei. A detailed procedure of this calcula-
tion and the parameter choice can be found in [55]. Re-
duced transition probabilities obtained from the present
experiment are shown in Fig. 5, where in the upper pan-
els experimental B(E2) and B(M1) values for transitions
in Band 1 and Band 2 are presented. In the second row
the results of TQPTR calculations are displayed. In the
bottom the predictions of the IBFFM model are presented.
For the TQPTR, the ratio between the moments of iner-
tia have been calulated by cracking about the three princi-
ple axes using the parameters reported in Ref. [2]. In the
IBFFM calculation, the proton and neutron are coupled to
the triaxial core as described in Ref. [55]. Both descrip-
tions include the coupling between the odd particles and
the even-even core in a similar way, taking into account
the partial filling of the hy;,, shells. The orientation in
space is the only core degree of freedom in the TQPTR
model. In IBFFM the deformation of the core is taking
into account as an additional degree of freedom. The re-
sults of both calculations are shown in Fig. 5. The com-
parison with the experimental data show a clear disagree-
ment with TQPTR results and much better matching with
the IBFFM calculation. As already pointed out in preced-
ing publication [45], measured electromagnetic transition
probabilities deviate substantially from the TQPTR calcu-
lations. The calculated B(M1) values show a pronounced
staggering behaviour, the reason of which was discussed
for a special case in Ref. [27]. In the case of IBFFM, the
calculated in-band B(E?2) values for Band 1 (Fig. 5) are in
good agreement with the measured values [45]. For Band
2 experimental and IBFFM inband B(E?2) values for I =
14 - 177 are in almost perfect agreement. As seen in the
figure, the calculated and experimental B(M1) values are
nearly the same in both bands [45]. Such results indicate
that shape fluctuations are an essential ingredient for the
proper description of the structure of the two bands. The
TQPTR calculation shows a transition from dynamic to
static chirality with increasing spin. In the IBFFM model,
the fluctuations of the triaxiality parameter y around its

Table 2. Derived lifetimes in Band 1 and Band 2 of '**Pr. The
experimental technique is also indicated.

Band 1 Band 2

State [I7] 7 [ps] State [1"] 7 [ps]
(10)7 4.93(15) RDDS (13); 1.443(50)
any 1.614(326) RDDS (14)3 1.280(50)
(12)7 1.425(130) RDDS
(13)7 0.904(50) RDDS
(14 0.882(147) DSAM (15)3¢ 0.887(47)
(15)7 0.608(68) DSAM (16); 0.824(52)
(16)7 0.562(47) DSAM (173 0.353(49)
any 0.422(30) DSAM
(18)7 0.249(10) DSAM

mean value of 30° admix near-axial shapes, which are
achiral. This additional left-right coupling strongly in-
creases the difference between the intraband B(E2) values.
A pronounced staggering of the B(M1) values appears in
the TQPTR model while in the IBFFM calculations it is
absent in the data.

5 Conclusions

Lifetimes in '’Rh were measured by means of the Dop-
pler-shift attenuation method and in '3*Pr were measured
by means of DSAM and RDDS methods. In both experi-
ments the branching ratios and electric or magnetic char-
acter of the transitions were also investigated. For the in-
terpretation of our results we applied two theoretical mod-
els, TQPTR and IBFFM. In the case of the TQPTR the
core is a rigid triaxial rotor, the deformation of which and
its moments of inertia were calculated by means of the
TAC mean field theory. The TQPTR takes into account
only the orientation of the angular momenta of the parti-
cle, of the hole, and of the core. For the '**Pr nuclei the
TQPRT model describes very well the energies of the two
bands. The calculations give strong B(M 1) values (and un-
stretched B(E2) values) that alternate with spin between
in-band and interband transitions, whereas the experimen-
tal inband values are large and the interband values are
small.

In the case of '"”Rh the comparison between the ex-
perimental and calculated B(M 1) transition strengths leads
to the conclusion that the TQPTR calculations reproduce
roughly the data in Band 1 and are consistent with the tran-
sition strengths in Band 2 at spin 11%. The absence of an
appreciable staggering of the data in Band 1 indicates that
the expectation for the observation of a static chirality are
not realized. Also, the TQPTR calculations reveal that the
optimum value of the triaxiality parameter y = 20° dif-
fers from the value of 30° characterizing the static chiral
case. In the case of **Pr we performed IBFFM calcula-
tions, where the IBFFM core has the deformation parame-
ters as additional degrees of freedom, which are described
by the IBM. The y - decay properties of the levels, cal-
culated in this framework, are in excellent agreement with
experimental data. Our lifetime measurements and the the-
oretical analysis do not support static chirality in both nu-
clei. This means that the chirality in '°2Rh, if it exists, has
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mainly a dynamical character. Thereby the coupling due
to shape fluctuations may play a central role.
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