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New level scheme and shell model description of 212Rn
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Level structures of 212Rn have been studied by in-beam γ -ray spectroscopic methods using the 209Bi(6Li,
3n) 212Rn reaction at beam energies of 28, 30, and 34 MeV. A number of new nonyrast states based on πh4

9/2

and πh3
9/2 f7/2 configurations have been identified. A 3(−) collective state is also proposed at 2121 keV, which is

most likely formed by mixing the octupole vibration with the 3− member of the πh3
9/2i13/2 multiplet. The level

scheme is compared with large-scale shell model calculations and discussed in terms of excitations of valence
protons and without contributions from the 208Pb core. An overall excellent agreement is obtained for states that
can be described in this model space.

DOI: 10.1103/PhysRevC.101.044313

I. INTRODUCTION

For many years, the spherical nuclei near the doubly closed
shell nucleus 208

82 Pb126 have provided a laboratory in the heavy-
element region in which the large-scale shell model had been
confronted by experiment [1,2]. Therefore, it is particularly
important to have complete experimental data in this mass
region. A large amount of information on nuclei near 208Pb
has been obtained through a wide variety of experiments.
Nevertheless, there are many gaps in the data.

The nucleus 212Rn, with its relatively simple structure
of a closed neutron core, has four valence protons outside
the doubly closed shell 208Pb core, provides a convenient
system of nuclei for testing the study of both low- and high-
spin states, and has received much attention in the past few
decades. The first study [3,4] of the high-spin level structure of
212Rn used the 204Hg(13C, 5n) 212Rn reaction to establish the
basic structure of the nucleus to an excitation energy of about
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8.5 MeV, some involving double neutron core excitations.
Afterwards, a number of isomers and high-lying γ -ray tran-
sitions were observed [5–7]. Recently, Dracoulis et al. [8,9],
using the 204Hg(13C, 5n) 212Rn and the 198Pt(18O 4n) 212Rn
reactions, extended the level scheme to higher spin (39h̄),
with an excitation energy in excess of 13 MeV, covering
states formed by aligned valence protons combined with
single, double, and triple neutron-core excitations. These were
interpreted in terms of both the empirical shell model (ESM)
and the deformed independent particle model (DIPM). Life-
times, g-factors and magnetic moments were also measured
by different groups and interpreted them in terms of diverse
microcosmic model [4,10–13,15]. To sum up, previous studies
of the in-beam γ -ray spectroscopy have provided some details
on the energies and decay characteristics of intermediate-high
spin states in 212Rn. However, these studies have produced no
information at all about the levels of πh2

9/2 f 2
7/2 configuration,

for the πh3
9/2 f7/2 and πh3

9/2i13/2 configurations with J � 6,
the data are inadequate or nonexistent, and particularly there
is absence of the extremely interesting collective 3− state.
Therefore, much more low-lying information is needed about
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FIG. 1. Partial level scheme of 212Rn in the present work. Newly assigned levels and γ transitions are marked by red color. The arrow
widths are approximately proportional to the relative γ -ray intensities, while the white part of the arrows is the correction due to internal
conversion [14]. The evaluated half-lives in Ref. [15] for the isomeric states are also indicated.

γ -decay properties, which are a sensitive probe of the wave
functions.

The experimental results reported in this paper were ob-
tained in the course of a study of reaction mechanisms induced
by weakly bound nucleus 6Li on 209Bi target, the details of
which will be described in a future paper. The level scheme
established as a result of the present investigation differs in
several important aspects from that of previous work. The
reaction 209Bi(6Li, 3n) 212Rn, with beam energies of 28, 30,
and 34 MeV in the present work, would result in a more
favored population of nonyrast states than found in previous
heavy-ion experiments, more side-feeding into the 2+, 4+, and
6+ states. In addition, large-scale shell model (SM) calcula-
tions were performed in the full Z = 82–126 proton model
space π (0h9/2, 1 f7/2, 0i13/2, 2p3/2, 1 f5/2, 2p1/2) to interpret
new level scheme.

II. EXPERIMENT AND RESULT

The experiment was performed at the Tandem-XTU accel-
erator of Legnaro National Laboratory in Italy. The target con-
sisted of a 500 μg/cm2 209Bi backed with a 100 μg/cm2 C
foil. The de-excitation γ rays from the reaction residues
were detected with the GALILEO γ -ray array which is made
of 25 Compton-Suppressed bismuth germanate high-purity
germanium (BGO-HPGe) detectors distributed on four rings:
ten detectors at 90◦ and five detectors at each of the angles
119◦, 129◦, and 152◦. The relative photo peak efficiencies of
detector array and energy calibrations were performed using
60Co, 137Cs, 152Eu, and 133Ba standard radioactive sources.

A total of 8.4 × 109 γ -γ two and higher-fold coincidence
events were recorded. The data were sorted into symmetrized

and angular correlation γ -γ matrices for off-line analysis. An
asymmetric angular correlation matrix between the detectors
at 152◦ and at 90◦ was constructed and used for the direc-
tional correlation of oriented states (DCO) ratio analysis to
distinguish between quadrupole and dipole transitions. In our
array geometry, a DCO ratio of about 1.0 is expected if the
gating and the observed transition are stretched transitions of
pure and equal multipole order. RDCO ≈ 0.6 is expected for a
pure dipole transition gated on a stretched quadrupole transi-
tion. Spin and parity assignments are based upon previously
reported data, our DCO measurements, systematic considera-
tions and shell model calculations. Unbracketed assignments
in Fig. 1 indicate the highly probably assignments, while more
speculative spin assignments are indicated in parentheses.

In the present experiment, the light-mass beam preferred
exiting more low-spin nonyrast states, so no higher spin
states information is established. The previously reported
level schemes below 17h̄ are for the most part confirmed, and
about 29 new γ transitions and 16 new levels are placed in
the intermediate-low spins of the level scheme. In particular,
several unplaced γ rays from very early decay works [15] are
assigned. Table I lists all transitions assigned to 212Rn with
their energies, intensities, DCO ratios, and assignments into
the level scheme.

Coincidence measurements and sum-difference relation-
ships among γ -ray energies have been used to construct the
level scheme shown in Fig. 1. The coincidence spectra gated
on the 1273.7 and 227.6 keV [Figs. 2(a) and 2(b)] show
transitions which precede in time the decay of the 8+ isomer,
provide an overview of the γ transitions placed in 212Rn. The
228 keV γ peak is double. The transition energy (226.3 keV
in this case) is also observed in coincidence with the 961 keV
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TABLE I. Level excitation energy Ex , energies Eγ , relative intensities, DCO ratios, initial- and final-state spin-parities, and multipolarities
of γ -ray transitions assigned to 212Rn in the present work.

Ex (keV) Eγ (keV) Iγ RDCO
a Iπ

i → Iπ
f Mult.

1273.7 1273.7(1) 100(4.5) 0.93(6) 2+ → 0+ E2
1501.3 227.6(1) 58.8(47) 1.04(7) 4+ → 2+ E2
1639.5 138.2(1) 17.6(20) 1.06(8) 6+ → 4+ E2
1693.7 54.2b 8+ → 6+ E2
2115.7 422.0(1) 4.3(7) 1.27(24) 8+ → 8+ E2
2121.0 847.3(1) 2.3(3) 0.76(14) 3(−) → 2+ (E1)

619.5(2) 0.5(1) 0.65(15) 3(−) → 4+ (E1)
2171.7 670.4(1) 1.1(2) 0.99(16) 6+ → 4+ E2

532.2(1) 3.4(5) 1.11(20) 6+ → 6+ E2
2305.6 804.3(1) 1.7(4) 0.71(14) 5(+) → 4+ (M1/E2)

666.0(3) 0.3(1) 0.75(18) 5(+) → 6+ (M1/E2)
133.7(2) <0.1 5(+) → 6+ (M1/E2)

2313.5 674.0(2) 0.3(1) 0.69(14) 7(+) → 6+ (M1/E2)
197.3(2) 1.2(1) 0.75(18) 7(+) → 8+ (M1/E2)
141.8(2) <0.1 7(+) → 6+ (M1/E2)

2324.3 1050.9(4) 0.4(1) 1.11(19) 4+ → 2+ E2
823.0(2) 1.2(2) 1.01(17) 4+ → 4+ E2
684.9(2) 0.5(1) 1.12(26) 4+ → 6+ E2
152.4(2) <0.1 4+ → 6+ E2

2402.7 901.4(2) 1.1(2) 0.96(23) (4+) → 4+ (E2)
2437.8 936.5(2) 0.3(1) 1.12(38) (6+) → 4+ (E2)
2455.3 954.0(2) 0.4(1) 1.02(22) (4+) → 4+ (E2)
2612.9 973.4(2) 0.5(1) 1.08(29) (8+) → 6+ (E2)
2654.5 960.8(1) 23(2) 1.09(13) 10+ → 8+ E2
2686.2 1046.6(2) 0.4(1) 0.94(22) 6+ → 6+ E2

1184.9(1) 1.9(2) 1.15(15) 6+ → 4+ E2
2760.3 105.8(1) 5.3(4) 0.67(8) 11− → 10+ E1

644.4(5) <0.1 11− → 8+ E3
1067.1(3) 0.2(1) 11− → 8+ E3

2833.3 147.1(2) <0.1
2865.4 1364.0(3) 0.3(1) 1.15(25) (6+) → 4+ (E2)

179.2(2) 0.2(1) (6+) → (6+) (E2)
2880.8 226.3(1) 13(1) 1.04(18) 12+ → 10+ E2

120.3(2) <0.1 12+ → 11− E1
2966.8 206.5(1) 1.0(1) 0.66(8) (10−) → 11− (E1)
3065.5 949.9(1) 2.3(2) 0.91(11) 10+ → 8+ E2

305.5(2) 0.4(1) 0.70(13) 10+ → 11− E1
3250.3 564.1(2) 0.4(1) 0.97(31) (8+) → (6+) (E2)
3278.0 623.5(2) 1.5(2) 0.65(23) 11+ → 10+ M1/E2

396.6(2) 1.3(2) 0.64(21) 11+ → 12+ M1/E2
212.1(2) 0.3(2) 0.59(25) 11+ → 10+ M1/E2

3296.9 536.6(1) 1.6(3) 0.65(11) 12+ → 11− E1
231.4(2) 0.2(1) 1.14(26) 12+ → 10+ E2
416.4(1) 2.2(2) 1.01(18) 12+ → 12+ E2

3357.0 476.2 (1) 6.1(7) 0.97(11) 14+ → 12+ E2
3475.9 595.1(2) 1.5(3) 0.61(13) (13+) → 12+ (E1)
3493.9 733.6(2) 0.4(1) 1.21(40) 13− → 11− E2
3686.4 1031.9(2) 0.4(1) 1.11(28) 12+ → 10+ E2

806.1(2) 0.8(1) 1.16(26) 12+ → 12+ E2
3735.0 974.7(2) 1.2(2) 0.96(22) 13− → 11− E2
3990.3 633.3(2) 2.7(3) 0.56(17) 15− → 14+ E1
3997.3 640.3(2) 1.0(1) 1.11(17) (14−) → 14+ (E1)
4045.7 1164.9(2) 0.5(1) 1.08(20) (14+) → 14+ (E2)
4065.9 75.6(5) 17− → 15− E2

708.7(2) 0.7(2) 0.45(18) 17− → 14+ E3
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TABLE I. (Continued.)

Ex (keV) Eγ (keV) Iγ RDCO
a Iπ

i → Iπ
f Mult.

4150.7 793.7(2) 0.5(1) 0.59(18) 15− → 14+ E1
415.5(2) <0.1 15− → 13− E2

4581.5 515.6(2) 0.6(1) 0.94(16) 17− → 17− E2

aFrom the known quadrupole transition DCO gate.
bNot observed in this work. This transition is from previous work [15].

above the 8+ isomer state. No prompt coincidences are, of
course, observed through the 910 ns isomer state [15]. The
54-keV γ ray was not observed directly partly because its
intensity would be low (since it was a highly converted E2
transition) and partly because the efficiency of detectors is
very low at the low-energy region.

The EC-decay experiments and the heavy-ion in-beam
studies have identified all even-spin low-lying yrast states,
and only a tentative proposal for the secondary 6+ state
could be made from the decay data, based on two linking
γ transitions, the 1185 keV γ ray to the 4+

1 level, and the
1047 keV one to the 6+

1 level. We also see γ transitions of
the 1185 and 1047 keV and both transitions have �I = 2
or �I = 0 character. Thus, we adopt J = 6+ for the level at
2686 keV. Three new (147, 179, and 564 keV) γ transitions
are found to feed this state and tentatively placed on the level
scheme. No DCO information can be obtained for 147 and
179 keV γ transitions. Except for 179 keV γ transition, the

level at 2865 keV is also de-excited by a �I = 2 1364 keV γ

transition to the 4+
1 state, we propose J = 6+ for this level. For

the 2833 keV level no spin-parity information can be obtained.
Five new levels at 2121, 2172, 2306, 2314, and 2324 keV

are fixed based on their more decay paths, respectively.
Previously, the 532, 620, 670, and 823 keV γ rays were
observed in the 212Fr decay work, however, they were not
placed in level scheme; while 804 keV γ ray was tentatively
attributed to depopulation of a level at 2306 keV [15]. Our
work observed that the level at 2121 keV depopulate by
847 and 620 keV γ transitions to the 2+

1 and 4+
1 levels; the

level at 2172 keV depopulates by the 670 and 532 keV γ

transitions to the 4+
1 and 6+

1 levels; the level at 2306 keV
depopulates by the 804 and 666 keV γ transitions to the 4+

1
and 6+

1 levels; and the level at 2324 keV depopulates by the
685, 823, and 1051 keV γ transitions to the 6+

1 , 4+
1 , and 2+

1
levels. We were able to observe two additional depopulating
γ rays supported by γ -γ coincidences. The 134 and 152 keV

FIG. 2. γ -ray coincidence spectra for 212Rn gated (a) on the 1273.7 keV, (b) 227.6 keV transition. The 227.6 keV (4+ → 2+) peak partially
overlaps that of the 226.3 keV (12+ → 10+) peak. Nevertheless, due to the long lifetime of the J = 8+ isomer, one can obtain very good
separation of the two 227 keV components. The contaminants from double 227 keV transition above the 8+ isomer are not labeled, only
those peaks common to the (a, b) two-component spectra are labeled in (b). γ rays marked with asterisks are newly assigned transitions.
Contaminants from other nuclei are indicated by #.
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FIG. 3. γ -ray coincidence spectrum for 212Rn gated on the
532.2 keV transition.

γ transitions are, respectively, placed between the 2306 and
2172 keV levels and between the 2324 and 2172 keV levels
on the basis of coincidences with the 532 and 670 keV γ

rays that depopulates the 2172 keV level (see the 532.2 keV
gated spectrum in Fig. 3). The 532, 670, 685, and 823 keV γ

transitions have �I = 2 or �I = 0 character. Therefore, for
the states at 2172 and 2324 keV spin 4 or 6 is possible. For
2324 keV state, spin-parity is assigned as 4+ due to observing
the 1151 keV γ transitions to the 2+

1 state. For the lower
2172 keV state, its spin-parity cannot be 4+, because of its
link to the 2314 keV level (J = 7, which will be discussed
subsequently) by means of the 142 keV γ transition. We thus
adopt Jπ = 6+ for the level at 2172 keV. In addition, a new
state at 2314 keV depopulated both of the below and above the
8+ isomer is also identified, which depopulates by 674, 197,
and 142 keV γ transitions to the 6+

1 , 8+
2 , and 6+

2 levels. All of
the 197, 620, 666, 674, 804, 823, and 847 keV γ transitions
have �I = 1 character. Thus, the spin at 2121 keV level is
determined to be 3, the spin at 2306 keV level is determined
to be 5, and the spin at 2314 keV level is 7. The 1+, 2+,
and 3+ states are as a rule very weakly populated in the (6Li,
xn) reactions, contrary to the correspondingly intensities what
were observed for 847 and 620 keV γ transitions. Thus, the
2121 keV level is most likely the 3− collective candidate
state analogous to that observed in 208Pb, 210Po, and 216Th
[16]. In the neighboring even-even 210Po isotone, the 5+
and 7+ states with configurations πh9/2 f7/2 were observed at
near degeneracy above the 8+

2 state with stretched πh9/2 f7/2

configuration. Meanwhile, the 5+ state in 210Po was observed
to decay via four paths to 4+

1 , 6+
1 , 4+

2 , and 6+
2 levels; while the

7+ state was observed to decay via four paths to 6+
1 , 8+

1 , 6+
2 ,

and 8+
2 levels [17]. Based on systematics, we conclude that

the near degeneracy 2306 and 2314 levels in 212Rn are most
likely the corresponding 5+ and 7+ states. The suggested 5(+)

level seems to be well established with transitions to the 4+
1 ,

6+
1 , and 6+

2 states; the suggested 7(+) level seems to be also
well established with transitions to the 6+

1 , 8+
2 , and 6+

2 states.
One more remark, in 210Po isotone four odd-spin 1+, 3+, 5+,
and 7+ yrast states are near degeneracy and the 1+, 3+, 5+,
and 7+ states in 212Rn are also predicted to be near degeneracy
with energies of 2317, 2366, 2354, and 2299 keV (shell model
calculations in the next section), respectively. On the basis

FIG. 4. γ -ray coincidence spectra for 212Rn gated (a) on the
960.8 keV, (b) 226.3 keV transition. The same as described in the
caption of Fig. 2, due to the long lifetime of the J = 8+ isomer, one
can obtain very good separation of the two 227 keV components.
Only those lines common to the two-component spectra are labeled,
the contaminants from double 228 keV transition below the 8+

isomer are not labeled in (b). γ rays marked with asterisks are newly
assigned transitions. Contaminants are indicated by #.

of level systematics and theoretical predictions, the parity of
J = 3 state at 2121 keV level is very unlikely to be positive.
This further supports the 3(−) assignment of 2121 keV level
mentioned above.

In addition, four new levels at 2403, 2438, 2455, and
2613 keV are only defined by a single transition to the yrast
state below the 8+ isomer state. All of them have �I = 2 or
�I = 0 character, thus the spins of 2403, 2438, and 2455 keV
levels are limited probably to be 4 or 6, while the spin
of 2613 keV is limited probably to be 6 or 8. In Fig. 1,
tentative spin assignments of these four levels are indicated
in parentheses.

The new γ transitions and previously assigned γ transi-
tions above the 8+ isomer state are also clearly displayed in
the coincidence spectra gated on the 960.8 and 226.3 keV
γ transitions, respectively [Figs. 4(a) and 4(b)]. Two levels
(3476 and 4046 keV) were tentatively placed on the level
scheme and one level (3686 keV) is fixed based on associated
1032 and 806 keV depopulating γ transitions. Both of 1032
and 806 keV γ transitions have �I = 2 or �I = 0 character,
and thus 12+ is adopted for 3686 keV level. The level at
2967 keV was observed in Ref. [5] with a single decay
(207 keV) to the 11− yrast state, but no spin-parity assignment
was given. Recent work of Dracoulis et al. [9] cloud not
assign this state either. In the present experiment we find a
strong population of this state. It has a �I = 1 character. The
systematics of Rn isotopes [18] found that in 206Rn the 10−
state was 110 keV below the 11− state and in 208Rn these
states were very close together, while in 210Rn and 212Rn
the 10− state was not observed and was inferred that the
10− and 11− states swap positions. Thus, here we arbitrarily
adopted (10−) as the probable spin-parity for this state. Our
shell-model calculations also predict that the πh3

9/2i13/2 10−

state lies above the 11− state from the same configuration in
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next section. In addition, two new γ transitions (306 keV and
397 keV) are found linking the previously known levels.

III. DISCUSSION

The present work firstly identifies the 5+ and 7+ odd-spin
yrast states, more nonyrast states for the 4+, 6+, and 8+ states,
and possible collective 3− state. In the following discussion
we will compare the experimental data for these levels with
shell model calculations. The calculations are performed in
the full Z = 82–126 proton model space π (0h9/2, 1 f7/2, 1 f5/2,
2p3/2, 2p1/2, 0i13/2). The two-body matrix elements of the
Hamiltonian are from KHPE [19,20]. The single particle ener-
gies of the Hamiltonian are fixed to be the single particle levels
of 209Bi. Contributions from the neutron orbitals and other
proton orbitals were not considered. Similar calculations for
the N = 126 isotopes have been performed in Refs. [21,22].
Although the used Hamiltonian is slightly different from the
present one, the results agree with each other.

The experimental and theoretical spectra of 212Rn are
compared in Fig. 5 and the configurations of the levels are
presented in Table II. 212Rn, with its four valence protons, is
obvious that the 0h9/2, 1 f7/2, and 0i13/2 orbits are important in
the description of low-lying states. The negative-parity states
have in common active particles in the 0i13/2 intruder orbital.
Here all the experimental spins up to present observed 17− h̄
are reported, while higher-spins states have been observed and
their description is likely to require that core-excited states
be explicitly taken into account, and is not expected to be
adequately reproduced within our model space.

From Fig. 5 we see that the calculated spectrum repro-
duces very well the experimental one. The calculated states
which are shown in Fig. 5 and Table II are all the 36 states
arising from the configurations πh4

9/2, πh3
9/2 f7/2, πh3

9/2i13/2,
πh2

9/2 f 2
7/2, and πh2

9/2 f7/2i13/2. Several tentative levels were
placed on the level scheme, as mentioned above, we have tried
to establish correspondence with calculated levels. In Fig. 5
we see that the calculated spectrum is mainly characterized by
three groups of configurations. The first group is the twelve
numbers of levels dominated by the πh4

9/2 configuration,
while the second group contains the twelve members of the
πh3

9/2 f7/2 multiplet. All negative-parity states, in addition to
the 17−

2 state arising from the πh2
9/2 f7/2i13/2 configuration, are

in the third group dominated by the πh3
9/2i13/2. The other two

tentative states (6+
5 ) and (14+

2 ) suggested as πh2
9/2 f 2

7/2 config-
uration are also placed on the third group. The percentage of
the dominant configuration for all higher spin states is at least
90%, however, this is not the case for the lower-lying states,
of which the wave functions contain significant configuration
mixing, because these spins can be easily made up from a
number of configurations. In the first four excited states the
percentage of the dominant πh4

9/2 configuration, ranges from
60% to 65% while it becomes 42% in the ground state. For
other five low-lying excited states dominated by the πh3

9/2 f7/2

configuration, the percentages of the dominant configurations
are about 70%. All the 12 levels arising from the πh4

9/2

configuration have a configuration mixing with the πh2
9/2i2

13/2

and πh2
9/2 f 2

7/2 configurations in varying degrees. In fact, the

FIG. 5. A comparison between the experimentally observed lev-
els in 212Rn and those calculated (SM) as described in the text. The
6+

5 , 14+
2 , and 17−

2 levels, which are not assigned as the πh3
9/2i13/2

configuration, are also shown on the right column, and labeled
respectively. It should be noticed that the lowest 3− states cannot
be reproduced for obvious reasons, as the model space does not
allow for excitations of the 208Pb core, especially for neutron ph
excitations.

percentages of latter configurations other than the mentioned
above dominant one are 23% and 20% in the ground state,
reducing to 3% and 2% in the 4+

2 state. As well, all the
12 levels dominated by the πh3

9/2 f7/2 configuration have a
significant mixing with πh9/2 f7/2i2

13/2 and πh9/2 f 3
7/2 config-

urations in low-lying states, until the 10+
2 state is completely

dominated by πh3
9/2 f7/2(95%) multiplet. Similarity, the low-

lying 10− and 11− dominated by πh3
9/2i13/2 configuration

have a significant mixing with πh9/2 f 2
7/2i13/2 and πh9/2i3

13/2

configurations. The 6+
5 state contains 12% π f 2

7/2i2
13/2 and

8% πh3
9/2 f7/2 compositions.

The only experimental state for which we do not have a
appropriate theoretical counterpart is the proposed 3(−) state
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TABLE II. Calculated (SM) multiparticle configurations in 212Rn in the present work.

Eexp (keV) Jπ Ecalc (keV) Configuration(%)a

0 0+ 0 πh4
9/2(41.8%) πh2

9/2i2
13/2(23.2%) πh2

9/2 f 2
7/2(20.1%)

1274 2+ 1334 πh4
9/2(59.8%) πh2

9/2i2
13/2(17.3%) πh2

9/2 f 2
7/2(16.5%)

1501 4+ 1567 πh4
9/2(64.5%) πh2

9/2i2
13/2(16.3%) πh2

9/2 f 2
7/2(14.9%)

1640 6+ 1657 πh4
9/2(63.1%) πh2

9/2i2
13/2(16.9%) πh2

9/2 f 2
7/2(16.0%)

1694 8+ 1667 πh4
9/2(64.6%) πh2

9/2i2
13/2(16.5%) πh2

9/2 f 2
7/2(15.2%)

2116 8+ 2110 πh3
9/2 f7/2(70.7%) πh9/2 f7/2i2

13/2(15.1%) πh9/2 f 3
7/2(10.3%)

2121b 3(−) 2897 πh3
9/2i13/2(70.0%) πh9/2i3

13/2(12.5%) πh9/2 f 2
7/2i13/2(11.8%)

2172 6+ 2278 πh3
9/2 f7/2(70.1%) πh9/2 f7/2i2

13/2(14.5%) πh9/2 f 3
7/2(9.7%)

2306 5(+) 2354 πh3
9/2 f7/2(72.6%) πh9/2 f7/2i2

13/2(14.8%) πh9/2 f 3
7/2(9.2%)

2314 7(+) 2299 πh3
9/2 f7/2(73.1%) πh9/2 f7/2i2

13/2(14.6%) πh9/2 f 3
7/2(9.0%)

2324 4+ 2288 πh4
9/2(89.3%) πh2

9/2i2
13/2(2.7%) πh2

9/2 f 2
7/2(2.3%)

2403 (4+) 2381 πh3
9/2 f7/2(68.7%) πh9/2 f7/2i2

13/2(14.2%) πh9/2 f 3
7/2(9.5%)

2438 (6+) 2396 πh4
9/2(91.2%) πh2

9/2i2
13/2(2.4%) πh2

9/2 f 2
7/2(1.8%)

2455 (4+) 2654 πh4
9/2(94.0%) πh2

9/2i2
13/2(1.7%) πh2

9/2 f 2
7/2(1.6%)

2613 8+ 2754 πh4
9/2(95.2%) πh2

9/2i2
13/2(1.5%) πh2

9/2 f 2
7/2(1.4%)

2654 10+ 2732 πh4
9/2(94.6%) πh2

9/2i2
13/2(1.7%) πh2

9/2 f 2
7/2(1.4%)

2686 6+ 2730 πh4
9/2(95.1%) πh2

9/2i2
13/2(1.5%) πh2

9/2 f 2
7/2(1.3%)

2760 11− 2585 πh3
9/2i13/2(70.7%) πh9/2i3

13/2(13.7%) πh9/2 f 2
7/2i13/2(12.5%)

2865 (6+) 3042 πh2
9/2 f 2

7/2(68.9%) π f 2
7/2i2

13/2(12.2%) πh3
9/2 f7/2(7.8%)

2881 12+ 2959 πh4
9/2(96.6%) πh2

9/2i2
13/2(1.8%) πh2

9/2i2
13/2(0.7%)

2967 (10−) 2858 πh3
9/2i13/2(72.5%) πh9/2i3

13/2(12.6%) πh9/2 f 2
7/2i13/2(11.5%)

3066 10+ 3104 πh3
9/2 f7/2(95.4%) πh9/2 f7/2i2

13/2(1.1%) πh2
9/2i2

13/2(0.9%)
3250 (8+) 3228 πh3

9/2 f7/2(94.7%) πh9/2 f7/2i2
13/2(1.1%) πh2

9/2i2
13/2(1.0%)

3278 11+ 3322 πh3
9/2 f7/2(98.2%) πh2

9/2i2
13/2(0.8%) πh9/2 f7/2i2

13/2(0.3%)
3297 12+ 3306 πh3

9/2 f7/2(97.6%) πh2
9/2i2

13/2(1.0%) πh9/2 f7/2i2
13/2(0.3%)

3357 14+ 3287 πh3
9/2 f7/2(98.5%) πh2

9/2i2
13/2(1.0%) πh2

9/2 f 2
7/2(0.3%)

3476 (13+) 3433 πh3
9/2 f7/2(98.7%) πh2

9/2i2
13/2(0.8%) πh9/2 f7/2i2

13/2(0.2%)
3494 (13−) 3561 πh3

9/2i13/2(96.4%) πh9/2i3
13/2(1.1%) πh9/2 f 2

7/2i13/2(0.9%)
3686 12+ 3642 πh3

9/2 f7/2(95.5%) πh4
9/2(1.8%) πh2

9/2 f 2
7/2(1.5%)

3735 13− 3825 πh3
9/2i13/2(99.0%) πh2

9/2 f7/2i13/2(0.2%) πh9/2i3
13/2(0.2%)

3990 15− 3768 πh3
9/2i13/2(98.8%) πh2

9/2 f5/2i13/2(0.3%) πh9/2i3
13/2(0.3%)

3997 14− 3777 πh3
9/2i13/2(99.1%) πh9/2i3

13/2(0.2%) πh9/2 f 2
7/2i13/2(0.2%)

4046 (14+) 3927 πh2
9/2 f 2

7/2(95.5%) πh9/2 f7/2i2
13/2(0.9%) πh2

9/2 f7/2 f5/2(0.8%)
4066 17− 3762 πh3

9/2i13/2(99.6%) πh9/2i3
13/2(0.1%) πh2

9/2 f7/2i13/2(0.1%)
4151 15− 3974 πh3

9/2i13/2(98.6%) πh2
9/2 f7/2i13/2(0.9%) πh2

9/2 f5/2i13/2(0.2%)
4582 17− 4374 πh2

9/2 f7/2i13/2(99.4%) πh2
9/2 f7/2i13/2(0.4%) πh9/2i3

13/2(0.2%)

aThe numbers are the probability (%) with which a given configuration is occupied. Only three maximal probabilities are given.
bIt should be noticed that the lowest 3− states cannot be reproduced for obvious reasons, as the model space does not allow for excitations of
the 208Pb core, especially for neutron ph excitations.

at 2121 keV. The octupole collective mode was well known
in the heavy Z � 82 and N � 126 nuclei. It gives rise to
the lowest excited state in 208Pb, with energy of 2614 keV
and spin-parity of 3−. Moreover, the measurement of
transition probability of B(E3, 3− → 0+) = 33.8(6) W.u. re-
veals its collective mode [17,23]. The structure of this oc-
tupole vibration comprises many coherent particle-hole ex-
citations across the two magic gaps at Z = 82 and N =
126 involving several single-particle orbits with �l = 3
(π f7/2-π i13/2 and νg9/2-ν j15/2). In addition, one can expect
that adding nucleon pairs to 208Pb would result in a greater
softness of the collective 3− octupole mode, with a lowering
of its energy well below 2614 keV. This was put forward
in order to explain the behavior of the E3 strength in the
N = 127 isotones, in the framework of particle-octupole vi-

bration coupling [24]. The evolution of the 3− → 0+ and
15/2− → 9/2+ excitation energies in the N = 126 and their
neighboring odd-A N = 127 isotones are displayed in Fig. 6
as a function of Z . The excitation energy of 3− in 212Rn
nicely accord with almost linearity decrease in energy when
adding proton pairs similar to the case for N = 127 isotones.
However, the calculations of present shell model locate the
levels of the πh3

9/2i13/23− proton multiplet at about 0.8 MeV
above the corresponding possible level. This is more likely
the result of some involved mixing the octupole vibration
as in neighboring N = 126 210Po, 214Ra, and 216Th isotones
[24]. Therefore, this state cannot be accounted for as they are
intruders in the present model space. A systematic study of the
influence of the number of valence particles on the 3− energy
will be interesting in future studies.
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FIG. 6. The evolution of the 3− → 0+ and 15/2− → 9/2+ ex-
citation energies in the N = 126 and their neighboring odd-A N =
127 isotones. The observed 3− → 0+ energy in the present work is
marked by red square.

The measured decay strengths deduced from the known
lifetimes are given in Table III, where they are compared with
the transition strengths calculated using the same shell-model
setting as for calculating levels. Effective proton charges are

taken as Ref. [22], which are 1.5e for E2 transition and 2.4e
for E3 transition, respectively. On the whole, the measured
and calculated E2 strengths are in reasonable accord. The
strength of the 8+

1 → 6+
1 transition is 0.115(6) W.u. compared

to the calculated value of 0.25 W.u. The 12+
1 and 14+

1 states are
mostly dominated by the πh4

9/2 and πh3
9/2 f7/2, respectively.

The E2 transition connecting them is inhibited by the different
configuration with a very weak B(E2) value 0.032(8) W.u.,
while with the same dominant configuration, B(E2) value
between 14+

1 and 12+
2 is rather strong. The present shell model

calculation reasonably predicts the very weak strength. The
strong 11−

1 → 8+
2 and 17−

1 → 14+
1 E3 transitions are consis-

tent with the main single-particle transition i13/2 → f7/2. The
strengths of these transitions are comparable to several other
nonspin flip E3 transitions in this region and to the strength
of the E3 transition from the octupole state in 208Pb; while
the 11−

1 → 8+
1 transition instead of the type i13/2 → h9/2 and

is slowed down by spin flip. However, the coupling with
the 3− octupole phonon may not be exactly described in
the present model space, the E3 transitions are necessarily
underestimated.

For those new levels which were observed to branch,
Table III also gives the γ -intensity branching ratios and
the corresponding transition strengths. These ratios, deduced
from the data in Table I, are often used for the determination of

TABLE III. Branching ratios and transition strengths in 212Rn.

Transition strengths (W.u.)

Exp.b Cal.

Ex (keV) Initial state Final state Eγ (keV) γ branching intensitiesa Mult. (exp.) M1 E2 E3

1501.3 4+
1 2+

1 227.6 E2 1.04(4) 1.46
1639.5 6+

1 4+
1 138.2 E2 0.40(5) 0.80

1639.7 8+
1 6+

1 54.2 E2 0.115(6) 0.25
2171.7 6+

2 4+
1 670.4 24(6) E2 0.12

6+
2 6+

1 532.2 76(17) E2 0.28
2305.6 5+

1 4+
1 804.3 85(35) (M1 + E2) 0.09

5+
1 6+

1 666.0 15(6) (M1 + E2) <0.01 <0.01
5+

1 6+
2 133.7 <5 (M1 + E2) 0.35 0.28

2313.5 7+
1 6+

1 674.0 20(7) (M1 + E2) 0.05
7+

1 8+
2 197.3 80(27) (M1 + E2) 0.13 0.66

7+
1 6+

2 141.8 <7 (M1 + E2) 0.19 0.25
2324.3 4+

2 2+
1 1050.9 19(7) E2 5.81

4+
2 4+

1 823.0 57(21) E2 2.00
4+

2 6+
1 684.9 24(9) E2 2.65

4+
2 6+

2 152.4 <5 E2 0.45
2760.3 11−

1 8+
2 644.4 E3 <35.9c 18.20

11−
1 8+

1 1067.1 E3 1.36(17)c 0.58
2880.8 12+

1 10+
1 226.3 E2 4.4(2) 3.51

3357.0 14+
1 12+

1 476.2 E2 0.032(8) 0.01
14+

1 12+
2 59.8 E2 <4 3.32

3686.4 12+
3 10+

1 1031.9 33(9) E2 0.04
12+

3 12+
1 806.1 67(18) E2 0.22

4065.9 17−
1 14+

1 708.7 E3 16(6) 18.89
17−

1 15−
1 75.6 E2 3.0(16) 2.79

aThe relative intensities calculated from all γ -transitions depopulating a level in Table I.
bFrom Ref. [15] except for the 11−

1 level.
cThe transition strength deduced from the branching ratio in the present work.
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FIG. 7. Systematic behavior of some selected low- and medium-
spin levels in 210Po, 212Rn, 214Ra, and 216Th isotones with the N =
126.

transition multipolarities and level spins and parities, notwith-
standing quantitative agreement with experimental transition
branchings was not very good. For example, low-energy
intramultiplet transitions between members of the πh3

9/2 f7/2

multiplet are predicted to compete favorably with the more
energetic transitions to levels of the πh4

9/2 multiplet. Our
findings of the 134, 142, and 197 keV transitions as πh3

9/2 f7/2

intramultiplet transitions are supported by these results and
the experimental multipolarities are consistent with the the-
oretical predictions. However, there is still a need for further
experiments to obtain spin and parity assignments, since some
of the known spins are only tentative and our experimental
setup offered no possibility to analyze angular distribution and
conversion-electron.

Figure 7 illustrates the energy level systematics of the even
N = 126 isotones 210Po, 212Rn, 214Ra, and 216Th. States with
the same spin-parity are connected by dot lines. In 212Rn,
the spin-parity assignment for the 2967 keV state, which was
tentatively assigned as 12+ in Ref. [9], is instead suggested to
be (10−), thus allowing its identification as the analog of the
10− state in neighboring Rn isotopes as mentioned above. The
2+

1 , 4+
1 , 6+

1 , and 8+
1 states indicate a steady increase energy

as proton number increases, while energies for 8+
2 and 11−

1

states in Fig. 7 are observed to decrease gradually. These
evolutional tracks could be analyzed in terms of a pairing
approach [22,25]. Unfortunately, the study of such a whole
systematics from 210Po to 216Th is difficult experimentally
because of the inaccessibility of many of the nuclei, especially
for the nonyrast and odd-spin yrast states, but they will be
of considerable interest in evaluating the development of
pairings in the future.

IV. SUMMARY

This work has been successful in identifying many new
states in 212Rn above and below the previously identified
microsecond isomers. Among the new states, a candidate for
the 3(−) collective state is suggested. Large-scale shell model
calculations are employed to interpret the new established
level scheme. The overall agreement between the experimen-
tal and theoretical excitation energies, transition strengths is
good. According to the calculations, πh4

9/2 and πh3
9/2 f7/2

configurations appear to dominate the new assignment of the
lowest 5+ and 7+, nonyrast 4+, 6+, and 8+ levels, some
evidences for f7/2 orbitals contribution are observed, in the
formation of low-lying 6+

5 state and high-spin secondary 14+
2

state. The 3(−) state at the excitation energy of 2121 keV
has been proposed to originate from the mixing octupole
vibration with the 3− member of the πh3

9/2i13/2 multiplet.
Further experimental and theoretical investigations would be
valuable to confirm the 3− core-excited state and to study the
core-excited structures in 212Rn.
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