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The excited states of 2’Rn (Z = 86, N = 123) have been populated by the heavy-ion induced fusion evap-
oration reaction '**Pt('°0Q, 5n)*Rn at a beam energy of 102 MeV. The de-excited y rays were detected with
the Compton suppressed clover HPGe detectors of the Indian National Gamma Array (INGA) set-up. The high
spin spectroscopic study of 2’ Rn has been carried out up to an excitation energy of 7.9 MeV and spin (55/2).
Spin-parity assignments of the excited levels have been determined and are confirmed on the basis of the ratio of
directional correlation and polarization asymmetry measurement. The possible presence of new isomeric states
has been observed and the half-lives have been estimated. A negative parity sequence of M1 transitions has been
observed which exhibits the property of magnetic rotation and is interpreted in the framework of semiclassical

model calculation. The large basis shell-model calculation has been performed for all the nuclear levels and is
found to be in well agreement with the experimental results.
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I. INTRODUCTION

The nuclei in the vicinity of the doubly magic shell closure
of ggSPb have been the topic of significant physics interest
in the recent years. These nuclei exhibit a variety of nu-
clear structural phenomena, such as, shears band, neutron
core excitation across N = 126 shell closure, and presence of
several short-lived and long-lived isomers. With few proton
particles above Z = 82 and few neutron holes in the N = 126
shell closure, the nuclear structure in these nuclei are mainly
dominated by the single particle excitations. As the number
of the valence nucleons are increased, the single particle
configurations evolve towards the mixture of multinucleon
configurations. Hence, the nuclei in this region provide a
fertile ground to test the validity of the large basis shell-model
calculations. Moreover, several shell-model calculations have
been performed in this near Pb region by considering 2*Pb
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as a stable core [1,2]. Further, the presence of the large spin
differences between the close lying high-j neutron and proton
orbitals give rise to several high-spin isomers in this region
[3]. The 13/2* isomeric state has been observed to be present
systematically for all odd-A isotopes of the nuclei above
Z = 82 [4]. The study of these isomeric states in this re-
gion provides further understanding in level structure of these
nuclei.

The occupation of the high-j orbitals, e.g., who2, wii3/2,
vij3/2, etc., by the valence proton particles and the neutron
holes gives rise to the magnetic rotation (MR) band in this
region. In this case, the higher spin states are mainly gener-
ated by the closing of the two blades of shears formed by
the aligned proton and neutron angular momentum vectors.
The rotational band resulting from this mechanism possesses
increasing B(M1)/B(E?2) ratio, and decreasing B(M 1) value
with increasing rotational frequency. While the presence of
the MR band is a very common phenomenon around the
neutron-deficient Pb region [5-7], the observation of the MR
band [8-11] in the above Pb region (Z = 82) around N = 126
neutron shell closure is rare due to insufficient experimen-
tal data at the high spin. The presence of the MR band in
this region has already been reported for 2°*2%At (Z = 85)
[12,13], 2°?Bi (Z = 83) [14], 2°V22pp (Z = 82) [15], and
206Fr (Z = 87) [16]. For, Rn (Z = 86) isotopes, only the high
spin spectroscopic study of 2 Rn indicates the presence of a
MR band, based on the observation of a cascade of magnetic

©2024 American Physical Society


https://orcid.org/0000-0003-1047-697X
https://orcid.org/0000-0002-1712-5825
https://orcid.org/0000-0002-7198-660X
https://orcid.org/0000-0002-9310-2342
https://orcid.org/0009-0003-5744-4358
https://orcid.org/0000-0001-8719-1548
https://orcid.org/0000-0001-6969-0458
https://orcid.org/0000-0003-0574-8467
https://orcid.org/0000-0003-0457-4012
https://orcid.org/0009-0003-8804-7398
https://orcid.org/0000-0002-0335-1813
https://orcid.org/0000-0003-1233-1256
https://orcid.org/0000-0002-6635-4392
https://orcid.org/0000-0003-2694-4635
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.014322&domain=pdf&date_stamp=2024-01-23
https://doi.org/10.1103/PhysRevC.109.014322

SNEHA DAS et al.

PHYSICAL REVIEW C 109, 014322 (2024)

dipole transitions [17]. For other odd-A Rn (Z = 86) isotopes,
around N = 126 shell closure, e.g., 207Rn and 2''Rn, the MR
band has not been observed so far [18,19].

The existence of the ground state and the two lower spin
states of 2*?Rn were first proposed by Raich et al. [20] from
the o decay of 2'*Ra. Further, the other studies from decay
spectroscopy of Fr [21] and *'*Ra [22] also established
the ground state, other low-lying spin states, and the y ray
transitions corresponding to these states. The first high spin
spectroscopic study of 2*’Rn by heavy-ion induced reaction
was carried out by Poletti e al. [23]. The de-excited y rays
were detected using one Compton-suppressed and two unsup-
pressed Ge(Li) detectors along with a Si(Li) detector and a
liquid scintillator detector. However, the placement and the
spin-parity assignment of the levels above the 21/2% isomeric
state were uncertain. Moreover, the connections between sev-
eral sequence of states at the higher spins were indicated from
the coincidence relationships but the connecting transitions
could not be observed. Therefore, a comprehensive spectro-
scopic study of 2’ Rn with the large array of high resolution
and high efficiency y-ray detector set-up is required to explore
the high-spin structure of 2*’Rn.

In the present paper, the level structure of 2”’Rn has been
reported with the placement of 26 new transitions. The pos-
sible presence of new high-spin isomeric states has been
indicated and the half-lives have been estimated. The single
particle excited states and the half-life of the isomeric state has
been well reproduced from the shell-model calculation. The
presence of a new negative parity sequence of M1 transitions
has been observed in 2*’Rn and it has been interpreted as MR
band under the framework of semiclassical model calculation.

II. EXPERIMENTAL DETAILS

The high spin states of 2®Rn are populated in the fusion
evaporation reaction '*®Pt(1°0, 51) at 102 MeV beam energy
from the Pelletron Accelerator, IUAC, New Delhi [24]. The
target is 99% isotopically enriched self-supporting foil of
198pt with 9.3 mg/cm? thickness. The de-exciting y rays are
detected using the Indian National Gamma Array (INGA)
setup [25], consisted of 18 Compton suppressed clover HPGe
detectors. The detectors have been arranged with respect to
the beam direction as: Four detectors each at 148° and 123°,
six detectors at 90°, two detectors each at 57° and 32°.

The list-mode data have been acquired in singles and
coincidence mode using the analog data acquisition system
CANDLE [26]. Offline data analysis was carried out using
LAMPS [27], INGASORT [28], and RADWARE [29] software
packages.

II1. DATA ANALYSIS PROCEDURE

To study the coincidence relationship between the y rays,
the y-y symmetric matrix and y-y-y cube were generated.
For the assignment of spin and parity of excited energy levels,
two asymmetric matrices were generated. To determine the
ratio of directional correlation from the oriented states (Rpco),
a matrix has been generated by putting the data from 90°(6,)
along one axis and that from 148°(6,) at another axis, using

the relation [30]
L, at 0y, gated by y» at 6,

Rpco =

. 1
L, at 6,, gated by y» at 0, M

For the present work, the value of Rpco was found to
be ~0.9-1.0 (1.5-1.6) for pure stretched quadrupole transi-
tions and ~0.5-0.6 (1.0-1.1) for dipole transitions with a
pure quadrupole (dipole) gating transition. The Rpco values
were found to be varied from 0.7 to 0.8 at the gates of pure
quadrupoles for some mixed dipole transitions (depending
on the mixing ratios) and for some pure dipole transitions
decaying from the isomeric states.

Clover detectors can serve as Compton polarimeter be-
cause of its special geometry which can be used to determine
the electromagnetic nature of the y rays [31]. For the measure-
ment of polarization asymmetry of the decaying y rays, two
asymmetric matrices were constructed from the Compton-
scattered events of 90° detectors corresponding to the parallel
and perpendicular events with respect to the reaction plane.
The polarization asymmetry is defined as

Agsym = w’ )

a(E), )N 1 + N, I

where N, (V) are the number of Compton-scattered photons
of a y ray in perpendicular (parallel) direction with respect to
the reaction plane, and a(E, ) is the correction factor, which
takes into account the asymmetry in the response of the de-
tector array. The polarization asymmetry should be zero for a
radioactive source, therefore a(E, ) is defined as [32]

Nj(unpolarized)

a(Ey) = 3

N, (unpolarized)

In the present work, the decay transitions from a 'S?Eu
standard radioactive source have been used to extract the value
of a(E, ). The variation of a(E, ) as a function of y-ray energy
(E,) has been fitted, using the equation a(E},) = ag + aiE,.
The values of the coefficients are obtained as ag = 0.964 and
a; = 8.192 x 1075, The positive and the negative values of
the A,gym corresponds to the electric and magnetic nature of
the transitions, respectively.

In order to study the presence of isomers, several y-y
symmetric matrices were generated by gating at the different
coincident time windows of the total aligned Time to Am-
plitude Converter (TAC). The coincident time window was
varied from 10 ns to 200 ns in the interval of 10 ns. The
observed intensity of the y rays above the isomer, at the
gate of the transitions below the isomer, is related with the
coincidence-time window by the following formula [33]:

—n2 A¢
N, = No(1 —Ae T2, 4)

where Ny and N; are the counts initially and at time ¢, re-
spectively, Tj,, = half-life of the isomeric state, At is the
coincidence time window, A is used as a free fitting parameter.

IV. RESULTS

The level scheme of 2’Rn as obtained from the present
work using coincidence relationships of the observed y rays is

014322-2



HIGH-SPIN LEVEL STRUCTURE OF ?*Rn

PHYSICAL REVIEW C 109, 014322 (2024)

E
(532 (55/2+) 7998
7920
209Rn
1094 512 7308
482
49/2+ y 6826
288 6538
772 77/2+ 6401
45/2+...,.....l ......... oos4 718 581 C
5820 234 43/2*
3 5659 161 (43/2%) D 5664 37/20)
- 5437 656 495 2
N \ Ve s 39/2- ) )
603 5164 ( 2) 5010132 37/27 5041 35/2
4834 \ 4 4870 140 _35/27
T /2: 10 ns T]/2 = 44 ns 404 575 -
\ 4466 i 3312
401
1197 ! 717, oo
B 4065 ¥ ¢ 3172
A 3637 + v ¥ 29/2"
Typ,=3us 3202 3541 2720 _ 37 §19657),-
=14ns 3?/ 935 490 () 3554471
Tin ! 9/2- 1052 . _
3082 23/2
T,,=30ns 27/2_ 200 Dl 908 12;849 25/2* 705 3(%'25/2 e (2/2) 7L
n T 28 *110 s [ 2ras 23 446 552 662
/ 886 l 448 375 2605 23/2*
23 2 2502 610 589 2420 21/2+ 136 !
21 /2 2401 2239 i T,,=9ns
814 713 21/2’ 608 731
789 551
77 1688 19/2-
= 1611 .
O7ns 1466 132 B B LG 1z
13/2+ 1174 22
-13 668
p T IO MS
798 9/2-
798
0 5/2~

FIG. 1. Proposed level scheme of 2’Rn as derived from the present work. The new y ray transitions, energy levels, and the new assignments
of spin-parity, observed in the present work, are indicated in red. The new isomeric state has been indicated in blue.

illustrated in Fig. 1. 26 new y ray transitions have been placed
with the spin-parity assignment of the new levels as well as the
already existing levels. The spin-parity assignments of some
of the levels have been modified from the earlier work [23]
which has been discussed in the following sections. The new
y ray transitions, energy levels, and the assignments of spin-
parity, observed in the present work, are indicated in red. Due
to the presence of two us isomeric states with J* = 13/2% and
35/2* at the excitation energies of 1174 keV and 3637 keV,
respectively, the relative intensities of the transitions above
these isomeric states have been obtained from the in-beam
data collected in singles mode and then have been normalized
with the intensity of 798 keV transition decaying from a 9/2~
state to the ground state. Similarly, due to the presence of
several ns isomers in the level scheme, the relative intensities
of the observed y rays have been measured at the gates of
different coincident transitions and finally normalized to the
intensity of the 798 keV ground state transition. The Rpco

and Auym values of the y ray transitions as the function of
the y ray energies have been plotted in Figs. 2(a) and 2(b),
respectively. In Fig. 2(a), the values of Rpco have been plotted
as obtained in a stretched quadrupole gate. In Fig. 2(b), the
transitions on the upper side of the dotted line are electric
and those in the lower side of the line are magnetic. The
intensities and multipolarities of 77 keV, 49 keV, and 96 keV
transitions, decaying from 19/27, 17/27, and 15/2~ states,
respectively, have been adopted from [23]. The information
of all the observed y-ray energies along with their relative
intensities, Rpco, and Aggym values are listed in Table I.
Several new transitions have been observed below the
35/2% isomeric state in the sequence A. Figure 3(a) shows
668 keV gated spectrum where many new transitions along
with the earlier reported ones [23] have been observed. For
example, three new transitions of 448, 789, and 713 keV tran-
sitions have been observed at the gate of 668 keV, as shown in
Fig. 3(a). These transitions are also found to be coincident
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TABLEI. The y ray energies (E, ), their relative intensities (7, ) have been shown along with the spin-parity of the initial (/") and final (JT)
states and the energy of the initial state (E;). The measured values of Rpco and Agyy, are also shown along with the proposed multipolarity
(o 1) of the y rays. Rpco values enlisted in the table are obtained in a stretched quadrupole gate, except as noted.

E, (Err)(keV) E/(Err)(keV) 1,(Exr) Roco(Err) Agym(Err) I =7 o
(12.8) 3553.6(2) 27/27 — 27/20) (M1)°
(21.8)" 5164.1(3) 41/2 — 392" M1
49.1(1) 1611.1(1) 5 17/2- — 15/2- MI1(+E2)
76.8(1) 1687.9(2) 12¢ 19/2- — 17/2- M1 + E2°
96.0(1) 1562.0(1) 20° 15/2- — 132" M1 + E2¢
109.8(2) 2957.9(2) 0.70(9) 0.77(11) 27/2 — 25/2" M1+ E2
132.2(2) 5142.3(4) 1.80(8) 0.67(6) 39/2 — 37/2- M1+ E2
139.72) 5010.1(3) 2.05(8) 0.75(6) 37/2- — 35/2~ M1 +E2
161.1(3) 5820.3(3) 0.31(8) 43/2+ — (43/2%) M1)
185.9(1) 2605.3(2) 7.92(22) 1.93(11)¢ 23/2+ — 21/2+ M1+ E2
195.8(1) 3749.4(2) 8.65(17) 0.71(3) 29/2- — 272" M1 +E2
200.2(1) 3157.8(2) 13.91(33) 0.71(3) 29/2~ — 27/2~ M1+ E2
234.0(1) 6054.3(3) 2.99(9) 1.01(12)¢ —0.12(9) 45/2+ — 43/2+ M1
287.9(1) 6826.2(3) 4.21(25) 0.95(8)¢ —0.12(8) 49/2+ — 47/2+ M1
291.7(1) 1465.9(1) 8.10(27) 1.13(23)¢ 13/2- — 13/2+ El
315.5(1) 4064.9(2) 13.18(46) 0.59(1) —0.10(3) 31/2° — 29/2- M1
325.4(1) 2745.1(2) 14.90(54) 0.63(2) —0.11(6) 23/2+ — 21/2+ M1
347.3(1) 2848.8(2) 5.33(31) 0.71(5) +0.01(5) 25/2- — 23/2" M1+ E2¢
376.3(1) 1174.2(1) 17.00(72) 1.103) —0.02(5) 13/2+ — 9/2- M2*
383.4(1) 5820.3(3) 6.79(30) 1.09(11) —0.09(10) 43/2+ — 43/2- El
388.0(1) 1562.0(1) 26.7(12) 0.79(3) +0.06(11) 15/2- — 13/2+ El
396.2(1) 3553.6(2) 2.06(22) 0.79(12) —0.20(10) 27/2 — 292" M1+ E2
401.2(1) 4466.1(2) 15.59(73) 0.56(2) —0.12(4) 33/27 — 31/2° M1
404.3(1) 4870.4(2) 5.65(33) 0.55(4) —0.02(3) 35/2- — 33/2° M1+ E2f
445.9(1) 3050.9(2) 8.93(23) 0.68(5) —0.07(6) 25/2+ — 23/2+ MI1(+E2)
448.3(1) 2848.8(2) 2.56(21) 1.03(10) 25/2~ — 21/20) (E2)
456.4(1) 2957.9(2) 4.88(25) 1.08(9) +0.13(7) 27/2- — 23/2- E2
471.2(2) 3553.6(2) 1.73(12) 27/2 — 232" E2¢
479.3(1) 3637.12) 21.20(37) 35/2+ — 29/2- E3°
482.1(2) 7308.3(3) 1.95(24) 1.15(15)¢ 51/2 — 49/2+ M1)
490.2(1) 3540.8(2) 5.01(17) 1.2(1)¢ +0.10(6) 27/20) — 25/2+ (E1)
494.9(2) 5659.1(3) 1.39(14) 0.73(11) (43/2%) — 41/2- (E1)
550.8(1) 2238.6(2) 24.70(55) 0.57(2) —0.07(16) 21/2- — 19/2- MI1(+E2)
551.5(1) 2971.0(2) 6.99(17) 1.54(17)¢ (23/2%) — 21/2+ (M1 +E2)
575.2(2) 5041.3(3) 1.44(12) 0.78(15) —0.37(15) 35/2- — 33/2° M1+ E2
580.8(1) 6401.1(3) 1.80(5)

588.5(1) 2827.1(2) 2.70(8)

602.8(1) 5436.8(3) 8.50(22) 0.43(7) +0.04(5) 43/2- — 41/2- M1+ E2
610.3(1) 2848.8(2) 15.60(41) 0.93(7) +0.10(5) 25/2° — 21/2- E2
622.2(2) 5663.5(4) 1.20(11) 0.58(9) —0.25(30) 37/20) — 35/2- (M1 +E2)
627.5(1) 2238.6(2) 5.50(24) 0.87(8) +0.08(11) 21/2- — 17/2- E2f
656.2(1) 5820.3(3) 6.20(19) 0.60(6) +0.12(8) 43/2+ — 41/2- El
661.7(1) 3081.5(2) 5.10(16) 1.07(1) +0.19(13) 23/2- — 21/2+ El
667.8(1) 1465.9(1) 67.121) 1.01(3) +0.07(3) 13/2- — 9/2- E2
690.0(2) 7998.3(4) 0.70(4) 1.39(24)¢ (55/2*+) — 51/2* (E2)
704.8(1) 3553.6(2) 1.71(15) 0.53(8) +0.02(10) 27/2 — 25/2" M1+ E2°
712.6(1) 2400.5(2) 2.11(19) 0.66(10) 212 — 19/2- (M1 +E2)
716.6(1) 4466.1(2) 2.50(9) 33/2° — 29/2- E2¢
718.0(1) 6538.3(3) 5.04(28) 1.52(15)¢ +0.14(6) 47/2F — 43/2F E2
731.4(1) 2419.5(2) 33.1(12) 0.78(2) +0.05(3) 21/2+ — 19/2- El
772.02) 6826.2(3) 1.36(12) 1.64(38)¢ 49/2+ — 45/2+ E2¢
789.4(1) 2400.5(2) 4.84(16) 0.94(11) +0.11(13) 21/20) > 17/2- (E2)
795.6(1) 3540.8(2) 13.68(19) 0.98(8) —0.14(13) 27/20) — 23/2+ (M2)
798.0(1) 798.0(1) 100 1.01Q2) +0.11(7) 9/2- — 5/2- E2
813.9(1) 2501.6(2) 16.90(13) 1.00(3) +0.07(5) 23/2° — 19/2~ E2
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TABLE 1. (Continued.)

E, (Erm)(keV) E/(Err)(keV) 1,(Err) Roco(Err) Aym(ErT) I Jr o

885.8(2) 3124.43) 1.55(9)

908.1(1) 3146.7(2) 2.55(18)

935.1(2) 3540.8(2) 0.70(10) 27/20) — 23/2+ (M2)°
986.4(1) 5820.3(3) 10.50(15) 0.51(6) +0.30(5) 43/2% — 41/2- El

1051.7(2) 3553.6(2) 1.67(14) 0.77(17) +0.19(11) 27/2- — 232" E2d

1093.6(1) 7919.8(3) 2.50(5) (53/2%) — 49/2+ (E2)
1196.9(1) 4834.02) 13.0(64) +0.07(6) 41/2- — 35/2+ E3*

“Not observed in the present work but its presence is inferred from the observed coincidence relations below and above the levels.
"Not measured, assigned on the basis of the spin-parity assignments of the initial and final levels, determined from other decaying y rays.

°Adopted from the Ref. [23].

4From the stretched dipole gates of 731, 656 and 986 keV as applicable.

“assigned on the basis of parallel decay paths from the same level.
fSame is also assigned at Ref. [23].

with 479, 200, 110 keV transitions, but not in coincidence
with the 814, 551, 610, and 347 keV transitions. Hence, by
checking the coincidence relationships between these y rays,
a level has been placed at 2401 keV which is populated by
448 keV and decays via 789 and 713 keV transitions to the
17/2~ and 19/27 spin states, respectively. A spin assign-
ment of / = 21/2 and a tentative parity assignment (—ve) has
been proposed for the level 2401 keV on the basis of Rpco
value and the similar decay paths of 551 keV and 628 keV
transitions. A new transition has been observed connecting
13/27 and 13/27 states which is not in coincidence with 668
keV but in coincidence with all other transitions above the
13/27 state as is evident from Figs. 3(a) and 3(b). The level
structures above the 21/2% and 35/2" isomeric states and the
connections observed between different sequence of states are
discussed in the following subsections.

1.2
Quadrupole T (a)
b ® ] W
8 1 °
o 08f "e %
® i %
Dipdeed LT T
04 [ 1 1 1 1 1
(b)
E 04T boct %
ectric .
3 0.0} L f A® » {
< % e ® e e E
Magnetic % ]
04} { +
-0.8 L 1 1 1 1 1
0 200 400 600 800 1000
Energy (keV)

FIG. 2. Plot of (a) Rpco in a quadrupole gate and (b) A,eym as a
function of y ray energies for the new transitions (in red) and already
known transitions (in black). The dotted lines in the y axis in (a) are
to guide the eye for the DCO ratio corresponding to pure dipole and
quadrupole transitions, respectively. The dotted line in the y axis in
(b) is to guide the eye for A, values corresponding to the electric
(positive) and magnetic (negative) nature of the transitions.

A. Levels above the 21/2% isomeric state

In the previous work by Poletti et al. [23], the spin parities
of the levels and the placement of the y rays feeding the 21/2%
state were not confirmed due to the smaller intensities of the
various low energy y rays and the presence of unresolved con-
taminated peaks. Also, the transitions connecting sequence C
with sequences A and E could not be identified. In the present
work, six new transitions above this isomeric state have been
placed and the spin-parity assignment of the levels above
3541 keV has been modified. The measured A,qym value of the
490 keV transition from the present work is +0.10(6) which
is similar to the Auym values of the other stretched electric
transitions obtained in the present work. Therefore, along
with the DCO ratio measurement, the 490 keV transition has
been assigned as E'1 which corroborates the spin-parity of
3541 keV level as J* = 27/27. The measured value of Ay,
for 796 keV transition —0.14(13) is also consistent with this
result. In the earlier work of Poletti et al. [23], on the basis
of angular distribution and conversion electron measurement,
the 796 keV transition was assigned as E2, though, it may
have significant contribution from the ground state 798 keV
transition. Keeping this in mind and considering the large
uncertainty of measured Agygym, of the 796 keV transition, the
parity assignment of 3541 keV level has been made tentative
in the present work. Some connecting transitions between
sequences A, C and E, D have been observed. A cascade
of transitions 471-662 keV has been observed at the coinci-
dence gate of 731 keV transition as shown in Fig. 3(b). These
transitions are also found to be in coincidence with all other
transitions of the sequences C, D, E but not in coincidence
with 796-325 keV and 186-446-490 keV cascade transitions,
respectively. Hence these two transitions have been placed in
the level scheme, based on their relative intensities, decaying
from the levels at 3082 and 3554 keV. The spin-parity of
3082 keV level has been assigned as 23/2~ on the basis of
Rpco and A,y values. But, due to the insufficient counts,
the Rpco and Aggym values of 471 keV transition could not be
extracted. On the other hand, several transitions viz. 396, 705,
1052 keV have been observed which connect the 3554 keV
level of sequence C with 3158, 2849, and 2502 keV levels of
sequence A, respectively. This in turn validates the placement
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FIG. 3. Coincidence spectra corresponding to the y ray gates of (a) 668 keV and (b) 731 keV. The new transitions are marked with red,
while the transitions marked with an “*’ symbol could not be placed in the level scheme.

of the 3554 keV level in the level scheme. The Rpco and
Agym values of the 396 keV transition (Table I) indicate
that this transition to be of M1 + E2 nature. The Rpco of
the 705 keV transition also supports its dipole assignment.
The Rpco of the 1052 keV transition is found to be slightly
inconsistent with its quadrupole assignment, which may be
due to its weak intensity. However, the Ay, of the 1052
keV transition supports its electric nature. Thus, the Rpco and
Agasym values of these three transitions together, decaying from
the 3554 keV level, suggest that this level can be assigned as
J* = 27/27. This 3554 keV level is connected with the 3541
keV level as all the transitions decaying out from the 3541
keV level are found to be in coincidence with the transitions
feeding in the 3554 keV level. This connection of 13 keV
(obtained from the difference of the energy levels) has not
been observed in the present work but its presence has been
inferred on the basis of the coincidence relationships between
the y rays above 3554 keV and below 3541 keV. The y ray
transitions feeding the 3554 keV level in sequences C and D

are also found to be in coincidence with all the transitions
below 3158 keV level in sequence A (Fig. 4). Therefore,
these three transitions are the connecting transitions between
sequences A and C observed in the present work. A cascade
of M1 transitions, viz. 196, 316, 401, 575, 622, 404, 132, and
140 keV, have been observed above the 3554 keV level which
are all in coincidence with the 731 keV transition as illustrated
in Fig. 3(b). Most of these transitions are previously known
but their placements have been changed from the earlier work
depending on the coincidence relationship and the intensity
balances. But the two transitions 575 and 622 keV observed
in the present work bypass the cascade of the 404, 132, and
140 keV transition and they are not in coincidence with the
transitions of sequences D and E.

In the level scheme Fig. 1, the transitions shown in the
sequence C forms a cascade of M1 transitions. The M1 as-
signments of these transitions have been made on the basis
of the Rpco and Agym values listed in Table I. Only one
crossover E2 transition 717 keV has been observed which

15
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FIG. 4. Coincidence spectrum corresponding to the y ray gates of 316 and 401 keV. The new transitions are marked with red, while lines
from the contaminants are marked with a # symbol and the transitions marked with an * symbol could not be placed.
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FIG. 5. Coincidence spectrum corresponding to the y ray gate
of 1197 keV. The new transitions are marked with red, while those
transitions marked with an * symbol could not be placed.

is not present at the added gate of the 316 and 401 keV
transition as shown in Fig. 4. The experimental B(M1)/B(E2)
value for this 316-401 keV transition has been determined as
13u?% /e*b*. This cascade has been interpreted as MR band
which is discussed in Sec. VB. So, the sequence of M1 y
ray transitions, viz. 196, 316, 401, 404, 132, and 140 keV,
above the 27/2~ state at 3554 keV level, has been assigned
as negative parity sequence in the present work. There is an
indication for the possible presence of isomer at J* = 35/2~
state which has been discussed in detail in Sec. IV C.

B. Levels above the 35/2% isomeric state

The placement of 1197 and 479 keV y ray transitions
above and below the 35/2% isomeric state and the E3 mul-
tipolarity assignments have been adopted from Poletti et al.
[23]. Figure 5 shows the transitions observed at the gate of
the 1197 keV. It has been observed that 718 keV transition is
in coincidence with 288 keV but not with 234 keV, rather the
234 and 772 keV transitions are in mutual coincidence with
each other. Further, the 482 keV transition has been observed
in coincidence with the both 288 and 234 keV y rays.

Hence, the 772-234 keV cascade has been placed in par-
allel with the 288-718 keV cascade based on their relative
intensities and coincidence relationships. The spin-parity of
the level 6054 keV has been obtained from the Rpco and
Ageym values of the 234 keV transition. In addition, two tran-
sitions, 690 and 1094 keV, have been observed in sequence
E which are placed above the 6826 keV levels based on
their coincidence relationships. The transitions feeding the
5820 keV level are found to be in coincidence with all the
transitions of sequences C (apart from the 575 and 622 keV
y ray transitions discussed earlier) and D as illustrated in
Fig. 6(a). The 656 keV transition is found to be the connecting
transition between sequences E, D and E, C. In the earlier
work by Poletti et al. [23], this 656 keV transition was placed
in parallel with the 132 and 796 keV transition. But all the
transitions in sequences B, C, and D are found to be in co-
incidence with the 656 keV transition including 132 and 796
keV. Moreover, all y rays feeding the 5820 keV level are in
coincidence with the 656 keV but the y rays decaying from
this level, viz. 986, 383, 603, 161, and 495 keV transitions,
are not observed at the coincidence gate of 656 KeV. The
double gated spectrum between the y rays in sequences D
and E, viz., 718 and 404 keV, shows the intensity of 656 keV
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FIG. 6. Double coincidence spectra corresponding to the y ray
gates of (a) 404 and 718 keV, (b) 325 and 731 keV.

transition increases [Fig. 6(a)] compared to the double gated
spectrum between the transitions 325 and 731 keV in the same
sequence B [Fig. 6(b)]. This strongly suggests the placement
of the 656 keV transition as the connecting transition between
sequences E and D and nullifies the previous placement of
the 656 keV transition [23]. The spin-parity of the 5164 keV
level has been determined from the Rpco and A,gyy values
of the 656 keV transition. Further, the E1 multipolarity of
656 keV derived in the present work validates the spin-parity
assignments of both sequences E and D. This 5164 keV level
is connected with the 5142 keV level of sequence D as all
the transitions decaying out of the 5142 keV level are in
coincidence with all the transitions feeding 5164 keV level.
This connection of 22 keV (obtained from the difference of
energy levels) has not been observed but its presence has
been inferred from the observed coincidence relationships.
Another cascade of connecting transition 161-495 keV has
been observed in parallel with 656 keV although the intensity
of this decay path is very weak compared to 656 keV. Due
to insufficient statistics, the Rpco and Aagym of 161 keV tran-
sitions could not be determined. For the 495 keV transition,
the Rpco could be measured, though with large uncertainties.
Also, its Rpco value shows some inconsistency, probably due
to its weak nature and difficulties in choosing the suitable
gating transition. However, as the spin-parities of the initial
level of 161 keV and the final level of 495 keV transitions
have already been decided by other parallel decaying y rays,
so the spin-parity of the 5659 keV intermediate level is tenta-
tively assigned as (43/27). There is also an indication of the
connecting transitions from the 4834 keV level of sequence E
to the 4466 keV level of sequence C which are not observed
in the present work but can be inferred from the coincidence
spectrum of Fig. 4.

C. Possible presence of new isomer

In the present work, the possible presence of an isomeric
state at the 4870 keV level has been indicated by the observed
intensity difference between the feeding and decaying y rays
of this level. The intensity variation of the transitions above
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FIG. 7. Intensity variation of 140 keV as a function of the coin-
cidence time window at the gates of 316, 401, 404 keV.

the 4870 keV level, in coincidence with the transitions below
this level, were found in two different coincidence time win-
dows of 20 and 200 ns with appropriate normalization. It is
observed that there is a significant increase in the intensities of
132 and 140 keV transitions in 200 ns time window, compared
to that of 20 ns. This indicates a possible existence of an
isomeric state at 4870 keV.

The half-life of the excited state at 4870 keV has been
estimated from the variation of the intensity of 140 keV tran-
sition (above 4870 keV level) at the coincidence gates of 401,
316, and 404 keV transitions (below 4870 keV level), as a
function of different coincident time windows. This intensity
variation at different coincidence gates have been fitted by
Eq. (4) and are shown in Fig. 7. The half-lives obtained at the
three different gating transitions are 44(2), 42(2), and 46(3)
ns, respectively. The values obtained from different gates are
found to be similar and the half-life of 4870 keV level has
been estimated as 44(4) ns. Also, for the level of 2958 keV,
there is an intensity difference between the feeding in and
decaying out y rays of the level which indicates possibly an-
other isomeric state exist at that level. The intensity variation
of 200 keV y ray at the gates of 347 and 456 keV has been
fitted with Eq. (4) and the half-life (77/,) of the 2958 keV level
has been estimated to be 30(2) ns.

V. DISCUSSIONS

The proximity of 2®Rn to the doubly magic °Pb nucleus
suggests that the low lying states of 2*’Rn will be of single
particle character. In 209Rn, there are four valence proton
particles and three valence neutron holes outside the 2Pb
core. Therefore, the excited states in 2’Rn can be interpreted
by the coupling of odd neutron hole either in 2fs5,, or in
liy3/> orbitals with the even proton core. Proton excitation
and neutron excitation to other orbitals becomes important at
higher spin.

Computationally, it is highly challenging to perform shell
model calculation in the heavy mass region near 2**Pb. In the
recent years, the extensive shell model calculations have been
performed in the region above Z = 82 with the availability of
modern computational facilities [34-36]. These calculations
show reasonable agreement with the experimental results.

The involvement of high-j orbitals for both proton and
neutrons also favors shears mechanism to generate magnetic
rotational band at high spin. The semiclassical model has been
applied for the observed magnetic rotational band in 2*’Rn,
considering a multi-quasiparticle configuration involving va-
lence proton particles and neutron holes in high-j orbitals.

The shell model calculations of low and high spin struc-
tures of 2*’Rn and the semiclassical model calculation for the
MR band are discussed in this section.

A. Shell-model calculation

In the present work, shell-model calculations using the
KHH7B interaction [37] have been performed. This interac-
tion consists of the four proton orbitals 2ds;», 2d3,2, 3s1/2,
1hy1/> below and three orbitals 1hg/s, 27,2, 1i13,2 above the
Z = 82, and four neutron orbitals 25,5, 3p3/2, 3p1,2, li132
below and three orbitals 2g9/2, 1i11/2, 1152 above N = 126.
In the KHH7B interaction, the cross shell two-body matrix
elements (TBMEs) were generated by the G-matrix potential
(H7B) [38], while the proton-neutron, hole-hole, and particle-
particle TBMEs are taken from the Kuo-Herling interaction
[39] as modified in Ref. [40]. For the present model space
to make calculations feasible we have applied truncation. For
valence protons, we have completely filled orbitals below
Z = 82 and allowed four protons to occupy in the 1492, 2172,
liy3,, orbitals. In the case of valence neutrons, all orbitals
below N = 126 are open and we allow one neutron excitation
across the N = 126 shell to occupy in the 2g9/, orbital. The
shell-model results using this interaction for Rn isotopes for
A = 207-216 are reported in Ref. [34].

The present shell-model results corresponding to the exper-
imental data are shown in Fig. 8 and the configurations of the
different states corresponding to the shell-model calculations
are shown in Table II.

Up to 1.466 MeV, all the yrast states are in good agree-
ment with the experimental data. The states from 5/27 to
21/27 are assigned with 7 (hg,,) ® v(f5,P3)5i13,,) configu-
ration. Shell-model reproduces positive as well as negative
parity states reasonably well. However, the shell-model results
corresponding to the experimentally observed states above
5.66 MeV are much compressed. The compression with the
calculated states indicates the need for core-excitation and
notable configuration mixing with the higher orbitals beyond
Z = 82 and N = 126 shell closures. Also, the shell model
results at the higher spins of sequence C differ from the
experimental ones, which suggests a different mechanism of
generation of the high angular momentum states, Sec. V B.
Experimentally, there are four excited states at 2.4, 3.541,
5.66, and 7.999 MeV with spins 21/2, 27/2,43/2, and 55/2,
respectively, without any confirmed parity assignments. The
shell model calculation suggests that the 21/2, 27/2 states
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FIG. 8. Comparison of the experimental data with the shell-model using the KHH7B interaction.

will be of negative parity, while 43/2 and 55/2 states will be sidering both the M1 and E2 transitions from the 35/2~

of positive parity. state and the result comes out to be 37.4 ns which is in
The half-life (71,,) of the new isomeric state has also  good agreement with the experimentally measured value of
been estimated from the shell-model calculation by con- 44(4) ns.
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TABLE II. Configurations of different states in *Rn corre-
sponding to shell-model calculations with the KHH7B interaction.

Only the dominant configurations are shown.

State Configuration Probability
Negative parity states
5/2¢ (W o f7)pits) ® V(f3P3 Pl piis) 37.70%
9/2¢ (W o f7)its ) ® V(f3P3 Pl pits) 23.28%
13/27 7 (h3p f7nitsn) ® V(fapPipmtpiisn) 52.44%
15/27 T (hs o f7)its) ® V(f3aP3 Pl i) 49.18%
17727 (W o fipits ) ® V(f3P3pPlpiisn) 51.80%
19/2¢ (W o fipits ) ® V(f3aP3pPlpiisn) 51.42%
21/27 (g o f7)it32) ® V(P3P pitss) 53.88%
2172, 7w (hg o [tz ) ® V(fsaPiplipiisn) 40.45%
23/27 7 (hg o finils ) ® V(f5)aPiaPipiisn) 47.77%
23/25 (g f1i03) ® V(S5aD30) i3 )0) 46.48%
25/27 (g f1i03) ® V(S3aD50) i3 0) 54.97%
27/2¢ (W o f7)itsn) ® V(f3P3 Pl i) 65.01%
27/2; T (hy o fipitsn) ® V(f3P3 Pl piis) 38.57%
27/25 7 (h3p f7nitsn) ® V(faaPiapipiiin) 45.24%
29/2¢ (W o f7)pits) ® V(f3P3 Pl pits) 71.85%
29/2; T (h3 o fipits ) ® V(f3P3 Pl pits) 56.78%
31727 7 (h3pfritsn) ® V(faaPiprtpiisn) 50.30%
33/2¢ T (h3p fritsn) ® V(faaPipmtpisn) 52.13%
35/2¢ (B o finiizn) @ V(f5aPipPipiiyn) 26.42%
35/2; (B3 p f7)i132) ® V(P3P pityn) 33.73%
37727 (B o finiizn) @ V(f5aPipPipii3n) 29.01%
37/2; (B o fiits ) ® V(f5aPipPipiis) 33.59%
39/27 (B3 o fiits ) ® V(f5aPipli i) 37.56%
41/27 (5 f1it3) ® V(5309 i3 0) 47.61%
41/2, ”(hg/zfé)/zi{yz) ® V(fsé/zl’é/zl’(l)/zig/z) 44.99%
43/27 T (h o fipits) ® V(f3P3 Pl piis) 40.85%
Positive parity states
13/27 (s o f7)it32) ® V(P3P pitis) 25.52%
21/2f (B o finiizn) @ V(F5pPipPipiiyn) 40.18%
23/2f (B o fiiizn) @ V(f5aPipPipiisn) 46.37%
23/27 (B o fiiisn) @ V(f5aPipDipityn) 39.38%
25/2f (5 f1li3) ® V(3aD30) i3 0) 46.36%
35/2f T (h o f7pits) ® V(f3P3 Pl piis) ST.11%
43/27 T (h3 o f7pits) ® V(fsaP3pPipiis) 81.21%
43/27 T (h3 o f7)pits) ® V(f3P3 Pl piis) 58.01%
45/2f (W o f7)pits) ® V(f5aP3 Pl pii3) 36.35%

TABLE II. (Continued.)

State Configuration Probability
Positive parity states

47/2f (B o fiits ) @ V(f5aPipPipity) 38.66%

49/2f (5 f1it30) ® V(D300 2l13)0) 41.14%

51/2f (5 f1it30) ® V(L3009 i3 )0) 37.60%

53/2f 7 (h o f7pits) ® V(f5P3 Pl pit3) 43.69%

55/2f T (h o f7)its) ® V(f3P3 Pl pii3) 79.83%

B. Semiclassical model (SCM) calculations for the sequence C

As mentioned earlier in Sec. IV A that a cascade of M1
transitions and the regular pattern of the states have been
observed above the 27/2h state at 3554 keV and up to the
37/2h state at 5664 keV. The MR nature of this band has been
investigated in the framework of the semiclassical model to
extract the information about the effective interaction between
the nucleons involved in the shears mechanism. In this model,
shears angle 6 between the proton angular momentum vector
Jj» and the neutron angular momentum vector j, is derived
using the equation

_ IU+1)— j (. + D — Gy + 1)
272G F DLGy + 1)

where [ is the total angular momentum defined as I = Lears +
Reore- Ishears and R.qre represent the contribution of the angular
momentum due to the shears mechanism and the core rotation,
respectively. The two spin vectors j, and j, are obtained from
the proposed particle-hole configuration. For the observed M1
band of sequence C, the proposed particle hole configuration
is [ (h9/2)4 ® v(fs/z)’z(pl/z)’l] with proton angular mo-
mentum j, = 12/ and neutron angular momentum j, = 4.5/.
This configuration is in well agreement with the configuration
of J* =27/2~ state at 3554 keV, assigned from the large
basis shell-model calculation. The minimum spin I,;, and the
maximum spin I, for this configuration have been calculated
as 13.54 and 18.57, respectively. Inin(Imax) corresponds to
the band-head spin (termination of the band). The effective
interaction between the proton and the neutron blades of the
shears band can be written as

0s 6 , (®)]

V() = E(I) — Ey = 3V2cos*(6), (6)

where Ej is the band-head energy, E (/) is the energy of the
excited level with the spin (/). V; is the second order term of
the multipole expansion of effective interaction (V[I(6)]).

Figure 9 shows the variation of the effective interaction
(V[I(6)]) as a function of the shears angle 8 considering the
above configuration. The experimental data points are fitted
with Eq. (6) which is shown by a red solid line. The value
of the interaction strength V, between the proton and neutron
shears blades is ~1.9 MeV which is found to be in good
agreement with the values estimated from the 1/A scaling of
the corresponding values of A = 200 reported in this region
[11].
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FIG. 9. Variation of the effective interaction as the function of
shears angle.

VI. SUMMARY

The high-spin structure of 2*’Rn has been investigated and
a modified level scheme of >’ Rn has been proposed in the
present work. The connecting transitions between the different

sequence of states have been observed. The possible pres-
ence of a new high-spin isomeric state has been indicated. A
large basis shell-model calculation with KHH7B interaction
has been performed which well reproduces the single-particle
excited states. The estimated value of 77/, from shell-model
calculation matches well with the experimentally obtained
value of the new isomeric state. Further nucleon excitation
across N = 126 shell is needed to get shell-model results
close to the experimental data. A MR band structure has been
observed for the first time in > Rn which has been inter-
preted under the framework of the semiclassical model (SCM)
calculation.
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