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Background: The mercury isotopes around N = 104 are a well-known example of nuclei exhibiting shape coex-

istence. Mixing of configurations can be studied by measuring the monopole strength ρ2(E0), however, currently

the experimental information is scarce and lacks precision, especially for the Iπ → Iπ (I �= 0) transitions.

Purpose: The goals of this study were to increase the precision of the known branching ratios and internal

conversion coefficients, to increase the amount of available information regarding excited states in 182,184,186Hg,

and to interpret the results in the framework of shape coexistence using different models.

Method: The low-energy structures in 182,184,186Hg were populated in the β decay of 182,184,186Tl, produced

at ISOLDE, CERN and purified by laser ionization and mass separation. The γ -ray and internal conversion

electron events were detected by five germanium clover detectors and a segmented silicon detector, respectively,

and correlated in time to build decay schemes.
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Results: In total, 193, 178, and 156 transitions, including 144, 140, and 108 observed for the first time

in a β-decay experiment, were assigned to 182,184,186Hg, respectively. Internal conversion coefficients were

determined for 23 transitions, out of which 12 had an E0 component. Extracted branching ratios allowed the sign

of the interference term in 182Hg as well as ρ2(E0; 0+
2 → 0+

1 ) and B(E2; 0+
2 → 2+

1 ) in 184Hg to be determined.

By means of electron-electron coincidences, the 0+
3 state was identified in 184Hg. The experimental results

were qualitatively reproduced by five theoretical approaches, the interacting boson model with configuration

mixing with two different parametrizations, the general Bohr Hamiltonian, the beyond mean-field model, and

the symmetry-conserving configuration-mixing model. However, a quantitative description is lacking.

Conclusions: The presence of shape coexistence in neutron-deficient mercury isotopes was confirmed and

evidence for the phenomenon existing at higher energies was found. The new experimental results provide

important spectroscopic input for future Coulomb excitation studies.

DOI: 10.1103/PhysRevC.108.014308

I. INTRODUCTION

The neutron-deficient mercury isotopes (Z = 80) around

the neutron midshell at N = 104 constitute one of the most

prominent examples of shape coexistence [1]. Laser spec-

troscopy studies in this region show dramatic changes of

the charge radii between the neighboring isotopes [2,3]. This

behavior, called shape staggering, indicates a large change of

deformation between the measured ground and isomeric states

[1]. The evolution of shape coexistence is demonstrated in the

level energy systematics of the even-mass mercury isotopes

that show two structures at low energies, one built on top of

the ground state, interpreted as weakly oblate-deformed, and

the other, built on top of the intruder 0+
2 state, assumed to be

prolate-deformed [1,4]. The excitation energies of the latter

have a parabolic behavior as a function of neutron number

with the minimum at N = 102 in 182Hg.

The presence of two coexisting bands is confirmed by

other complementary experiments in this region. Lifetime

measurements of the yrast-band members up to the 8+ state in

even-mass 180–188Hg isotopes have shown large E2 transition

strengths, while they drop for the 2+
1 state [5–8]. This behavior

indicates a similar configuration of high-spin states and a

mixing of two configurations in the 2+
1 level. One should also

note the decrease of the 4+
1 → 2+

1 transition strength from
180Hg, where it is similar to the values between higher-spin

members of the yrast cascade [5], to 188Hg, where it is much

closer to the B(E2; 2+
1 → 0+

1 ) [8]. This effect is interpreted

as an evolution of the 4+
1 state structure from prolate- to

oblate-deformed shape [5].

The 186,188,190Pb α-decay fine structure measurements re-

veal large hindrance factors for decays to the 0+
2 states in

182,184,186Hg, which is interpreted as an indication of a weak

mixing between the 0+ states [9–11]. On the other hand, in-

ternal conversion coefficient (ICC) measurements between the

first and the second 2+ states point to the existence of a large

E0 component [12–16], which is interpreted as a fingerprint

of mixing [1,17]. A Coulomb excitation (Coulex) study at

ISOLDE [18,19] provided the monopole strengths between

the lowest 2+ states and it confirmed strong mixing between

these states.

While the existing experimental information points to a

good qualitative description of shape coexistence in mercury

isotopes, quantitative information is still lacking. Currently,

the insufficient precision of the spectroscopic information,

with uncertainties of the γ -branching ratios and the ICCs

being as large as 30% [13], hinders the interpretation of

the Coulex results [20]. Information on mixing of the 4+

and higher-spin states is also lacking. Different theoretical

approaches have been tested in the region and while they

are able to reproduce some of the observables, they point to

contradicting conclusions, for instance regarding the intrinsic

deformation of the 186Hg ground state [3,21].

In order to increase the available amount of spectroscopic

information and its precision, excited states in 182,184,186Hg

have been studied by means of the β decay of 182,184,186Tl

at the ISOLDE facility at CERN. The existence of isomers

in the thallium isotopes with spin and parity 2−, 4−, 7+, and

10− [22,23] enabled the population of excited states in the
182,184,186Hg isotopes up to spin 12 while the simultaneous

detection of γ rays and electrons allowed us to measure

ICCs and, consequently, to identify transitions with E0

components.

The paper is organized as follows. In Sec. II the experimen-

tal setup is described. The analysis methods and information

relevant for all three cases are presented at the beginning of

Sec. III and the results for 182Hg, 184Hg, and 186Hg are pro-

vided in Secs. III A, III B, and III C, respectively. In Sec. III D

a method to extract mixing ratios for all three isotopes is

presented together with the results. The discussion and the

interpretation of the results as well as the comparison with

the theoretical calculations are given in Sec. IV. In Sec. V,

conclusions are drawn and an outlook is provided.

II. EXPERIMENTAL SETUP

Pure beams of 182,184,186Tl were produced at the ISOLDE

facility at CERN [24] in spallation of a thick UCx target by 1.4

GeV protons, delivered every 1.2 s or a multiple of this value

by the Proton Synchrotron Booster (PSB). The produced nu-

clei diffused from the target material to a hot cavity, where the

thallium isotopes were selectively ionized by the resonance

ionization laser ion source system [25] in a two-step ioniza-

tion process. The first step excitation was performed via the

6p 2P1/2 → 6d 2D3/2 transition at 276.83 nm using a dye laser

system and for the second step, the Nd:YAG laser at 532 nm

was used. The ionized thallium isotopes were extracted from

the ion source at 30 keV energy and mass separated by the

high resolution separator [24]. The beam was implanted into
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a movable tape at the center of the ISOLDE Decay Station

(IDS) [26]. The tape was moved every 30 to 50 s, depending

on the structure of the PSB supercycle, in order to remove

daughter activities.
To detect the internal conversion electrons (ICE), the

SPEDE spectrometer [27] was employed. In its heart there
is a 24-fold segmented, 1-mm thick annular silicon detector
cooled by circulating ethanol at about −20 ◦C. The SPEDE
spectrometer was placed inside the IDS decay chamber at
16-mm distance in front of the tape, in the upstream direction
of the beam. For the detection of β particles, a 0.5-mm thick
900 mm2 silicon detector was mounted in the downstream
direction. The γ radiation was detected by five high-purity
germanium clover detectors (HPGe). Four of them were
placed in the upstream direction while the fifth one was placed
in the downstream direction and it was used only for energy
gating. Signals from the detectors were recorded using the
Nutaq digital data acquisition system [28] with 100 MHz
sampling frequency, running in a triggerless mode.

To calibrate the germanium detectors, an encapsulated
152Eu source and a 138Cs sample, produced on-line and im-

planted onto the tape, were used, while for the SPEDE

spectrometer, the ICEs from the strong E2 transitions in
184,186Hg and 138Ba were utilized. More details regarding

the setup calibration and its performance are reported in

Refs. [29,30].

III. RESULTS

The β-decay schemes of 182,184,186Tl were built using
γ -γ , γ -electron, and electron-electron coincidence spectra.
The coincidence time window between any two signals was
300 ns. In all three measured cases, the beam was a mix-
ture containing two or three β-decaying isomers of thallium
in an unknown proportion. As a result, only γ -branching
ratios for each excited state were extracted while apparent
β feedings and log( f t) values were not determined. Tables
with γ -branching ratios, γ -ray intensities normalized to the
strongest 2+

1 → 0+
1 transition for each isotope and full decay

schemes are provided in the Supplemental Material [31]. In
the following sections, the information relevant for each iso-
tope is presented.

A. Excited states in 182Hg

The analysis of the coincidence data allowed us to confirm

the decay scheme proposed by Rapisarda et al. in Ref. [13].

The only exception was the 1182-keV transition which was

moved from the 2566-keV state to the 1794-keV state. Elec-

tron singles energy spectrum and a typical γ -ray energy

spectrum with a gate on a γ ray are presented in Figs. 1 and 2.

In total, 89 excited states and 193 transitions were identified in
182Hg. Out of them, there were 57 new excited states and 136

new transitions. Six levels and eight transitions known from

in-beam studies [33] were also observed. It should be noted

that we observed a systematic shift of around 1 keV between

the γ -ray energies reported in our work and Ref. [33]. A

similar shift was observed in the previous β-decay study [13].

In addition, nine ICCs have been measured. A summary of the

deduced levels with their de-exciting transitions is presented

FIG. 1. Portion of the electron singles energy spectrum collected

with the 182Tl beam. The electron lines associated with 182Hg have

been marked with the transition energy and corresponding atomic

orbital, whereas transitions arising from the A = 182 decay chain are

marked with the nucleus of origin.

in Tables I and II in the Supplemental Material [31]. The ICCs

are given in Table I and a partial decay scheme is shown in

Fig. 3.

The electron energy spectrum gated on the 723 and 773

keV γ rays feeding the 2+
1 351-keV state is presented in Fig. 4.

Two peaks are visible at 268 and 252 keV, which can be asso-

ciated with the K-ICE from the 351-keV 2+
1 → 0+

1 transition

and the de-excitation of the 335-keV 0+
2 state, respectively.

This observation proves the existence of a 16-keV 2+
1 → 0+

2

transition. The intensity ratio of these two peaks can be linked

to the γ -ray intensity ratio de-exciting the 351-keV state:

Iγ (16)

Iγ (351)
=

IK (335)

IK (351)

�tot (335)

�K (335)

αK (351)

1 + αtot (16)

= 5.8(7) × 10−7, (1)

FIG. 2. Portion of the γ -ray energy spectrum gated on the 351-

keV (2+
1 → 0+

1 ) γ -ray transition in 182Hg. The most prominent lines

have been labeled with the transition energy in keV.
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TABLE I. Experimental internal conversion coefficients αexp of transitions in 182Hg compared with the theoretical values αth calculated

using BrIcc [34] and the deduced transition multipolarities Xλ.

Ei (keV) E f (keV) Et (keV) Transition Shell αexp αth(E2) αth(M1) Xλ

547.6(1) 351.1(1) 196.5(1) 2+
2 → 2+

1 K 6.0(7) 0.1768(25) 0.952(14) E0 + M1 + E2

L 1.24(15) 0.179(3) 0.1602(23)

M+ 0.37(5) 0.0596(7) 0.0486(6)

547.6(1) 335.0(1) 212.6(1) 2+
2 → 0+

2 L 0.132(27) 0.1285(19) 0.1285(18) E2

547.6(1) 0.0 547.6(1) 2+
2 → 0+

1 K 0.015(2) 0.01603(23) 0.0595(9) E2

972.6(1) 351.1(1) 621.5(1) 2+
3 → 2+

1 K 0.045(13) 0.01231(18) 0.0428(6) M1 + E2(+E0)

972.6(1) 335.0(1) 637.7(1) 2+
3 → 0+

2 K <0.029a 0.01168(17) 0.0400(6) E2

1123.9(1) 612.0(1) 511.9(1) 4+
2 → 4+

1 all >0.65a 0.0255(4) 0.0862(12) E0(+M1 + E2)

1530.6(1) 944.4(1) 586.3(1) (6)+2 → 6+
1 K 0.030(8) 0.01389(2) 0.0498(7) M1 + E2(+E0)

1718.5(1) 1507.4(1) 211.0(2) K >0.90a 0.1489(22) 0.781(12) E0(+M1 + E2)

1984.9(1) 1766.1(1) 219.1(2) (5−
2 ) → (5−

1 ) K 0.90(21) 0.1358(20) 0.703(10) M1

aLimit given with 95% credible interval.

FIG. 3. Partial level scheme of excited states in 182Hg populated in the β decay of 182Tl extracted in this work. For the full version, see

Supplemental Material [31]. Levels and transitions known from the previous β-decay studies are plotted in black, shifted in the decay scheme

in blue, known from other than β-decay studies in green and newly identified in red. Transitions not observed in this work for which the

intensity limits have been determined are plotted with dashed lines. Spins, parities, and proposed transition multipolarities are taken from this

work and Ref. [32].
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FIG. 4. A fit (black solid line) to the portion of the electron

energy spectrum spectrum, gated on the 723- and 773-keV γ rays

in 182Hg. The visible peaks stem from the K-ICE of the 335-keV

(0+
2 → 0+

1 ) and 351-keV (2+
1 → 0+

1 ) transitions. The contribution

from asymmetric Gaussian functions is plotted in solid red lines and

the constant background in dashed purple line.

where �K (335) and �tot (335) are the tabulated K and total

electronic factors for the 335-keV E0 transitions, respec-

tively, taken from Ref. [35], while αK (351) and αtot (16)

are the calculated K-ICC of the 351-keV E2 transition and

the total ICC of the 16-keV E2 transitions, respectively

[34].

The extracted value can be converted into the ratio of the

B(E2) transition strengths

B(E2; 16)

B(E2; 351)
=

Iγ (16)

Iγ (351)
×

E5
γ (351)

E5
γ (16)

= 2.9(4). (2)

Having this ratio and the B(E2; 2+
1 → 0+

1 ) = 0.33(2) e2b2

value obtained in the Coulomb excitation studies [19], the

absolute value of the matrix element |〈0+
2 ‖ E2 ‖ 2+

1 〉| =

2.2(3) eb was extracted. This result is in agreement with the

[−2.2, 0.9] range given in Ref. [19] but only for the negative

values. It is also in a good agreement with 〈0+
2 ‖ E2 ‖ 2+

1 〉 =

−2.48 eb from the two-state mixing calculations presented in

Ref. [7] (see also Fig. 16 in Ref. [19]).

Although the sign of an individual reduced matrix element

has no physical meaning and depends solely on the used con-

vention, the sign of the interference term is an experimental

observable. It is a product of three reduced matrix elements

and it is important in the determination of the state’s triaxi-

ality using the quadrupole sum rule [36–38]. The combined

analysis of this work and the results from Ref. [19] yields

a sign of the 〈0+
2 ‖ E2 ‖ 2+

1 〉〈2+
1 ‖ E2 ‖ 2+

2 〉〈2+
2 ‖ E2 ‖ 0+

2 〉

interference term to be negative.

The K-, L-, and M+1-internal conversion coefficients of

the 2+
2 → 2+

1 transition were determined from the γ -ray and

electron energy spectra gated on the 526-, 576-, 748-, and

1Throughout this publication, M+ means electrons from M and

higher atomic shells. The energy resolution of the SPEDE Spectrom-

eter does not allow electrons stemming from these atomic shells to

be resolved.

FIG. 5. γ -ray (top) and electron (bottom) energy spectra gated

on the 526-, 576-, 748-, and 1171-keV γ -ray transitions feeding the

2+
2 state in 182Hg. The peaks of interest are labeled by the energy

given in keV.

1171-keV γ rays (see Figs. 5 and 6). A fit to the L and M+

electrons is presented in Fig. 6. The sum of the extracted ICCs,

which is equal to 7.6(7), is in a good agreement with the value

of 7.2(13) reported in Ref. [13].

Employing the same gate, the K-ICC of the 548-keV

2+
2 → 0+

1 transition and the L-ICC of the 213-keV 2+
2 → 0+

2

transition were extracted. Both results are in excellent agree-

ment with the theoretical value for E2 transitions [34].

The K-ICC of the 622-keV transition de-exciting the 973-

keV state was obtained by gating on the 701-keV γ ray

(see Fig. 7). Its value fixes a positive parity to the 973-keV

state. The upper limit for the K-ICC of the 638-keV tran-

sition (αK < 0.029), extracted by employing the same gate,

is consistent with a pure E2 character [αK (E2) = 0.012] and

FIG. 6. A fit (black solid line) to a portion of the electron energy

spectrum spectrum, gated on the 526-, 576-, 748-, and 1171-keV γ

rays feeding the 548 keV 2+
2 state in 182Hg. The visible peaks stem

from the L- and M+-ICE of the 197-keV transition and the L-ICE

of the 213-keV transition. A contribution from asymmetric Gaussian

functions is plotted in solid red lines and the constant background is

shown by the dashed purple line.
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FIG. 7. γ -ray (top) and electron (bottom) energy spectra gated

on the 701-keV γ ray in 182Hg. The peaks of interest are labeled by

the energy given in keV. The energy range 440–650 keV of electron

energy spectrum has been magnified by a factor 10 for visualization

purposes.

excludes an M1 multipolarity [αK (M1) = 0.040]. Therefore,

by combining both results, we propose the spin-parity assign-

ment of 2+ for the 973-keV state.

The energy gate set on the yrast 332-keV (6+
1 → 4+

1 ) tran-

sition allowed us to extract αK = 0.030(8) for the 586-keV γ

ray. This value suggests a mixed E2/M1 character, however,

an E0 component cannot be excluded without an independent

measurement of the δ mixing ratio. Based on this information,

the de-excitation pattern and the level energy systematics (see

Sec. IV A), we propose spin and parity of (6)+ for the 1531-

keV state.

The 211-keV transition de-exciting the 1719-keV state was

observed only via ICEs (see Fig. 8 and the decay scheme

in Supplemental Materials [31]). The lower limit of the

FIG. 8. γ -ray (top) and electron (bottom) energy spectra gated

on the 1156-keV γ ray in 182Hg. The position of the nonobserved

211-keV γ ray is indicated with a shaded area.

FIG. 9. Portion of an electron energy spectrum gated on the 261-

keV (4+
1 → 2+

1 ) γ ray in 182Hg. Peaks stemming from the ICEs of

the yrast cascade as well as from the 512-keV transition are labeled.

K-ICC (αK > 0.9) was extracted from the γ -ray and electron

energy spectra gated on the 1156-keV γ ray and it indicates

an existence of an E0 component. This implies that both

excited states, at 1719 and 1507 keV, have the same spin and

parity.

The K-ICC of the 219-keV transition de-exciting the 1985

keV state was extracted by gating on the 576-keV γ ray (see

the decay scheme in Supplemental Materials [31]). The value

of 0.90(21) is in 1σ agreement with a pure M1 transition. By

combining this information, the de-excitation of the 1985-keV

state to the 4+ and 6+ states and the (5−) assignment of the

1766-keV level fed by the 219-keV transition, we propose

(5−) spin-parity for the 1985-keV state.

The 512-keV transition was observed in an electron energy

spectrum gated on the 261-keV γ ray (see Fig. 9) and its

placement was confirmed by matching energy as well as the

presence of the 1218-keV γ ray feeding the 1124-keV level

(see the decay scheme in Supplemental Materials [31]) in the

γ -ray energy spectrum gated on the 261-keV line. Due to

the overlapping annihilation peak, the direct measurement of

γ -ray intensity of the 512-keV transition could not be made.

The branching ratio of 9.9(59) was determined by comparing

the number of counts of the 1218-keV γ ray registered in co-

incidence with the 261- and 576-keV transitions. Due to large

uncertainties, only the lower limit for the total ICC (>0.65)

of the 512-keV transition was extracted. Nevertheless, this

value indicates the existence of a large E0 component in the

512-keV transition which allows us to firmly confirm the 4+

spin of the 1124-keV level.

B. Excited states in 184Hg

Based on the coincidence analysis, we confirm the decay

scheme reported in Ref. [13]. An electron singles energy spec-

trum and typical γ − γ and γ -electron spectra are presented

in Figs. 10–12, respectively. In total, 110 excited states and

178 transitions were assigned to 184Hg. In particular, there

were 126 new transitions and 85 new excited states. Four

levels and 14 transitions previously observed in the in-beam

studies [39] were also observed in this β-decay study. Fur-

thermore, 12 ICCs were measured. The experimental results

are summarized in Table II and in the Supplemental Material
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FIG. 10. Portion of the electron singles energy spectrum col-

lected with the 184Tl beam. The electron lines associated with 184Hg

have been marked with the transition energy and corresponding

atomic orbital, whereas transitions arising from the A = 184 decay

chain are marked with the nucleus of origin.

in Tables III and IV [31] while the partial decay scheme is

presented in Fig. 13.

The level at 1872 keV from our study (see the decay

scheme in the Supplemental Material [31]) has a 1 keV lower

excitation energy compared to Ref. [39] and has a different

de-excitation pattern. Thus, unlike the previous β-decay study

[13], we propose that our 1872-keV level and the 1873-keV

level from Ref. [39] are two different states.

The 1450-, 2036-, 2093-, and 2309-keV γ rays have been

placed in the decay scheme based on the energy sum argu-

ments (see Supplemental Material [31]). These γ rays were

not included in the determination of the energy of the excited

states.

The 367-keV 2+
1 → 0+

1 and the 608-keV 2+
3 → 0+

2 tran-

sitions are in a mutual coincidence (see Fig. 11) indicating

the existence of the 9-keV 0+
2 → 2+

1 transition. To estimate

FIG. 11. Portion of the γ -ray energy spectrum gated on the 367-

keV (2+
1 → 0+

1 ) γ -ray transition in 184Hg. The most prominent lines

have been labeled with the transition energy in keV.

FIG. 12. Portion of the γ -ray energy spectrum gated on the 375-

keV (0+
2 → 0+

1 ) K-ICE in 184Hg. The negative peaks are stemming

from the background subtraction. Main coincident lines are labeled

by the energy given in keV.

its total intensity [It (9)], a similar method as in the case of

the 512-keV γ ray in 182Hg was used. The number of counts

in the 608-keV peak in the spectrum gated on the 367-keV

transition NRg(608) was compared to the number of counts in

the same peak in the γ -ray singles energy spectrum NRs(608).

The NRg(608) value was corrected by the γ -gate detection

efficiency ǫγ (367), by the factor 3
4

to include the reduction

of γ -detection efficiency in coincidence spectrum due to the

fact that one out of four germanium detectors is being used

for γ gating, and by the ICC of the gating transition αtot (367),

leading to the following:

It (9)

It (9) + It (375)
=

NRg(608) 1+αtot (367)
3
4
ǫγ (367)

NRs(608)

= 0.055(11) ≡ B. (3)

To obtain the ratio of the total intensity of the 9 keV transition

to the 375 keV transition, one can write

It (9)

It (375)
=

B

1 − B
= 0.059(12) ≡ R. (4)

Having the ratio R and the mean lifetime of the 0+
2

state (τ = 0.9(3) ns [41]), we were able to calculate

ρ2(E0; 0+
2 → 0+

1 ) = 4.1(14) × 10−3, as well as B(E2; 0+
2 →

2+
1 ) = 0.49(22) e2b2. The latter is in 2σ agreement with

1.3+0.7
−0.5 e2b2 from the Coulomb excitation studies [19].

The weak 119.2-keV 4+
1 → 2+

2 transition is very close to

the strong 119.7-keV γ -ray originating from the decay of
184Ir to 184Os. The γ -ray intensity of the 119-keV transition

Nγ (119; Hg) was obtained by subtracting the contribution

associated with the osmium line [Nγ (119; Os)] from the

total number of counts in the peak [Nγ (119)]. This contri-

bution was calculated by scaling the number of counts in

the strongest osmium peak at 264 keV [Nγ (264; Os)] by the
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TABLE II. Experimental internal conversion coefficients αexp of transitions in 184Hg compared with the theoretical values αth calculated

using BrIcc [34] and the deduced transition multipolarities Xλ.

Ei (keV) E f (keV) Et (keV) Transition Shell αexp αth(E2) αth(M1) Xλ

534.8(1) 366.9(1) 168.0(1) 2+
2 → 2+

1 all 12.8(24)a 0.724(11) 1.80(3) E0 + M1 + E2

K 9.4(24)b 0.256(4) 1.478(21)

L 2.6(4) 0.351(5) 0.249(4)

M+ 0.78(12) 0.1175(14) 0.0755(9)

983.5(1) 534.8(1) 448.7(1) 2+
3 → 2+

2 K >0.355c 0.0247(4) 0.1005(14) E0(+M1 + E2)

983.5(1) 366.9(1) 616.6(1) 2+
3 → 2+

1 K 0.066(6) 0.01252(18) 0.0436(7) E0 + M1 + E2

1123.9(2) 375.4(1) 748.5(2) 0+
3 → 0+

2 K >1.256c 0.00847(12) 0.0264(4) E0

1089.0(2) 534.8(1) 554.4(1) (3)+1 → 2+
2 K 0.014(4)d 0.01563(22) 0.0576(8) E2(+M1)

1178.8(2) 534.8(1) 643.9(1) 2+
4 → 2+

2 K 0.100(14) 0.01145(16) 0.0390(6) E0 + M1 + E2

1300.2(1) 1086.6(1) 213.6(2) 4+
3 → 4+

2 K >0.868c 0.1445(21) 0.755(11) E0(+M1 + E2)

1300.2(1) 654.0(1) 646.3(1) 4+
3 → 4+

1 K 0.072(13) 0.01137(16) 0.0386(6) E0 + M1 + E2

1549.6(2) 994.2(1) 555.5(1) 6+
2 → 6+

1 K 0.025(7) 0.01555(22) 0.0573(8) M1 + E2(+E0)

aObtained indirectly, by comparing the intensity of the γ rays. See text for details.
bCalculated as a difference between the total internal conversion coefficient and the L- and M+-internal conversion coefficients.
cLimit given with 95% credible interval.
dαth(E1) = 0.00597(9).

intensity ratios from Ref. [42]:

Nγ (119; Hg)

ǫγ (119)
=

Nγ (119)

ǫγ (119)
−

Nγ (264; Os)

ǫγ (264)

Iγ (119; Os)

Iγ (264; Os)
. (5)

By comparing the extracted value with the number of

counts in the 287-keV 4+
1 → 2+

1 transition, an upper limit of

the branching ratio for the 119-keV transition equal to 0.6 was

obtained. The energy of this transition was calculated as the

energy difference between the excited states.
A number of γ lines could be identified as doublet

structures. There are two transitions with an energy around
1179 keV. The intensity of the 1445 keV → 367 keV tran-
sition was determined from the γ − γ coincidences, while
for the 1179 keV → 0 keV transition it was determined as
a difference between the intensity from the γ -ray singles
energy spectrum and the intensity obtained from the coin-
cidence data. The same method was also applied for pairs
of transitions at 765 keV (1854 keV → 1089 keV from co-
incidence data, 1300 keV → 535 keV as a difference) and
at 1082 keV (2495 keV → 1413 keV from coincidences,
1450 keV → 367 keV as a difference). In addition, the energy
of the 1450 keV → 367 keV γ ray was determined as the
energy difference between the excited states.

Based on the electron-electron coincidences gated on the

375-keV 0+
2 → 0+

1 transition (Fig. 14), a state at 1124 keV

was identified. The lack of corresponding γ ray (αK > 1.256)

indicates a strong E0 component in the 749-keV transition

(Table II) and, thus, spin and parity of 0+ are attributed to

the state. To determine the 749-keV transition’s branching

ratio, the number of K-ICE in the electron-electron spectrum

was compared to the 589-keV γ -ray transition intensity after

correcting them by detection efficiencies as well as a factor
�tot (749)

�K (749)
= 1.2 to include ICEs from other atomic shells.

The observation of the 0+
3 → 0+

1 transition was beyond the

observational limit. In addition, there is no known transition

feeding the 1124-keV state, thus, an upper limit could not be

deduced.

The L- and M+-ICCs for the 168-keV 2+
2 → 2+

1 tran-

sition were obtained from the γ -ray and electron energy

spectra gated on the 367-keV 2+
1 → 0+

1 transition, see Fig. 15,

whereas the K-ICE energy was below the detection thresh-

old. However, by using the γ -imbalance method proposed in

Ref. [13], the total ICC [αtot (168)] was extracted by com-

paring the number of 367- and 535-keV γ rays [Iγ (367)

and Iγ (535), respectively] in the γ -ray energy spectrum

gated on the transitions feeding the 535-keV 2+
2 state (552,

589, 979, 1022, 1068, 1171, 1270, 1328, 1537, 1548, 1809,

and 1883 keV, see Fig. 16). The ICC can be extracted as

follows:

αtot (168) =
Iγ (367)(1 + αtot (367))

Iγ (535)Brγ (168)
−

Brγ (159)

Brγ (168)

×
Itot (9)

Itot (9) + Itot (375)
(1 + αtot (159)) − 1, (6)

where αtot (367) and αtot (159) are the total ICCs of the 367-

and 159-keV transitions, respectively, calculated using BrIcc

[34], Brγ (168) and Brγ (159) are the γ -branching ratios from

this analysis (see Table III in Supplemental Material [31])

while Itot (9)

Itot (9)+Itot (375)
is the intensity ratio of the 9-keV transition,

extracted in this work, see Eq. (3). The K-ICC was determined

as a difference between the total and the L and M+ ICCs.

The value obtained in our work [αtot = 12.8(24)] is in good

agreement with 14.2(36) reported in Ref. [13]. It should be

noted that the main source of uncertainty comes from the

precision of the Brγ (168) branching ratio.

From the same gate on the 367-keV 2+
1 → 0+

1 transi-

tion, the K-ICC of the 617-keV 2+
3 → 2+

1 transition was

determined. The extracted value αK = 0.066(6) indicates the

existence of an E0 component and allows us to confirm the
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FIG. 13. Partial level scheme of excited states in 184Hg populated in the β decay of 184Tl extracted in this work. For the full version, see

Supplemental Material [31]. Levels and transitions known from the previous β-decay studies are plotted in black, known from other studies

in green and the newly identified ones in red. Transitions not observed in this work for which the intensity limits have been determined are

plotted with dashed lines. Spins, parities, and proposed transition multipolarities are taken from this work and Refs. [13,40].

spin and parity of 2+ for the 984-keV state proposed in the

previous work [13].

The K-ICC of the 644-keV 2+
4 → 2+

2 transition was ob-

tained from the spectra gated on the 535-keV γ ray, see

Fig. 17. The extracted value αK = 0.100(14) indicates the

existence of an E0 component which allows us to con-

firm the 2+ assignment of the 1179-keV state proposed in

Ref. [13]. From the same gate, the lower limit for the K-

ICC of the 449-keV transition was extracted (αK > 0.355)

and the result supports the 2+ assignment of the 984-keV

level.

The ICEs from the 552- (4+
2 → 2+

2 ) and 554-keV [(3)+1 →

2+
2 ] transitions create one unresolved peak at 470 keV in

the electron energy spectrum, as presented in Fig. 17. In

order to obtain the ICC of the 554-keV γ ray, deconvolution

of the electron peak was needed. The expected number of

electrons from the 552-keV E2 transition, calculated based

on the number of registered γ rays, was subtracted from the

total number of electrons in the peak. The extracted value is

in agreement with a pure E2 multipolarity with a possible

small admixture of an M1 component. This result allows us

to propose a positive parity for the 1089-keV state and to keep

the previously proposed spin (3) [13].

The K-ICC of the 646-keV transition was determined from

the spectra gated on the yrast 287-keV 4+ → 2+ γ ray. Al-

though the obtained value, αK = 0.072(13), has a relatively

large uncertainty, it is more than 2σ larger than the coeffi-

cient of a pure M1 transition [αK (M1) = 0.0386(6)], which

indicates the existence of an E0 component. As a result, we

were able to firmly establish the spin and parity of 4+ for the

1300-keV state.

The 214-keV transition de-exciting the 1300-keV state has

been observed solely via ICEs (see Fig. 18). The limit for the

K-ICC (see Table II), which was extracted from the spectra
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FIG. 14. Portion of the electron energy spectrum gated on the

K-ICE of the 375-keV 0+
2 → 0+

1 transition in 184Hg. The observed

peaks are labeled by the energy of the transition they are originate

from. Inset: portion of the γ -ray energy spectrum gated on the K-

ICE of the 375-keV 0+
2 → 0+

1 transition with the position of the

nonobserved 749-keV γ ray indicated with a shaded area.

gated on the 720-keV γ rays, implies an E0 transition. This

conclusion also confirms our 4+ assignment to the 1300-keV

state.

The ICC of the 556-keV 6+
2 → 6+

1 transition was obtained

from the γ -ray and electron energy spectra gated on the 340-

keV γ ray and points out to a mixed E2/M1 multipolarity.

However, as in the case of the 586-keV transition in 182Hg, the

existence of an E0 component cannot be excluded without an

independent measurement of the δ mixing ratio.

FIG. 15. γ -ray (top) and electron (bottom) energy spectra gated

on the 367-keV (2+
1 → 0+

1 ) γ ray in 184Hg. A peak labeled as ‘CS’

stems for the Compton scattering of strong γ rays between different

clovers.

FIG. 16. Portion of the γ -ray energy spectrum gated on the γ

rays feeding the 535-keV state in 184Hg, used to determine the total

ICC of the 168-keV 2+
2 → 2+

1 transition by the imbalance method,

see text for details. Main peaks are labeled by the energy given in

keV.

C. Excited states in 186Hg

Based on the coincidence analysis, we confirmed most

of the decay scheme reported in the latest evaluation [43]

and substantially extended it. Typical spectra are presented

in Figs. 19 and 20 while portions of the γ -ray and electron

singles energy spectra are presented in Fig. 7 in Ref. [44]. In

total, 102 excited states and 156 transitions were associated

with 186Hg, including 91 new transitions and 68 new levels.

Nine states and 17 transitions known from the in-beam stud-

ies [43] have been also observed in this β-decay study. The

summary of the measured γ rays with the branching ratios is

presented in Tables V and VI in the Supplemental Material

[31] and the extracted ICCs are summarized in Table III. The

partial decay scheme is presented in Fig. 21.

Compared to the previous β-decay studies [15,43], three

previously unplaced transitions, 413, 726, and 1273 keV, were

FIG. 17. γ -ray (top) and electron (bottom) energy spectra gated

on the 535-keV (2+
2 → 0+

1 ) γ ray in 184Hg. The main γ -ray peaks

are labeled with the energy given in keV. The position of the nonob-

served 449-keV γ ray is indicated with a shaded area.
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FIG. 18. γ -ray (top) and electron (bottom) energy spectra gated

on the 720-keV (4+
2 → 2+

1 ) γ ray in 184Hg. A position of the nonob-

served 214-keV γ ray is indicated with a shaded area.

put in the decay scheme based on the γ -γ coincidence data.

It should be noted that the placement of the 413-keV γ ray

is in agreement with the in-beam studies [45]. We were not

able to confirm the existence of two excited states at 1966

and 2056 keV, which are reported in the evaluation [43].

The former was supposed to de-excite via the emission of a

288-keV γ ray, which has not been observed, while the latter

was proposed to decay by emitting a 1248-keV γ ray. In our

analysis, this transition is in coincidence only with the Hg x

rays and the 511-keV annihilation peak (see Fig. 22). Based

on these coincidences and the fact it has the same energy as

the new 1248-keV state established in the γ − γ coincidence

analysis, we propose it de-excites this level to the ground

state.

FIG. 19. Portion of the γ -ray energy spectrum gated on the 403-

keV (4+
1 → 2+

1 ) and 406-keV (2+
1 → 0+

1 ) γ -ray transitions in 186Hg.

The most prominent lines have been labeled with the transition

energy in keV.

FIG. 20. Portion of the γ -ray energy spectrum gated on the 524-

keV (0+
2 → 0+

1 ) K-ICE in 186Hg. Main coincident lines are labeled

by the energy given in keV.

The observation of the de-excitation of the 2621-keV

12+
1 state (see Fig. 23) points out to a β-decay branch

of the 186Tl 10(−) isomeric state. The 186Tl(7(+))
β+/EC
−−−→

186Hg(12+) decay would have a fourth-forbidden unique

character while the 186Tl(10(−))
β+/EC
−−−→ 186Hg(12+) would be

much more probable first-forbidden unique decay. More infor-

mation regarding the decay of the 186Tl 10(−) isomeric state

can be found in Ref. [44].

The ICCs of the 216-keV 2+
2 → 2+

1 transition were ob-

tained from the spectra gated on the yrast 406-keV 2+
1 →

0+
1 γ ray (see Fig. 24). The values (see Table III) are lower

than the αK = 4.9(13) and αL = 1.03(26) values reported in

Ref. [16] but in agreement within 2σ .

The 353-keV transition de-exciting the state at 1434 keV

was observed only via ICEs, see Fig. 25. The limit for the

K-ICC (αK > 1.54) was extracted from the spectra gated on

the 675-keV 4+
2 → 2+

1 γ ray and it points out to a presence of

a strong E0 component. As a result, the previously proposed

(3+) assignment of the 1434-keV state [46] was changed to

4+. By employing the same γ -ray energy gate at the 675-

keV transition, the K-ICC of the 597-keV 6+
2 → 4+

2 transition

was extracted and the E2 multipolarity of this transition was

confirmed. It should be noted that the spin-parity assign-

ments reported in the ENSDF evaluation [43] for the 1660.0-,

1868.9-, 2138.8-, and 2428.4-keV states (see Supplemental

Material for the full decay scheme [31]) were based on the

same theoretical calculations as for the 1434-keV state [46].

Since the assignment was incorrect for one state, we do not

adopt them for other levels.

By gating on the 403-keV 4+
1 → 2+

1 transition, K-ICC

of the 272- (4+
2 → 4+

1 ) and 626-keV (4+
4 → 4+

1 ) transitions

were extracted. In spite of large uncertainty, related mostly

to the limited γ -ray statistics, it is firmly established that

the 272-keV transition has an E0 component while in the

case of the 626-keV line the value indicates a mixed E2/M1

multipolarity. However, similarly to the 6+
2 → 6+

1 transition

in 182,184Hg, the E0 component cannot be excluded without

an independent measurement of the δ mixing ratio.
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TABLE III. Experimental internal conversion coefficients αexp of transitions in 182Hg compared with the theoretical values αth calculated

using BrIcc [34] and the deduced transition multipolarities Xλ.

Ei (keV) E f (keV) Et (keV) Transition Shell αexp αth(E2) αth(M1) Xλ

621.4(1) 405.5(1) 216.0(1) 2+
2 → 2+

1 K 3.5(3) 0.1406(20) 0.732(11) E0 + M1 + E2

L 0.66(6) 0.1203(17) 0.1229(18)

M+ 0.194(18) 0.0400(5) 0.0372(4)

1080.8(1) 808.4(1) 272.5(1) 4+
2 → 4+

1 K 0.72(22) 0.0796(12) 0.385(6) E0 + M1 + E2

1434.2(1) 1080.8(1) 353.4(2) 4+
4 → 4+

2 K >1.54a 0.0427(6) 0.190(3) E0(+M1 + E2)

1434.2(1) 808.4(1) 625.9(1) 4+
4 → 4+

1 K 0.022(4) 0.01214(17) 0.0420(6) M1 + E2(+E0)

1678.2(1) 1080.8(1) 597.4(1) 6+
2 → 4+

2 K 0.013(4) 0.01336(19) 0.0474(7) E2

2218.4(1) 1976.3(1) 242.1(1) (8−
1 ) → 8+

2 K <0.055ab 0.1064(15) 0.533(8) E1

aLimit given with 95% credible interval.
bαth(E1) = 0.0380(6).

FIG. 21. Partial level scheme of excited states in 186Hg populated in the β decay of 186Tl extracted in this work. For the full version, see

Supplemental Material [31]. Levels and transitions known from the previous β-decay studies are plotted in black, shifted in the decay scheme

in blue, known from other studies in green, and newly identified in red. Transitions not observed in this work for which the intensity limits have

been determined are plotted with dashed lines. Spins, parities, and proposed transition multipolarities are taken from this work and Ref. [43].
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FIG. 22. Portion of the γ -ray energy spectrum gated on the 1248-

keV γ ray in 186Hg.

The upper limit for the K-ICC of the 242-keV (8−
1 ) → 8+

2

transition de-exciting the (8−
1 ) K isomer (T1/2 = 82(5) μs

[43]) was obtained from the spectra gated on the 811-keV

γ ray (see Fig. 26). The result allows us to firmly establish

an E1 multipolarity and leads to a positive parity assignment

for the 1976-keV state. Since this state belongs to the band

built on top of the 1229-keV state [47–49], we propose a

positive parity for all the band members. This result resolves

a discrepancy regarding the spin and parity of the 1229-keV

state, pointed out in the previous ENSDF evaluation [49], and

is in agreement with the 4+ assignment proposed in the most

recent evaluation [43].

D. Multipole mixing ratios

The determination of K-, L-, and M+-ICCs for the 2+
2 →

2+
1 transitions in all three isotopes allowed us to determine

the q2
K (E0/E2) and δ(E2/M1) mixing ratios [35]. The experi-

mental ICC of the E0 + M1 + E2 transition from the i atomic

shell (i = K, L, . . .) can be expressed as [35]

α
exp
i =

αi(M1) + δ2
(

1 + q2
i

)

αi(E2)

1 + δ2
, (7)

FIG. 23. Portion of the γ -ray energy spectrum gated on the

542-keV 12+
1 → 10+

1 γ ray in 186Hg. The yrast transitions and the

511-keV annihilation peak are labeled by the energy given in keV.

FIG. 24. γ -ray (top) and electron (bottom) energy spectra gated

on the 406-keV (2+
1 → 0+

1 ) γ ray in 186Hg.

where αi(M1) and αi(E2) are the calculated ICCs for pure

M1 and E2 transitions, respectively, while δ2 and q2
i are the

aforementioned mixing ratios.

The q2
i values for different atomic shells i and j are linked

with the following relation [35]:

q2
j = q2

i ×
� j (E0)

�i(E0)
×

αi(E2)

α j (E2)
, (8)

where �i(E0), � j (E0) are the theoretical electronic factors

for E0 transitions.

By having two or more ICCs, the likelihood function χ2

can be written as

χ2 =
∑

i

(

α
exp
i −

αi (M1)+δ2 (1+q2
i )αi (E2)

1+δ2

)2

s2
α

exp
i

, (9)

FIG. 25. γ -ray (top) and electron (bottom) energy spectra gated

on the 675-keV (4+
2 → 2+

1 ) γ ray in 186Hg. The position of the non-

observed 353-keV γ ray is marked with a shaded area.
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FIG. 26. γ -ray (top) and electron (bottom) energy spectra gated

on the 811-keV (8+
2 → 6+

1 ) γ ray in 186Hg. The position of the

non-observed K-ICE from the 242-keV transition is indicated with

a shaded area.

where sα
exp
i

being the uncertainty of the experimental ICC α
exp
i .

Free parameters were restricted to q2
K < 1000 and |δ| < 10

by setting priors. The posterior density functions (pdf) were

obtained using the Markov chain Monte Carlo method [29].

A pdf for 182Hg is shown in Fig. 27. Values reported in

Table IV are the medians and 16th and 84th percentiles of the

marginalized pdf or, in cases where only limits are provided,

the fifth percentiles.

The extracted δ mixing ratio limits are in line with δ = 1.85

used in Ref. [19] to determine ρ2(E0; 2+
2 → 2+

1 ) in 182,184Hg.

The q2
K values from our work and from Ref. [50] are in

agreement for 184,186Hg but not for 182Hg, where the literature

value of q2
K = 28+7

−8 is more than 3σ away from our result.

This indicate a stronger contribution of the E0 component in

the 2+
2 → 2+

1 transition.

The extracted mixing ratios, together with the 2+
2 states

lifetimes, can be used to re-evaluate the ρ2(E0; 2+
2 → 2+

1 )

FIG. 27. The χ 2 plot as a function of the |δ| and q2
K mixing

parameters of the 2+
2 → 2+

1 197 keV transition in 182Hg. The χ 2

value is given by the color scale.

TABLE IV. q2
K and |δ| mixing ratios for the 2+

2 → 2+
1 transitions.

Nucleus Eγ (keV) q2
K |δ|

182Hg 196.5 50+33
−7 >0.29a

184Hg 168.0 50+61
−7 >0.33a

186Hg 216.0 >21a >0.16a

aLimit given with 95% credible interval.

values. However, we note that the known lifetimes are ex-

tracted from the Coulomb excitation study [19] and they

depend on the spectroscopic input from the previous exper-

iments. The new branching ratios and conversion coefficients

from this work will lead to a different set of matrix elements

in the Coulex analysis and, as a result, different lifetimes and

monopole strengths.

IV. DISCUSSION

A. Spin and parity assignments

In the previous sections, the spin and parity of a number of

states were determined on the basis of the measured ICCs.

The analysis of the de-excitation paths allows us to assign

spins and parities of several low-lying states. The details are

discussed below.
182Hg, 1507 keV, Jπ = 3−, 4+ : this state de-excites

solely to the 2+ states and it is fed from the (5−) state. Since

none of the discussed states exhibits isomeric properties,

the only considered transition multipolarities are E1, M1,

and E2. That leads to two possible spins, 3− and 4+. This

assignment allows us to propose the same spins for the 1719

keV level, as they are connected by a transition with an E0

component.
182Hg, 1531 keV, Jπ = (6)+: the ICC between this and

the 6+
1 states indicates an E2/M1 character and, thus, a pos-

itive parity, while the decay to the 4+ and 6+ states and the

similar energies of the 6+
2 states in 180,184Hg (1504 keV [12]

and 1550 keV, respectively) suggest a tentative spin assign-

ment of (6). Since this state was proposed in Ref. [33] to

be a band head of band 7 (see Fig. 3 of [33]), with levels

being connected by E2 transitions, we propose that the states

belonging to this band, including the 1942-keV state observed

in our work, have spins and parities from (8)+ to (16)+.
182Hg, 1547 keV, Jπ = 4+: this state feeds the yrast 2+,

4+, and 6+ states.
182Hg, 1985, 2037, 2342, 2418 and 2448 keV, Jπ=(5−) :

there are significant differences in the decay pattern of these

states in 182Hg compared to states at similar excitation energy

in 184,186Hg—in the latter nuclei the excited states de-excite

by emission of no more than four different γ rays while

in the former, five or more de-excitation paths exist. All

these states feed the 4+ and 6+ states and do not feed the

2+ and 8+ states, which indicates spin 5. In addition, in

the β decay of 180Tl(4−) to 180Hg [12], similar states at

1797 and 2348 keV were observed and both of them had

low log( f t) values, which suggests an allowed decay and,

consequently, a negative parity. The measurement of the
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FIG. 28. The energy curves as a function of the deformation parameter β2 obtained within the SCCM calculations for (a) 182Hg,

(b) 184Hg, and (c) 186Hg, after particle-number projection (PN-VAP method, dashed lines) and angular momentum projection (PNAMP method,

continuous lines).

magnetic dipole moments by means of laser spectroscopy

suggested a similarity in the structure of 180Tl(4−) ground

state and the low-spin 182Tl(4−) isomer [23]. Although in

our study we cannot extract log( f t) values, based on the

presented arguments we tentatively propose spin (5−) to the

1985, 2037, 2342, 2418, and 2448 keV levels.
184Hg, 1413.3 keV, Jπ = (5+) : spin (5) was proposed in

previous studies [39,40] and the de-excitation to the (3)+

state suggests a positive parity. This assignment allows us to

propose spins (7+) and (9+) to 1803- and 2257-keV states,

respectively, as they are connected by E2 transitions [39].

B. Comparison with the theoretical models

The experimental results were compared to calculations

from two theoretical models available in the literature: in-

teracting boson model with configuration mixing (IBM-CM)

which employs the D1M parametrization of the Gogny

energy density functional (IBM Gogny) [51] and the be-

yond mean-field (BMF) based model which uses the SLy6

parametrization of the Skyrme interaction [52]. Furthermore,

additional calculations have been performed within the IBM-

CM approach with the phenomenological parametrization

(IBM Phen) [53], the general Bohr Hamiltonian (GBH)

method [19,38,54,55], as well as the symmetry-conserving

configuration mixing (SCCM) model [8,56,57].

The first information regarding the structure of
182,184,186Hg can be retrieved by analyzing the potential

energy surfaces (PES) as a function of deformation. In case of

SCCM, the curve obtained with the particle-number variation

after projection (PN-VAP) method [58] points to a complex

structure, with a global oblate minimum at β2 ≈ −0.15, two

normal-deformed (ND) prolate minima at β2 ≈ 0.1 and 0.25

and one superdeformed (SD) prolate minimum at β2 ≈ 0.6

(Fig. 28). Furthermore, there is one additional minimum in
184Hg at β2 ≈ 0.45 and in 182Hg at β2 ≈ −0.35. A projection

of PN-VAP wave functions onto angular momentum creates a

particle-number and angular momentum projection (PNAMP)

set whose structure remains rather unchanged for J = 0,

with the global ND oblate minimum at β2 ≈ −0.17 and a

prolate minimum at β2 ≈ 0.3 at almost identical energy.

One exception is an appearance of a shallow ND oblate

minimum at β2 ≈ −0.35 in both 184Hg and 186Hg. These

results are consistent with the recent laser spectroscopy study

which determined the ground state |β2| value to be about

0.2 [2,3].

Comparisons of the experimental energies of excited states

with the theoretical predictions are presented in Fig. 29. The

best agreement is obtained with IBM Phen but it should be

kept in mind that this model was fitted to the experimental

data. The only significant discrepancy can be observed for the

energy of the 2+
4 state in 184Hg. At the same time, the IBM

Gogny calculations reproduce rather poorly the excitation en-

ergies with the exception of 186Hg. It might be related to the

fact that for 182,184Hg these calculations predict strongly de-

formed ground-state bands and weakly deformed bands built

on top of the 0+
2 states [51] which contradicts the experimental

findings [2,3]. On the other hand, for 186Hg the ground-state

band is predicted to be weakly oblate-deformed [51].

The results from GBH, SCCM, and BMF show that the

energy differences between the calculated states belonging to

the same band are systematically larger than the experimental

values, but this is a known deficiency of these calculations

[19]. A very poor reproduction of the third 0+ and 2+ states

in SCCM and BMF might be related to the restriction to only

axial deformations.

The relative B(E2) values were derived from the measured

γ -ray transition intensities and compared with theory, see

Tables V, VI, and VII. The best reproduction is obtained with

the IBM Phen model, however, the agreement is not as good as

for the excitation energies. In particular, the
B(E2;6+

2 →4+
2 )

B(E2;6+
2 →4+

1 )
ratio

is overestimated in all three nuclei and the largest discrepancy,

of an order of magnitude, is observed in 184Hg. In addition,

the
B(E2;8+

2 →6+
2 )

B(E2;8+
2 →6+

1 )
ratio in 186Hg is overestimated by three orders

of magnitude. This discrepancy is related to a very small

B(E2; 8+
2 → 6+

1 ) value predicted by the model.

The reproduction of the B(E2) ratios by IBM Gogny, GBH,

SCCM, and BMF is in general poor. For many values, the the-

oretical models do not reproduce the order of magnitude of the

observable. However, a comparison of the known experimen-

tal B(E2) values with the theory (see Table 8 in Ref. [19] and

Table VII in the Supplemental Material [31]) indicates that

while the intraband transitions are reproduced rather well, the

main issue is the correct predictions of the interband transition
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FIG. 29. Comparison of the experimental energies of the selected excited states in 182,184,186Hg with the theoretical calculations. The dashed

lines, provided to guide the eye, are connecting the states of the same spin and order.

strength, which can differ up to two orders of magnitude. A

similar pattern can be observed in 188Hg [8].

To further understand the poor reproduction of the B(E2)

ratios, the SCCM model collective wave functions (CWF)

(see Fig. 30) can be analyzed. The CWF which are the

TABLE V. Comparison of the experimental B(E2) ratios in 182Hg

with the theoretical models (see Fig. 3 for the decay scheme). Symbol

“-” indicates that the particular ratio was not calculated in a given

model.

Ratio Exp IBM IBM GBH SCCM BMF

Phen Gogny

B(E2;2+
1

→0+
2

)

B(E2;2+
1

→0+
1

)
2.9(4) 2.4 0.069 0.4 26 0.072

B(E2;2+
2

→0+
2

)

B(E2;2+
2

→0+
1

)
5.5(7) 5.5 7.9 4.0 0.087 787

B(E2;4+
2

→2+
2

)

B(E2;4+
2

→2+
1

)
8.5(6) 8.5 94 103 2413 153

B(E2;6+
2

→4+
2

)

B(E2;6+
2

→4+
1

)
168(13) 596 843 949 1.12 –

weights of the intrinsic deformations in each calculated state

reveal that in all three nuclei, each band has a rather constant

deformation parameter. They also show that the overlap be-

tween the oblate- and prolate-deformed states is very small

TABLE VI. Comparison of the experimental B(E2) ratios in
184Hg with the theoretical models (see Fig. 13 for the decay scheme).

Symbol “-” indicates that the particular ratio was not calculated in a

given model.

Ratio Exp IBM IBM GBH SCCM BMF

Phen Gogny

B(E2;2+
2

→0+
2

)

B(E2;2+
2

→0+
1

)
13.5(14) 23.5 13.5 5.6 2298 16.4

B(E2;4+
1

→2+
2

)

B(E2;4+
1

→2+
1

)
<0.46 0.45 0.020 0.014 32 0.0047

B(E2;4+
2

→2+
2

)

B(E2;4+
2

→2+
1

)
5.5(4) 3.5 36.9 119 0.046 6.4 × 104

B(E2;2+
4

→0+
2

)

B(E2;2+
4

→0+
1

)
3.5(4) 6.3 19.8 14.4 – –

B(E2;6+
2

→4+
2

)

B(E2;6+
2

→4+
1

)
93(7) 801 245 811 0.048 –
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TABLE VII. Comparison of the experimental B(E2) ratios in
186Hg with the theoretical models (see Fig. 21 for the decay scheme).

Symbol “-” indicates that the particular ratio was not calculated in a

given model.

Ratio Exp IBM IBM GBH SCCM BMF

Phen Gogny

B(E2;2+
2

→0+
2

)

B(E2;2+
2

→0+
1

)
2228(1046) 240 13.5 7.0 1196 0.96

B(E2;4+
1

→2+
2

)

B(E2;4+
1

→2+
1

)
1.92(14) 3.0 0.40 0.012 185 0.022

B(E2;4+
2

→2+
2

)

B(E2;4+
2

→2+
1

)
1.37(10) 1.3 190 132 0.019 153

B(E2;6+
2

→4+
2

)

B(E2;6+
2

→4+
1

)
25.9(19) 95 1477 1008 1281 13704

B(E2;8+
2

→6+
2

)

B(E2;8+
2

→6+
1

)
237(47) 2.1 × 105 4325 14880 0.29 –

which can be linked to a small mixing between states exhibit-

ing different deformation. As a result, the predicted interband

B(E2) values are too low. It should be noted that the ex-

ploratory studies of the SCCM model performed for 188Hg

indicated that this behavior might be related to an absence of

triaxial degrees of freedom [8].

Underestimation of the interband transition strength by the

IBM Gogny calculations was linked to the energy difference

between the prolate and oblate minima on the potential energy

surfaces [51]. For 182,184Hg this difference is large, therefore

despite the availability of the triaxial degrees of freedom,

the mixing between two configurations is hindered. At the

same time, for 186Hg the mixing strength was determined to

be too strong for the low-lying states which might explain a

systematic overestimation of the measured B(E2) ratios.

The monopole strength ρ2(E0) is directly proportional

to the changes in the mean-square charge radii [17] and,

consequently, carries important information to assess shape

changes. In the case of 184Hg, we were able to re-evaluate

ρ2(E0; 0+
2 → 0+

1 ) × 103 = 4.1(14) by combining the in-

tensity ratio with the known lifetime. For the 0+
2 → 0+

1

transitions in 182,186Hg and the 2+
2 → 2+

1 transitions in all

TABLE VIII. Comparison of the experimental ρ2(E0) × 103 val-

ues in 182,184,186Hg from this work and Ref. [50] with the theoretical

models.

ρ2(E0) × 103 Exp IBM IBM GBH SCCM BMF

Phen Gogny

182Hg(0+
2 → 0+

1 ) 186 34 8.2 346 73 228

182Hg(2+
2 → 2+

1 ) 110(40) 196 1.7 72 6.7 35

184Hg(0+
2 → 0+

1 ) 4.1(14) 31 4.7 257 4.5 359

184Hg(2+
2 → 2+

1 ) 90(30) 261 1.4 37 41 17

186Hg(0+
2 → 0+

1 ) >50 11 1.4 209 3.0 120

186Hg(2+
2 → 2+

1 ) 49(23) 116 0.7 28 2.8 31

three isotopes the monopole strength is known from the liter-

ature [50]. The comparison between the experimental values

and the theoretical models is presented in Table VIII.

Unlike the case of the B(E2) ratios and the excitation

energies, the IBM Phen predictions for the monopole strength

differ by up to one order of magnitude from the experimental

data. The IBM Gogny calculations predict correctly the

monopole strength between the 0+ states in 184Hg, however,

for other analyzed cases it is underestimate by up to two orders

of magnitude.

The results of GBH and BMF calculations are of the

same order of magnitude. However, the monopole strength

is overestimated between the 0+ states and underestimated

between the 2+ states. One explanation of this effect might

be an incorrect estimation of mixing between the low-spin

states, as suggested in Ref. [52]. The SCCM calculations are

able to correctly reproduce the monopole strength in 184Hg

but the predictions for 182,186Hg are too low compared to the

experimental values.

It should be noted that in all discussed cases the large rela-

tive uncertainties hinder more quantitative assessment of dif-

ferent theoretical approaches. In addition, we bring attention

to the fact that the experimental monopole strengths between

the 0+ states in 182,186Hg might be incorrect. In case of 182Hg,

FIG. 30. Collective wave functions from the SCCM calculations for (a) 182Hg, (b) 184Hg, and (c) 186Hg. The first, second, and third states

of each spin are plotted in full, short-dashed, and dashed lines, respectively.
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ρ2(E0; 0+
2 → 0+

1 ) was extracted in a model-dependent way.

The same approach applied to 184Hg leads to the two-orders-

of-magnitude higher value than the experimental result [19].

For 186Hg the method used to extract the lifetime of the 0+
2

state [59] suffers from unaccounted systematic effects. As

shown in Ref. [60] and discussed in details in Sec. V D therein,

the same method applied to the lifetime extraction of the 2+
2

state in 188Hg resulted in one-order-of-magnitude difference

compared to the fast-timing experiment [60].

V. CONCLUSIONS AND OUTLOOK

A spectroscopic study of 182,184,186Hg has been performed

at the ISOLDE Decay Station at the ISOLDE facility at

CERN. The excited states were populated in the β decay

of 182,184,186Tl isotopes produced in the spallation of a UCx

target. The collected data allowed us to confirm the existing

decay schemes and to add to them a large number of new

transitions and excited states. Internal conversion coefficients

were measured for 23 transitions, out of which 12 had an E0

component. In 182Hg, a B(E2) ratio from our study combined

with the results from the Coulomb excitation study allowed us

to extract the sign of one interference term and to extend the

systematic comparison of matrix elements with the two-state

mixing model. By using electron-electron coincidences, a 0+
3

state was identified in 184Hg.

The experimental results were compared with theoretical

calculations. All models described qualitatively the structure

of the analyzed nuclei and pointed to the coexistence of

oblate- and prolate-deformed structures. However, the quan-

titative description is still lacking as none of the discussed

approaches were able to predict correctly all the observables.

A relatively good reproduction of the data was obtained in

the phenomenological interacting boson model with config-

uration mixing and the microscopical symmetry-conserving

configuration mixing model. In particular, the latter was able

to correctly reproduce the order of magnitude of the monopole

strengths in 184Hg.

The results presented in this work provide an impor-

tant complementary spectroscopic input for future Coulomb

excitation experiments [20,61]. They also indicate that the

future experiments should focus on lifetime measurements,

in particular for the low-lying yrare states, and the angular

correlation to better characterize E0 transitions and, conse-

quently, shape coexistence in these nuclei.

The experimental data used in this study are available from

the corresponding author upon reasonable request.
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[21] A. Algora, E. Ganioğlu, P. Sarriguren, V. Guadilla, L. Fraile, E.

Nácher, B. Rubio, J. Tain, J. Agramunt, W. Gelletly et al., Phys.

Lett. B 819, 136438 (2021).

[22] A. E. Barzakh, L. K. Batist, D. V. Fedorov, V. S. Ivanov, K. A.

Mezilev, P. L. Molkanov, F. V. Moroz, S. Y. Orlov, V. N.

Panteleev, and Y. M. Volkov, Phys. Rev. C 88, 024315 (2013).

[23] A. E. Barzakh, A. N. Andreyev, T. E. Cocolios, R. P. de Groote,

D. V. Fedorov, V. N. Fedosseev, R. Ferrer, D. A. Fink, L. Ghys,

M. Huyse et al., Phys. Rev. C 95, 014324 (2017).

[24] R. Catherall, W. Andreazza, M. Breitenfeldt, A. Dorsival, G. J.

Focker, T. P. Gharsa, G. T J, J.-L. Grenard, F. Locci, P. Martins

et al., J. Phys. G: Nucl. Part. Phys. 44, 094002 (2017).

[25] V. Fedosseev, K. Chrysalidis, T. D. Goodacre, B. Marsh, S.

Rothe, C. Seiffert, and K. Wendt, J. Phys. G: Nucl. Part. Phys.

44, 084006 (2017).

[26] http://isolde-ids.web.cern.ch/isolde-ids/.

[27] P. Papadakis, D. M. Cox, G. G. O’Neill, M. J. G. Borge, P. A.

Butler, L. P. Gaffney, P. T. Greenlees, R. D. Herzberg, A. Illana,

D. T. Joss et al., Euro. Phys. J. A 54, 42 (2018).

[28] http://www.nutaq.com.

[29] M. Stryjczyk, Ph.D. thesis, KU Leuven (2021), https://lirias.

kuleuven.be/retrieve/620472.

[30] M. Stryjczyk et al., Conversion electron spectroscopy at the

ISOLDE Decay Station with the SPEDE Spectrometer (unpub-

lished).

[31] See Supplemental Material at http://link.aps.org/supplemental/

10.1103/PhysRevC.108.014308 for additional tables and fig-

ures.

[32] B. Singh, Nucl. Data Sheets 130, 21 (2015).

[33] K. S. Bindra, P. F. Hua, B. R. S. Babu, C. Baktash, J. Barreto,

D. M. Cullen, C. N. Davids, J. K. Deng, J. D. Garrett, M. L.

Halbert et al., Phys. Rev. C 51, 401 (1995).

[34] T. Kibédi, T. Burrows, M. Trzhaskovskaya, P. Davidson, and

C. Nestor, Nucl. Instrum. Methods Phys. Res. A 589, 202

(2008).

[35] J. Dowie, T. Kibédi, T. Eriksen, and A. Stuchbery, At. Data

Nucl. Data Tables 131, 101283 (2020).

[36] K. Kumar, Phys. Rev. Lett. 28, 249 (1972).

[37] D. Cline, Annu. Rev. Nucl. Part. Sci. 36, 683 (1986).

[38] K. Wrzosek-Lipska, L. Próchniak, M. Zielińska, J. Srebrny,
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