
PHYSICAL REVIEW C 108, 014309 (2023)

Coexisting single-particle excitations and octupole correlations in the transitional nucleus 217Ra
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The level structure of the transitional nucleus 217Ra has been extended with the addition of around 20 new
transitions. The discrepancies between the placements of several transitions reported in the earlier studies
are resolved. The newly established negative-parity sequence at low excitation energies hints at the expected
parity-doublet structures in this nucleus. The properties of the observed simplex bands are compared with
that of similar bands in neighboring nuclei. Since the presence of parity-doublet structures reflects octupole
correlations, theoretical calculations using reflection-asymmetric triaxial particle rotor model (RAT-PRM) have
been performed. A comparison of the observed features of the simplex bands with the predictions of the
RAT-PRM calculations suggests that 217Ra exhibits an intermediate behavior between the extremes of spherical
and octupole-deformed nuclei. The termination of the simplex bands at intermediate energies and the structures
lying above reflect the dominance of the single-particle excitations at higher excitation energies.
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I. INTRODUCTION

The atomic nucleus is a many-body quantal system in
which the number of valence nucleons outside the shell clo-
sure and the interactions between them mainly govern shape
and properties of the system. At the beginning of several ma-
jor shells, the presence of an opposite-parity intruder orbital
in the vicinity of normal-parity orbitals with � j = �l = 3
gives rise to long-range octupole correlations between the
valence nucleons [1]. Such orbitals are present near the Fermi
surface in nuclei with Z or N � 34, 56, 88, and 134 where
the fingerprints of dynamical or stable reflection asymmet-
ric shapes have been observed [1–3]. The advancements in
the experimental facilities with the availability of radioactive
ion beams and targets have facilitated the measurements of
the E3 transition strengths using Coulomb excitation tech-
niques [4–8]. The deduced electric octupole moments, which
are a direct measure of the strength of octupole correlations,
in the Ra isotopes with 134 � N � 138 (222Ra, 224Ra, 226Ra)
have confirmed the stable octupole deformation in these nu-
clei [4–6,9]. In terms of the level structures, static quadrupole
and octupole deformation in the even-even nuclei is charac-
terized by �I = 2 sequences of opposite parities connected
by enhanced E1 transitions. The excitation energies of the
states of these �I = 2 bands follow the I (I + 1) dependence
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as expected for rotational bands. Also, the negative-parity
sequence is expected to be perfectly interleaved with the
positive-parity ground state band in the case of static octupole
deformation. In addition, the typical B(E1)/B(E2) ratios are
of the order of ≈10−6 fm−2 for such nuclei [1–3]. For the
case of odd-A and doubly odd nuclei where the odd nu-
cleon tilts the total angular momentum with respect to the
normal to the symmetry plane, the simplex symmetry is bro-
ken [10]. In such nuclei, parity-doublet structures (almost
degenerate states of the same spin but opposite parity) are
expected [1,10].

As one moves away from the region of stable octupole
deformation toward the shell closure, a transitional re-
gion is encountered where the interplay between both the
single-particle and collective degrees of freedom results in
complex structures and the properties mentioned above be-
come less pronounced. The recent high-spin investigations in
N = 130 isotones (218Ra and 220Th) and 219Th report near-
constant transition energies and spin-dependent staggering
of B(E1)/B(E2) ratios in these nuclei [11–13]. The almost
constant level spacings and angular velocity over a spin range
imply that the nucleus does not gain angular momentum by
rotating faster. Thus, a new approach in terms of a reflection
asymmetric tidal wave running over the nuclear surface has
been proposed to interpret the observed properties in these
nuclei [14].

It has been noted that the properties of the level struc-
tures of nuclei in the transitional region exhibit a significant
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dependence on the nucleon number. The low-lying states in
216Ra, with two valence neutrons outside the shell closure,
exhibit decreasing level spacing with spin as expected for
single-particle νg2

9/2 excitations [15,16]. On the other hand,
spectroscopic studies in 218Ra (N = 130) revealed irregu-
lar sequences of opposite parity connected by enhanced E1
transitions which, in turn, reflect the dominance of octupole
correlations over quadrupole deformation in this nucleus [17].
In 217Ra, which lies in between the above mentioned iso-
topes, three sequences of E2 transitions are reported at low
excitation energies out of which two are connected by E1 tran-
sitions [18–21]. Although the alternating parity sequence was
qualitatively understood in terms of single-particle neutron
excitations, the observed near linear spin dependence of ex-
citation energies and large B(E1)/B(E2) ratios (≈10−6 fm−2)
hint at the contribution of collective degrees of freedom in
this nucleus. Thus, the disparate level structure in 217Ra with
respect to its neighboring even-even isotopes requires a de-
tailed spectroscopic study of this nucleus to understand how
the dominance of underlying degrees of freedom evolves in
the transitional region.

Prior to the present work, excited states in 217Ra were
established using the in-beam γ -ray and conversion-electron
spectroscopy along with the α-decay studies [18–24]. It was
observed that the placement and ordering of several transi-
tions were at variance in the in-beam studies and need to
be revisited [18–21]. Also, the spin-parities of the excited
states above 2.4 MeV energy were reported to be tentative
in these studies. It may be noted that the low-lying level
structure in 217Ra is observed to be similar to its N = 129 iso-
tones [13,25,26]. However, in all the N = 129 isotones with
87 � Z � 90 nuclei, except 217Ra, parity-doublet structures
have been reported. Therefore, it is imperative to search for
similar structures expected in 217Ra and understand the ob-
served properties with the help of the relevant nuclear models.
Thus, an extensive γ -ray spectroscopy study of 217Ra has been
carried out using the heavy-ion fusion reaction mechanism to
investigate high-spin states and the evolution of structure with
angular momentum in this nucleus. In the present work, we
report an extended level scheme of 217Ra with the addition of
around 20 new transitions. We provide the first evidence of
a new negative-parity sequence which constitutes the simplex
partner band of the already reported ground state alternating
parity sequence. Also, the observed level structures in 217Ra
reflect the coexistence of single-particle and collective excita-
tions in this transitional nucleus.

II. EXPERIMENTAL DETAILS

High-spin states in 217Ra were populated using the
208Pb(12C, 3n)217Ra reaction. The 12C beam with 68-, 72-,
and 80-MeV energies was provided by the 15UD Pelletron
accelerator at the Inter-University Accelerator Centre, New
Delhi. The target consisted of an isotopically enriched (99%)
and self-supporting 208Pb foil of ≈9 mg/cm2 thickness. The
γ rays deexciting the residual nuclei were detected using
the Indian National Gamma Array (INGA) [27] comprising
13 Compton suppressed clover detectors and one low-energy
photon spectrometer (LEPS). The detectors were placed in

five rings at 32◦, 57◦, 90◦, 123◦, and 148◦ with respect to the
beam direction. The raw data were collected using a VME
based data acquisition system [28], which were then written to
a disk in a ROOT [29] Tree format. The energy and efficiency
calibration were performed using a standard 152Eu source. The
calibrated data were written into another ROOT Tree and var-
ious histograms were generated for further analysis. It may be
noted that the two- and higher-fold coincidence data collected
at the three beam energies were combined to determine the
coincidence relationships between the γ rays, multipolarities
of the transitions, and lifetime of isomeric states. In addition,
single-fold data were also acquired to obtain the intensity
information for the strong and noncontaminated γ rays.

The level scheme was constructed on the basis of coin-
cidence relationships between the observed γ rays and the
intensity measurements. In order to establish the coincidences
between the γ rays, the transitions which were detected within
100 ns with respect to each other were used to construct
symmetric two- and three-dimensional prompt histograms.
Several early-delayed γ -γ matrices within different time win-
dows (�T ) were generated to search for isomeric states.
For such histograms, the transitions which precede (succeed)
the coincident γ rays within a certain time interval (�T )
are placed on the early (delayed) axis. In the present work,
the half-life of the metastable state was extracted using the
centroid-shift analysis. It may be noted the lifetimes greater
than one-twentieth of the FWHM of prompt distribution can
be extracted using the centroid-shift technique [30]. For the
current detection setup, the FWHM was found to be around
50 ns for γ rays of ≈500 keV energy. For the centroid-shift
analysis, histograms of time difference (�T ) between the γ

rays feeding and deexciting the state were generated.
The spin and parities of the states in the level scheme

were assigned on the basis of the multipolarities of the γ

rays. Since the intensities of the γ rays originating from the
oriented nuclear states exhibit a particular angular dependence
based on the multipole order of the transitions, the ratios of
directional correlations of oriented states (RDCO) [31] were
measured. An asymmetric γ -γ matrix was generated with the
transitions detected at 32◦ and 148◦ (θ1) on the X axis and
the coincident transitions detected at 90◦ (θ2) on the Y axis.
The RDCO value for a given transition is defined as

RDCO (γ1) = Iγ1 at θ1|gate on γ2 at θ2

Iγ1 at θ2|gate on γ2 at θ1
. (1)

It was found that for a stretched quadrupole (dipole) gating
transition, the RDCO value for a quadrupole (dipole) transition
is 1.0 (1.0), whereas the RDCO value for a dipole (quadrupole)
γ ray is 0.5 (2.0). Since the RDCO values for the electric and
magnetic transitions of a given multipole order are the same,
polarization measurements were performed to ascertain the
parities of the states.

The polarization asymmetry (�asym) [32,33] for a transi-
tion of interest is defined as

�asym = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

, (2)
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FIG. 1. The level scheme of 217Ra established in the present work. The widths of the closed and open areas of the arrows correspond to the
intensity of the γ rays and conversion electrons, respectively. The newly identified γ rays and levels are presented in red color. The transitions
whose placements were inconsistent in different studies [18,20,21] or uncertain in Ref. [38] and have been confirmed in the present work are
shown in blue color. In addition, the earlier reported γ rays whose ordering has been changed are also shown in blue color.

where N⊥ (N‖) denotes the number of Compton-scattered γ

rays detected in the direction perpendicular (parallel) with
respect to the reaction plane.

The inherent geometrical asymmetry [a(Eγ )] in the polar-
ization measurements is taken into account by determining
the ratio of the parallel to perpendicular counts ( N‖

N⊥
)

for unpolarized gamma rays as a function of energy. For the
present detection setup, the value of a(Eγ ) was found to be
1.02(2). The positive value of polarization asymmetry indi-
cates the electric nature of the transition of interest, whereas
the magnetic transitions have negative �asym. For the transi-
tions where the measured �asym values are near zero and/or
RDCO measurements suggests mixed nature, information on
the mixing of different multipoles is required. In order to
determine the mixing ratios (δ), theoretical RDCO and linear
polarization (P) values were compared with the experimental
data points. The theoretical values of RDCO and linear po-
larization (P) were calculated using the formalism given in
Refs. [34–36]. The value of spin alignment parameter was
adopted to be 0.3 in the present calculations.

The linear polarization is related to the measured polariza-
tion asymmetry as

P = �asym

Q(Eγ )
. (3)

The polarization sensitivity [Q(Eγ )] [33,36], which de-
pends on the geometry of the polarimeter, varies as a function
of energy as per the following relation:

Q(Eγ ) = (CEγ + D)Q0(Eγ ). (4)

Here, Q0(Eγ ) is the polarization sensitivity for a point ab-
sorber and scatterer and is defined as

Q0(Eγ ) = α + 1

α2 + α + 1
, (5)

with α = Eγ /mec2, where Eγ is energy of the incident γ -ray
photon and mec2 is the rest-mass energy of the electron. The
coefficients C and D for the polarization sensitivity were taken
from Ref. [37].

III. RESULTS

Figure 1 shows the level scheme of 217Ra established in
the present study. Apart from a few modifications, the pro-
posed level structure is found to be mostly consistent with
that reported in Refs. [18,20]. In addition to the earlier re-
ported transitions, around 20 new γ rays have been placed
in the level scheme on the basis of coincidence relationships
and intensity measurements. Also, the placements of several
known transitions, which were found to be inconsistent in
the earlier studies, have been confirmed in the present work.
The multipolarities of the observed γ rays, wherever possi-
ble, were determined using the RDCO and linear-polarization
measurements. Table I lists the energies, relative intensities
(Iγ ), RDCO, and polarization values of the observed γ rays
along with the spin-parities and excitation energies of the
states. Furthermore, the established level scheme was investi-
gated to search for isomers using early-delayed γ -γ matrices.
The present analysis does not indicate the presence of any
longer-lived [τ > 2.5 ns] state other than the previously re-
ported isomer with T1/2 = 4.62(6) ns at an excitation energy
of 2.4 MeV [39]. The detailed results are discussed in the
following subsections.

A. Revisiting the earlier reported level structures

It has been noted that out of the several transitions which
were reported to directly populate the ground state in the
recent α-decay study [22], only 540- and 331-keV γ rays are
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TABLE I. Table of γ -ray energies, level energies, spin-parity of the initial and final states, and relative γ -ray intensities of the transitions in
217Ra. The RDCO values of the transitions in dipole and quadrupole gates are mentioned along with the linear polarization values and deduced
multipolarity of the transitions. The reported errors in the γ -ray energies, relative γ -ray intensities, and RDCO values include contribution from
both the systematic and statistical uncertainties. The systematic uncertainty in Iγ is considered to be 5% of the relative γ -ray intensity.

Eγ (keV) Ei (keV) Iπ
i Iπ

f Iγ RQ
DCO RD

DCO P Multipolarity

92.9(5) 2394.1(5) 33/2− 29/2− 2.1-3.9a

119.7(3) 1337.5(5) 19/2+ 17/2− 1.3(3) 0.56(7) 1.16(16) D
123.1(3) 3629.6(4) 41/2− 39/2+ 4.6(2) 0.44(5) D
(125.0)b 3258.2(1) 37/2− 35/2+ –
127.1(1) 666.7(1) 15/2− 13/2+ 49.9(25) 0.67(4) 1.20(7) E1c

142.4(4) 4328.8(4) 49/2 47/2+ 0.9(1) 0.64(3) D
157.1(2) 1611.7(3) 23/2− 21/2+ 7.4(4) 0.63(4) 1.15(8) E1c

171.3(2) 1173.5(2) 19/2− 17/2+ 13.4(7) 0.60(3) 1.07(7) E1c

176.9(4) 5001.4(4) 53/2 51/2 0.3(1) 0.49(3) D
196.7(2) 3826.3(2) 45/2− 41/2− 6.2(3) 1.11(9) 2.07(24) E2c

208.9(3) 539.6(3) 13/2+ 11/2+ 1.0(1)
213.1(2) 1667.6(3) 23/2+ 21/2+ 13.0(7) 0.49(3) 1.00(6) D
216.7(3) 1884.3(5) 25/2 23/2+ 2.0(1) 0.51(6) 0.94(19) D
229.0(1) 1896.6(1) 27/2+ 23/2+ 47.8(24) 1.07(6) 1.94(12) 0.75(11) E2
235.4(4) 931.1(5) 15/2+ 13/2− 0.3(1) 0.99(22) D
248.3(3) 3506.7(4) 39/2+ 37/2− 4.5(2) 0.52(4) 0.98(11) D
271.4(4) 2301.2(5) 29/2− 27/2− 0.9(1) 0.49(5) D
275.1(3) 2305.3(3) 31/2 27/2− 1.2(1) 1.00(12) Q
281.4(1) 1454.8(4) 21/2+ 19/2− 30.4(15) 0.55(3) 0.98(6) 0.49(8) E1
287.4(3) 1218.3(4) 17/2− 15/2+ 2.9(2) 0.53(6) 1.08(17) 0.54(11) E1
330.0(1) 1667.6(3) 23/2+ 19/2+ 25.9(13) 1.06(6) 0.45(9) E2
330.7(1) 330.7(1) 11/2+ 9/2+ 46.7(39) 1.45(13) 0.10(5) E2(+M1)d

335.6(2) 1337.5(5) 19/2+ 17/2+ 8.9(5) 0.54(4) −0.10(3) M1
335.7(1) 1002.2(3) 17/2+ 15/2− 28.7(25) 1.00(7) 0.25(5) E1
344.0(3) 3599.4(3) 41/2 37/2− 1.4(1) 0.89(10) Q
349.4(5) 3604.8(5) 39/2 37/2− 1.3(2) 0.50(7) D
352.1(4) 3956.9(4) (41/2) 39/2 1.1(1) 0.75(14) D+Q
360.1(3) 4186.4(3) 47/2+ 45/2− 3.6(2) 0.54(4) 0.84(10) 0.37(7) E1
360.2(5) 1971.9(5) 25/2(+) 23/2− 2.2(4) 0.85(9) D
365.0(2) 695.7(2) 13/2− 11/2+ 5.7(3) 0.53(8) 0.58(12) E1
371.3(2) 3629.6(4) 41/2− 37/2− 9.4(5) 0.99(7) 1.91(19) 0.64(13) E2
373.6(3) 3506.7(4) 39/2+ 35/2+ 2.4(1) 1.08(13) 0.56(13) E2
379.5(4) 3182.3(7) 35/2 33/2− 1.0(1) 0.52(7) D
391.4(3) 931.1(5) 15/2+ 13/2+ 2.5(1) 0.73(6) D+Q
395.0(4) 1732.1(6) 21/2(−) 19/2+ 1.0(1) 0.47(5) D
404.6(1) 2301.2(5) 29/2− 27/2+ 63.5(32) 0.51(3) 1.02(6) 0.39(8) E1
406.3(1) 1337.5(5) 19/2+ 15/2+ 25.7(57) 0.85(10) Q
(409.9)b 3133.2(3) 35/2+ 31/2 –
418.5(1) 2030.2(1) 27/2− 23/2− 17.0(9) 1.03(6) 1.81(15) 0.57(12) E2
425.6(3) 3255.4(4) 37/2− 33/2− 4.1(2) 1.08(11) 0.64(14) E2
429.6(5) 1884.3(5) 25/2 21/2+ 0.9(2) 0.86(11) Q
430.8(5) 2098.4(5) 25/2 23/2+ 1.8(1) 0.46(5) D
438.1(1) 1611.7(3) 23/2− 19/2− 16.8(13) 0.96(5) 0.53(12) E2
438.5(2) 2832.6(2) 35/2(−) 33/2− 7.6(4) 0.59(4) 1.05(17) 0.03(3) (M1+E2)
446.5(4) 2114.1(4) 25/2 23/2+ 1.0(1) 0.62(7) D
452.4(1) 1454.8(4) 21/2+ 17/2+ 21.7(14) 0.99(8) 0.48(12) E2
452.8(2) 3255.4(4) 37/2− 33/2− 5.3(3) 1.15(12) 0.51(13) E2
462.3(1) 1002.2(3) 17/2+ 13/2+ 27.1(14) 1.04(8) 1.78(14) 0.65(15) E2
464.9(3) 2986.6(3) 33/2 31/2− 3.0(1) 0.49(5) 1.15(15) D
489.2 (4) 4315.5(4) 45/2− 0.7(1)
491.5(3) 2521.7(3) 31/2− 27/2− 3.2(2) 1.08(8) 0.87(20) E2
495.7(4) 4824.5(4) 51/2 49/2 0.4(1) 0.47(2) D
498.6(4) 2528.8(4) 29/2 27/2− 0.7(1) 0.48(6) D
501.4(2) 2802.6(2) 33/2− 29/2− 8.4(4) 1.07(8) 2.12(22) 0.85(21) E2
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TABLE I. (Continued.)

Eγ (keV) Ei (keV) Iπ
i Iπ

f Iγ RQ
DCO RD

DCO P Multipolarity

506.8(1) 1173.5(2) 19/2− 15/2− 37.0(19) 1.04(6) 1.82(10) 0.69(17) E2
513.4(5) 1732.1(6) 21/2(−) 17/2− 0.4(1)
520.8(4) 2132.5(4) 25/2 23/2− 0.7(1) 0.54(3) D
522.5(3) 1218.3(4) 17/2− 13/2− 1.6(2) 2.06(25) Q
528.7(4) 2829.9(4) 33/2 29/2− 0.8(1) 0.86(13) Q
539.6(1) 539.6(3) 13/2+ 9/2+ 100.0(52) 0.94(5) 1.86(1) 0.49(13) E2
566.4(4) 2178.1(4) 23/2− 2.1(1)
570.3(4) 1266.0(4) 13/2− 0.8(1)
600.4(1) 931.1(5) 15/2+ 11/2+ 28.2(15) 0.90(5) 0.50(14) E2
637.7(4) 3440.3(4) 33/2− 0.9(1)
641.8(3) 3163.5(3) 35/2 31/2− 1.9(1) 0.89(5) Q
648.2(4) 1821.7(4) 21/2 19/2− 0.8(1) 0.54(5) D
670.2(4) 1365.9(4) 17/2 13/2− 1.0(1) 1.78(28) Q
739.1(3) 3133.2(3) 35/2+ 33/2− 3.0(1) 0.51(4) 0.82(9) 0.33(13) E1
788.2(3) 3182.3(7) 35/2 33/2− 1.1(1) 0.57(3) D
826.7(3) 2723.3(3) 31/2 27/2+ 1.4(1) 0.81(10) Q
864.1(1) 3258.2(1) 37/2− 33/2− 16.4(8) 1.04(6) 1.77(14) 0.93(41) E2
881.2(4) 3182.3(7) 35/2 29/2− 0.8(1)

aIntensity range on the basis of total intensity balance at the 29/2− and 33/2− states assuming the E2 multipolarity of the 93-keV transition.
bγ -ray energy from the difference of corresponding level energies; centroid of the γ ray could not be unambiguously determined due to strong
close lying transitions.
cFrom intensity balance considerations.
dδ = 6.1(3.6); large error in the δ value can be attributed to the contribution of both systematic and statistical uncertainties in the RDCO value.

observed in the present work and previous high-spin stud-
ies [18–21]. Figure 2 illustrates the γ rays in coincidence
with the 540-keV transition. In addition to the several new
transitions, most of the γ rays reported in the previous high-
spin studies have been identified in this coincidence spectrum.
Furthermore, it was observed that the deduced level structures
from the present data are consistent with the reported ground-
state “A” and negative-parity “B” sequences [18,20,21]. The
level scheme of 217Ra is particularly complex due to presence
of several doublets in this nucleus. The 331-keV γ ray is
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FIG. 2. Coincidence γ -ray spectra illustrating transitions in the
gate of the 540-keV γ ray. The new transitions are labeled with red
color. The contaminant line marked with (c) is from the reaction of
the beam with the Fe target frame.

also a doublet and is observed to be in coincidence with its
doublet counterpart 330-keV transition. Thus, to determine
the multipolarity of the 331-keV transition, the γ rays in a
parallel decay path with respect to the 330-keV γ ray were
used as the gating transitions. The measured RDCO and po-
larization values (see Table I) indicate the mixed dipole +
quadrupole (E1 + M2 or M1 + E2) nature of the 331-keV
transition. Therefore, to determine the true character of the
transition, mixing ratio calculations were performed. As dis-
cussed in Sec. II, the mixing ratio for a transition of interest
is determined by comparing the theoretical and experimental
RDCO and linear-polarization values. The theoretical values of
the RDCO and linear polarization were computed as a function
of mixing ratio. Here, the theoretical contours were obtained
by assuming both the positive and negative parity for the
331-keV state. The experimental point for the 331-keV γ

ray is observed to be equidistant to both these contours (see
Fig. 3). The comparison of the experimental data point with
the contour for the M1 + E2 multipolarity suggests a mix-
ing ratio value of 6.1(36), which corresponds to ≈97% E2
component in the 331-keV transition. Another possibility
is that the 331-keV γ ray is an E1 + M2 transition with
≈94% M2 component [δ = 3.8(8)]. The Weisskopf estimate
for an E1 + M2 transition with dominant M2 component sug-
gests a half-life of ≈75 ns for the 331-keV state. However, the
early-delayed analysis does not indicate the isomeric nature of
the 331-keV state. Thus, the possibility of the 331-keV γ ray
being an E1 + M2 transition with a dominant M2 component
can be excluded. The present analysis suggests a mixed M1 +
E2 multipolarity for the 331-keV γ ray and, consequently,
a spin-parity of 11/2+ to the 331-keV state. The deduced
spin-parity of the 331-keV state is consistent with the previous
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FIG. 3. Theoretical contours illustrating the calculated RDCO and
linear-polarization values (P) as a function of mixing ratio (δ),
along with the experimental data points, for the 331- and 405-keV
transitions.

assignments from the γ -ray and conversion-electron spectro-
scopic studies [18–21]. In addition, Sheline et al. [40] had also
suggested the same spin-parity for the 331-keV state based on
the measured hindrance factors and the reflection-asymmetric
model.

Similarly, the states up to 23/2+ were established and
the observed level structure was found to be in agreement
with that reported in the earlier studies. The γ -γ coincidence
relationships suggest the presence of 229- and 405-keV tran-
sitions above the 23/2+ state. However, their relative ordering
was found to be inconsistent in Refs. [18,21]. Roy et al. [18]
placed the 229-keV transition below the 405-keV γ ray on
the basis of the presence of a prompt component in the time
spectrum of the 229-keV transition. However, the ordering
of these two transitions was reversed and a 25/2+ state at
2.1 MeV energy was introduced in the level scheme proposed
in Ref. [21]. In our work, a new 827-keV γ ray was identified
in the gates of all the transitions below the 1668-keV state. A
comparison of the gates of the 229- and 405-keV transitions,
shown in Figs. 4(a) and 4(b), clearly reflects the coincidence
between the 229- and 827-keV transitions. Furthermore, the
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FIG. 4. Evidence for the placement and multipolarity of the
405-keV transition. Panels (a) and (b) illustrate the γ rays in co-
incidence with the 229- and 405-keV transitions, respectively. The
presence/absence of the 827-keV γ ray is indicated. The contaminant
peaks marked with (c) are from 56Fe and 212Po. Panel (c) shows a
part of the representative gated γ -ray spectrum for the RDCO mea-
surements of the 405-keV γ ray, and panel (d) shows the counts in
the parallel and perpendicular crystals of the 90◦ detectors reflecting
the electric nature of the 405-keV transition.

placement of the 827-keV γ ray is supported by the presence
of the 410- and 374-keV γ rays in the gate of the 827-keV
transition. Thus, the relative ordering of the 229- and 405-keV
transitions and a 27/2+ state at 1897 keV were confirmed.

The RDCO values for the 405-keV γ ray in the gate of
stretched dipole and quadrupole transitions [see Table I and
Fig. 4(c)] unambiguously suggest its �I = 1 character, which
is also in agreement with the adopted [38] dipole nature of the
transition based on the earlier angular distribution measure-
ments [18,19]. Therefore, commensurate with the observed
intensity of the 405-keV transition and the underlying reac-
tion mechanism, we assign I = 29/2 to the 2301-keV state.
Furthermore, the linear-polarization measurements clearly in-
dicate the electric nature of the transition. The deduced E1
multipolarity of the 405-keV γ ray is in contrast to its pre-
viously assigned M1 + E2 character with the dominant E2
component [18]. Although the present data unambiguously
suggest a Iπ = 29/2− to the 2301-keV state, the resulting
variance with the previously reported assignments entailed
us to further confirm the nature of the 405-keV transition
using the mixing ratio calculations. The theoretical RDCO and
linear-polarization values were computed by assuming both
the positive and negative parity of the 2301-keV state (see
Fig. 3). It is apparent that the experimental data point is closer
to the theoretical contour corresponding to the E1 + M2 mul-
tipolarity and the point of intersection of the experimental data
point on the contour suggests a near zero δ value. This further
corroborates the pure E1 nature of the 405-keV γ ray and a
spin-parity of 29/2− for the 2301-keV level.

Figures 5(a) and 5(b) illustrate the γ rays in the gate of 864-
and 501-keV transitions, respectively. It is evident that both
these γ rays are in coincidence with all the transitions below
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FIG. 5. γ -ray coincidence spectra illustrating transitions in the
gate of the (a) 864-, (b) 501-, and (c) 739-keV transitions. The
contaminant peaks marked with (c) are mainly from 65Zn and 216Ra.

the 29/2− state. Therefore, the 864- and 501-keV transitions
can be placed directly above the 29/2− level. However, an
isomeric state [T1/2 = 4.62(6) ns] with Iπ = 33/2+ was iden-
tified at 2.4 MeV excitation energy and the 864-keV γ ray was
placed above the isomer in the previous studies [18,20,38,39].
Also, it was reported that the 33/2+ isomer deexcites via a
93-keV E2 transition. Figure 6 shows the coincidence spectra
observed in LEPS gated by the γ rays recorded in the clover
detectors. The presence of the 93-keV γ ray in the gate of
the 864-keV transition [Fig. 6(a)] is in agreement with the
previous placement of these transitions. Furthermore, in the
earlier work, the 93-keV γ ray was assigned E2 character
on the basis of conversion-coefficients measurements [18].
Considering the observed intensity (see Fig. 6) and the the-
oretical conversion-coefficients for the possible multipolarity
(E1, M1, E2, M2 . . .) of the 93-keV γ ray, the present data
also supports its E2 multipolarity. Since the present measure-
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ments have assigned the Iπ = 29/2− to the 2301-keV state,
a spin-parity of 33/2− is deduced for the state at 2394 keV
excitation energy.

Furthermore, the half-life of the 2394-keV state has been
revisited using the centroid-shift analysis. In our work, the
cumulative half-life of the 2301- and 2394-keV states was
determined from the time difference between the 864- and
405-keV γ rays. The blue curve in Fig. 7 shows the time
difference between the 864- and 405-keV γ rays which is
compared with the time difference spectrum (in red color)
of prompt transitions with similar energies. It is to be noted
that the time difference spectra used for the comparison are
generated after taking proper background subtraction into ac-
count. The cumulative half-life of the 2301- and 2394-keV
states is deduced to be 3.9(11) ns which is found to be con-
sistent with the adopted value of 4.62(6) ns for the 2394
keV state [38]. This suggests that the measured cumulative
half-life is mainly due to the half-life of 2394-keV level.
The error quoted in the half-life is obtained by adding the
systematic and statistical errors in quadrature. The systematic
error includes contributions from the discrete binning along
the time axis and the uncertainty arising due to shift in the
centroid of the prompt distribution of two similar energy
transitions.

Furthermore, the placements of the 501- and 739-keV tran-
sitions were found to be at variance in Refs. [20,21]. The
absence of the 93-keV transition in the gate of the 501-keV
γ ray [Fig. 6(b)] confirms the placement of this transition
as demonstrated in the present level scheme. Similar method
could not be adopted to confirm the placement of the 739-keV
γ ray owing to its weak intensity. However, the presence of the
123-, 197-, and 374-keV transitions in Fig. 5(c) confirms the
placement of the 739-keV γ ray as shown in the Fig. 1. Similar
analysis techniques were employed to confirm the remaining
level structures reported in the earlier works.
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B. Evidence of parity doublets in 217Ra

Along with the two positive-parity and a negative-parity
sequences below the isomer, a 1050-keV state was established
on the basis of coincidence between 287- and 119-keV γ

rays in the earlier studies [18,20,21]. In addition, a 365-keV
transition was tentatively placed above the 1050-keV level in
the work of Roy et al. [18]. However, in Ref. [21] the 365-
keV transition was observed to deexcite the proposed 13/2+
state at 696 keV energy. Figure 8 illustrates the coincident
transitions in the gates of the 600- and 331-keV transitions.
If the placement by Roy et al. [18] was correct, then the 600-
keV transition should have been in the coincidence with the
365-keV γ ray. However, the absence of the 365-keV γ ray
and a newly observed 523-keV transition in Fig. 8(a) clearly
suggest that these transitions are parallel to the 600-keV γ ray.

Figure 9 shows the transitions in the gates of the 365- and
523-keV γ rays and confirms the coincidence relationship
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between these transitions. The placement of the 365- and
523-keV γ rays, as indicated in the Fig. 1, is based on the
observed coincidences and intensity considerations. Further-
more, the absence of the 287-keV transition in Fig. 9(a)
indicates that the ordering of the 287- and 120-keV transitions
as suggested in Refs. [18,20,21] should be reversed. Similar
coincidence relationships were utilized to secure the place-
ment of newly identified 395- and 513-keV transitions which,
in turn, establishes a state at 1732 keV excitation energy.

Furthermore, the RDCO and linear-polarization values of the
observed transitions were utilized to assign the spin-parities to
the newly established states. In the gate of the 229-keV γ ray,
which is a stretched �I = 2 transition, the RDCO value for the
365-keV transition is found to be 0.53(8) (see Fig. 10(a) and
Table I). This suggests the dipole character of the 365-keV
transition. Figure 10(b) illustrates a part of the representative
spectra for the polarization measurements and higher counts
in the spectrum corresponding to the perpendicular scatterings
with respect to the reaction plane clearly indicates the electric
nature of the 365-keV γ ray. Thus, a spin-parity of 13/2−
is assigned to the 696-keV state. Furthermore, the measured
DCO ratios for the 287- and 523-keV transitions and polar-
ization values for the 287-keV γ ray suggest the spin-parity
of 17/2− for the 1218-keV level. Similarly, the RDCO mea-
surements for the 395-keV transition suggests I = 21/2 for
the 1732-keV state. However, the electric/magnetic character
of the transitions depopulating the 1732-keV state could not
be determined due to poor statistics. The negative parity of
the 21/2 state is tentatively assigned on the basis of striking
similarity in the observed low-lying structures of 217Ra and
219Th [13]. As discussed in Sec. I, parity-doublet structures
are a signature of octupole correlations in odd-A and odd-odd
nuclei. Thus, the newly established negative-parity sequence
provides an experimental evidence of parity doublets in 217Ra
and reflects the expected similarity in the structures of the
transitional N = 129 isotones. Similar analysis techniques
were employed to determine the placement and multipo-
larity of the remaining newly identified γ rays, wherever
possible.
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The present data also suggest a few unobserved transitions
in the level scheme based on the γ -γ coincidences. The coin-
cidence relationships of the 501- and 529-keV γ rays with the
426-keV and other higher-lying transitions indicate the pres-
ence of an unobserved 27-keV transition between the 2830-
and 2803-keV states. Similarly, the coincidences of the 197-
and 360-keV transitions with the γ rays below the 3599-keV
state suggest an unobserved 30-keV transition between the
41/2− state and 41/2 state at 3599 keV energy. Also, the
coincidence relationship between the 739- and 371-keV γ

rays requires a 125-keV transition, which has been reported
in earlier studies [18,20], between the 3258- and 3133-keV
states. The centroid and intensity information of the 125-keV
transition could not be determined due to the presence of
stronger close-lying 123- and 127-keV transitions. Moreover,
the 465- and 642-keV transitions are observed to be in coinci-
dence with the 405-keV γ ray and the transitions of sequence
“C”. This suggests that the 31/2− state deexcites to the the
low-lying 29/2− and/or 33/2− states, via weak unobserved
transitions.

Several new transitions (viz. 191-, 242-, 301-, 303-, 736-,
859-, 968-keV), which were assigned to 217Ra in the present
study, could not be unambiguously placed in the level scheme.
These transitions are observed to be in coincidence with all
the γ rays below the 29/2− state. However, due to their
weak intensities and/or the lack of firm coincidence relation-
ships with the other known γ rays above the 29/2− state,
the placement of these transitions could not be ascertained.
Furthermore, the present data also suggest a doublet character
of the 517-keV transition. One component of the 517-keV
doublet is placed between the 25/2(+) and 21/2+ states,
whereas the coincidence relationships suggest the placement
of the second 517-keV γ ray above the 29/2− level. In
Ref. [20], the 517-keV transition was reported to deexcite
the 3259-keV state and populate the 2301-keV level via a
440-keV transition. However, due to absence of a transition at
440 keV and other suitable coincidences of the 517-keV tran-
sition above the 29/2− level, the placement of the second
517-keV γ ray remains inconclusive in the present work,
similar to the several transitions mentioned above.

C. Intensity measurements

The relative intensities of the observed γ rays were de-
termined using the data collected at 72 MeV beam energy.
The data acquired in the single fold were utilized to obtain
the intensity information for the strong, noncontaminated (viz.
540-, 229-, 213-, and 462-keV) γ rays. The intensities of all
the transitions observed in 217Ra were normalized with respect
to that of the 540-keV γ ray, which is assumed to be 100.
Due to the presence of several doublets in the level scheme,
suitable approaches were employed to determine the relative
intensities of the observed γ rays. The 331-keV transition,
which directly feeds the ground state, has also been identified
as a doublet. Therefore, the intensities of the transitions par-
allel to the 330-keV (23/2+ → 19/2+) γ ray were obtained
in the efficiency corrected summed gate of 540- and 331-keV
transitions and normalized with respect to the relative inten-
sity of the 213-keV γ ray. A few transitions, which are in a

parallel decay path with respect to the 330-keV γ ray, such
as 452-, 438-, and 360-keV, were also identified as doublets.
Since the doublet counterparts of these transitions are placed
above the isomer and are in coincidence with both the 330-
and 331-keV γ rays, their intensities could not be determined
in the summed gate of the 540- and 331-keV transitions.

In order to determine the intensities of transitions which are
in coincidence with both the γ rays of 330–331 keV doublet,
it was important to extract the individual intensity of the
331-keV transition. It may be noted that the 540-keV transi-
tion is in coincidence with only the 330-keV γ ray. Therefore,
the intensity of the 330-keV transition was determined in the
gate of 540-keV γ ray and normalized with respect to the rela-
tive intensity of 462-keV γ ray. The relative intensity thus ob-
tained was further corrected for the decay branch of the 19/2+
state using the relative intensity of the 395-keV transition.
The total intensity of 330–331 keV doublet was determined
from the single fold data. Thus, the relative intensity of the
331-keV transition was deduced after subtracting the contri-
bution of the 330-keV γ ray from the summed total relative
intensity of the doublet line. Once the relative intensity of the
331-keV γ ray was known, the intensities of the transitions
above the 23/2+ state were extracted from the efficiency
and branching corrected 540-keV gate and normalized with
respect to the intensity of the 462-keV γ ray. It may be noted
that the relative intensities of the noncontaminated transitions
could also be determined in the efficiency corrected summed
gate of the 540-, 209-, 365-, and 600-keV γ rays and nor-
malized with respect to that of the 229-keV transition. It was
observed that the intensities of the noncontaminated transi-
tions obtained from the above two approaches were consistent
with each other.

In order to resolve the doublets, wherever possible, ap-
propriate methods were employed. For example, the total
intensity of the 452-453 keV doublet was determined using
the singles data. The gate of the 281-keV transition, which is
in a parallel decay path with respect to the 452-keV (21/2+ →
17/2+) γ ray, was utilized to find the relative intensity of
the 453-keV transition lying above the isomer. The deduced
intensity was then normalized with respect to the relative in-
tensity of the 501-keV transition. Further, the intensity of the
452-keV γ ray was extracted by subtracting the contribution
of the 453-keV transition from the doublet line. Similarly,
suitable coincidence relationships were utilized to determine
the intensities of the transitions in the remaining doublets.

The above discussion includes the information on the in-
tensity measurements of all transitions except for the γ rays of
the newly established negative-parity sequence. The branch-
ing ratio of the 120- and 406-keV γ rays, measured in the gate
of the 395-keV transition, was utilized to deduce the relative
intensity of the 120-keV transition. Furthermore, the intensity
of the 287-keV transition was obtained in the 600-keV gate
and normalized with respect to the relative intensity of the
406-keV transition. The branching of the 287- and 523-keV
γ rays in the 120-keV gate was determined to extract the
intensity of the 523-keV transition. The relative intensities of
the 235-, 570- and 670-keV transitions were extracted in the
gate of the 365-keV γ ray and were normalized with respect
to that of the 523-keV transition. Finally, the intensity of the
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365-keV γ ray was obtained in the gate of the 330-331 keV
doublet and the relative intensity of the 523-keV γ ray was
used for normalization.

IV. DISCUSSION

As discussed in Sec. I, 217Ra with Z = 88 and N = 129
lies in the transitional region between the spherical and
static octupole-deformed nuclei. The earlier reported low-
lying sequences starting with 9/2+, 11/2+, and 15/2− states
were qualitatively understood in terms of mainly the shell-
model configurations viz. νg3

9/2, νg2
9/2i11/2, and νg2

9/2 j15/2,
respectively [18]. Although these sequences were reported
to terminate at the spins predicted by the above mentioned
configurations, the almost constant level spacings observed
in the ground-state and negative-parity sequences along with
the strong E1 connecting transitions reflected the contribu-
tion of collective degrees of freedom in this nucleus. In the
present work, a new negative-parity sequence has been estab-
lished along with the above mentioned three sequences. The
addition of this newly established negative-parity sequence
hints at the parity-doublet structures in 217Ra, which are ex-
pected in a odd-A nucleus displaying octupole correlations.
Furthermore, the two alternating-parity sequences established
in 217Ra are characterized by the simplex quantum number
(s) [41]. It is known that for even-A nuclei the sequences 0±,
1∓, 2±, 3∓, 4±, . . . are associated with the s = ±1 quantum
number, respectively. In the case of odd-A nuclei, s = ±i is
assigned to the 1/2±, 3/2∓, 5/2±, 7/2∓, 9/2±, . . . sequences,
respectively.

The properties of the observed simplex bands in 217Ra are
compared with those of the similar bands in the neighboring
nuclei. The energy splitting, which is defined as the difference
between the excitation energies of the states of same spin
but opposite parity/simplex, indicates the strength of octupole
correlations in a given nucleus. Ideally, a near zero splitting
is expected in the nuclei with static octupole deformation. In
the case of 223Th (Z = 90 and N = 133), an average energy
splitting of ≈30 keV is observed which suggests a stable
deformation in this nucleus [42]. However, the large aver-
age energy splitting (≈190 keV) in 217Ra [see Fig. 11(a)]
indicates that the static octupole deformation has not set in
this transitional nucleus. Figure 12 illustrates the variation of
the initial spin with rotational frequency for the s = + i(+1)
band in 217Ra and neighboring nuclei. This relation generally
indicates the extent of rotation-like behavior in a nucleus. It
may be noted that the I (ω) pattern for 217Ra is consistent
with the almost constant level spacings in the ground-state E2
sequence. Also, the similarity in the I (ω) trend observed in
all the N = 129 isotones suggests that the addition/removal
of a proton in the h9/2 orbital does not significantly influence
the dependence of excitation energy on the spin. Furthermore,
the comparison of the observed I (ω) for the N = 129 and
N = 131 isotones clearly suggests that the excitation energy
of the states better resembles with the behavior expected for
typical rotational bands with the increase in neutron number.
This, in turn, indicates that the quadrupole deformation in this
region is more sensitive to the number of valence neutrons
outside the shell closure.
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E(s = +i/+1)] and (b) B(E1)/B(E2) ratios versus initial spin for
the transitions of s = +i band in 217Ra with N = 129 isotones (216Fr,
218Ac, 219Th). The data are taken from Refs. [13,25,26] and the
present work.

Furthermore, the experimental B(E1)/B(E2) ratios were
extracted using the measured γ -ray intensities. The deduced
ratios are of the order of ≈10−6 fm−2 which are consis-
tent with the benchmark values if octupole correlations are
present in a nucleus. It is apparent from Fig. 11(b) that the
B(E1)/B(E2) ratios for the negative-parity states lie higher
than that for the positive-parity states in 217Ra, whereas the
converse is true for the odd-odd (216Fr, 218Ac) nuclei. In a
stable octupole deformed nucleus, the strengths of the electric
dipole transitions [I± → (I − 1)∓] should be independent of
the parity of the initial state [14]. However, the E1 transitions
originating from the positive parity states are forbidden in
the framework of a pure vibrational model [14,26]. As the
unpaired proton and neutron occupies the h9/2 and g9/2 or-
bitals, respectively, the higher ratios for the negative (positive)
parity state in odd-A (odd-odd) nuclei are consistent with an
intermediate behavior between the extremes discussed above.
It is important to note that the staggering in the B(E1)/B(E2)
ratios can only be related to the staggering in the B(E1) values
if a constant quadrupole deformation is assumed. There-
fore, to understand the actual variation of reduced transition
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s = +i/+1 bands in the N = 129 and 131 isotones with 87 � Z �
90 [13,25,26,43–46].

probabilities and their corresponding ratios with angular mo-
mentum, measurements for determining the lifetimes of the
states are required.

From the above discussion on the energy splitting, I (ω),
and B(E1)/B(E2) ratios, it is evident that the quadrupole and
octupole deformations are not fully developed in the 217Ra.
However, the newly established parity-doublet structures are
a clear indication of octupole correlations in this nucleus.
Therefore, for a more quantitative understanding, theoreti-
cal calculations including octupole degrees of freedom were
performed using reflection-asymmetric triaxial particle rotor
model (RAT-PRM) [47]. Recently, RAT-PRM has also been
employed to investigate a possibility of coexistence of nuclear
chirality and octupole correlations in the form of multiple
chiral bands [48–51].

The quadrupole and octupole deformation parameters are
taken as input in the RAT-PRM calculations. In the case
of 217Ra, the corresponding β2 = 0.05 and β3 = 0.08 were
adopted from the Ref. [52]. With these deformation pa-
rameters, the reflection-asymmetric Hamiltonian was solved
by expanding the wave function in harmonic oscillator ba-
sis [53]. The single-particle space available to the odd nucleon
was truncated to include six levels, each above and below
the Fermi surface. The pairing correlation was taken into
account by an empirical pairing gap formula � = 12/

√
A

MeV. For the core part, a spin-dependent moment of inertia
J0 = (3.1 + 1.24I ) h̄2/MeV and the core parity-splitting pa-
rameter E(0−) = 2.0 MeV were used. Also, the Coriolis
attenuation parameters (ξ±) for the positive and negative
parity states were taken to be 0.7 and 1, respectively. In
addition, the electromagnetic transition probabilities were cal-
culated by assuming intrinsic dipole moment and quadrupole
moments 0.0006*AZeβ2β3 and (3/

√
5π )R2

0Zβ2, respectively
[54,55].

The energies calculated from the RAT-PRM calculations
for the s = +i and s = −i bands are compared with the exper-
imental excitation energies in Fig. 13. The calculated energies
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FIG. 13. Comparison of the experimental results with the predic-
tions of the RAT-PRM calculations for the simplex bands in 217Ra.

for the positive-and negative-parity states are shifted to coin-
cide with the experimental energy of 9/2+ and 13/2− states,
respectively. It is observed that the results of the calculations
are in good agreement with the experimental energies up to
Iπ = 21/2+ for the positive-parity states and Iπ = 27/2− for
the negative-parity states. The deviation between the calcu-
lated and experimental energies at higher angular momentum
may be attributed to the fact that the vibrational effects could
not be included in the present RAT-PRM calculations.

Since 217Ra is a odd-N nucleus, the main components of
the intrinsic wave functions of the states are dominated by the
neutron configurations. As the RAT-PRM calculations include
a finite β3, the intrinsic parity is not a good quantum number
and the neutron g9/2 and j15/2 orbitals mix with each other.
The main components of the intrinsic wave functions were
expanded in the strong-coupled basis |IMK〉 χν (denoted as
|K, ν〉 for short), where |IMK〉 is the Wigner function with I ,
M, and K denoting the quantum numbers of the total angular
momentum and its projections along the third axis in the lab-
oratory frame and intrinsic frame, respectively, and χν repre-
sents the intrinsic wave function of the neutron single-particle
level |ν〉. The neutron single-particle levels |1〉, |2〉, |3〉,
|4〉 and |5〉 predominately involve g9/2 orbital with different
� = 9/2, 7/2, 5/2, 3/2, and 1/2, respectively (see Table II).

Figures 14 and 15 illustrate the main components of the
wave functions for the positive- and negative-parity states
of the s = ±i bands, respectively. It may be noted that the
components corresponding to different neutron single-particle
levels strongly mix with each other. Furthermore, it is known

TABLE II. The main components l j� of the neutron single-
particle levels |ν〉 with ν = 1, 2, 3, 4, and 5.

|ν〉 Main components of the neutron single-particle levels

|1〉 0.948 g9/2,9/2 + 0.022 h11/2,9/2 + 0.022 j15/2,9/2 +..
|2〉 0.902 g9/2,7/2 + 0.055 j15/2,7/2 + 0.018 f7/2,7/2 +..
|3〉 0.878 g9/2,5/2 + 0.076 j15/2,5/2 + 0.010 i13/2,5/2 +..
|4〉 0.810 g9/2,3/2 + 0.087 j15/2,3/2 + 0.031 p3/2,3/2 +..
|5〉 0.755 g9/2,1/2 + 0.093 j15/2,1/2 + 0.067 p3/2,1/2 +..
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FIG. 14. The probability amplitudes of the main components
of the intrinsic wave functions for the positive-parity states of the
s = ±i bands in 217Ra.

that the strong Coriolis effects for the low � orbitals result
in lowering the energies of the states which have dominant
contribution from such orbitals [56]. A comparison of the rel-
ative contribution of the single-particle levels with different �

values in the wave functions of the positive-parity states (see
Fig. 14) suggests that the states in s = +i band are more fa-
vored than the corresponding states in s = −i band. This is in
agreement with the experimental observations and is reflected
in the staggering parameters [S(I) = [E(I)-E(I − 1)]/2I] of
the positive-parity states in Fig. 16(a). Similarly, it is observed
that the single-particle level |5〉 (� = 1/2) significantly con-
tributes to the wave function of all the negative-parity states
of s = +i band. However, the negative-parity states of the
s = −i band have a dominant contribution from the � = 5/2
orbital. The effect of the Coriolis interactions suggests the
lowering of energies for the states of the s = +i band, which
also agrees with the observed results. The large energy stag-
gering for the negative-parity states is in agreement with the
comparatively weak intensity of the newly identified negative-
parity sequence.
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FIG. 15. Same as Fig. 14, but for the negative-parity states.
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FIG. 16. Comparison of the calculated (a) energy staggering pa-
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splitting with the experimental results for the simplex bands in 217Ra.
The results of the calculations are shown with the dashed lines of the
same color.

Figure 16 shows a comparison of the observed features of
the simplex partner bands in 217Ra with the results of the RAT-
PRM calculations (dashed lines). It is evident from Fig. 16(a)
that the RAT-PRM calculations are able to reproduce the
phase of staggering for both the positive- and negative-parity
states. Also, the calculated values are in excellent agreement
with the observed staggering for the negative-parity states,
whereas a good agreement is observed for the positive-parity
states in the spin range 11/2 h̄ � I � 21/2 h̄. Figure 16(b)
illustrates the spin (I) versus rotational frequency (h̄ω) for
the s = +i band. The experimental I (ω) relation for both the
positive- and negative-parity states reflects the almost constant
level spacing in these sequences. However, the calculated
values exhibit a gradually increasing spacing between the
states of the bands. Figure 16(c) shows the variation of the
B(E1)/B(E2) ratios with spin for both the s = ±i bands and
the calculated results are shown for the comparison. It may be
noted that the calculated values are almost constant and sig-
nificantly underestimated as compared to the observed ratios
for both the simplex bands. The absence of spin-dependent
staggering in the calculated ratios may be due to the fact
that the vibrational effects could not be taken into account
in the calculations. Furthermore, the calculated and experi-
mental energy splittings between the states of simplex bands
are compared in Fig. 16(d). It is observed that the calculated
energy splittings for the parity doublets with I = 19/2 h̄ and
23/2 h̄ deviate considerably from the measured ones. This
is in accordance with the large difference in the calculated
excitation energies for the corresponding states of the s = ±i
bands (see Fig. 13). Finally, the comparison of the experimen-
tal results with the RAT-PRM predictions further corroborates
the fact that the quadrupole and octupole deformation are
not fully developed in 217Ra and this transitional nucleus lies
between the extremes of spherical and pear shaped nuclei.
Also, further improvements to include the vibrational effects
in the calculations are needed.
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It is interesting to note that the simplex bands observed
in 217Ra may also be qualitatively interpreted in terms of
the weak coupling of the odd nucleon to the neighboring
even-even core nuclei. As discussed earlier, the observed
level structures in 216Ra and 218Ra exhibit the dominance
of single-particle and octupole degrees of freedom, re-
spectively [15,17]. The level spacings in the ground-state
positive-parity sequence “A” of 217Ra exhibit a vibrational like
structure which is similar to that observed in 218Ra, whereas
the decreasing level spacings in the second positive-parity
sequence “C” suggests the coupling of the odd neutron in the
i11/2 orbital to the low-lying (0+-8+) states of 216Ra. The cor-
responding negative-parity sequences may be understood as
arising from the coupling of an octupole phonon to the states
of these positive-parity sequences. Similar interpretation has
also been employed in understanding the observed structures
in 219Th nucleus [13].

Furthermore, it has been pointed out that the negative-
parity states in the even-even Ra isotopes (N � 126) reflect
how the structure evolves from spherical to octupole deformed
regime [58]. The lowest negative-parity state (Iπ = 11−) in
the lighter Ra isotopes (viz. 214Ra and 216Ra) has been iden-
tified above 2.3 MeV excitation energy and interpreted as
two-quasiparticle proton state arising from the π (h5

9/2i13/2)
configuration [15,57]. On the other hand, the presence of
an odd-spin negative-parity E2 sequence, interleaved with
the ground state positive-parity band, in the heavier isotopes
(viz. 218Ra, 220Ra) suggests the onset of octupole collectivity
in these nuclei. In 218Ra, a sharp discontinuity at Iπ = 11−
(Ex = 2.1 MeV) is observed in the alignment plot for the
negative-parity states [58]. The sudden increase in the align-
ment above the 11− state indicates that a band based on the
two-quasiparticle proton state (11−), observed in the lighter
isotopes, crosses the yrast negative-parity band originating
from octupole vibration. Also, the observed decrease in the
B(E1)/B(E2) ratios above this state provides further evidence
of noncollective effects in the higher-lying levels [58,59]. It
may be noted that no features of band crossing at Iπ = 11−
were reported in 220Ra [58,59]. These observations are consis-
tent with the expected dominance of the collective effects over
the single-particle degrees of freedom with the increase in
the valence nucleons. Therefore, it may be suggested that the
structure above the 11− and analogous states in the even- and
odd-A transitional nuclei, respectively, provide information
on the development of octupole collectivity in this region.
In 217Ra, the alternating-parity s = −i band is observed to
terminate at the 27/2+ state and the level structure above this
state seems to be dominated by the single-particle excitations.
It is interesting to note that a 29/2− state in 217Ra is observed
at the similar excitation energies as the 11− states in 216Ra
and 218Ra. Therefore, the 29/2− state may be thought of as
originating from the coupling of odd particle (hole) in the
g9/2 orbital to the 11− states in 216Ra (218Ra). Furthermore,
the observed structural change in 217Ra above the 29/2− level
also corroborates the negative parity of the 2301-keV state.

The 11− state in 216Ra has the π (h5
9/2i13/2) ⊗ ν(g2

9/2) con-
figuration [15,39]. The addition of an extra neutron in the
g9/2 orbital results in the π (h5

9/2i13/2) ⊗ ν(g3
9/2) configura-

tion for the 29/2− state. It may further be noted that the

13− state in 216Ra [T1/2 = 0.96(20) ns] decays via an E2
transition of 344 keV to the 11− level [16,39]. Therefore,
the 33/2−

1 state in 217Ra at 2394 keV may be realized from
the coupling of the odd neutron in the g9/2 orbital to the
13− state in 216Ra. The coupling of an extra g9/2 neutron
to the dominant configuration of the 13− level in 216Ra
suggests the π (h6

9/2) ⊗ ν(g9/2i11/2 j15/2) configuration for the
33/2− state.

Another possibility is that the 29/2− and 33/2− states
in 217Ra originate from the coupling of odd neutron in the
j15/2 orbital to the 8+ and 10+ states in 216Ra, respectively.
The 8+ and 10+ states in 216Ra are associated with the
π (h6

9/2) ⊗ ν(g2
9/2) and π (h6

9/2) ⊗ ν(g9/2i11/2) configurations,
respectively [15,16]. Thus, the addition of the extra neutron
in the j15/2 orbital results in the π (h6

9/2) ⊗ ν(g2
9/2 j15/2) and

π (h6
9/2) ⊗ ν(g9/2i11/2 j15/2) configurations for the 29/2− and

33/2− states in 217Ra, respectively. Similarly, the coupling of
the odd neutron in the i11/2 orbital to the 11− state in 216Ra
also results in a 33/2− state in 217Ra with the configuration
π (h5

9/2i13/2) ⊗ ν(g2
9/2i11/2). The sequence of the 864-, 371-,

and 197 keV transitions above the isomer exhibits the similar
trend of decreasing level spacings as observed in the low-
lying sequence based on the 11/2+ state. Therefore, the states
of this sequence may be understood as originating from the
coupling of the [π (h5

9/2i13/2)11− ⊗ ν(g2
9/2i11/2)11/2+ ]33/2− con-

figuration to the ν(g2
9/2)2+−6+ neutron excitations.

V. SUMMARY

The level structure of the transitional nucleus 217Ra has
been investigated using the 208Pb(12C, 3n)217Ra reaction. The
previously reported level scheme is revisited and the place-
ments of several γ rays, which were found to be inconsistent
in the earlier studies, have been confirmed in the present
work. The addition of a new negative-parity sequence at
low excitation energies provides the experimental evidence
of parity-doublet structures in 217Ra, which were earlier re-
ported in all the other N = 129 isotones with 87 � Z �
90. Although the level spacings in the E2 sequences of the
simplex bands do not follow the characteristics of typical
rotational bands, the strong E1 connecting transitions and
parity doublets suggest the presence of octupole correlations
in this nucleus. Therefore, theoretical calculations based on
the reflection-asymmetric triaxial particle rotor model have
been performed to interpret the observed parity-doublet struc-
tures. The calculated energies were found to be in reasonable
agreement with the experimental results in the spin range
9/2 h̄ � I � 21/2 h̄ for the positive-parity states and 13/2
h̄ � I � 27/2 h̄ for the negative-parity states. The properties
[energy splitting, I (ω) and B(E1)/B(E2) ratios] of the sim-
plex bands in 217Ra are also compared with that of the similar
bands in neighboring nuclei and the results of the RAT-PRM
calculations. The observed structures at low excitation ener-
gies reflect an intermediate behavior between the extremes
of single-particle excitations and stable octupole deforma-
tion. Furthermore, it is observed that the simplex bands in
217Ra terminate at the intermediate excitation energies, unlike
218Ra where the alternating-parity sequence persist up to the
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maximum observed spin. Also, the level structures above the
29/2− state in 217Ra appear to be mainly governed by single-
particle excitations. Finally, it may be noted that the compet-
ing single-particle and collective degrees of freedom govern
the structure in different energy regimes of this nucleus.
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