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Rotational structures in 196Hg
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High spin states in 196Hg were populated in the 198Pt(α, 6n) reaction at 65 MeV and γ -γ coincidence
measurements were performed using the AFRODITE array at iThemba LABS. The level scheme was extended
and new rotational bands were observed. A new dipole band was found. The previously reported dipole band was
linked to other known states. Excitation energies, spins, and parities of all bands were determined. The bands
were assigned nucleon configurations based on cranked shell model calculations.
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I. INTRODUCTION

Mercury nuclei exhibit a number of different and inter-
esting phenomena. The coexistence of prolate and oblate
shapes has been reported for both odd- and even-mass Hg
isotopes with A � 190 [1], and in 179Hg a striking triple shape
coexistence has been observed [2]. The Hg isotopes with
A � 187 show moderately oblate deformed shapes near their
ground state and at moderate spin [3–5]. At higher spins, in
addition to the normal deformed shape (which might become
triaxial [6,7]), the heavier Hg isotopes (with masses between
189 and 194) show rotational bands belonging to a secondary
superdeformed potential-energy minimum [8,9]. The superde-
formed shape in these nuclei corresponds to a ratio between
the nuclear axes of approximately 1.7. In addition to the dif-
ferent nuclear shapes, the heavier Hg isotopes also show very
interesting rotational bands, built of M1 and E2 transitions.
Shears bands, produced as a result of magnetic rotation, are
well known in the neighboring Pb isotopes [10]. The shears
bands are generated by a gradual realignment of the angular
momenta of the valence protons (initially aligned along the
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symmetry axis) and neutrons (initially aligned perpendicular
to the symmetry axis) towards a tilted rotational axis (for a
review see Ref. [11]). The dipole bands in 191Hg [6], 192Hg
[12], 193Hg [13], 194Hg [14], 195Hg [15], and 196Hg [7], how-
ever, seem to be different. In the Pb isotopes these structures
involve deformation-aligned h9/2 and i13/2 protons, while in
Hg rotation-aligned h11/2 protons play a major role. Such
differences in the proton configurations are revealed by the
low values of the B(M1)/B(E2) ratios in the Hg isotopes. The
structures observed at low to moderate spin in the heavier Hg
isotopes result mainly from excitations of i13/2 and low- j ν j

(ν j = p3/2, f7/2, p1/2) neutrons. The cranked shell model had
been successfully used to describe Routhians, band crossing
frequencies, and alignments in these oblate nuclei [16,17].

The main features of the known level scheme of 196Hg [18]
are a positive-parity band up to spin 26+ and two negative-
parity sequences, one up to a 23− and the other up to a 12−
level. Two band crossings (AB and CD) are known in the
positive-parity band and one in the odd-spin negative-parity
band (BC).

In this work the level scheme of 196Hg was considerably
extended by placing 61 new γ -ray transitions and 32 new
levels in the level scheme. The additions included three new
rotational bands and one new dipole band. A second dipole
band was linked and spin, parity, and excitation energy were
determined. Preliminary results from this study were previ-
ously reported in Ref. [19].

II. EXPERIMENT

The experiment was performed at iThemba LABS, South
Africa, using the 198Pt(α, 6n)196Hg reaction at 67 MeV. The
target was a 0.2mg/cm2 self-supported Pt foil enriched to
96% in 198Pt. Gamma-coincidence data of two or higher fold
were obtained with the AFRODITE array [20] that consisted,
at the time, of seven Compton-suppressed Clover detectors
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configured in two geometries; (i) six detectors at 90◦ and
one at 135◦, and (ii) four detectors at 90◦ and three at
135◦. The first geometry was chosen in order to calibrate the
AFRODITE array for lifetime measurements with the recoil
shadow anisotropy method [21], for which results had been
published [22,23], while the second geometry was needed to
obtain angular distribution data. The data were corrected for
Doppler shifts using an experimental value of β = 0.23%,
before being sorted into appropriate matrices and analyzed
using RADWARE [24].

The level scheme was obtained from a symmetric γ -γ
matrix for all the data, containing 5 × 108 events. In com-
parison the level scheme of 196Hg reported in Ref. [18] was
obtained from a data set of 6.5 × 107 events, while the dipole
band in 196Hg reported in Ref. [7] was observed in a data
set of 7.5 × 107(twofold and threefold) events conditioned by
multiplicity. In addition to the γ rays from 196Hg we observed
γ rays from 197Hg (25%), 195Hg (4%), and 194Hg (3%) arising
from competing reaction channels and from isotopic impuri-
ties in the target. Spin and parity assignments were based on
linear polarization anisotropy and angular distribution ratio
measurements. In this work we used angular distribution ra-
tios given by RAD = Iγ (135◦)/Iγ (90◦), where the relevant in-
tensities were obtained from isotropically-gated background-
subtracted spectra at 135◦ and 90◦ [25]. These measurements
could only utilize the data obtained with geometry (ii) having
four detectors at 90◦ and three at 135◦ (approximately 108

events). The RAD values were not normalized for the differ-
ence in efficiency at each angle, but were benchmarked based
on the average measured RAD for known stretched quadrupole
and stretched electric dipole transitions above the isomers. For
dipole transitions a value of 0.50 ± 0.02 is obtained for the
known 468- and 853-keV E1 transitions, while the average
RAD for quadrupoles is 0.86 ± 0.02 for transitions above the
known isomers. Below the isomers RAD can be affected by
loss of alignment during the recoil into vacuum, as well as
by the shadow effect of the clover detector collimators. The
measured value for quadrupole transitions is 0.66 in this case.
RAD was found to be insensitive to the multipolarity of the
gating transition; thus, where possible, average values for
more than one gate were used.

Linear polarization measurements were performed as de-
scribed in Ref. [26] and used data from geometry (i) with
six detectors at 90◦. Gated and background subtracted spectra
for horizontal and for vertical Compton-scattered events in a
clover detector were generated and the polarization anisotropy
was calculated as Ap = (A⊥ − εA‖)/(A⊥ + εA‖), where A‖
and A⊥ denote the areas of the peaks of interest measured in
the spectra for horizontal and for vertical Compton-scattered
events respectively, and ε is the efficiency for horizontal
relative to vertical Compton-scattered events for unpolarized
γ rays. Here ε = 1 was confirmed with source measurements.
For pure stretched transitions the polarization anisotropy is
positive for transitions with electric nature and negative for
magnetic transitions. The average polarization anisotropy for
nine transitions with known electric quadrupole nature was
0.098 ± 0.015 with a standard deviation of 0.01, while for the
two known magnetic transitions values of −0.10 ± 0.08 and
−0.09 ± 0.07 were obtained. For E2 transitions below the

isomeric states values between 0.02 ± 0.01 and 0.04 ± 0.01
were obtained.

Gamma-ray intensities were measured using spectra gated
from below the relevant transition, corrected for efficiency
and appropriately normalized. The intensity of the 636-keV
transition relative to the 426-keV transition had to be corrected
for the contribution to the 636-keV peak from 194Hg contam-
ination. In some cases intensities of weak transitions could be
more reliably determined from the branching ratio measured
by gating above the level, and using the absolute intensity of
the stronger branch obtained from a gate below.

III. RESULTS

The partial level schemes for 196Hg obtained in the present
study are given in Fig. 1 for the negative-parity and dipole
bands, and in Fig. 2 for the positive-parity bands. Band labels
refer to the band both below and above any band crossings.
Details of level and γ -ray properties are presented in Table I.

A. Negative-parity bands

As shown in Fig. 1, the present work confirms the odd-spin
negative-parity band (Band 2) as reported by Mehta et al. [18]
up to the 23− level at 5959 keV and an additional level at
7032 keV is added at the top of the band. The multipolarity of
the new 1074-keV γ ray could not be established due to low
statistics.

Coincidence relationships from the present experiment
confirm the levels and transitions of the previously reported
[18,27] even-spin negative-parity sequence (Band 3) up to
3237 keV, and allow an extension of the band up to a 24−
level at 6778 keV by placing the sequence of γ rays with
energies of 665, 303, 343, 509, 723, and 999 keV as indicated
in Fig. 1. Also observed are a number of transitions linking
this band to the odd-spin negative-parity band, Band 2. The
665-keV γ ray is clearly observed in coincidence with the
683-keV transition and not with, for instance, the 690-keV
transition of Band 2. The proposed 302.6-keV transition is
observed in spectra gated on both the 489- and 257-keV
transitions that are in anticoincidence with the 300- and 302-
keV transitions of Band 4. Furthermore it shows a significant
energy shift relative to the 300- and 302-keV transitions
observed in spectra gated on the 571-keV transition of Band
4. Finally, this placement is confirmed by the coincidence
relationships of the 229-keV transition. The 343-keV transi-
tion can be unambiguously placed above the 4205-keV level
and the observed coincidence relationships of the 160- and
571-keV transitions confirm the level at 4547 keV. A 509-
keV transition that is relatively free from contamination from
the 511-keV peak is observed in coincidence with the 571-
and 160-keV transitions. This transition is also observed in
a gate on 343 keV. However, in this case the 509-keV line
is broadened and the centroid is shifted to a lower energy,
which indicates the presence of a 507.6-keV transition to the
15− level. We further propose a 723-keV transition feeding
the 5056-keV level, which has a distinctly lower energy than
the 6+ → 4+ transition. The observation of the 741-keV
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FIG. 1. A partial level scheme showing the negative-parity bands and dipole bands in 196Hg. New or newly placed γ rays are shown in red.

transition to the 5039-keV level in Band 2 confirms the 5779-
keV level in Band 3.

The γ -ray transitions of Band 3 are illustrated in the
spectra shown in Fig. 3, and most of them can be identified
in the spectrum gated on the 999- and 1007-keV transitions
[see Fig. 3(a)]. Figure 3(b) illustrates the 723-keV doublet
of the proposed 723.0-keV transition in Band 3 and the
known 723.8-keV transition in Band 1. The peak at 723 keV,
observed in the spectrum gated on the 999- and 1007-keV γ

rays decaying into Band 3 (red), is shifted by 0.5 keV to a
lower energy relative to the peak observed in the spectrum
gated on the 920- and 1406-keV γ rays (blue), where the
peak corresponds to the 723.8 keV transition from Band 1.
The shift of the peak in the former gated spectrum suggests
the presence of the second member of the 723-kev doublet,
the 723.0 keV transition that belongs to Band 3. The spectrum
gated on the 343-keV γ ray in Band 3 illustrates the transitions
in the lower-spin part of Band 3 [see Fig. 3(c)].
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FIG. 2. A partial level scheme showing the positive-parity bands in 196Hg. New or newly placed γ rays are shown in red.

The previously reported levels at 2059, 2359, and
2930 keV (placed in Band 4) and the γ -ray decays from these
levels [18,27] are confirmed in the present work, but with a
change of spin as shown in Fig. 1. RAD and polarization asym-
metry measurements suggest an assignment of a stretched E1
nature to the 274-keV transition between the 2059-keV level
and the 6+ level at 1785 keV. The 2059-keV level is thus
assigned spin and parity of 7− as opposed to the previous
tentative assignment of 6− [18] that was not based on angular
distribution measurements. The angular distribution ratio for
the 518-keV transition is consistent with that of a stretched
quadrupole, in agreement with the angular distribution coeffi-
cients in Ref. [27]. Since the RAD for the 300.3-keV transition
obtained from a spectrum gated on the 274-keV transition
indicates a stretched quadrupole nature, the 2059-keV level
is placed as the bandhead of Band 4 instead of in Band 3
as previously reported [18,27]. A spin and parity assignment
of 11− for the 2930-keV level of this band is similarly made

based on the RAD values obtained with a gate on the 274-keV
γ ray. This band is extended up to a 19− level at 4877 keV,
with spins and parities based on the measured multipole order
of the relatively strong 799-, 771-, and 901-keV transitions to
Band 2. In addition a 381-keV E2 transition is found to link
Bands 2 and 4, lending further support to the spin and parity
assignments of Band 4. A spectrum to illustrate the transitions
of Band 4 is shown in Fig. 4.

B. Positive-parity bands

The positive-parity bands observed in the present work
are shown in Fig. 2. The known ground-state band and its
extension beyond the first and second band crossings [18] are
confirmed up to the 26+ level at 7326 keV (Band 1). A newly
observed 909-keV transition that is not in coincidence with
the 647- or 653-keV transitions is placed above the 5199-keV
level.
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TABLE I. Energy, intensity, Angular distribution ratio, linear polarization asymmetry, and multipolarity. The energy of the initial state as
well as the spins and parities of initial and final states are also given, except where there is insufficient evidence to make firm or tentative
assignments. Reduced RAD values for E2 transitions below isomers are marked with a ‡ (see text).

Eγ (keV) Iγ RAD Ap ML Ei Iπ
i → Iπ

f

(39.0) 2097.8 8− → 7−

56.1(3) 1841.3 7− → 6+

79.5(3) 2.47(30) 0.71(5) 2342.3 10+ → 8+

(82.2) 6526.8 21− → 20−

84.2(2) 3.9(4) 0.82(5) 1841.3 7− → 5−

85.9(3) 0.28(9) 5208.4 19+ → 18+

96.6(1) 5.1(5) 0.80(3) 2438.9 12+ → 10+

102.0(2) 0.16(2) 0.56(18) 6786.0 23− → 22−

142.1(2) 0.36(4) 0.47(9) 5350.7 20+ → 19+

157.2(2) 0.40(8) 0.53(7) 6684.0 22− → 21−

159.5(3) 0.33(6) 0.79(15) 4547.4 18− → 19−

178.3(3) 0.40(8) 0.47(7) 7220.7 25− → 24−

223.1(1) 34.8(15) 0.84(1) 0.11(1) E2 2064.4 9− → 7−

227.8(5) 0.21(4) 5350.7 20+ → 18+

228.8(2) 0.91(9) 0.69(5) 0.06(8) M1 + E2 4204.8 16− → 17−

(239.5) 6684.0 22− → 20−

243.0(2) 0.58(10) 0.55(5) −0.08(6) M1 5859.5 22+ → 21+

256.4(3) 1.08(10) 0.47(5) −0.06(7) M1 7042.4 24− → 23−

256.5(2) 2.00(20) 0.48(3) −0.08(6) M1 2097.8 8− → 7−

259.1(5) 0.24(8) 6786.0 23− → 21−

261.1(3) 0.20(5) 2359.1 9− → 8−

265.8(2) 1.64(15) 0.46(3) −0.08(6) M1 5616.5 21+ → 20+

273.5(3) 0.37(4) 0.39(10) 0.21(16) E1 2058.8 7− → 6+

277.9(2) 1.28(10) 2342.3 10+ → 9−

278.8(1) 26.4(13) 0.87(2) 0.12(1) E2 3976.0 17− → 15−

288.1(3) 0.37(4) 7877.0 27− → 26−

300.3(5) 0.90(20) 0.83(11) 2359.1 9− → 7−

301.7(5) 3.6(6) 0.78(10) 2058.8 7− → 5−

302.6(3) 0.27(6) 0.79(15) 4204.8 16− → 14−

342.6(2) 1.11(15) 0.82(12) 0.089(8) E2 4547.4 18− → 16−

345.5(3) 0.44(6) 0.96(18) 3402.1 13+ → 11+

350.2(3) 0.45(10) 6649.9 24+ → 23+

358.1(3) 0.95(10) 4468.0 17− → 15−

358.4(4) 0.28(5) 7042.4 24− → 22−

368.2(2) 0.52(10) 0.58(15) −0.06(5) M1 7588.9 26− → 25−

381.2(3) 0.59(10) 0.90(9) 0.13(13) E2 3310.9 13− → 11−

386.2(3) 4109.9 15− → 13−

386.3(1) 28.2(14) 0.85(2) 0.10(1) E2 3697.2 15− → 13−

404.6(1) 28.9(14) 0.88(2) 0.10(2) E2 2843.5 14+ → 12+

408.1(5) 0.50(10) 5616.5 21+ → 19+

409.4(5) 1.8(5) 4877.3 19− → 17−

412.0(1) 19.4(10) 0.87(2) 0.09(1) E2 4388.0 19− → 17−

426.0 (1) 100.0 0.65(2)‡ 0.03(1) E2 426.0 2+ → 0+

434.6(5) 0.54(10) 7220.7 25− → 23−

440.2(3) 1.03(8) 0.50(10) 6299.7 23+ → 22+

443.4(3) 0.30(6) 0.53(15) 3950.6 15+ → 16+

456.0(1) 2.10(20) 0.82(6) 0.05(5) E2 2553.8 10− → 8−

461.2(5) 1.0(10) 8338.2 28− → 27−

468.7(2) 1.49(15) 0.51(3) 0.08(4) E1 3976.0 17− → 16+

477.5 (1) 42.6(21) 0.68(2)‡ 0.04(1) E2 2262.8 8+ → 6+

484.5(3) 0.63(12) 0.92(10) 3684.2 15+ → 13+

489.3(2) 0.79(4) 0.54(12) −0.10(8) M1 2553.8 10− → 9−

507.6(5) 0.35(6) 4204.8 16− → 15−

508.8(5) 0.55(10) 0.76(15) 5859.5 22+ → 20+
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TABLE I. (Continued.)

Eγ (keV) Iγ RAD Ap ML Ei Iπ
i → Iπ

f

509.1(5) 2.5(5) 0.99(20) 0.08(5) E2 5056.4 20− → 18−

513.4(5) 0.50(8) 7163.3 25+ → 24+

517.6(2) 1.01(10) 0.74(9) 0.06(10) E2 2359.1 9− → 7−

546.3(3) 0.14(5) 7588.9 26− → 24−

548.5(3) 1.07(10) 0.87(11) 0.05(10) E2 3950.6 15+ → 13+

556.2(1) 35.0(15) 0.84(2) 0.10(1) E2 2620.6 11− → 9−

558.7(2) 1.6(3) 3402.1 13+ → 14+

570.6(2) 1.9(6) 0.81(10) 0.06(3) E2 2929.7 11− → 9−

571.3(3) 2.01(20) 0.78(12) −0.12(7) M1 + E2 4547.4 18− → 17−

575.3(2) 1.99(20) 0.86(8) 4367.1 17+ → 15+

609.8(5) 0.40(8) 0.82(12) 5247.7 20(+) → 18(+)

617.7(5) 0.55(20) 3056.6 11+ → 12+

635.5 (1) 100.0(20) 0.65(1)‡ 0.02(1) E2 1061.5 4+ → 2+

647.4(3) 1.80(20) 0.86(6) 0.05(4) E2 5846.8 22+ → 20+

650.6(2) 6.6(6) 0.87(3) 0.10(3) E2 5038.6 21− → 19−

653.0(3) 0.65(10) 1.08(20) −0.04(12) 6499.8 24+ → 22+

656.3(5) 0.47(15) 7877.0 27− → 25−

662.1(5) 2.8(5) 0.39(8) 4638.1 18(+) → 17−

663.9(2) 12.1(6) 0.85(3) 0.08(2) E2 3507.4 16+ → 14+

665.2(2) 1.17(12) 0.95(15) 0.14(5) E2 3902.0 14− → 12−

668.4(3) 1.14(17) 0.84(10) −0.07(5) M1 + E2 5056.4 20− → 19−

683.0(2) 1.75(20) 0.83(8) 0.08(6) E2 3236.8 12− → 10−

683.1(3) 0.45(10) 6299.7 23+ → 21+

690.3(1) 31.3(15) 0.84(2) 0.09(1) E2 3310.9 13− → 11−

695.6(1) 47.6(20) 0.51(2) 0.01(1) E1 1757.1 5− → 4+

714.3(3) 1.05(15) 0.52(8) −0.11(16) M1 3056.6 11+ → 10+

723.0(5) 2.0(8) 5779.4 22− → 20−

723.8 (2) 46.8(20) 0.67(1)‡ 0.03(1) E2 1785.3 6+ → 4+

740.9(5) 0.29(5) 0.79(25) 5779.4 22− → 21−

741.3(5) 0.35(7) 0.55(12) 3941.0 → 13+ at 3199.7 keV
760.8(2) 2.3(3) 0.44(10) −0.04(4) M1 3199.7 13+ → 12+

770.9(2) 1.63(20) 0.91(9) 4468.0 17− → 15−

785.7(5) 0.43(8) → 13+ at 3199.7 keV
790.5(3) 0.93(10) 0.87(13) 6649.9 24+ → 22+

793.8(3) 0.50(5) 3723.7 13− → 11−

794.8(4) 0.81(20) 0.99(30) 4479.0 17+ → 15+

797.0(5) 1.29(20) 4747.6 (17+) → 15+

799.0(3) 1.41(20) 0.81(9) 0.09(8) E2 4109.9 15− → 13−

813.9(2) 6.1(5) 0.90(3) 0.09(3) E2 4321.3 18+ → 16+

820.7(2) 1.7(4) 0.55(5) 0.07(5) E1 5859.5 22+ → 21−

821.6(3) <0.2 6069.3 → 20+ at 5247.7 keV
826.5(3) <0.2 7326.3 26+ → 24+

840.7(2) 3.1(4) 0.36(8) −0.07(5) M1 3684.2 15+ → 14+

853.8(2) 5.5(3) 0.49(2) 0.03(2) E1 3697.2 15− → 14+

859.7(3) 1.60(20) 0.46(4) 0.04(6) 5247.7 20(+) → 19−

863.5(5) 0.64(12) 7163.2 25+ → 23+

878.1(2) 3.4(3) 0.87(3) 0.08(3) E2 5199.4 20+ → 18+

890.2(5) 0.36(7) 6089.6 → 20+

901.2(3) 1.9(3) 0.81(8) 0.09(8) E2 4877.3 19− → 17−

907.7(3) 0.71(15) 0.87(25) 5274.8 19+ → 17+

909.0(4) 0.43(8) 6108.4 (22+) → 20+

920.0(2) 2.05(20) 0.85(7) 0.08(5) E2 5958.6 23− → 21−

928.5(5) 0.62(10) 0.30(15) 3367.4 13+ → 12+

938.0(3) 0.65(10) 0.32(6) −0.10(6) M1 4914.0 18− → 17−

948.3(2) 3.0(6) 0.39(3) −0.02(3) M1 3791.8 15+ → 14+

948.7(5) 0.23(5) 5427.7 (19+) → 17+
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TABLE I. (Continued.)

Eγ (keV) Iγ RAD Ap ML Ei Iπ
i → Iπ

f

962.7(1) 3.3(3) 0.47(2) 0.06(2) E1 5350.7 20+ → 19−

971.0(3) 0.79(15) 0.90(20) 5338.2 → 17+ at 4367.1 keV
971.6(3) 0.34(5) 4479.0 17+ → 16+

999.0(5) 0.45(10) 6778.4 (24−) → 22−

1006.6(3) 0.53(10) 0.67(12) 0.04(9) 6786.0 23− → 22(+)

1030.8(5) 0.15(5) 6069.3 → 22(+)

1054.6(5) 0.28(8) 5802.2 (19+) → (17+)
1073.7(5) 0.22(4) 7032.3 (25−) → 23−

1103.0(5) 0.20(5) 3723.7 13− → 11−

1103.4(5) 0.42(8) 0.80(20) 0.08(14) 6302.8 (22+) → 20+

1107.3(5) 0.27(5) 3950.6 15+ → 14+

1108.5(5) 0.71(14) 0.50(7) 3952.0 15(+) → 14+

1146.7(2) 1.24(15) 0.47(5) 0.08(5) E1 5122.7 18+ → 17−

1190.8(5) 0.54(10) 0.42(6) 4698.2 17(+) → 16+

1225.0(5) 0.65(13) 0.78(11) 5546.3 → 18+

1331.5 (5) 1.17(10) 0.65(11) 1757.1 5− → 2+

1406.0(3) 0.47(8) 0.59(12) 6444.6 20− → 21−

The structure reported by Mehta et al. [18] around the
3792-keV level (Band 7) is confirmed, as is the proposed
spin. We assigned positive parity to this level, and extended
the structure with the placement of a 908-keV transition.
In addition two new positive-parity bands, Bands 5 and 6,
were identified, as shown in Fig. 2. Band 6, consisting of
the 3200-, 3684-, and 4479-keV levels, is well established
by the new 761-, 841-, 972-, 485-, and 795-keV transitions
and their coincidence relationships. These transitions are all
in coincidence with a new 948.7-keV γ ray which was placed
at the top of Band 6. Transitions of Bands 6 and 7 are
illustrated in Fig. 5(a). RAD, and polarization asymmetries for
the 761- and 841-keV transitions indicate mixed M1 + E2
nature while the in-band 485- and 795-keV transitions are

stretched quadrupoles, thus odd spin and positive parity are
assigned to Band 6.

The level structure of the new Band 5 is well established
by the observed coincidence relationships between the in-
and out-of-band transitions [see Figs. 5(b) and 5(c)]. Both
the 714- and 443-keV transitions are shown to be stretched
dipoles while the polarization asymmetry for the 714-keV γ

ray indicates a magnetic nature. Furthermore both the 3057-
and 3951-keV levels decay to Ii + 1 and Ii − 1 levels, leading
to unambiguous spin and parity assignments for Band 5.

In Fig. 2 the new 929-, 1109-, 1191-, 1225-, and 890-
keV transitions decaying to Band 1 are tentatively grouped
together and might constitute an additional band; however,
in-band transitions could not be observed at a sufficient
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FIG. 3. Coincidence spectra to illustrate transitions in Band 3: (a) a spectrum gated on 999 and 1007 keV, (b) the region around 723 keV
in spectra gated on 999 and 1006 keV (red) and on 920 and 1406 keV (blue), and (c) a spectrum gated on 343 keV. Peaks marked in red are in
Band 3, peaks marked in blue are in the dipole band Band 9, while those marked with an ∗ belong to other Hg isotopes.

064321-7



J. J. LAWRIE et al. PHYSICAL REVIEW C 100, 064321 (2019)

400 600 800 1000
E   (keV)

1

3

5

7

C
ou

nt
s 

pe
r 

C
ha

nn
el

 (
10

3 )

38
6

41
2

42
6

63
6

65
1

69
0

69
6

10
07

99
9

96
3

11
47

93
892

0

85
9

82
1

72
3

74
1

66
8

66
4

*

58
7

57
1

50
9

47
8

**

34
3

36
8

*

11
03

90
179
977

1

35
8

360 380 400 420 440

0.6

1.2

1.8

35
8 40

9

* 40
5

41
2

42
6(a) (b)

FIG. 4. Coincidence spectra to illustrate transitions in Band 4: (a) a spectrum gated on 557 keV showing the new transitions linking Bands
4 and 2; (b) a region of a spectrum gated on 799 keV illustrating the new 358- and 409-keV transitions. Peaks marked in red are in Band 3,
while those marked with an ∗ belong to other Hg isotopes.

confidence level to allow inclusion in the level scheme. A
structure consisting of three levels at 4638, 5248, and 6069
keV that decays to the higher energy part of Band 2 is

observed, as shown in Fig. 2. The RAD value for the in-
band 610-keV transition is consistent with that of a stretched
quadrupole, while the values for the 662- and 860-keV decays
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to Band 2 indicate stretched dipole nature. However, polar-
ization measurements were not possible, thus a definite parity
assignment could not be made.

C. Dipole bands

In the present work we observe the dipole band reported
by Cederwall et al. [7] up to the 461-keV transition, and our
RAD values confirm the stretched dipole nature of the 157-,
102-, 178-, and 368-keV transitions. However, we could not
positively identify the reported 398-keV M1 and the 859- and
749-keV E2 transitions. The present work allowed this band
to be linked to both the odd- and even-spin negative-parity
bands (Bands 2 and 3) via 1406- and 1007-keV transitions,
respectively (see Fig. 1). These transitions were previously
observed and were associated with the decay out of the
dipole band, but were not placed, thus the band remained
unconnected to the rest of the level scheme and its spin and
parity assignments were tentative. The 1007-keV transition
feeds into the 22− level at 5779 keV. Furthermore the 1007-
keV transition is observed in coincidence with the 256-, 178-,
and 368-keV transitions but not with the 157- and 102-keV
transitions [see Fig. 3(a)], thus we place the 1007-keV transi-

tion between a 6786-keV level of Band 9 (below the 256-keV
transition), and the 5779-keV level as in Fig. 1. In Fig. 6(a) a
spectrum from the sum of gates on 102-, 178-, 368-, and 288-
keV γ rays is shown, in which most of the dipole transitions
and some of the quadrupole transitions can be identified.
Since RAD for the 1007-keV transition is between that of a
pure stretched dipole and stretched quadrupole, we propose
a mixed M1 + E2 nature for it. Thus we assign a spin and
parity of 23− for the 6786-keV level. The 1406-keV transition
is in coincidence with all the transitions of the dipole band and
feeds into the 5039-keV level in Band 2, as also observed in
[7]. We thus propose that the 1406-keV transition depopulates
a 6445-keV level that is fed from the dipole band via an unob-
served 82.2-keV transition and suggest that this level may be
the bandhead of Band 9. The measured RAD for the 1406-keV
γ ray is consistent with a stretched dipole transition, probably
with mixed M1 + E2 multipolarity. The band would thus have
negative parity and a bandhead spin of 20.

Mehta et al. [18] reported a structure consisting of 5351-,
5617-, and 5860-keV levels, with in-band dipole transitions
of 266 and 243 keV, that decay to the negative-parity band
(Band 2) via 963- and 821-keV transitions. This band (Band
8) is confirmed and expanded with the addition of 3 levels
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above the 5860-keV level. In addition we observed transitions
of 142 and 86 keV as well as a 228-keV crossover transition
that are placed below the 5351-keV level, and a 1147-keV E2
transition linking this band to the 17− state in the negative-
parity band. A summed spectrum gated on the 821-, 963-,
and 1147-keV transitions is shown in Fig. 6(b). It illustrates
the transitions of this positive-parity dipole band. Figure 6(c)
shows two expanded spectra where the 86-keV γ ray placed
at the bottom of Band 8 is clearly observable in the 1147-keV
gate, shown in red, but is absent in the gate on 963 keV, shown
in blue. RAD and Ap measurements confirm that the 821-,
963-, and 1147-keV linking transitions are stretched electric
dipoles, thus fixing the spin and parity of the band, while the
142-, 265-, 243-, 440-keV in-band transitions are stretched
dipoles.

IV. DISCUSSION

The known level schemes of the Hg isotopes in the 190
mass region exhibit very similar features. Level energies of
the yrast bands in the even-mass Hg isotopes are nearly
identical up to spin 6 and show a smooth dependence on
mass at higher spin for A < 200 [28]. This has been attributed
to the fact that the structure is mostly dependent on i13/2

neutrons outside of a weakly deformed core. The structure
had been shown to be well described by the cranked shell
model (CSM),which describes a rotating nucleus with stable
deformation and with pairing interactions, thus combining
the description of rotational bands and particle excitations
in the same formalism [29]. The model calculates Routhians
(the single-particle energies in a coordinate system rotating
together with the nucleus) as a function of the rotational fre-
quency and predicts several properties of the rotational bands,
such as alignment, band crossing frequency, etc. The model
had been used to interpret structures in 196Hg in Ref. [18].

In the discussion we compare the new structures obtained
in the present work to those in the neighboring Hg isotopes
and to CSM calculations. As the Routhians in the CSM
have only parity (π = ±) and signature (α = ±1/2) as good
quantum numbers, it is customary to label them with letters.
For instance the lowest-energy neutron Routhian with positive
parity and positive signature, (π, α) = (+,+1/2) is labeled
A, while the second lowest-energy (+,+1/2) Routhian is
labeled C. The lowest-energy neutron Routhian with positive
parity and negative signature is labeled B, while the one
with the second lowest energy is labeled D. In the case of
196Hg, the four positive-parity neutron Routhians, A, B, C,
and D originate from Nillson orbitals from the i13/2 shell. The
negative-parity neutron Routhians are customarily labeled as
E, F, G, and H and in this case originate from low- j orbitals
from the p3/2, f5/2, and p1/2 shells. The proton Routhians are
usually labeled with lower-case letters. For more details on the
CSM labels see Table II.

Cranked shell model calculations [29] were performed
with a Nilsson potential that used the l-dependent parameter
set from Hübel et al. [17] and deformation parameters of ε2 =
0.117, ε4 = −0.03, γ = −62.4◦ which were obtained from
total Routhian surface calculations [30] at h̄ω = 0.1 MeV
(see Fig. 7). The CSM calculations were carried out with

TABLE II. Properties of single-particle Routhians in 196Hg.

Parity and Shell model
Routhian signature Alignment state

neutrons
A (+, +1/2) 6.47 i13/2

B (+, −1/2) 5.38
C (+, +1/2) 4.26 i13/2

D (+, −1/2) 3.16
E (−, +1/2) 2.27 p3/2/ f5/2/p1/2

F (−, −1/2) 1.54
G (−, +1/2) 0.46 p3/2/ f5/2/p1/2

H (−, −1/2) 1.33
protons
a (+, +1/2) 0.34 s1/2/d3/2

b (+, −1/2) 0.54
e (−, +1/2) 0.84 h9/2

f (−, −1/2) 0.84
g (−, +1/2) 4.31 h11/2

h (−, −1/2) 5.47

neutron and proton pairing energies fixed at 1.0 and 0.5 MeV
respectively as in Ref. [17]. The Fermi surface was set at 41.0
MeV for protons and 51.6 MeV for neutrons. Neutron and
proton quasiparticle Routhians are shown in Fig. 8, and the
calculated properties, summarized in Table II, are in reason-
able agreement with the calculated values in Ref. [17,18].

For a comparison between the calculations and experimen-
tal values the data were converted to the rotational frame using
Harris parameters of J0 = 8 h̄2/MeV and J1 = 40 h̄4/MeV3

that are appropriate to this mass region [17]. The experimental
Routhians and aligned angular momenta for all the rotational

X=β2cos(γ+30)

Y
=β

2s
in

(γ
+3

0)

0.10 0.20 0.30 0.40
-0.20

-0.10

0.00

0.10

0.20

0.30

FIG. 7. Total Routhian surface calculations at a rotational fre-
quency of 0.1h̄ω.
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bands observed in this study are shown in Fig. 9 and the align-
ments and band crossing frequencies are given in Table III,
together with the calculated values.

A. Negative-parity bands

Band 2 has been well established in previous work [18,27],
and has been associated with AE and ABCE configurations
at low and higher spins, respectively, involving i13/2 and ν j

(where ν j = p3/2, f5/2, p1/2) neutron orbitals (see Table II).
Band 3 was also previously observed and was associated with
an AF configuration. In this work it was extended beyond
the band crossing and, as seen in Fig. 8, has properties very
similar to those of Band 2. Thus, as for Band 2, the band
crossing can be attributed to a BC alignment. The observed
gain in alignment in the AF → ABCF case is almost the same
as in the AE → ABCE case, but for the former the band
crossing frequency is moved to a slightly higher value (see
Table III). The AF alignment does not show the reduction
of about 0.7h̄ relative to the AE configuration, as expected
from the CSM calculation. The same behavior was observed
in 192Hg and 194Hg [17]. However, the experimental alignment
gain at the band crossings for both Bands 2 and 3 corresponds
well with the CSM calculations.

In this work Band 4, built above the 2059-keV level, was
assigned odd spin. We note that among the neighboring Hg
isotopes a third negative-parity band with odd signature has
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FIG. 9. Experimental Routhians and aligned angular momenta
for 196Hg. Harris parameters of J0 = 8 h̄2/MeV and J1 =
40 h̄2/MeV3 were used.

only been reported in 192Hg [12], where it is not observed
below the BC band crossing but extends above a 17− level.
This band was assigned a four-quasiparticle νi3

13/2 p3/2 con-
figuration. It decays predominantly to the yrast odd-signature
negative-parity band, as is the case for Band 4 in the present
work. We propose AG and ABCG configurations for Band 4
at low and higher spins, respectively. The calculated align-
ment and alignment gain is in good agreement with the
experimental values (see Table III). In our calculations the H
configuration is energetically favoured over G but we do not
observe an additional even-signature negative-parity band that
could be associated with AH and ABCH configurations.

In general the agreement between the experimental data
and the CSM calculations is good, particularly for the
alignments of the AF, AG, ABCF, and ABCG bands; see
Table III. As all three bands assigned with AE, AF, AG config-
urations undergo a BC alignment, the band crossing frequency
suggested by the model is the same. The experimental data
suggest slightly lower band crossing frequencies. To improve
the agreement with the model one could in principle introduce
configuration-dependent pairing, as was done in Ref. [6].
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TABLE III. Experimental and calculated alignments.

Initial Final Alignment Crossing
alignment (h̄) alignment (h̄) gain (h̄) frequency (keV)

Configuration Expt. Theory Expt. Theory Expt. Theory Expt. Theory

g.s. → AB 11.5 11.8 11.5 11.8 203 205
AB → ABCD 11.5 11.8 19.4 19.3 7.9 7.5 375 405
g.s. → AE 7.4 8.7 7.4 8.7
AE → ABCE 7.4 8.7 16.5 18.4 9.1 9.7 230 285
g.s. → AF 7.2 8.0 7.2 8.0
AF → ABCF 7.2 8.0 16.7 17.7 9.5 9.7 247 285
g.s. → AG 7.2 6.9 7.2 6.9
AG → ABCG 7.2 6.9 16.5 16.6 9.3 9.7 270 285
g.s. → AC 11.4 10.7 11.4 10.7
g.s. → BD 11.4 8.5 11.4 8.5
AB → ABEG 11.5 11.8 13.2 14.6 1.7 2.8
ABCE → ABCEb(e,f) 16.5 18.4 18.2 19.5 1.7 1.4
ABCE → ABCEfh 16.5 18.4 22.2 24.5 5.7 6.1
ABCF → ABCFfh 16.7 17.6 22.2 23.8 5.5 6.2

B. Positive-parity bands

In addition to the known ground-state band (Band 1 in
this work) and its extension past the first and second band
crossings, we identified three positive-parity bands, all with
odd signature (Bands 5, 6, and 7). All three bands decay to
Band 1 only and are very similar in terms of alignment (see
Fig. 9). In the lighter mass Hg isotopes there are no reported
bands that are similar to Bands 5, 6, and 7. The positive-
parity structures designated as T in both 192Hg and 194Hg [17]
have rather irregular energy spacings and are therefore not
considered to be similar to any of the bands in 196Hg. The
band in 194Hg above the 14+ level at 4015 keV [17] (ABEF)
is distinctly different from Bands 5, 6, and 7 in that it has only
one decay to band AB but also decays to a number of levels
from the negative-parity bands. Furthermore the experimental
alignment of about 14.5h̄ for the ABEF band in 194Hg is
significantly higher than that of Bands 5, 6, and 7 in the
present work.

Bands 5 and 6 in the present work have alignments that are
almost identical to that of Band 1 after the first band crossing
(AB configuration), and thus we propose two-quasiparticle
configurations of AC and BD for these bands as the only
two-quasiparticle configurations that are in agreement with
the observed alignment. In fact, the calculated alignment for
the AC configuration of 10.7h̄ is in good agreement with the
experimental value of 11.4h̄. The value for BD of 8.4h̄ is
somewhat smaller. However, should the configuration of Band
6 involve four quasiparticles, e.g., ABEG (to account for the
multiple decays to the AB band), the gain in alignment for
AB → ABEG would be 2.7h̄, while Band 6 has the same
alignment as the AB configuration in Band 1. Furthermore
the energy differences between Band 1 (AB configuration)
and Bands 5 and 6 are less than 700 keV, thus they are
insufficient to break an additional neutron pair to form a
four-quasiparticle configuration. Thus the two-quasiparticle
configurations of AC and BD seem to be favored for Band 5
and 6.

Band 7, which at present consists of only three levels,
could in principle be a four-quasineutron band of ABEG
configuration. The calculated alignment gain with respect to
the AB configuration of 2.7h̄ is somewhat higher than the ex-
perimental value of 1.7h̄, thus an unambiguous configuration
assignment for this band could not be made.

The agreement between the experimental data and the
CSM calculations for the positive-parity bands is good, par-
ticularly for the alignments of the AB and ABCD bands;
see Table III. The model also reproduces the band crossing
frequency for the AB alignment well, but overestimates it for
the CD alignment. A better agreement with experimental data
could probably be obtained by using configuration-dependent
pairing [6].

C. Dipole bands

In this work we report on two bands of strong dipole
transitions with weak E2 crossovers. Band 8 is new, except
for three previously known levels at 5351, 5617, and 5860 keV
[18]. The levels had tentative spin and no parity assignment.
Band 9 had been observed before [7] but was not connected to
the rest of the level scheme and therefore had uncertain spin,
parity, and excitation energy. We assigned unambiguous spin
and party to both bands as described in Sec. III.

Band 8 extends above a 18+ level at 5123 keV and decays
via three γ -ray transitions to levels above the band crossing
of the negative-parity Band 2 (ABCE). It is estimated that the
1147-keV transition corresponds to about 50% of the inten-
sity of the band below the 5351-keV level, thus additional
unobserved decay paths are likely. Band 9 has negative parity
and a bandhead at spin 20. Two decays, to Bands 2 and 3
respectively, are observed but these transitions correspond to
less than 40% of the intensity of the band, thus additional
unobserved decay paths are again likely.

Both bands exhibit regular energy spacing, no staggering,
and B(M1)/B(E2) ratios of less than 3 μ2

N/(eb)2 (see Fig. 10).
They are thus different from the shears bands in the Pb

064321-12



ROTATIONAL STRUCTURES IN 196Hg PHYSICAL REVIEW C 100, 064321 (2019)

20 24 28 32
Spin I ( )

0.5

1.5

2.5

3.5

4.5

B
M

1/
B

E
2 

[(
/e

b)
2 ]

0.5

1.5

2.5

3.5

4.5 (a)

(b)

FIG. 10. Experimental B(M1)/BE (2) ratios for (a) negative-
parity and (b) positive-parity dipoles bands in 195Hg and 196Hg. Filled
circles are from the present work, open circles are for 196Hg from [7]
shifted by −1h̄, and open squares are for the dipole bands in 195Hg
[15].

neighbors, which are characterized by a sharp decrease in the
B(M1) values. This sharp decrease is caused by the nature
of the shears bands. These bands are built on single-particle
configurations associated with large angular momenta along
the symmetry axis (proton angular momentum) and perpen-
dicular to the symmetry axis (neutron angular momentum).
The increase in the angular momentum along the band is
caused by the realignment of the proton and neutron angular
momenta away from the major nuclear axis and along a tilted
axis. This realignment causes the perpendicular (to the tilted
axis) component of the single-particle angular momenta to
decrease, causing the sharp drop in the B(M1) values which is
characteristic for shears bands. For more details on the shears
mechanism see Ref. [11]. The B(M1)/B(E2) ratios for Bands
8 and 9, shown in Fig. 10, are compared with those of the
dipole bands in 195Hg [15] and with the values for the dipole
band of 196Hg [7]. For comparison the latter was shifted down
by 1h̄ to accommodate the different spin assignment in the
present work. The measured B(M1)/B(E2) values for Band
9 from the present work agree, within error bars, with the
previous values [7].

Dipole bands with similarly small B(M1)/B(E2) ratios
have been reported in all the A = 191–195 Hg isotopes.
The band in 191Hg [6] has irregular energy spacing and
was not considered to have a collective nature. In 192Hg the
dipole band designated as Band (b) [12], also has irregular
energy spacing and decays only to positive-parity structures.
However, the negative-parity band in 192Hg, Band (a), could
be compared to Band 9 in this work, particularly since it
also decays to both ABCE and ABCF bands. Of the three
dipole bands in 193Hg the positive-parity Structure 3 [13] had
previously been considered to be non-collective [31]. The the

negative-parity Structures 1 and 2 decay through a complex
set of levels that are assumed to be of a single-particle nature,
in contrast to the direct decay to rotational bands observed in
191Hg. Structure 2 in 194Hg [14] could be considered as similar
to Band 8 in 196Hg, if it can be assumed that this structure
has positive parity. The bands that look most similar to the
dipole bands in 196Hg are in 195Hg [15], where two bands, with
positive and negative parity respectively, are observed. The
decays out of these bands feed the lowest-energy negative-
parity band, as in 196Hg, although the positive-parity Structure
2 also feeds into the positive-parity yrast band. Except for the
case of 195Hg the dipole bands in the other Hg isotopes exhibit
very fragmented decay via structures of irregularly spaced
levels that are not observed in this work.

In assigning a configuration to Band 8 of 196Hg it should
be noted that all three of the observed decays go to the upper
region of Band 2, which has a four-quasiparticle νi3

13/2ν j con-
figuration (ABCE). This suggests that the dipole band could
involve the same neutron configuration which is coupled to
a two-proton excitation. The energy difference of approxi-
mately 1 MeV between the bandheads of this dipole band and
the ABCE band allows for the breaking of a proton pair. Thus
a six-quasiparticle πh9/2d3/2/s1/2 ⊗ νi3

13/2ν j configuration is
proposed for Band 8. It is the lowest-energy six-quasiparticle
configuration with positive parity, and corresponds to the
ABCEbe or ABCEbf configuration in terms of the CSM. The
b Routhian has a slightly higher alignment gain of 1.43h̄ than
the a Routhian, while the e and f Routhians are degenerate
up to high rotational frequency and have negligible alignment
as they correspond to deformation aligned h9/2 orbitals. The
calculated gain in alignment of the ABCEbe and ABCEbf
configurations of 1.4h̄ with respect to the ABCE configuration
is in reasonable agreement with the experimental alignment
gain of 1.7h̄. The alignments of the two signature sequences
ABCEbe and ABCEbf are identical, in agreement with the
experimental observations (see Fig. 9).

Band 9 decays to Bands 2 and 3 with ABCE and ABCF
configurations. Thus we can assume that this dipole band
involves these four-quasiparticle neutron configurations. The
experimentally observed alignment gain of 5.7h̄ of the dipole
band with respect to the ABCE and ABCF bands can
be explained by involving an h11/2 and an h9/2 proton that
are aligned along the rotation and symmetry axes respectively.
The CSM calculations yield alignment gains of 6.3h̄ and 5.2h̄
for the coupling of e or f Routhians to the h Routhian and to
the g Routhian, respectively. However, since the h Routhian is
lower in energy we propose f h as the preferred proton config-
uration. It can be noted that both decays out of the dipole band
change signature (odd signature decays to even signature and
vice versa), thus the proton configuration is likely to be f h for
both signature sequences in the dipole band, corresponding to
the ABCEfh → ABCE and ABCFfh → ABCF decays. Thus
we assign the ABCEfh and ABCFfh configurations to Band
9. The assigned configurations do not involve high-K protons,
which would have been mandatory for bands with a shears
nature. The assignments are in agreement with our previous
considerations that the low values of the B(M1)/B(E2) ratios
and their smooth trend as a function of spin do not imply a
shears nature for the bands in 196Hg. This conclusion supports
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the previous suggestion of Cederwall et al. [7] that Band 9
probably has a single-particle structure different from that of
a shears band.

V. SUMMARY

In the present γ -spectroscopy study the known level
scheme of 196Hg has been considerably extended. The second
negative-parity band was extended with the addition of six
new levels that include a band crossing. A third negative-
parity band was established by adding four new levels to
the top of the band, again including a band crossing, and by
changing the spin of the band. The higher-energy negative-
parity bands are connected to the yrast negative-parity band
by a number of new and relatively strong transitions. Two
new positive-parity bands were observed, both extending up
to spin 19. An additional level was added above the two
known positive-parity bands. All three positive-parity bands
decay to the yrast band only. The previously known dipole
band observed by Cederwall et al. [7] was connected to two
negative-parity bands, and its spin and parity were deter-
mined. A new dipole band was firmly established based on the

three previously observed levels [18] through the addition of
five new M1 transitions as well as six E2 crossover transitions.
The B(M1)/B(E2) ratios for both dipole bands are less than
3 μ2

N/(eb)2 and the E2 energies show a regular increase
associated with rotational structures. All rotational bands were
interpreted in the CSM framework. Apart from the dipole
bands all the positive- and negative-parity bands could be
interpreted using neutron configurations only. The negative-
parity bands are interpreted as νi13/2 ν j and νi3

13/2 ν j configu-
rations at low and higher spins respectively, while the two new
positive-parity bands are likely to have νi2

13/2 configurations.
The third positive-parity band might have a four-quasiparticle
nature. We suggest that both dipole bands involve proton
excitations and propose six-quasiparticle configurations of
ABCEb(e,f) and ABC(E,F) f h configurations for the positive-
and negative-parity dipole bands, respectively.
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