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Abstract

The nucleus106Rh was populated using the reaction96Zr(13C, p2n) at a beam energy of 51 MeV.γ -ray transitions were
identified using the EUROBALL-IVγ -ray spectrometer and the DIAMANT charged particle array. The yrast band, which
based upon aπg−1

9/2 ⊗ νh11/2 configuration, has been extended toIπ = (22−). A new�I = 1 band has been identified whic
resides∼ 300 keV above the yrast band. Core–quasiparticle coupling model calculations show reasonably good agreem
the data. The properties of the two pairs of strongly coupled bands are consistent with a chiral interpretation for these
 2004 Elsevier B.V. All rights reserved.
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Considerable effort has been made over the las
years to obtain conclusive evidence for the existe
of triaxial nuclear shapes. These efforts have rece
been intensified through the observation of experim
tal evidence for the existence of chirality in the ma
130 region[1] and the wobbling mode inA ∼ 160 nu-
clei [2]. Triaxiality is an essential pre-requisite for th
manifestation of both of these effects in atomic nuc

The existence of pairs of chiral bands, based
a πh11/2 ⊗ νh−1

11/2 configuration, in odd-odd triaxia
nuclei in theA ∼ 130 region is now well establishe
(e.g., see[1,3–7]). Chirality is a direct consequence
the perpendicular coupling of angular momentum v
tors from the odd proton and neutron occupying hi
j particle-like and high-j hole-like orbitals, which lie
along the short and long axes, respectively, and the
axial core rotation vector which is oriented along t
intermediate axis[8,9]. Theoretically this gives rise t
two nearly degenerate�I = 1 bands in the labora
tory frame, which is one of the key signatures for t
formation of chiral geometry in the nuclear intrins
frame. The symmetry constraints on the wave fu
tions of chiral structures have been investigated
found to have interesting consequences for the e
tromagnetic properties of the doublet bands which
sult from the above geometrical arrangement[10]. In
particular, staggering in theB(M1)/B(E2) ratios as a
function of spin within each band is predicted. T
phase of the staggering is found to be related to
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parity of the occupied quasiparticle configuration[11].
In addition, a similar staggering, with the same pha
is expected for the ratio of the in-band and out of ba
M1 transition strengths(B(M1)in/B(M1)out) for the
members of the chiral partner band. Another con
quence of chiral geometry is manifested in the fo
of the constancy of the parameterS(I) (defined as
[E(I) − E(I − 1)]/2I) as a function of spin. This re
sults from the fact that the collective rotation is p
pendicular to the angular momenta of both of the o
particles in the chiral geometry. For non-chiral geo
etry, this would give rise to a large signature splittin
i.e., fluctuations in theS(I) values, in the case of prin
ciple axis rotation.

Very recent work on104Rh [10,12] has provided
the first evidence for chirality (and hence triaxialit
based on theπg−1

9/2 ⊗ νh11/2 configuration in the
mass 100 region. For this region potential ene
surface calculations indicate that106Rh could provide
an even better example of chiral geometry than
found in 104Rh, since the triaxial minimum for th
above configuration is predicted to be much close
−30◦ (Lund convention) than in104Rh. It is therefore
important to establish whether or not106Rh possesse
similar or even better chiral geometry than104Rh and
indeed to establish whether chirality exists in mo
than one odd–odd nucleus in this region in order
provide confidence in the structural interpretation.

In the A ∼ 130 region134Pr was found to be th
only nucleus where degeneracy of the chiral ba
was observed. However, the surrounding nuclei w
found to exhibit good evidence for the remaining tw
experimental signatures related to the chiral geome
i.e., the constancy of theS(I) parameter and th
staggering of theB(M1)/B(E2) ratios. It is still
an open and interesting question as to whethe
not all or indeed any of the above parameters
more robust in the mass 100 region. The pres
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Fig. 1. Partial level scheme for106Rh obtained in the present work.
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work provides experimental evidence for the existe
of chiral structures in106Rh and also presents th
first detailed comparison between data and co
quasiparticle coupling calculations in this mass regi

The investigation of excited states in106Rh presents
a difficult experimental challenge since the nucle
can only be populated very weakly in fusion evap
ration reactions. The low-lying yrast levels of the n
cleus were first identified in fusion–fission work[13,
14], where a strongly coupled structure based on
πg−1

9/2 ⊗ νh11/2 configuration was identified up to
spin and parity of (16−). (Note: the absolute spin va
ues are uncertain since the ground state spin is
known, however, comparisons with data in other od
odd Tc, Rh and Ag isotopes[13–20]strongly support
the spin assignments made.) In the present work
have used the96Zr(13C, p2n) fusion–evaporation rea
tion at a beam energy of 51 MeV to populate exci
states in106Rh. A stack of two (86% enriched)96Zr
targets, each of 590 µg/cm2, was used in the expe
iment. The cross-section for the p2n channel is e
mated to be 2–4 mb. The EUROBALL-IV[21] array,
comprising of only the clover and the cluster Ge d
tectors, was used in conjunction with the DIAMAN
charged particle array[22]. The events associated wi
the proton channel were identified by gating on a tw
dimensional spectrum containing the energy of the
tected charged particles along one axis and their
(particle identification) along the other axis. The P
is an electronically generated signal from the DI
MANT electronics[23] which utilizes a combination
of ballistic deficit and zero cross-over timing.
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Table 1
γ -ray energies, intensities, directional correlation ratios and linear polarization data for transitions in106Rh

Eγ Iγ Directional correlation ratio(R) Polarization(P ) Multipolarity

164.4 100(9) 1.02(3)a M1
309.6 52.7(20) 1.05(3)a −0.44(12) M1
333.1 57.4(23) 1.24(4)a −0.46(16) M1
357.5 1.6(13) (M1)
376.7 6.4(18) 1.02(11)a (M1)
416.6 24.3(13) 0.62(10)b M1
417.3 36.7(18) 0.57(5)b M1
453.3 22.5(12) 0.97(5)a −0.35(22) M1
456.7 6.8(7) 0.85(16)a M1
463.5 10.6(8) 0.97(11)a M1
470.5 5.8(18) 0.90(12)a −0.98(35) M1
471.5 7.8(23) 0.90(12)c −0.98(35)c M1
484.0 4.4(16) (M1)
493.0 2.1(24) (M1)
497.0 3.7(10) (E2)
500.3 3.3(8) −0.85(29) M1
501.0 14.3(11) −0.85(29)a M1
541.0 7.6(14) 1.07(9)a −0.72(30) M1
541.7 4.5(13) 1.07(9)c −0.72(30)c M1
585.2 1.7(9) (M1)
585.7 2.0(9) (M1)
625.6 3.6(21) 1.15(18)a −0.58(68) M1/E2
642.9 24.0(9) 1.10(31) E2
650.0 1.5(9) 1.41(20)a −0.61(64) M1/E2
715.4 0.6(10) (M1/E2)
727.2 8.8(9) 1.68(5)a 0.98(34) E2
733.6 0.3(3) E2
770.2 1.1(4) 1.15(18)a M1/E2
789.0 0.1(7)

824.8 0.5(12) (M1)
834.3 20.3(11) 1.77(12)a 0.75(30) E2
847.0 7.6(15) (E2)
854.0 1.6(16) (M1/E2)
871.1 12.2(8) 1.68(15)a 1.01(37) E2
941.8 3.8(20) (E2)
954.6 13.9(9) 1.71(16)a E2
956.0 3.8(14) 0.38(50) (E2)
963.8 10.4(7) 1.56(16)a 0.70(46) E2
977.6 1.8(21) (E2)
998.5 5.2(16) 1.99(19)a 0.50(25) E2
998.6 6.8(16) 1.99(19)c 0.50(25)c E2

1004.5 7.7(7) 1.82(20)a 1.58(32) E2
1043.2 5.9(6) 1.81(18)a E2
1086.7 2.3(5) (E2)
1170.3 2.8(5) (E2)

a Gated by stretched dipole.
b Gated by stretched quadrupole.
c Combined value with previous listed transition of similar energy.
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The list mode data were unpacked and sor
into a Radware[24] 3-dimensional cube using th
condition that a proton is detected in the DIAMAN
array along with eachγ -ray event. These data we
used to construct the level scheme of106Rh shown
in Fig. 1. The data from the clover and the clus
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detectors also allowed us to deduce the directio
correlation (DCO) ratios,R, as well as polarization
information for theγ rays in this nucleus. In th
EUROBALL-IV geometry the clover and the clust
detectors were arranged at an average angle of◦
and 156◦ from the beam axis, respectively. The DC
ratio R, is defined as the ratio of the intensity
a transition seen in the cluster detectors when g
by a γ ray in the clover detectors, to the intens
of that transition in the clover detectors when ga
by the sameγ ray in the cluster detectors. A two
dimensionalEγ –Eγ matrix comprising of theγ rays
detected in the cluster detectors along one axis
the γ rays detected in the clover detectors along th
other axis was used for this analysis. Investigati
of transitions of known multipolarity revealed that
value ofR = 1.0 is expected if the observed as w
as the gating transitions are stretched and have
same multipolarity. Similarly, the valuesR = 0.54
and 1.85 are expected for a stretched dipole trans
gated by a stretched quadrupole transition and fo
stretched quadrupole transition gated by a stretc
dipole transition, respectively. The clover detect
also allowed us to measure the linear polarization
theγ rays[25,26]. For this purpose twoγ –γ matrices
were constructed. Each of these two matrices h
along one of their axes, theγ rays depositing their ful
energy with a double hit in the same clover detec
while being scattered in a direction perpendicular
parallel, to the reaction plane, respectively. The ot
axis in each case containedγ rays detected anywher
in the array. The linear polarization for aγ ray is
defined as

(1)P = 1

Q

N+ − N−
N+ + N−

,

whereN+ and N− represent the number ofγ rays
of a given energy that are scattered in a perpend
lar, or parallel, direction to the reaction plane, resp
tively. Q is the polarization sensitivity, which has a
energy dependence and is described in more deta
reference[26]. Positive values ofP indicate an elec
tric character while negative values indicate magn
radiation. Theγ ray intensities, DCO ratios(R) and
the linear polarization values(P ) for some of the tran
sitions of interest are given inTable 1.

In the present work the yrast negative parity ba
has been extended up to (22−). In addition, a second
strongly coupled band has been identified up to s
(16−) (seeFig. 1). Fig. 2 shows theγ ray spectrum
obtained by gating on the 471/472 keV doublet in
incidence with the 164 and 333 keV transitions. T
DCO ratio for the 377 keVγ ray and the DCO and
linear polarization data for the 471/472 keV doub
in the side-band are consistent with an M1 assi
ment. This new band decays through severalγ rays
which connect it to the levels of the yrast band. A
though the linking transitions are weak, it was p
sible to deduce the DCO ratios for three transitio
(626, 650 and 770 keV) and the polarization valu
for two of them. Whilst the deduced values have re
tively large errors, they are consistent with a�I = 1
M1/E2 multipolarity with a moderate positive mixin
ratio. We note, however, that an M1/E2 transition w
�I = 0 assignment cannot be ruled out from the dir
tional correlation values. The above results do, h
ever, suggest that the new band has exactly the s
configuration as the yrast band, i.e., the quasipa
cles occupy exactly the same orbitals in a triaxia
deformed potential in the two structures. This is f
ther supported by principal axis cranking (PAC) c
culations using a triaxially deformed Woods–Sax
(WS) potential, which reveal that the unfavored s
nature of the h11/2 orbital is found to lie at an exci
tation energy of∼ 600 keV above the favored sign
ture ath̄ω ∼ 0.45 MeV and to increase with frequenc
In contrast the experimental splitting between the t
bands is∼ 300 keV (seeFig. 3(a)), indicating that the
h11/2 neutron still occupies the lowest orbital in th
triaxial potential.

The perpendicular coupling of the proton hole a
neutron particle would give rise to a chiral doub
if the nucleus attains a triaxial shape. In order to
vestigate the shape of the mean field in106Rh, we
performed calculations based upon the macrosco
microscopic formalism[27–29]. Similar calculations
have successfully predicted triaxial shapes for
known N = 75 chiral cases in theA = 130 mass re
gion. Calculations were performed using a triaxial W
potential with Universal parametrization for the mea
field and the monopole pairing interaction betwe
pairs of like nucleons as the short range interact
The calculations were done for a range ofβ2 − γ val-
ues and the energy was minimized against the hex
capole deformation for eachβ2 − γ point. The results
of these calculations reveal aγ -soft triaxial ground
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Fig. 2.γ -ray spectrum showing a sum of double coincidences f
the cube. The gates used were 471/472 keV doubletγ -ray with the
333 and 164 keV transitions.

state minimum withβ2 ∼ 0.23 andγ ∼ −30◦, which
persists up tōhω > 0.45 MeV.

As indicated above, recent work in104Rh [10] pro-
vided a detailed theoretical investigation of the exp
imental conditions necessary for chirality to be o
served in nuclei. One of these conditions is that
value ofS(I) should be independent of spin for th
doublet�I = 1 bands.Fig. 3(a)shows that this quan
tity is essentially constant with spin for the bands
106Rh. A further fingerprint for chiral structures is th
characteristic staggering in the in-bandB(M1)/B(E2)
ratios as a function of spin. The chiral symmetry i
poses certain phase restrictions on the wave funct
which relate the nature of this staggering to the sp
The odd spin members of the band should be s
gered low compared to the even spins for the n
ative parity πg−1

9/2 ⊗ νh11/2 configuration. In addi-
tion to this, a similar trend is also expected for t
B(M1)in/B(M1)out ratios for the partner band[11,12].
The phase of the staggering is opposite to that fo
in the A = 130 region, where the chiral states ha
even parity and therefore, the even spin members
staggered lower compared to the odd ones.Fig. 3(a)
shows a plot of the experimentalB(M1)/B(E2) and
B(M1)in/B(M1)out values for the observed bands
106Rh. The results for these two characteristics
consistent with what is expected from a chiral str
ture.

It is interesting to note that106Rh fails to comply
with the third characteristic expected for chiral ban
i.e., that it should attain degeneracy at some partic
spin. In 106Rh the partner band remains at an alm
constant separation of∼300 keV above the yras
band whereas in104Rh it attains near-degeneracy
spin 17− [12]. This observation is similar to tha
found in the mass 130 region where only in134Pr
are the chiral bands found to become degene
e.g., see[1,5,6]. This is interesting since106Rh was
expected to possess better chiral geometry than104Rh
because the triaxiality was predicted to be clo
to −30◦. Assuming that the calculations are corr
this suggests that better triaxiality is not necessa
indicative of a better degeneracy. One possible rea
for the partner bands not to be degenerate is theγ -
softness of the mean field, which can give rise to ch
vibrations[1]. In this case, due to theγ -softness of the
core, the rotational angular momentum vector does
remain out of the plane (defined by the long and
short axes) all the time but spends some time wit
the plane as well. If the106Rh core is moreγ -soft than
that of104Rh then these so-called chiral vibrations m
explain the lack of degeneracy between the two ch
partners in106Rh.

In order to further investigate the properties of hi
spin states in106Rh, we performed core–quasipartic
coupling calculations[11]. In these calculations, a
odd proton in the g9/2 orbital and an odd neutron i
the h11/2 orbital were coupled to a rigid triaxial cor
The deformation parameters used for the core w
β2 = 0.235 andγ = −30◦. These parameters were o
tained from the macroscopic–microscopiccalculation
discussed above. The core’s rotational state ene
were calculated using the Variable Moment of Iner
(VMI) model, with the valueE(2+) = 275 keV used
for calculating the ground state moment of inertia. T
coupling constant for the particle-rotor quadrupo
quadrupole interaction was determined by reprod
ing the correct level sequence in the nearby o
A isotopes of Rh. This value of coupling consta
(36.2 MeV/b2) was then used for both protons a
neutrons. Monopole pairing was used as the resid
interaction between pairs of like nucleons. In additi
a pairing constant∆ = 1.237 MeV was used for bot
protons and neutrons. This was calculated using
assumption∆ = 135/A. Small changes in∆ did not
have any significant effect on the results of the c
culations. The Fermi levels for protons and neutr
were fixed to reproduce the correct levels in105Rh and
106Rh, respectively.
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tal

Fig. 3. Plot of the excitation energy (top), staggeringS(I ) = [E(I) − E(I − 1)]/2I (middle) and theB(M1)/B(E2) ratios for the yrast and
partner bands as well as theB(M1)in/B(M1)out ratios for the partner band (bottom), as a function of spin. These are shown for: (a) experimen
data, (b) particle-rotor model calculations. The same symbols have been used for both the experimental and theoretical results.
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Fig. 3(b)shows the results of the calculations a
their comparison with the data. It is clear from the fi
ure that for a triaxial deformation a chiral geome
exists giving rise to a pair of bands which are se
rated from each other by 200–300 keV in energy
moderate spins. This is close to the experimental s
aration between the two bands (∼ 300 keV). A more
detailed investigation of the calculations shows tha
low spins the bands are initially closer together a
then start to diverge at around spins 12. (Note, h
ever, the separation between the bands is sensitiv
factors such as the moment of inertia used in the
culations.) It is also possible that the near-degene
found at low spins in the present calculations m
be removed by including a residual p–n interacti
since this would be expected to affect states near
band head more than at higher spins. Unfortuna
such calculations cannot be performed at the pre
time. The near-degeneracy observed around spin 1
the present calculations is responsible for disturb
the staggering in theB(M1)in/B(M1)out values at this
point.

The S(I) values for the two calculated ban
have no significant spin dependence, which (as
cussed above) is an expectedcharacteristic for chi-
ral bands. The experimental and theoreticalS(I) val-
ues also compare well with each other in their
erage magnitude. Furthermore, the staggering sh
in the plot of the experimentalB(M1)/B(E2) values
for the two bands although less pronounced, is in r
sonable agreement with the calculated values. B
the experimental and the theoretical plots show
same phase for the staggering. Additionally, the
perimentalB(M1)in/B(M1)out values, which are als
expected to follow a staggering pattern with the sa
phase as theB(M1)/B(E2) values, compare favor
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92)
ably in both their phase and relative magnitude. T
observed level of agreement between the theore
calculations and the experimental data provides a
tional support for the chiral interpretation of the tw
bands found in106Rh.

In summary, the nucleus106Rh was populated us
ing the HI fusion–evaporation reaction96Zr(13C, p2n)
at 51 MeV. The yrast energy level sequence has b
extended up toJπ = (22−) while a new strongly cou
pled band, lying∼300 keV above the yrast band, h
been identified up to the (16−) state. These two partne
bands possess the characteristic properties expe
for a pair of chiral bands. The experimental resu
compare reasonably well with core–quasiparticle c
pling model calculations. The present results, co
bined with those from the mass 130 region, sugg
that achieving energy degeneracy in chiral band
not a common event. However, theB(M1)/B(E2) and
S(I) values observed in106Rh are found to be ver
similar to those observed in104Rh, suggesting tha
these two quantities are more robust than the en
separation between the chiral bands against fluc
tions in the chiral geometry. Further theoretical wo
is required in order to investigate whether the use
a γ -soft core has any significant effect on the chi
geometry. Such an approach may, for example, be
to explain the near constant separation that is obse
for the two bands. Furthermore, the result of adding
p-n residual interaction to calculations of the type p
sented in this work would also be interesting in ord
to see how this affects the separation between the
bands at lower spins. The present results suppor
existence of a new region of chirality in theZ ∼ 45,
A ∼ 105 mass region.
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