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Abstract. The neutron-deficient mercury isotopes serve as a classical example of shape coexistence,
whereby at low energy near-degenerate nuclear states characterized by different shapes appear. The elec-
tromagnetic structure of even-mass 182–188Hg isotopes was studied using safe-energy Coulomb excitation of
neutron-deficient mercury beams delivered by the REX-ISOLDE facility at CERN. The population of 0+

1,2,
2+
1,2 and 4+

1 states was observed in all nuclei under study. Reduced E2 matrix elements coupling populated
yrast and non-yrast states were extracted, including their relative signs. These are a sensitive probe of
shape coexistence and may be used to validate nuclear models. The experimental results are discussed in
terms of mixing of two different configurations and are compared with three different model calculations:
the Beyond Mean Field model, the Interacting Boson Model with configuration mixing and the General
Bohr Hamiltonian. Partial agreement with experiment was observed, hinting to missing ingredients in the
theoretical descriptions.

1 Introduction

The neutron-deficient mercury isotopes (Z = 80) serve as
an illustrative example of shape coexistence [1,2], whereby
at low excitation energies near-degenerate nuclear states
are characterized by different shapes. The first observa-
tion of a dramatic change in the ground-state mean-square
charge radii was observed through isotope shift measure-
ments in 183Hg and 185Hg, when comparing to heavier-
mass mercury isotopes [3]. Since then a large amount
of information has been collected for nuclei around the
N = 104 midshell between N = 82 and N = 126 using
different experimental techniques. This resulted, amongst
others, in the observation of a large odd-even stagger-
ing in the isotope shifts in the mercury isotopes around
181−185Hg [4], which has long been attributed to the in-
truder structure becoming the ground state in the odd-
mass isotopes and the observation of shape coexistence at
low excitation energy in 185Hg [5]. Recent results obtained
from isotope-shift measurements extended the knowledge
on the ground-state deformation systematics down to
177Hg [6]. Further, lifetime measurements performed for
184Hg and 186Hg [7, 8] suggested a sudden increase in de-
formation of the excited yrast states with the spin larger
than two. Radioactive-decay studies identified coexisting
bands in 184,186,188Hg, assumed to be characterized by
different deformations [9–11]. This phenomenon was ob-
served in 182Hg as well by means of in-beam spectroscopy
studies [12].

The energy-level systematics of the even-even mer-
cury isotopes ranging from A = 190 to A = 198 reveals
a nearly constant excitation energy of the yrast states
up to the spin I = 6 [13, 14]. Mean-field calculations
interpret these states as exhibiting a weakly-deformed
oblate character [1, 15, 16]. However, this regular pattern
is distorted for the lighter mercury isotopes (N ≤ 106)
through the intrusion of levels of a very collective rota-
tional band of assumed prolate nature, which decreases
in excitation energy reaching a minimum around mass
A = 182, 184 [13, 14]. In a shell-model picture, the en-
ergy evolution of the deformed states as a function of
neutron number can be interpreted as arising from a pro-
ton pair excitation across the Z = 82 shell closure. This

leads to extra valence proton pairs interacting with the va-
lence neutrons through the attractive quadrupole proton-
neutron interaction [1]. By contrast, in a mean-field pic-
ture the difference in excitation energy between the oblate
and prolate states results from the variation of the den-
sity of single-particle levels around the Fermi energy with
deformation in the Nilsson diagram.

The energy of the 2+
1 state, as well as the B(E2; 2+

1 →
0+
1 ) value in even-even mercury isotopes around N = 104

are relatively constant, which is commonly interpreted as
a manifestation of a similar structure of these states. On
the other hand, large conversion coefficients related to
the substantial E0 components in the 2+

2 → 2+
1 transi-

tion, observed for 182,184,186Hg [17, 18], indicate a large
degree of mixing. Indeed, as it was reported in ref. [19],
the composition of the 2+ state changes significantly in
the light mercury isotopes, which is reflected in large vari-
ations of mixing amplitudes extracted using the Variable
Moment of Inertia (VMI) model. We performed Coulomb-
excitation (Coulex) studies using post-accelerated mer-
cury beams and deduced E2 matrix elements between
yrast and non-yrast states [20]. The results were inter-
preted within the two-state mixing model supporting the
mixing of a weakly-deformed oblate-like structure with a
more-deformed prolate-like structure.

In this paper we present the experimental details and
the analysis procedure of the Coulomb-excitation studies
of 182,184,186,188Hg reported in ref. [20]. However, it should
be noted that the results for 182,184Hg reported in ref. [20]
have been extracted using preliminary values of a num-
ber of γ-ray branching ratios and conversion coefficients
determined in a β-decay study of 182,184Tl populating ex-
cited states in 182,184Hg. Some of these originaly used spec-
troscopic data, particularly total conversion coefficients
α(2+

2 → 2+
1 ) in 182,184Hg, turned out be erroneous and

they were corrected in the subsequent, complete analysis
of the same β-decay data set and published in ref. [17]. In
the current paper, we performed a full re-analysis of the
Coulomb-excitation data for 182,184Hg using the corrected
values of those spectroscopic data [17] which substantially
differ from the preliminary values assumed in ref. [20].
Consequently, for these two nuclei, the data reported in
the present paper replace the results from ref. [20].

a e-mail: wrzosek@slcj.uw.edu.pl
† Deceased.
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The experimental technique, the production and post-
acceleration of mercury beams at REX-ISOLDE are pre-
sented in sect. 2. The data analysis and the extraction of
the reduced matrix elements are presented in sects. 3, 4
and in sect. 5, respectively. A comparison of experimental
excitation energies and quadrupole moments with theo-
retical predictions based on three different models (the
quadrupole collective General Bohr Hamiltonian model
(GBH) [21], the interacting boson model with config-
uration mixing (IBM-CM) [22] and the beyond-mean-
field model (BMF) [16]) is given in sect. 6. The exper-
imental and theoretical monopole transition strengths,
ρ2(E0; 2+

2 → 2+
1 ), are discussed in sect. 7. A summary

and outlook are given in sect. 8.

2 Measurements

2.1 Production and postacceleration of exotic,
neutron-deficient mercury beams

The neutron-deficient mercury isotopes were produced
through the spallation reaction induced by a 1.4GeV pro-
ton beam, delivered from the Proton Synchrotron Booster
at CERN, impinging on a molten lead target. The result-
ing products rapidly diffused out of the target, which was
heated up to 600 ◦C, passed through the transfer line, and
were ionized in a high-temperature plasma ion source. The
1+ ions were extracted from the ion source by applying
a 30.2 kV electrostatic potential and were, subsequently,
mass-separated by the General Purpose Separator (GPS).
Possible beam contaminations from lead and gold isotopes
were negligible since the temperature of the target con-
tainer and the transfer line was kept around 600 ◦C: the
vapor pressure of mercury (i.e., its evaporation rate out
of the target container) is four orders of magnitude higher
than that of lead, and twelve orders of magnitude higher
than that of gold at this temperature.

The low-energetic singly-charged radioactive ion beam
was then guided to the REX postaccelerator. The ions
were injected into the REX Penning trap (REXTRAP)
to cool and bunch the beam. The bunches were transmit-
ted to the Electron Beam Ion Source (REXEBIS) after-
wards, where they were brought to a higher charge state.
The final charge states of the studied mercury isotopes are
listed in table 1. In the experiment performed in 2007, the
charge breeding time in EBIS was equal to 170ms. This
time is identical to the trapping time in REXTRAP. In
consequence EBIS bunches the ions into the REX post-
accelerator at a rate of ∼ 6 Hz. In 2008, the EBIS breed-
ing time was set to 200ms, corresponding to a bunch-
ing frequency of 5Hz. In order to avoid additional stable
beam contaminants in the radioactive ion beam (originat-
ing from e.g., the REXTRAP buffer gas and residual gases
inside REXEBIS), the ions were separated according to
their A/q ratio prior to injection in the REX linear accel-
erator (REX-LINAC) [23]. The highly-charged radioactive
mercury ions were post-accelerated at the REX-LINAC to
an energy of 2.85MeV/A.

2.2 Coulomb excitation of 182–188Hg

The post-accelerated radioactive mercury beams were
delivered to the Miniball set-up [24]. Coulomb excita-
tion of 182,184,186,188Hg was induced by 120Sn, 107Ag,
and 112,114Cd secondary targets with thicknesses of 2.3,
1.1, and 2mg/cm2, respectively. The γ rays depopulat-
ing Coulomb-excited states in the ejectile and target nu-
clei were detected with the Miniball γ-ray spectrometer,
which consists of eight clusters. Each of these clusters
contains three HPGe crystals, which are electrically di-
vided into six segments and a central electrode. During
the experimental campaigns performed in 2007 and 2008,
23 and 18 out of 24 crystals were operational, respec-
tively. To determine the full-energy γ-ray efficiency of the
Miniball array over the range corresponding to observed
γ-ray transitions in mercury isotopes, down to the Hg
Kα X-ray region (Kα1

= 70.8 keV and Kα2
= 68.9 keV),

133Ba and 152Eu calibration sources were used. The ab-
solute γ-ray efficiency of Miniball was 6.80(18)% and
5.30(14)% at 1.3MeV in 2007 and 2008, respectively. The
energies of scattered target recoils and mercury ejectiles
were measured with a double-sided silicon strip detector
(DSSSD) [25], placed inside the compact collision cham-
ber at a distance of 32.5mm behind the cadmium target
and 33.5mm behind the tin and silver targets. The angular
range covered by the DSSSD in the laboratory frame mea-
sured with respect to the beam direction extended from
15.5◦ to 51.6◦ (for measurements performed with the cad-
mium targets) and from 15◦ to 50.7◦ (for measurements
performed with the tin and silver targets), correspond-
ing to the center-of-mass angular ranges for projectile and
target shown in table 1. The DSSSD is subdivided into
four quadrants with 16 annular and 12 radial strips per
quadrant, which allowed for a measurement of the angular
distribution of both mercury ejectiles and target recoils.
Based on the different kinematics and requesting two par-
ticles to be present in each event (see sect. 3 B), the de-
tected recoils and ejectiles were identified in the DSSSD.

The detected γ rays were emitted in flight causing a
Doppler shift in their detected energy. This is due to the
fact that: (i) the lifetimes of the excited nuclear states
of the investigated mercury isotopes are typically several
picoseconds, while the time of flight of the projectile or
recoil particles from the target to the DSSSD is in the
range of a few nanoseconds, and (ii) the target thicknesses
used in the measurements were smaller than the range of
the particles in the target. The angular segmentation of
the DSSSD and Miniball detection set-ups was essential
to perform a reliable, event-by-event Doppler correction
of the γ-ray energy.

The beam energies were chosen such that the distance

between collision partners was greater than 1.25(A
1/3

P +

A
1/3

T ) + 5 [fm] over the angular range covered by the
DSSSD. This empirical condition, known as Cline’s safe
energy criterion [26], ensured purely electromagnetic in-
teraction in the Coulomb-excitation process. For example,
the “safe” energy for 184Hg impinging on 112Cd is equal
to 807MeV for the highest center-of-mass angle of 169.8◦.
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Table 1. Experimental parameters of the measurements. The first four columns give the isotope of interest, its half-life, T1/2,
the year of the experimental campaign and the selected charge state(s) for each mercury isotope. For each experiment the beam
intensity, IHg, measured at the secondary target, the beam energy, EHg, the center-of-mass angular range, θCM , corresponding
to angular range covered by the DSSSD in the laboratory frame for different projectile and target nuclei are listed. These angular
ranges correspond to one- and two-particle detection ranges (see text for details). The total measurement time, texp, is given in
the last column.

Isotope T1/2 [s] Year Charge IHg [pps] EHg [MeV] Target(s) θCM texp [h]
182Hg 10.8 2008 44+ 3.5 × 103 519 112Cd 41.3◦–169.8◦ 110.5
184Hg 30.6 2007 43+ 4.8 × 103 524 120Sn 38.4◦–171.6◦ 58.7

107Ag 41.5◦–168.6◦ 18.3

2008 44+ 2.2 × 104 112Cd 41.6◦–169.5◦ 12.8
186Hg 84 2007 43+ 2.1 × 105 530 120Sn 38.7◦–171.3◦ 3.0

107Ag 41.8◦–168.3◦ 1.4

2008 44+ 3.0 × 104 114Cd 41.4◦–169.6◦ 5.8
188Hg 195 2007 44+ 1.6 × 105 536 120Sn 39.0◦–171.1◦ 11.4

107Ag 42.1◦–167.9◦ 1.6

2008 45+ 1.0 × 105 114Cd 41.7◦–169.3◦ 15.9

3 Data selection

3.1 Timing conditions

Beams delivered by the REX-ISOLDE facility have spe-
cific timing properties which influences the way data are
taken at Miniball. The beam delivered to the REX-LINAC
is bunched. Triggered by the EBIS signal, the REX-
LINAC is switched on for 800µs. During this active time
window the Miniball data acquisition system registers all
the information from the γ-ray and particle detectors. The
detected “in-beam” γ-ray spectra contain not only the
prompt radiation following Coulomb excitation, but also γ
rays originating from β-decay, natural background radia-
tion and X rays from the accelerator cavities. They all con-
tribute to the observed γ-ray background (random γ rays),
while the particle background mostly originates from the
elastic Rutherford scattering process. The un-conditioned
in-beam γ-ray spectrum obtained during the 184Hg-on-
112Cd experiment is presented in fig. 1(a). Coincidences
between a particle and a γ ray are crucial to distinguish
the Coulomb-excitation events from the background ra-
diation. In order to select the Coulomb-excitation events,
each γ ray arising directly from the collision was correlated
to one or more coincident ejectile/recoil particles. The
time difference between the detected γ rays and the par-
ticles in a time window of 4µs in the experiment of 184Hg
on the 112Cd target is shown in fig. 1(d). A time window
of 300 ns width was defined to select the prompt particle-γ
events. Random particle-γ coincidences, indicated in green
in fig. 1(d), were attributed to the un-correlated particle-γ
events. In order to subtract the random γ-ray spectrum
from the prompt one, the former was scaled by the ra-
tio of the widths of the respective time windows. The re-
sulting scaled random γ-ray spectrum for 184Hg is pre-
sented in fig. 1(b) in green. After this procedure only the
transitions resulting from Coulomb excitation remain, as
shown in fig. 1(c). The Doppler-broadened photopeaks of
γ rays originating from the 2+

1 → 0+
1 , 4+
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1
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Fig. 1. (Color online) Gamma-ray spectra from the 184Hg-
on-112Cd experiment illustrating the data processing: (a) In-
beam, un-conditioned γ-ray spectrum detected in the Mini-
ball array during the EBIS pulse; (b) Gamma-ray spectrum
collected in a prompt (black) and random (green) coinci-
dence with detected ejectile/recoil particle(s) in the DSSSD;
(c) Random-subtracted prompt γ-ray spectrum of 184Hg. No
Doppler-correction has been applied; (d) time difference be-
tween the detected γ ray and scattered particle with indicated
prompt (black) and random (green) coincidence windows.

transitions in 184Hg as well as the 2+
1 → 0+

1 transition
in 112Cd can be observed. A peak around 69 keV remains
present, suggesting a production of X rays directly related
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Fig. 2. (Color online). Particle energy versus scattering an-
gle in the laboratory frame of reference for 182Hg on 112Cd.
The color scale on the vertical axis represents the intensity in
each bin. Top: unconditioned plot showing mainly elastically
scattered particles in the DSSSD. Bottom: idem, but Coulomb-
excitation events were selected by demanding the detection of
exactly two particles in opposite quadrants of the DSSSD, be-
ing both in a prompt coincidence with each other and with a
γ ray detected in Miniball.

to the collision. In the non-random-subtracted spectrum, a
clear peak around 65 keV was present, arising mainly from
the β+/EC decay of 184Ir on top of the X-ray radiation
from the accelerator cavities. The X rays from both these
sources are not time-correlated with the collision and thus
are not present in the random-subtracted spectrum. The
remaining X rays are related to the mercury beam. This
issue will be discussed in more detail in sect. 4.

3.2 Two-particle event selection

In order to identify the scattered mercury beam and target
ions, events were selected demanding detection of exactly
two particles in opposite quadrants of the DSSSD in coin-
cidence with a γ ray registered in Miniball. The centre-of-
mass angular range, where two particles are incident on
the DSSSD, is reduced as compared to the centre-of-mass
angular range covered by the particle detector presented in
table 1, and extends from 76.8◦ to 149◦ (for measurements
performed with the cadmium targets) and from 78.6◦ to
150◦ (for measurements performed with the tin and silver
targets). The events of interest were chosen by request-
ing the absolute time difference between the detection of
two particles to be ≤ 50 ns. Figure 2 presents the number

of counts corresponding to the detected 182Hg-beam and
112Cd-target ions as a function of the energy and scat-
tering angle in the laboratory frame. It shows a typical
inverse-kinematics scattering pattern. The heavier-mass
beam particles are detected at smaller angles in the lab-
oratory frame of reference, while the recoiling target nu-
clei are scattered throughout the whole detection range of
the DSSSD. The separation between the ejectile and recoil
ions is significantly improved when requesting detection of
exactly two particles scattered back-to-back in the centre-
of-mass frame (see bottom panel of fig. 2) compared to
the spectrum obtained without this condition (top panel
of fig. 2).

4 Data analysis

4.1 Mercury K X rays

In the background-subtracted γ-ray spectra intense Kα,β

X ray peaks are observed for all studied isotopes at energy
of 69 and 80 keV in addition to the γ rays following the
Coulomb excitation of target and projectile. As it will be
discussced in the following sections, origins of these mer-
cury X rays include internal conversion of observed γ rays
and E0 transitions. An additional source is related with
the heavy-ion induced K-vacancy creation processes. The
cross-section for the emission of a Kα X rays, originating
from atomic processes, can be estimated from phenomeno-
logical approach, which gives the cross section as a func-
tion of beam energy, target proton number and ionization
potential. Details of the method together with summary
of all data concerning the observed X rays in Coulomb-
excitation experiments on isotopes in the light-lead region
at ISOLDE are given in ref. [27]. For the analysis of the
mercury data the Coulomb excitation of 188Hg were used
to scale the theoretical predictions of the expected K X-ray
yield from the K-vacancy creation process. The only states
populated in the Coulomb excitation experiment of 188Hg
were 2+

1 at 413 keV and 4+
1 at 1005 keV (see sect. 4.5). As

no low-lying excited 0+ states or higher-lying 2+ or 4+

states, are observed in 188Hg it was concluded that the
only nuclear effect giving rise to mercury X rays, is inter-
nal conversion of observed γ ray transitions. After correct-
ing for the latter, using known conversion coefficients [28],
the remaining number of X rays was attributed to the
heavy-ion induced K-vacancy creation process and used to
rescale the calculated number of X rays predicted by the-
oretical formulas. A scaling factor of 0.037(5) results from
a comparison of the number of observed and expected X
rays. This factor is further useded to rescale the predicted
amount of X rays originating from the heavy-ion induced
K-vacancy creation process for lighter mercury isotopes.
The contribution to the X-ray intensity from atomic ef-
fects observed in 182,184Hg was deduced to be 13(3)% (for
182Hg) and 14(4)% (for 184Hg) of the total observed ones
and the remaining excess of X rays indicate the presence
of E0 deexcitations from the 0+

2 and 2+
2 states. The way

how these two E0 transitions were distinguished using the
γγ coincidences is presented in sects. 4.2 and 4.3.
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ible in the spectrum (a) (see text for details). Figure 3(a) is
adapted from ref. [20].

4.2 Experiment on 182Hg

Coulomb excitation of 182Hg ions was induced by a 112Cd
secondary target. Either the projectile or the target nu-
cleus can be excited in a collision. The two-particle-gated
γ-ray spectra, random-subtracted and Doppler-corrected
for mass A = 182 and A = 112, are shown in fig. 3(a)
and (b), respectively. In the latter, a clear peak at the en-
ergy of 617 keV is visible corresponding to the 2+

1 → 0+
1

γ-ray transition in 112Cd. Sharp peaks at energies of
261 keV, 352 keV, 548 keV correspond to the 4+

1 → 2+
1 ,

2+
1 → 0+

1 and 2+
2 → 0+

1 γ-ray transitions in 182Hg, respec-
tively. Moreover, intense Kα (69 keV) and Kβ (80 keV)
X-ray peaks are clearly observed. The γ-ray and X-ray
intensities are listed in table 2.

The observed K X rays are in prompt coincidence with
two scattered particles and their Doppler correction is con-
sistent with emission from the mercury projectile. As men-
tioned in sect. 4.1 they originate from:

1) the heavy-ion induced K-vacancy creation due to
atomic processes taking place when the mercury beam
passes through the target [27],

2) the internal conversion of the observed γ-ray transi-
tions in 182Hg,

3) the E0 de-excitation after Coulomb excitation.

Subtracting the number of X rays originating from the
afore-mentioned first two sources, 7.2(6)×102 counts cor-
responding to Kα X rays remains in 182Hg. Those were at-
tributed to the E0 de-excitation of the 0+

2 and 2+
2 states.

Since the mixing ratio δ( E2
M1

) for the 2+
2 → 2+

1 transition is
unknown in the investigated mercury isotopes, the value of
1.85 was adopted for the analysis (see sect. 5.1 for details).

Table 2. Measured γ-ray and K X-ray intensities (not effi-
ciency corrected) for 182Hg scattered on the 112Cd target. The
extracted intensities of the E0 2+

2 → 2+
1 and 0+

2 → 0+
1 tran-

sitions, corrected for the Kα/Kβ X-ray branching ratio and
fluorescence effect, are also shown. The angular range for si-
multaneous detection of two particles is given in the centre-
of-mass frame together with corresponding angular range for
the target-nucleus (t) detection in laboratory frame. The in-
tensities marked with asterisks were derived from the γγ-
coincidence analysis (as described in detail in the text).

Nucleus Θlab,t Transition Counts

(Θc.m.)
182Hg 18.7◦–51.6◦ 2+

1 → 0+
1 3.81(7) × 103

(76.8◦–142.6◦) 2+
2 → 0+

1 5.6(3) × 102

4+
1 → 2+

1 3.2(4) × 102

2+
2 → 2+

1 1.4(6) × 102∗

Kα (69 keV) 1.02(5) × 103

Kβ (80 keV) 2.9(4) × 102

2+
2 → 2+

1 E0 2.9(9) × 102∗

0+
2 → 0+

1 6.9(13) × 102∗

112Cd 2+
1 → 0+

1 8.6(3) × 102

328

2

0 0

2 352

41125

0

548
4 613

6 946

352
548

196261

Fig. 4. Low-energy part of the level scheme of 182Hg, relevant
to the Coulomb-excitation analysis. Level and γ-ray transition
energies are given in keV. Widths of the arrows are propor-
tional to the measured γ-ray intensities. The intensities of the
0+
2 → 0+

1 and 2+
2 → 2+

1 E0 transitions, deduced from the anal-
ysis of the K X-ray peaks (see text for details) and given in
table 2, were also included in the analysis. Figure adapted from
ref. [20].

The low-energy level scheme of 182Hg is presented in
fig. 4, showing the γ-ray transitions that were observed,
and the states included in the Coulomb-excitation analy-
sis. Note that for all figures displaying level schemes, the
levels are organized into yrast and non-yrast parts. No at-
tempt has been made to assign levels to rotational bands
of states of similar intrinsic structure. The reason for this
choice is the high degree of mixing of the lowest energy
states in the investigated mercury isotopes and the ab-
sence of a firm nuclear-model independent interpretation
regarding the type of deformation for specific states (see
sect. 6). The 196 keV 2+

2 → 2+
1 γ-ray transition is not vis-

ible in fig. 3(a) due to the presence of the Compton edge
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Fig. 5. Random-subtracted γγ-coincidence spectrum gated on
the 2+

1 → 0+
1 transition at the energy of 352 keV in 182Hg,

demanding that at least one particle satisfies the kinematic
condition. The γ rays were Doppler corrected for the 182Hg
ejectile.

of the 2+
1 → 0+

1 transition at the energy of 204 keV. Con-
sequently, the intensity of the 2+

2 → 2+
1 γ-ray transition

was deduced from the γγ-coincidence analysis.

The particle-gated γγ energy spectrum for 182Hg is
shown in fig. 5. Several γ-ray transitions, being in coinci-
dence with the 2+

1 → 0+
1 γ ray, are visible in the spectrum:

the 4+
1 → 2+

1 and 2+
2 → 2+

1 γ-ray transitions at energies of
261 keV and 196 keV, respectively, as well as K X rays. As
the 4+

1 → 2+
1 transition is observed in both two-particle

gated (singles) and particle-gated γγ (coincidences) spec-
tra, the ratio of their intensities expressed as

R4
+

1
→2

+

1

=
Icoincidences(4

+
1 → 2+

1 )

Isingles(4
+
1 → 2+

1 )
(1)

and equal to 0.26(5) can be used to extract the intensity
of the 2+

2 → 2+
1 transition in singles. The result is given

in table 2 and details of the procedure are provided in
ref. [29].

Moreover, in the γγ coincidence spectrum Kα X rays
are clearly visible. From the detected 74(15) counts of Kα

X rays, 9(2) can be attributed to the K-vacancy creation
due to atomic processes [27], i.e. process number 1. in the
list given at the beginning of this section. The internal
conversion of the observed 4+

1 → 2+
1 γ-ray transition in

the coincidence spectrum is responsible for to 5(1) counts.
After subtraction of these two sources of X rays 60(15)
Kα X rays remain. As they are in coincidence with the
2+
1 → 0+

1 γ-ray transition, they can be attributed to the
conversion of the 2+

2 → 2+
1 transition. Further, using the

R4
+

1
→2

+

1

scaling factor, the number of counts arising from

this conversion in the two-particle gated γ-ray spectrum
can be found to be equal to 2.3(7) × 102. Subtracting the
latter from the total number of 7.2(6) × 102 Kα X rays,
4.9(9) × 102 counts remain. These were attributed to the
E0 de-excitation of the 0+

2 state. The final values were
corrected for the Kα and Kβ X-ray branching ratio equal
to 3.6(1) [30], and the fluorescence effect [31]. The results
are presented in table 2.
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Fig. 6. Two-particle gated, random-subtracted and Doppler-
corrected for the 184Hg ejectile γ-ray spectrum following the
Coulomb excitation of 184Hg induced by three different targets:
112Cd (a), 107Ag (b) and 120Sn (c). The population of the 2+

1 ,
2+
2 , 4+

1 states in 184Hg is clearly visible, as well as intense K X-
ray peaks. Additionally, in the experiment performed with the
120Sn target, a weak 4+

2 → 2+
2 γ-ray transition (552 keV) and

the 2+
3 → 0+

2 & 2+
3 → 2+

1 doublet (around 610 keV) in 184Hg
were observed. Figure 6(c) is adapted from ref. [2].

4.3 Experiment on 184Hg

Coulomb excitation of 184Hg was performed using three
different secondary targets: 112Cd, 107Ag and 120Sn.
Two-particle-gated γ-ray spectra, random-subtracted and
Doppler-corrected for the ejectile are presented in fig. 6.
The population of the 2+

1 , 2+
2 and 4+

1 states in 184Hg
is clearly visible. Moreover, in the experiment with the
120Sn target (Z = 50) the 4+

2 and 2+
3 states at 1086 keV

and 983 keV, respectively, were excited, yielding the weak
552 keV 4+

2 → 2+
2 peak and a doublet of 2+

3 → 0+
2 and

2+
3 → 2+

1 γ-ray transitions. The low-energy level scheme
of 184Hg together with all observed γ-ray transitions in
the Coulomb excitation experiment is shown in fig. 7. The
extracted γ-ray and X-ray intensities are summarized in
table 3.

Intense Kα X-ray peaks are clearly visible in the two-
particle gated γ-ray spectra of 184Hg. After subtracting
those originating from the heavy-ion K-vacancy creation
and from the internal conversion of the observed γ rays, a
significant amount of 3.6(5)× 102 and 3.3(5)× 102 X rays
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Fig. 7. Low-energy part of the level scheme of 184Hg, relevant
to the Coulomb-excitation analysis. Level and γ-ray transition
energies are given in keV. Widths of the arrows are propor-
tional to the measured γ-ray yields. As in the case of 182Hg,
the 0+

2 → 0+
1 and 2+

2 → 2+
1 E0 transitions were deduced from

the analysis of the K X-ray peaks (see text for details). Figure
adapted from ref. [20].

remains in the spectra of 184Hg collected with the 112Cd
and 120Sn targets, respectively. The γγ coincidence anal-
ysis, analogous to that performed for 182Hg, allowed these
X rays to be attributed to the 2+

2 → 2+
1 and 0+

2 → 0+
1 E0

transitions in 184Hg. The low level of statistics collected
in the experiment with the 107Ag target does not allow
such an analysis to be performed. As an example, the γγ
coincidence spectrum, gated on the 2+

1 → 0+
1 γ-ray tran-

sition in 184Hg, for the experiment performed with the
120Sn target is shown in fig. 8. The 286 keV 4+

1 → 2+
1 γ-

ray transition and the KαX rays are clearly visible. After
correcting for the internal conversion and the Kα-vacancy
creation process, 55(17) KαX rays remain. For the experi-
ment performed with the 112Cd target the number of KαX
rays deduced from the γγ coincidence analysis is equal to
29(20). In both cases these numbers were attributed to the
E0 component of the 2+

2 → 2+
1 transition in 184Hg. Fur-

ther, following the method described in sect. 4.2, the inten-
sity of the E0 transitions between the excited 2+

2 and 2+
1

states as well as between the excited 0+
2 state and the 0+

1

ground state can be deduced for the two-particle-gated γ-
ray spectra. The R4

+

1
→2

+

1

takes the value of 0.21(8) for the
184Hg + 112Cd experiment and 0.22(5) for 184Hg + 120Sn.
The results are summarized in table 3. The final values
were corrected for the Kα/Kβ branching ratio and the
fluorescence effect.

4.4 Experiment on 186Hg

Similar to the experiments performed for 184Hg, the
186Hg ions were Coulomb excited by three different tar-
gets: 114Cd, 107Ag, 120Sn. The γ-ray spectrum following
Coulomb excitation of the 186Hg beam on the 120Sn tar-
get is presented in fig. 9. A sharp peak around 404 keV
was identified as a doublet of the 2+

1 → 0+
1 and 4+

1 → 2+
1

γ-ray transitions at the energies of 405 keV and 403 keV,
respectively. The 4+

2 state at the energy of 1080 keV was
weakly populated as well: the 675 keV 4+

2 → 2+
1 and

459 keV 4+
2 → 2+

2 γ-ray transitions were observed in the

Table 3. Measured γ-ray and K X-ray intensities (not effi-
ciency corrected) for 184Hg scattered on the 112Cd, 107Ag and
120Sn targets. The extracted intensities of the E0 2+

2 → 2+
1 and

0+
2 → 0+

1 transitions, corrected for the Kα/Kβ X-ray branch-
ing ratio and fluorescence effect, are also shown. The angular
range for simultaneous detection of two particles is given in
the centre-of-mass frame together with the corresponding an-
gular range for the target-nucleus (t) detection in the labora-
tory frame. The intensities marked with asterisks were derived
from the γγ analysis (details in the text).

Nucleus Θlab,t Transition Counts

(Θc.m.)

184Hg 18.7◦–51.6◦ 2+
1 → 0+

1 2.53(6) × 103

(76.8◦–142.6◦) 2+
2 → 0+

1 1.4(2) × 102

4+
1 → 2+

1 1.9(4) × 102

Kα (69 keV) 5.3(5) × 102

Kβ (80 keV) 76(34)

2+
2 → 2+

1 E0 1.9(15) × 102∗

0+
2 → 0+

1 3.1(17) × 102∗

112Cd 2+
1 → 0+

1 4.8(3) × 102

184Hg 18.2◦–50.7◦ 2+
1 → 0+

1 4.3(20) × 102

(78.6◦–143.6◦) 2+
2 → 0+

1 20(7)

4+
1 → 2+

1 40(13)

Kα (69 keV) 79(16)

107Ag 3/2−
1 → 1/2−

1 1.13(19) × 102

5/2−
1 → 3/2−

1 1.58(14) × 102

184Hg 18.2◦–50.7◦ 2+
1 → 0+

1 3.60(60) × 103

(78.6◦–143.6◦) 2+
2 → 0+

1 2.50(18) × 102

4+
1 → 2+

1 2.8(3) × 102

4+
2 → 2+

2 20(7)

doublet: 2+
3 → 0+

2 14(7)

& 2+
3 → 2+

1

Kα (69 keV) 5.2(4) × 102

Kβ (80 keV) 1.8(3) × 102

2+
2 → 2+

1 E0 4.0(16) × 102∗

0+
2 → 0+

1 1.3(17) × 102∗

experiments performed with the 107Ag and 120Sn targets.
The low-energy level scheme of 186Hg together with all
observed γ-ray transitions in the Coulomb excitation ex-
periment is shown in fig. 10.

The intensity of the 4+
1 → 2+

1 γ-ray transition was de-
duced from the γγ analysis, analogous to those performed
for 182,184Hg. The coincident γ-ray spectrum, gated on
the 2+

1 → 0+
1 and 4+

1 → 2+
1 doublet in 186Hg, is pre-

sented in fig. 11. However, in this case the clear peak vis-
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Fig. 8. The random-subtracted, coincident γγ-ray spectrum
obtained for 184Hg excited on the 120Sn target and gated on
the 2+

1 → 0+
1 transition in 184Hg at the energy of 367 keV. The

γ rays were Doppler-corrected for the 184Hg ejectile.
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Inset: the 4+
2 → 2+

1 and 4+
2 → 2+

2 γ-ray transitions at 675 keV
and 459 keV, respectively, are shown.
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Fig. 10. Low-energy part of the level scheme of 186Hg, rele-
vant to the Coulomb-excitation analysis. Level and γ-ray tran-
sition energies are given in keV. Widths of the arrows are pro-
portional to the measured γ-ray yields. Figure adapted from
ref. [20].

ible at the energy of 404 keV consists of two components:
the 2+

1 → 0+
1 γ rays in coincidence with the 4+

1 → 2+
1

transition and the 4+
1 → 2+

1 γ rays in coincidence with
the 2+

1 → 0+
1 γ-ray transition. Since both cases are just

as likely to occur, half of the observed intensity should be
attributed to the 4+

1 → 2+
1 transition. Details of the anal-

ysis are presented in ref. [29]. The extracted intensities
are summarized in table 4. The 5/2−1 → 3/2−1 γ-ray tran-
sition from the excitation of the 107Ag target nucleus was
observed as well. The energy of this transition, 423 keV, is
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Fig. 11. The random-subtracted γγ coincidence spectrum, ob-
tained for 186Hg, Coulomb-excited on the 120Sn target, gated
on the 2+

1 → 0+
1 and 4+

1 → 2+
1 doublet around 404 keV. The

γ-ray energies were Doppler-corrected for the 186Hg ejectile.

Table 4. Measured γ-ray and K X-ray intensities (not
efficiency-corrected) for 186Hg scattered on the 114Cd, 107Ag
and 120Sn targets. The angular range for simultaneous detec-
tion of two particles is given in the centre-of-mass frame to-
gether with the corresponding angular range for the target-
nucleus (t) detection in the laboratory frame. The photo-peak
intensities marked with asterisks were derived from the γγ co-
incidence analysis (details are given in the text).

Nucleus Θlab,t Transition Counts

(Θc.m.)
186Hg 18.7◦–51.6◦ 2+

1 → 0+
1 1.56(6) × 103

(76.8◦–142.6◦) 4+
1 → 2+

1 6(3) × 10∗

Kα (69 keV) 1.2(3) × 102

114Cd 2+
1 → 0+

1 5.7(3) × 102

186Hg 18.2◦–50.7◦ 2+
1 → 0+

1 3.22(8) × 103

(78.6◦–143.6◦) 4+
1 → 2+

1 1.4(5) × 102∗

4+
2 → 2+

1 46(10)

Kα (69 keV) 2.5(4) × 102

107Ag 3/2−
1 → 1/2−

1 1.40(5) × 103

186Hg 18.2◦–50.7◦ 2+
1 → 0+

1 6.32(10) × 103

(78.6◦–143.6◦) 4+
1 → 2+

1 1.6(5) × 102∗

4+
2 → 2+

1 58(13)

4+
2 → 2+

2 27(14)

Kα (69 keV) 4.2(5) × 102

Kβ (80 keV) 1.7(4) × 102

close to those of the 2+
1 → 0+

1 and 4+
1 → 2+

1 transitions in
186Hg. As a result, a broad structure was observed in the
spectrum Doppler-corrected for the 107Ag recoil, which
made the precise extraction of the 5/2−1 → 3/2−1 γ-ray in-
tensity not possible [29]. However, the spectrum Doppler-
corrected for 186Hg, revealed a clear narrow peak on a
broad background for the doublet of the 2+

1 → 0+
1 and

4+
1 → 2+

1 γ-ray transitions. This allowed determination of
the intensity of these two transitions in an unambiguous
way.
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Fig. 12. Two-particle-gated, random-subtracted γ-ray spectra
collected for 188Hg, Coulomb-excited by the 120Sn target. The
γ-ray energies were Doppler-corrected for the 188Hg ejectile.
Left inset: low-energy part of the level scheme of 188Hg, popu-
lated in Coulomb-excitation. Level and γ-ray transition ener-
gies are given in keV. Widths of the arrows are proportional
to the measured γ-ray yields. Figure adapted from ref. [20].

The 2+
2 state was not populated in the experiment. No

216 keV 2+
2 → 2+

1 γ-ray transition was visible in the two-
particle-gated γ-ray spectra. The 2+

2 → 2+
1 is a relatively

highly converted transition with a total conversion coeffi-
cient, αtot(2

+
2 → 2+

1 ), known to be equal 3.5(5) [32]. How-
ever, in the contrary to the case of 182,184Hg, the number
of Kα X rays in the γγ coincidence spectrum is consistent
with zero (see fig. 11) indicating that E0 de-excitation at-
tributed to the 2+

2 → 2+
1 transition was not observed. Nev-

ertheless, all known spectroscopic information concerning
the 2+

2 state was included in the analysis aiming extrac-
tion of the matrix elements using the GOSIA code (see
sect. 5 for more details).

Some X rays are visible in the two-particle-gated γ-
ray spectra, fig. 9. These remain after subtracting X rays
originating from the K-vacancy creation and from known
internal conversion of the observed γ-ray transitions. They
are attributed to the E0(0+

2 → 0+
1 ) transition.

4.5 Experiment on 188Hg

In the Coulomb excitation of 188Hg induced by the 120Sn,
114Cd and 107Ag targets, the 2+

1 and 4+
1 states in 188Hg

were populated (see fig. 12). The beam intensity of 105 pps
yielded high statistics collected during 11.4 h and 15.9 h of
data taking with the 120Sn and 114Cd targets, respectively.
Significantly lower statistics were collected during the ex-
periment with the 107Ag target due to a much shorter
data collection time compared to the measurements using
the 120Sn and 114Cd targets (see table 1). As an exam-
ple, the total Doppler-corrected and random-subtracted
γ-ray spectrum obtained for 188Hg, Coulomb-excited by
the 120Sn target, is presented in fig. 12. In the case of the
experiment performed with the 114Cd target, the intensity
of the 592 keV 4+

1 → 2+
1 γ-ray transition in 188Hg could

not be extracted since it is contaminated by the Doppler-
broadened 2+

1 → 0+
1 transition in the 114Cd target at the

energy of 558 keV. This was not the case for the experi-
ments performed with the 120Sn and 107Ag targets, where
the 4+

1 → 2+
1 transition was clearly identified. Moreover, in

Table 5. Measured γ-ray and K X-ray intensities (not
efficiency-corrected) for 188Hg scattered on the 114Cd, 107Ag
and 120Sn targets. The angular range for simultaneous detec-
tion of two particles is given in centre-of-mass frame together
with the corresponding angular range for the target-nucleus (t)
detection in laboratory frame.

Nucleus Θlab,t Transition Counts

(Θc.m.)
188Hg 18.7◦–51.6◦ 2+

1 → 0+
1 1.239(13) × 104

(76.8◦–142.6◦)

Kα (69 keV) 8.0(8) × 102

114Cd 2+
1 → 0+

1 4.70(8) × 103

188Hg 18.2◦–50.7◦ 2+
1 → 0+

1 2.02(5) × 103

(78.6◦–143.6◦) 4+
1 → 2+

1 48(11)

Kα (69 keV) 98(25)

107Ag 3/2−
1 → 1/2−

1 9.8(4) × 102

188Hg 18.2◦–50.7◦ 2+
1 → 0+

1 1.579(14) × 104

(78.6◦–143.6◦) 4+
1 → 2+

1 4.5(3) × 102

Kα (69 keV) 9.2(9) × 102

Kβ (80 keV) 1.4(6) × 102

the γγ coincident spectrum there is no indication of a pop-
ulation of higher-lying states, except for the 4+

1 . Particu-
larly, no statistically significant 411 keV 0+

2 → 2+
1 γ-ray

transition was observed in coincidence with the 2+
1 → 0+

1

transition [29]. Weak K X rays are visible in the total γ-
ray spectrum in fig. 12. They partially originate from the
internal conversion of the observed γ-ray transitions in
188Hg. After subtracting this contribution the remaining
number of X rays was attributed to the heavy-ion induced
K vacancy creation due to atomic processes and used as
a normalization for lighter mercury isotopes (see sect. 4.1
and ref. [27] for more details).

The γ-ray and K X-ray intensities in 188Hg extracted
from the Coulomb-excitation experiments are given in ta-
ble 5. Similar to 186Hg + 107Ag experiment, the unam-
biguous extraction of the 423 keV, 5/2−1 → 3/2−1 γ-ray
transition in 107Ag was not possible. The energy of this
transition is close to the 413 keV, 2+

1 → 0+
1 transition

in 188Hg, which forms a broad structure in the spectrum
Doppler-corrected for the 107Ag recoil. However, as in the
previous case, the spectrum Doppler-corrected for 188Hg
revealed a clear narrow peak for the 2+

1 → 0+
1 γ-ray tran-

sition on a broad background, allowing precise extraction
of its intensity.

5 Matrix elements determination

In order to determine the E2 matrix elements in
182,184,186,188Hg, the Coulomb-excitation least-squares fit-
ting code GOSIA [33, 34] was used. The code constructs
a standard χ2 function built of measured γ-ray intensi-
ties and those calculated from a set of matrix elements
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between all relevant states. Additionally, known spectro-
scopic data, e.g., γ-ray branching ratios, multipole mixing
coefficients and lifetimes, can be used as auxiliary data
in the minimization procedure. These data enter the χ2

function on an equal basis as γ-ray intensities observed in
the Coulomb-excitation experiments.

The γ-ray branching ratios known from the β-decay
studies of 182,184,186,188Tl isotopes [17, 35–37] were used
in the GOSIA analysis as additional data points serving
as important constraints in the multidimensional χ2 fit.
Moreover, the E0 transitions were included as well, to-
gether with the known total conversion coefficients for the
2+
2 → 2+

1 transitions in 182,184Hg [17] and 186Hg [32], as
described in more detail in sect. 5.2. Lifetimes of the yrast
states in 182,184,186Hg were measured independently us-
ing the RDDS method [19, 38, 39]. Lifetimes of excited
states in 182Hg were extracted in ref. [38] and in ref. [39].
Both publications report consistent results which were ob-
tained by applying two different analysis procedures to the
same data set. In the current Coulomb-excitation analy-
sis we used lifetime values from ref. [39]. Lifetimes of the
non-yrast 0+

2 and 2+
2 states in 186,188Hg were taken from

ref. [40].
Since lifetimes provide strong constraints in the multi-

dimensional GOSIA fit, it was important to check the con-
sistency between them and the Coulomb-excitation data.
Thus, at the first stage of analysis no lifetime information
was included and the Coulomb-excitation cross sections
for the projectile were normalized to the known excita-
tion cross sections for target nuclei. These calculations
were performed with the GOSIA2 code [34], which is a
modified version of the standard GOSIA code, capable of
handling mutual excitation of target and projectile nuclei.
The method is described in detail in ref. [41] and recently
has been applied as well in refs. [42–44]. The analysis of
the Coulomb-excitation data performed without using the
known lifetimes of excited states in 182,184,186Hg yielded
results consistent within 1σ uncertainty with the lifetime
values [29].

To exploit the dependence of the Coulomb-excitation
probability on the scattering angle, and in this way gain
the sensitivity to higher-order-effects, such as quadrupole
moments or signs of the interference terms, the data for
each mercury isotope were subdivided, depending on the
experiment, into three or five subsets. They corresponded
to different angular ranges of scattered particle. The influ-
ence of the scattering angle on multi-step excitation prob-
ability is illustrated in fig. 13, where an increase of the
4+
1 → 2+

1 γ-ray yield with respect to the 2+
1 → 0+

1 transi-
tion is observed for higher center-of-mass angles. The divi-
sion of the data was a compromise between the number of
independent data points for the γ-ray yields and the level
of statistics obtained for the individual ranges. Due to the
low statistics collected in the experiments with the 107Ag
target, no divisions were applied to these data. Instead,
the total intensities were used in the analysis. The same
applies to the 2+

2 → 2+
1 γ-ray and the E0 in 182,184Hg.

The current work presents the re-evaluated values,
with respect to refs. [20, 29], of matrix elements in
182,184Hg, obtained using revised spectroscopic data char-
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Fig. 13. (Color online) The γ-ray spectra after Coulomb
excitation of 182Hg on 112Cd for two subsets of data corre-
sponding to low (76.8◦–92.8◦, black) and high (114.4◦–142.6◦,
red) center-of-mass scattering angles, respectively. The spec-
tra are Doppler-corrected for the 182Hg ejectile and random-
subtracted.

Table 6. Experimentally determined signs of interference
terms in 182Hg and 184Hg. For the sign of the 〈2+

1 ‖E2‖2+
2 〉

〈2+
2 ‖E2‖0+

2 〉〈0
+
2 ‖E2‖2+

1 〉 product in 182Hg no conclusive re-
sults can be given.

Interference term 182Hg 184Hg

〈0+
1 ‖E2‖2+

1 〉〈2
+
1 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖0+

1 〉 + +

〈0+
2 ‖E2‖2+

1 〉〈2
+
1 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖0+

2 〉 −

〈2+
1 ‖E2‖4+

1 〉〈4
+
1 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖2+

1 〉 − −

acterizing the low-energy structure of these isotopes that
have recently become available [17] and which differ from
the values used in the previous analysis [20]. The change
concerns mainly the values of the total conversion coeffi-
cients αtot(2

+
2 → 2+

1 ) which is equal to 7.2(13) in 182Hg
and 14.2(36) in 184Hg, (instead of the values of 4.7(13) and
23(5) for 182Hg and 184Hg, respectively, that were used in
the previous analysis), as well as the 2+

2 → 0+
2 /2+

2 → 0+
1 γ-

ray branching ratio in 184Hg which changes from 0.082(34)
to 0.016(9). The new analysis together with the obtained
matrix elements is presented in detail in sect. 5.1.

5.1 Analysis of 182Hg and 184Hg

The level schemes of 182Hg and 184Hg, limited to well-
known states considered in the current analysis, are pre-
sented in figs. 4 and 7, respectively. The measured γ-ray
yields, listed in tables 2 and 3, as well as the E0 transitions
extracted between the pairs of 0+ and pairs of 2+ states
in 182,184Hg, were included in the GOSIA analysis. The
method adopted to include the E0 decay in the GOSIA
analysis is described in detail in sect. 5.2. In total, 19[14]
transitional and diagonal matrix elements were fitted to
40[20] data points in 184Hg [182Hg].

The analysis of the Coulomb-excitation data brings in-
formation on the relative signs of transition matrix el-
ements, as the latter may have a significant influence
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Table 7. Reduced matrix elements obtained in this work for 182Hg and 184Hg. The E2 matrix elements for 186,188Hg are taken
from ref. [20]. The relative signs of matrix elements were determined by analysing the influence of interference terms listed in
table 6. The adopted sign convention enables a direct comparison with the two-state mixing model calculations presented in
sect. 6.3.

〈Ii‖E2‖If 〉
182Hg 184Hg 186Hg 188Hg

(eb)

〈0+
1 ‖E2‖2+

1 〉 1.29(4) 1.27(3) 1.25+0.10
−0.07 1.31(10)

〈2+
1 ‖E2‖4+

1 〉 3.70(6) 3.31(6) 3.4(2) 2.07(8)

〈0+
1 ‖E2‖2+

2 〉 −0.6(1) 0.348(14) (±) 0.05(1)

〈0+
2 ‖E2‖2+

1 〉 [−2.2, 0.9] −1.2+0.3
−0.2

〈0+
2 ‖E2‖2+

2 〉 −1.25(30) 0.93+0.20
−0.25 ≥ 2.9

〈2+
1 ‖E2‖2+

2 〉 −2.0(3) 1.64+0.14
−0.16

〈2+
2 ‖E2‖4+

1 〉 3.3(4) [−3, 0]⋆ −5.3+1.3
−0.5

〈2+
1 ‖E2‖2+

1 〉 1.0+0.6
−0.4

〈2+
2 ‖E2‖2+

2 〉

⋆
The value of 〈2+

2
‖E2‖4+

1
〉 in 184Hg is −3 ≤ 〈2+

2
‖E2‖4+

1
〉 < 0.

on the Coulomb-excitation cross sections. The absolute
sign of an individual transitional matrix element has
no physical meaning, since it depends on the arbitrary
choice of the relative phases of wave functions of ini-
tial and final states. However, the sign of the product of
the matrix elements–the so called interference term e.g.,
〈0+

1 ‖E2‖2+
2 〉〈2

+
2 ‖E2‖2+

1 〉〈2
+
1 ‖E2‖0+

1 〉 —is independent of
the chosen convention and can be determined experimen-
tally. The signs of three interference terms were deter-
mined for 182Hg and 184Hg and are listed in table 6. A
convention adopted in the case of 182Hg was that the signs
of all transitional E2 matrix elements connecting the yrast
states and the E2 matrix elements between the non-yrast
states, as well as the sign of the 〈2+

2 ‖E2‖2+
1 〉 matrix el-

ement, were fixed. The signs of all the remaining matrix
elements were free, i.e., the signs of the interference terms
could be determined in the GOSIA analysis. A similar ap-
proach was used for 184Hg.

The relative signs of the matrix elements reported
in the present work for 182,184Hg were verified by per-
forming the minimization procedure for all possible
sign combinations of the interference terms. The ob-
tained χ2 values were compared. For example, when the
〈0+

1 ‖E2‖2+
1 〉〈2

+
1 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖0+

1 〉 product in 182Hg is
negative, it causes a four-fold increase in the total χ2 value
as compared to the positive sign of this term. Only in
the case of the 〈2+

1 ‖E2‖2+
2 〉〈2

+
2 ‖E2‖0+

2 〉〈0
+
2 ‖E2‖2+

1 〉 in-
terference term in 182Hg two equally deep χ2 minima
corresponding to the different signs of this product were
found. The main difference between the sets of matrix el-
ements for these two minima are the opposite signs of the
〈0+

2 ‖E2‖2+
1 〉 matrix element. The signs of all other tran-

sitional E2 matrix elements are the same, and only slight
differences in their magnitudes are observed. The uncer-
tainties of the matrix elements reported in table 7 account
for these small variations. The value of the 〈0+

2 ‖E2‖2+
1 〉

matrix element in 182Hg is given as a range.

The resulting set of reduced matrix elements in
182,184Hg together with their relative signs is presented
in table 7. The estimation of the statistical uncertainties
of the matrix elements was performed in two steps. Firstly,
the uncorrelated uncertainties were calculated. Then, all
possible correlations between the matrix elements were
taken into account. The final confidence interval, defined
by the integral of probability distribution, is equal to
68.3% [33].

The differences between the re-evaluated values of the
matrix elements and those published in ref. [20] mainly
stem from the change in αtot(2

+
2 → 2+

1 ) and γ-ray branch-
ing ratios, as explained above. The values of the matrix
elements related to the 2+

2 and 0+
2 states are most in-

fluenced by these changes. The reduced matrix elements
obtained for 182,184Hg reproduce all γ-ray branching ra-
tios, total conversion coefficients αtot(2

+
2 → 2+

1 ) and life-
times within the 1σ uncertainty. Almost all experimental
γ-ray yields were reproduced within 1σ uncertainty. The
only exceptions are: (i) I(2+

2 → 0+
1 ) in 184Hg for the ex-

periment with the 107Ag target reproduced within 1.3σ,
(ii) I(4+

1 → 2+
1 ) in 184Hg reproduced within 1.5σ in one

of the experimental data sets with the 112Cd target, (iii)
I(E0, 2+

2 → 2+
1 ) in 182Hg reproduced within 2σ.

The diagonal matrix elements of the 2+
1 , 2+

2 and 4+
1

states were included in the analysis as free parameters.
With the new, revised spectroscopic data, a careful anal-
ysis of the signs of the 2+

1,2 diagonal matrix elements

was performed for 182Hg and 184Hg. This analysis shows
that changes in the value and/or sign of a given diago-
nal matrix element, for example from 1.1 eb to −1.6 eb for
〈2+

1 ‖E2‖2+
1 〉 in 184Hg, do not significantly influence nei-

ther other values of the transitional E2 matrix elements,
nor the quality of the χ2 fit. Furthermore, because of
the large uncertainty related to the E0 component of the
2+
2 → 2+

1 transition in 182,184Hg we refrain from reporting
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any diagonal matrix elements for the 2+ states except for
the 188Hg. In the latter case, extraction of the 〈2+

1 ‖E2‖2+
1 〉

matrix element is more straightforward, since only 2+
1 and

4+
1 states were populated in 188Hg. For the comparison

with the quadrupole sum rules results presented in fig. 3 of
ref. [20], the 〈Q3 cos(3δ)〉 invariant cannot be determined
from the current results; consequently, no conclusion on
the triaxiality of the 0+ states can be drawn. However,
the values of the 〈Q2〉 invariants, analogous to those re-
ported in ref. [20], can be extracted for the 0+ states from
the E2 matrix elements presented in table 7. The 〈Q2〉
values for the 0+

1 states in 182Hg and 184Hg are equal to
2.04(16) e2b2 and 1.74(15) e2b2, respectively and are con-
sistent with those published in ref. [20]. For the excited 0+

states the 〈Q2〉 = 2.3(9) e2b2 in 184Hg and an upper limit
of 7.1 e2b2 can be given for 182Hg. The latter are in a bet-
ter agreement with equivalent values calculated with the
beyond-mean-field and the interacting boson models as
shown in fig. 3 in ref. [20]. It is worth to mention that while
the 〈Q2〉 invariant for the ground state in even-even nuclei
is almost completely determined by the 〈0+

1 ‖E2‖2+
1 〉 ma-

trix element [45], the situation becomes more complex for
the higher-order invariant, i.e. 〈Q3 cos(3δ)〉, as discussed
in refs. [43, 45]. In order to extract the latter for the 0+

1,2
states, knowledge on diagonal matrix elements of the ex-
cited 2+ states is particularly important as well as infor-
mation about signs of all relevant interference terms.

The E2/M1 mixing ratios, δ( E2
M1

), are not known for

any transitions between the low-lying states in 182,184Hg.
In the current analysis the 2+

3 → 2+
1 and 4+

2 → 4+
1 tran-

sitions in 184Hg were assumed to be of pure E2 charac-
ter. In the case of the 2+

2 → 2+
1 transition in 182,184Hg,

a δ( E2
M1

) value of 1.85 was adopted, consistent with the

known value in 202Po [46]. An influence of the unknown
E2/M1 mixing ratio on the extracted E2 matrix elements
was investigated. The E2/M1 ratio was varied over several
values between 0.5 and 5. For each value of the mixing ra-
tio, δ( E2

M1
), a full minimization with the GOSIA code was

performed. The solutions obtained with δ( E2
M1

) > 1 cor-

respond to similar χ2 values and no considerable change
in other E2 matrix elements in 182,184Hg was observed. A
larger change in values of the matrix elements related to
the 2+

2 state is observed when δ( E2
M1

) < 1, as presented in
fig. 14.

5.2 Implementation of the E0 decay into the GOSIA
analysis

The analysis of the intense K X-ray peaks measured for
182,184Hg revealed that the 2+

2 → 2+
1 transitions are

strongly converted. Furthermore, the intensities of the
0+
2 → 0+

1 and 2+
2 → 2+

1 E0 transitions in 182,184Hg were
deduced. Moreover, the total conversion coefficient of the
2+
2 → 2+

1 transition, αtot(2
+
2 → 2+

1 ), measured in β/EC
decay of 182,184Tl [17] was extracted for 182Hg and 184Hg.
Such data are crucial for the Coulomb-excitation anal-
ysis, as transitions under investigation contain large E0
components, which need to be taken into account when
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Fig. 14. (Color online) E2 and M1 matrix elements related to
the 2+

2 state in 182Hg (red solid line) and 184Hg (blue dashed
line) resulting from the Coulomb-excitation data analysis per-
formed assuming different values of the E2/M1 mixing ratio
for the 2+

2 → 2+
1 γ-ray transition.

extracting matrix elements. As it is not currently possible
to declare the E0 transitions directly in the GOSIA in-
put files, an indirect method was applied, which has also
been tested before e.g., in refs. [43,44]. The E0 decay path
of the 0+

2 state was simulated in the fit by an M1 tran-
sition via a virtual 1+ state, introduced in addition to
the known level schemes of 182,184Hg. The extra 1+

1 states
were placed below the 0+

2 state, at 259 keV and 306 keV
excitation energy in 182Hg and 184Hg, respectively, and
connected to the 0+

2 state by a 69 keV M1 transition. The
choice of the excitation energy for the virtual 1+ state is
arbitrary. However, it was checked that changing this ex-
citation energy does not influence the final results. The
virtual 0+

2 → 1+
1 M1 transition is utilised to enable the

E0 decay path of the 0+
2 state. The 〈0+

2 ‖M1‖1+
1 〉 matrix

element was introduced in the GOSIA input file, together
with the 〈1+

1 ‖M1‖0+
1 〉 matrix element enabling depopula-

tion of the 1+
1 state.

In a similar way the E0 component of the 2+
2 → 2+

1

transition was taken into account. A second additional
1+
2 state was included in the level schemes of 182Hg and

184Hg, placed between the first two 2+ states at the energy
of 479 keV and 465 keV, respectively. The M1 matrix ele-
ments connecting the 2+

1,2 states with the 1+
2 states were

introduced as well. Since low-energy Coulomb excitation
proceeds predominantly via E2 (and E3) transitions, the
introduction of these additional matrix elements does not
influence the calculated excitation pattern. In contrast,
the M1 transitions strongly influence the de-excitation
process.

The branching ratio, which represents in the analy-
sis the αtot(2

+
2 → 2+

1 ), is interpreted as the ratio of the
I(E0; 2+

2 → 2+
1 ) intensity and the 2+

2 → 2+
1 γ-ray intensity

of mixed E2/M1 multipolarity,

BR

(

2+
2 → 1+

2

2+
2 → 2+

1

)

=
IE0(2+

2 → 2+
1 )

IE2+M1
γ (2+

2 → 2+
1 )

. (2)
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This can be further expressed by the total conversion
coefficient αtot(2

+
2 → 2+

1 ),

BR

(

2+
2 → 1+

2

2+
2 → 2+

1

)

= αtot(2
+
2 → 2+

1 )

−
IE2
γ (2+

2 → 2+
1 ) · α(E2; 2+

2 → 2+
1 )

IE2+M1
γ (2+

2 → 2+
1 )

−
IM1
γ (2+

2 → 2+
1 ) · α(M1; 2+

2 → 2+
1 )

IE2+M1
γ (2+

2 → 2+
1 )

.

(3)

As the experimental E0 intensity IE0(2+
2 → 2+

1 ) is
known for 182Hg and 184Hg, it needs to be taken into ac-
count as well. Such data were included in the analysis as-
suming that the E0 de-excitation of the 2+

2 proceeds via
the 2+

2 → 1+
2 transition

IE0(2+
2 → 2+

1 ) = IM1
γ (2+

2 → 1+
2 ) + IM1

e (2+
2 → 1+

2 ). (4)

As the E0 components are represented in the GOSIA
analysis by M1 γ-ray transitions, the experimental inten-
sity IE0(2+

2 → 2+
1 ) needs to be corrected for internal con-

version as follows:

IE0,corr(2+
2 → 2+

1 ) =
IE0(2+

2 → 2+
1 )

1 + α(M1; 2+
2 → 1+

2 )
. (5)

Similarly for the IE0(0+
2 → 0+

1 ) intensity:

IE0,corr(0+
2 → 0+

1 ) =
IE0(0+

2 → 0+
1 )

1 + α(M1; 0+
2 → 1+

1 )
. (6)

Correcting for the experimental intensity IE0(2+
2 →

2+
1 ) given by eq. (5) and expressing the

IE2
γ

IE2
γ +IM1

γ
term in

eq. (3) by the E2/M1 mixing ratio δ, one obtains

BR

(

2+
2 → 1+

2

2+
2 → 2+

1

)

=

[

αtot(2
+
2 → 2+

1 )

−
δ2

δ2 + 1
· α(E2; 2+

2 → 2+
1 )

−
1

δ2 + 1
· α(M1; 2+

2 → 2+
1 )

]

·
1

1 + α(M1; 2+
2 → 1+

2 )
. (7)

The value of the branching ratio given by eq. (7)
was introduced in the GOSIA input file as an additional
data point; in this way the total conversion coefficient
αtot(2

+
2 → 2+

1 ) was included in the fit. As described in
sect. 5, the value of δ( E2

M1
) = 1.85 was adopted.

The 〈2+
2 ‖M1‖1+

2 〉 matrix elements in 182,184Hg were
fitted in such a way that the best reproduction of the

experimental E0 2+
2 → 2+

1 intensities and BR(
2
+

2
→1

+

2

2
+

2
→2

+

1

)

values defined by eq. (7) was achieved. Similar, the

〈0+
2 ‖M1‖1+

1 〉 matrix elements were fitted to reproduce the
experimentally determined E0 0+

2 → 0+
1 intensities.

The use of the M1 multipolarity to represent the E0
decay paths is an arbitrary choice. Other possibilities for
the virtual transitions simulating E0 decay, e.g., M2 tran-
sitions, were also tested and no influence on the final so-
lution was observed [29].

6 Results and comparison with three models

6.1 Theoretical tools

In the following section the experimental and theoretical
results concerning excitation energies, reduced transition
probabilities and spectroscopic quadrupole moments are
compared and discussed within the framework of three dif-
ferent models: i) a quadrupole collective model based on
the General Bohr Hamiltonian (GBH) [21], ii) a beyond-
mean-field model (BMF) [16], and iii) an interacting-
boson model with configuration mixing (IBM-CM) [22].
An effective Skyrme interaction is employed in both the
GHB and BMF approaches used here, and both methods
are based on a set of BCS-type self-consistent mean-field
states that cover a wide range of quadrupole deformations.

A BMF calculation consists of several consecutive
steps. First, a set of deformed mean-field states with
different axial quadrupole moments is constructed by
solving the Hartree-Fock plus Bardeen-Cooper-Schrieffe
(HF+BCS) equations with suitably chosen constraints.
Each of these states is then projected on the proton and
neutron numbers of interest and the targeted angular mo-
menta. In the final step, the resulting symmetry-restored
states of the same I are mixed in the framework of the
generator-coordinate method (GCM). The projection not
only provides a spectrum of states with different angu-
lar momenta, but it also restores the selection rules for
transitions between them. The GCM describes the shape
fluctuations of the collective states and also yields a set of
orthogonal states, so that their properties can be directly
compared with experiment. Since there is no truncation
of the model space in BMF models like the 2 h̄ω trunca-
tion in the shell model space, there is no need to introduce
effective charges and the matrix elements of the E0 and
E2 operators are calculated with bare charges. At each
step of the calculation, the SLy6 parametrization of the
Skyrme interaction is used in connection with a surface-
type pairing interaction. For a more detailed description
of the calculations, we refer to ref. [16].

A general theory of the collective quadrupole model
employing the general Bohr Hamiltonian can be found in
ref. [21], while a detailed report on an application of the
model is presented in ref. [45]. Here we briefly recall some
of its main points. The β and γ dynamical variables of
the model, which describe the deformation of a nucleus
in the so-called intrinsic frame, are directly related to a
quadrupole tensor of the nuclear-mass distribution (how-
ever, with no specific shape assumed). All quadrupole de-
grees of freedom, including nonaxiality and rotations, are
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treated on an equal footing. The General Bohr Hamilto-
nian is determined by seven functions: the potential en-
ergy and six inertial functions. These seven functions are
calculated from the microscopic mean-field theory using
the Adiabatic Time-Dependent Hartree-Fock-Bogoliubov
(ATDHFB) approach. The E2 electromagnetic transitions
are described by a collective operator directly related to
the nuclear charge distribution. The computational de-
tails are the same as in ref. [45]. Mean-field configurations
for given deformations are obtained through constrained
HFB calculations using the SLy4 variant of the Skyrme
force and the seniority (constant G) force as a pairing in-
teraction. Neither the BMF nor the GBH model contain
any free parameter, the value of which would be fixed by
comparison with the properties of the excited states con-
sidered here.

The GBH can be regarded as a computation friendly
approximation of a symmetry-restored GCM. Its space of
dynamical variables includes the full β−γ plane and thus
triaxial shapes. The use of ATDHFB masses in the GBH
incorporates some effects that in a projected GCM would
require consideration of time-reversal-breaking cranked
states, which up to now has never been done in a system-
atic way. The SLy4 interaction used in the GBH is in many
respects very similar to the SLy6 interaction used in the
BMF calculations; they are fitted with the same protocol,
but with a different recipe to correct for the center-of-mass
motion. In consequence, SLy6 has a smaller surface-energy
coefficient than SLy4, leading to deformation-energy sur-
faces that are slightly softer [47]. This tends to reduce the
excitation energy of coexisting shapes of different defor-
mations, which is one of the possible reasons of some of
the differences between the results obtained with the BMF
and GBH approaches reported below.

The interacting-boson model [48] is a leading algebraic
model approach, making use of the U(6) symmetry of an
interacting system built from L = 0 and L = 2 (s and
d) bosons. The IBM is a symmetry-dictated truncation
of the nuclear shell model where the bosons represent
pairs of fermions. The number of bosons can be related
to the number of valence protons and neutrons present
in the corresponding shell-model space N = nπ+nν

2
.

An extended version of the IBM model, which can be
applied when approaching closed shells, is presented in
refs. [49, 50]. In this version of the model one includes
additional bosons, which are related with possible m-
particle n-hole excitations. Consequently, the full model
space also contains a part built from N + 2 bosons (for
m = 2 and n = 2). The interaction amongst the N and
N +2 parts within the full model space gives rise to what
is called the IBM-CM model.

Extensive use has been made of the interacting bo-
son model with configuration mixing ([1] and references
therein) in various regions of the nuclear chart, with par-
ticular attention to the isotopic chains in the Pb region.
This approach gives the possibility to describe modes of
excitations that exhibit different collective characters. The
application to the neutron-deficient Hg nuclei was dis-
cussed in detail in ref. [22], where both the construction of

the Hamiltonian, the E2 operator as well as an extensive
discussion of the results have been presented at length.

6.2 Energy spectra and electric quadrupole properties

Experimental and theoretical results concerning the elec-
tromagnetic structure of 182,184,186,188Hg nuclei are com-
pared in fig. 15. Energies, B(E2) reduced transition prob-
abilities and spectroscopic quadrupole moments are given
for the yrast and the first excited states with even spin
I. The quadrupole properties are summarized in table 8.
The experimental values for the yrast transition proba-
bilities above the 4+

1 state in 182,184,186Hg are taken from
refs. [19] and [38]. Those for the transitions between the
yrast and the first excited 0+ and 2+ states in 188Hg are
taken from ref. [51].

In the BMF calculations, the wave function for each
state is obtained by mixing the deformed mean-field wave
functions projected on the same angular momentum and
particle numbers. Looking at fig. 9 of ref. [16], one can
see that the BMF I = 0 states have particularly compli-
cated structures. The only case where the ground state
is dominated by the projected prolate configurations is
182Hg. Even in this case, the first excited 0+ state in-
volves projected oblate and prolate configurations with
similar weights. At higher spin, the shape mixing decreases
and starting at I = 6 (sometimes I = 4) either projected
oblate or prolate configurations dominate the BMF wave
functions. This is reflected in fig. 15 by the fact that the
spectroscopic quadrupole moments do not vary much with
increasing spin for the highest spin states. The same can
be noticed for GBH results.

Both BMF and GBH energy spectra are too spread
out compared to the experimental data. A well-known
deficiency of these models is that they systematically
underestimate moments of inertia. This is generally at-
tributed to the conservation of time-reversal invariance
imposed on the mean-field states. This prevents the reduc-
tion of pairing and the alignment of single-particle states
to be taken into account when performing the projection
on finite angular momenta.

The spectroscopic quadrupole moments of the yrast
2+ states are negative for the BMF and GBH approaches
pointing to predominantly prolate states. The only excep-
tion is the BMF result for 188Hg, where the spectroscopic
quadrupole moment is positive and the calculation slightly
overestimates the experimental value. The wave function
of this 2+ state is predominantly composed of projected
oblate mean-field states, as are those of the heavier Hg iso-
topes (see fig. 9 and fig. 17 of ref. [16]). The B(E2) values
are systematically overestimated, both in BMF and GBH
calculations. This deficiency can have several causes. The
most probable ones are either too large weights of pro-
jected deformed prolate wave functions or an overestima-
tion of the deformation already at the mean-field level. As
discussed in ref. [16] these problems are ultimately linked
to the wrong relative position of the single-particle lev-
els at sphericity. Unfortunately, these positions cannot be
improved by an obvious change in the parametrizations of
the EDFs.
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Fig. 15. (Color online) Comparison of the experimental low-energy structures of 182–188Hg with theoretical IBM-CM [22],
BMF [16] and GBH [21, 52] predictions. Reduced E2 transition probabilities (arrows) and spectroscopic quadrupole moments
(loops) are given in e2b2 and eb units, respectively. The experimental values are taken from table 8 and refs. [19,38,51]. In each
spectrum the left part presents the yrast levels, while the non-yrast states are displayed on the right side. Blue (red) is used for
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Eur. Phys. J. A (2019) 55: 130 Page 17 of 23

Table 8. Reduced B(E2) transition probabilities in 182,184,186,188Hg and spectroscopic quadrupole moments (QS) in 188Hg
given in e2b2 and eb units, respectively, compared to the results of calculations performed with IBM-CM [22], BMF [16] and
GBH [21, 52] models. Experimental values are obtained from Coulomb-excitation and lifetime measurements [19] (b), [38] (a).
Values for transitions marked with index (c) are taken from ref. [51].

B(E2; Ii → If ) [e2b2]

Isotope Ii If Experiment IBM BMF GBH

182Hg 2+
1 0+

1 0.33(2) 0.34 1.68 0.88

4+
1 2+

1 1.52(5) 1.6 2.61 1.8

6+
1 4+

1 2.27(18)a 2.07 2.98 2.29

8+
1 6+

1 2.33(25)a 2.17 3.27 2.64

10+
1 8+

1 2.45(61)a 2.18 3.55 2.94

2+
2 0+

1 0.072(24) 0.05 0.3 · 10−3 0.037

0+
2 2+

1 [4.8, 0.8] 4.06 0.6 1.76

2+
2 0+

2 0.31(15) 0.3 0.26 0.15

2+
2 2+

1 0.80(24) 0.6 0.015 0.59

4+
1 2+

2 1.2(3) 0.25 0.015 0.05

184Hg B(E2; Ii → If ) [e2b2]

2+
1 0+

1 0.320(15) 0.39 1.31 1.02

4+
1 2+

1 1.22(4) 1.09 2.37 1.82

6+
1 4+

1 1.92(9)b 1.8 2.74 2.27

8+
1 6+

1 1.92(8)b 1.9 3.05 3.76

2+
2 0+

1 0.024(2) 0.021 0.018 0.034

0+
2 2+

1 1.3+0.7
−0.5 2.25 1.52 1.17

2+
2 0+

2 0.17+0.07
−0.09 0.49 0.3 0.19

2+
2 2+

1 0.54+0.09
−0.10 0.83 0.78 0.53

4+
1 2+

2 [1, 0] 0.49 0.01 0.025

186Hg B(E2; Ii → If ) [e2b2]

2+
1 0+

1 0.31+0.05
−0.04 0.28 0.29 0.97

4+
1 2+

1 1.28(15) 0.40 2.00 1.68

6+
1 4+

1 1.46(6)b 1.84 2.37 2.10

8+
1 6+

1 1.27(9)b 1.97 2.62 2.42

10+
1 8+

1 1.50(16)b 1.99 2.88 2.70

2+
2 0+

1 0.5(2) · 10−3 0.004 0.23 0.03

2+
2 0+

2 ≥ 1.7 0.97 0.22 0.21

4+
1 2+

2 3.1+1.5
−0.6 1.22 0.04 0.02

188Hg B(E2; Ii → If ) [e2b2] /Qs [eb]

2+
1 0+

1 0.34(5) 0.34 0.38 0.78

4+
1 2+

1 0.48(4) 0.47 0.72 1.39

2+
2 0+

1 2.9(8) · 10−4c 0.005 0.006 0.006

2+
2 2+

1 4.1(14) · 10−3c 0.18 0.15 0.99

2+
1 2+

1 0.76+0.45
−0.30 0.58 1.26 −1.08
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Good reproduction of the experimental data can be
noticed when comparing to the results of the IBM-CM
model. Note that in the IBM-CM approach seven pa-
rameters per isotope, plus two other parameters (the lat-
ter two fixed for the whole isotopic chain) were obtained
through a least-squares fit to the available experimental
information. In order to extract the IBM parameters the
measured energies up to the 8+

1 level, including the yrast
and the non-yrast 0+

2 , 2+
1,2,3,4, 4+

1,2,3, 6+
1,2 and 3+

1,2 states,

jointly with known measured B(E2) values involving these
states, were used. For the case of 182,184,186Hg the exper-
imental B(E2) values between 2+

2 and 2+
1 , 0+

1,2 and 4+
1 ,

as well as B(E2; 10+
1 → 8+

1 ), were not included in the
fit of the IBM parameters (for more details see ref. [22],
sects. III B and III C, tables I and III therein). In this
respect, it can be expected that the IBM-CM model re-
produces the experimental data better as compared to the
BMF and GBH, for which no parameters are fitted to the
properties of the Hg nuclei. A geometric interpretation
of the IBM-CM can be obtained using the intrinsic state
formalism. This provides a way to extract the mean-field
energy corresponding to the IBM-CM Hamiltonian. More-
over, quadrupole deformation variables β and γ could be
extracted for the Hg nuclei from the quadratic and cubic
quadrupole invariants (see ref. [22], sects. V.B and V.C for
a more detailed description). A good agreement between
the IBM-CM model calculations and the experimental re-
sults supports the description of the nuclear structure in
the mercury isotopes as resulting from two coexisting con-
figurations characterized by different deformations. An al-
ternative procedure to extract the IBM-CM parameters
can be used, in which the parameters are derived start-
ing from a self-consistent mean-field calculation. This has
been realised by Nomura et al., using the Gogny D1M
force (see refs. [53,54] and references therein for a detailed
description of the method used, as well as its application
to the Hg nuclei).

6.3 Comparison to the two-state mixing calculations

As reported in ref. [20], the electromagnetic properties of
even-even neutron-deficient mercury isotopes can be de-
scribed in terms of mixing of two structures, which coexist
at low-excitation energy. Matrix elements as well as signs
of their products (interference terms), extracted from
Coulomb-excitation measurements, can be compared to
those resulting from the two-state mixing model. Within
this phenomenological approach, following the notation
introduced in ref. [55] and elaborated in ref. [56], the
observed physical states can be written as linear com-
binations of two unmixed structures —structure I and
structure II— with specific mixing amplitudes. The lat-
ter, taken from ref. [19], were derived from the fit of the
known higher-lying level energies in the rotational bands,
built upon the first two 0+ states, using the variable mo-
ment of inertia model [57]. States with spin I > 4 are
weakly mixed and manifest a rotational-like character,
whereas a stronger mixing was deduced for states with
spin I = 2, reaching the maximum of mixing for 184Hg.
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Fig. 16. (Color online) Transitional E2 matrix elements ob-
tained in this work, compared to those extracted from the
two-state mixing calculations for 182Hg (full red), 184Hg (full
green), 186Hg (open blue) and 188Hg (open magenta). The re-
sults obtained for the 〈4+

1 ‖E2‖2+
2 〉 matrix element in 184Hg and

for the 〈0+
2 ‖E2‖2+

1 〉 matrix element in 182Hg are marked with
the solid green and dashed red horizontal lines, respectively.

For 182–188Hg the Coulomb-excitation data could be well
reproduced by mixing between less-deformed oblate-like
and more deformed prolate-like configurations [20], with
their quadrupole properties assumed to be constant for the
four isotopes considered. In fig. 16 a comparison between
the experimental matrix elements and those resulting from
the two-state mixing model is shown.

This figure is analogous to that presented in ref. [20]
however, it contains the re-evaluated matrix elements
for 182Hg and 184Hg. Experimental results, i.e., magni-
tudes of matrix elements and signs of their products, are
well reproduced by the two-state mixing model. More-
over, a significantly better agreement between the ex-
perimentally determined 〈2+

1 ‖E2‖0+
2 〉 and 〈4+

1 ‖E2‖2+
2 〉

matrix elements and those calculated within the two-
state mixing model is now obtained for 184Hg as com-
pared to the results presented in ref. [20]. This is di-
rectly related to the experimentally extracted signs of the

interference terms: 〈2+
1 ‖E2‖4+

1 〉〈4
+
1 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖2+

1 〉

and 〈2+
1 ‖E2‖0+

2 〉〈0
+
2 ‖E2‖2+

2 〉〈2
+
2 ‖E2‖2+

1 〉, which are both

negative in 184Hg. The signs of these terms are opposite
to those published in ref. [20].

The unperturbed quadrupole moments of the two
2+ states, Qs(2

+)TSM, belonging to two different un-
mixed configurations, were deduced from the experimental
〈2+

2 ‖E2‖2+
1 〉 matrix elements extracted for the mercury

isotopes using the two-state mixing model (TSM). This
yielded values of quadrupole moments for the pure 2+

states equal to 136 e fm2 and −303 e fm2 [20]. A compari-
son of the spectroscopic quadrupole moments (Qs) for the
2+
1 and 2+

2 states in 182,184,186,188Hg is shown in fig. 17.
These Qs values are calculated with the BMF, IBM-CM
and GBH models and presented together with the un-
mixed values: the Qs(2

+)TSM ones and those obtained
with the IBM-CM model, Qs(2

+)IBM
pure. The latter corre-
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Fig. 17. (Color online) Spectroscopic quadrupole moments of
the 2+

1 (full squares) and 2+
2 (full circles) states resulting from

the IBM-CM (blue), GBH (green) and BMF (red) calculations.
The unperturbed quadrupole moments from the IBM-CM [22]
and two-state mixing (TSM) model are marked with the ma-
genta and black open symbols, respectively.
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Fig. 18. (Color online) (a) Comparison of the experimental
reduced transition probabilities (open symbols) and the IBM-
CM results (dashed lines) involving the 2+

1 and 2+
2 states. Ex-

perimental values are taken from table 8 and from ref. [58] for
178Hg and ref. [59] for 180Hg; (b) IBM-CM results for the reg-
ular content (part of the wave function without particle-hole
excitations) of the 2+

1 and 2+
2 states.

spond to the same Hamiltonian as the one used to obtain
the results shown in fig. 15, column IBM-CM, but remov-
ing the interaction term acting between the 2h − 0p and
4h − 2p proton configurations.

The BMF calculations coherently predict that the
dominantly prolate configuration is the lowest in energy
up to N = 106. A crossing between oblate and prolate
configurations, corresponding to the positive and nega-
tive values of the quadrupole moments, respectively, takes
place between N = 106 and N = 108. For the IBM-CM
this transition happens at N = 104, while no change of
the structure of the 2+ states is observed for the GBH.
In the two-state mixing model the unperturbed values of
Qs are assumed to be the same for all four mercury iso-
topes. This assumption is consistent with the IBM-CM
calculations, predicting indeed almost constant values of
unperturbed Qs (see fig. 17). The same constant trend for
the calculated Qs values also appears for the BMF and
GBH calculations. The calculated Qs values of the oblate
2+ states coincide with the pure ones from the two-state
mixing model, while the absolute value for the prolate 2+

states is underestimated in BMF and GBH.
To summarize, though the excitation energy of the 2+

1

state and the energy difference E(2+
2 ) − E(2+

1 ) are al-
most constant for even-even 180–188Hg (as seen in the en-
ergy systematics in refs. [13, 14]), and the same is true
for the B(E2; 2+

1 → 0+
1 ) and B(E2; 2+

2 → 0+
1 ) values

as depicted in fig. 18(a), the underlying nuclear struc-
ture undergoes a dramatic change. As shown in the evo-
lution of the IBM-CM wave functions in fig. 18(b), the
composition of the 2+

1 states changes from a rather pure
structure-I character (the so-called regular configuration)
for 186,188Hg to a state dominated by structure II (the
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intruder configuration) in 182Hg. This substantial change
in nuclear structure is also supported by the evolution of
the IBM-CM Qs values presented in fig. 17 or that of the
theoretical and experimental B(E2; 2+

2 → 2+
1 ) values, as

demonstrated in fig. 18(a). In conclusion, similar energies
of states in an isotopic chain and similar transition proba-
bilities do not always reveal a similar structure —the un-
derlying mixing configuration can be somehow concealed

as stated in refs. [22], [20] and [19].

7 Monopole transition strength

The large total conversion coefficients for the 2+
2 → 2+

1

transition in 182,184Hg are a significant indicator of a
strong mixing between the configurations having different
shapes [60]. Combining the extracted B(E2; 2+

2 → 2+
1 )

values from the Coulomb-excitation experiment with a
measured total conversion coefficients αtot(2

+
2 → 2+

1 ) [17],
the E0 transition strengths can be determined for 182Hg
and 184Hg.

Following ref. [61] the E0 monopole strength ρ2(E0)
for a 2+

2 → 2+
1 transition can be obtained from the ex-

pression

ρ2(E0) = q2
K

(

E0

E2

)

×
αK(E2)

ΩK(E0)
· W

2
+

2
→2

+

1
γ (E2). (8)

The q2
K(E0

E2
) term is the intensity ratio of E0 and E2

K-conversion-electron components of the 2+
2 → 2+

1 tran-
sition. This ratio can be expressed by the total conversion
coefficients and the δ(E2/M1) multipole mixing ratio for
the 2+

2 → 2+
1 transition as follows:

q2
K

(

E0

E2

)

=
IK(E0)

IK(E2)
=

(αE2+M1+E0
tot · (1 + δ2) − αE2

tot · δ
2 − αM1

tot )

αE2
K · δ2

·
ΩK(E0)

ΩTOT (E0)
.

(9)

The ΩK and ΩTOT are electronic factors [62]. The

E2-transition rate W
2
+

2
→2

+

1
γ (E2) can be calculated di-

rectly from the B(E2; 2+
2 → 2+

1 ) value inferred from the
Coulomb-excitation measurements quoted in table 8

W
2
+

2
→2

+

1
γ (E2) =

8π

h̄

λ + 1

λ ((2λ + 1)!!)
2

(

Eγ

h̄c

)2λ+1

·B(E2; 2+
1 → 2+

2 ) (10)

where the multipole order λ = 2.
Combining eqs. (8), (9), (10) and taking the total con-

version coefficient αtot(2
+
2 → 2+

1 ) equal to 7.2(13) and
14.2(36) for 182Hg and 184Hg, respectively [17], the re-
sulting E0 monopole transition strength ρ2(E0) · 103 is
141(51) and 90(30) for 182Hg and 184Hg, respectively.
The experimentally determined monopole strength de-
pends on the E2/M1 mixing. As the latter is unknown,
the value of δ( E2

M1
) = 1.85 was adopted, as described
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Fig. 19. (Color online) Monopole strength for the 2+
2 → 2+

1

transition resulting from the BMF (magenta open squares),
GBH (blue open circles), IBM-CM (green open triangles) and
the two-state mixing calculations (black full triangles) com-
pared with the experimental values inferred for 182,184Hg from
this work and for 186Hg taken from ref. [18] (red full circles).

in sect. 5.1. Varying the E2/M1 mixing coefficient over
a wide range of values, yielded E0 strengths consistent
within error bars (e.g., for 184Hg: ρ2(E0) · 103 = 101(34)
corresponds to δ = 1, ρ2(E0) · 103 = 94(30) to δ = 5
and ρ2(E0) · 103 = 110(37) to δ = 0.5). It is worth not-
ing that the E0 monopole strength in 186Hg was also in-
ferred through combined in-beam electron and γ-ray spec-
troscopy, yielding a value of ρ2(E0) · 103 = 60(50) [18].

Large ρ2(E0) values can be associated with strongly
mixed states in nuclei that exhibit shape coexistence [60].
The transition strength can then be expressed as a func-
tion of the mixing amplitude (α) and the difference in the
mean-square charge radii of the unperturbed configura-
tions ∆〈r2〉

ρ2(E0) =
Z2

R4
0

· α2(1 − α2)
[

∆〈r2〉
]2

, (11)

with Z being the proton number, R0 = r0A
1/3, r0 =

1.2 fm [60].
Mixing amplitudes for the 2+ states in 182Hg, 184Hg

and 186Hg were taken from ref. [19] and are equal to
0.54, 0.72 and 0.95, respectively, for the regular config-
uration. We then assumed that the ∆〈r2〉 value for the
unperturbed 2+ states is identical to that of the unper-
turbed 0+ states. The latter is inferred from the large
odd-even staggering in the isotope shifts in the mercury
chain around 180−186Hg [4,6] following the procedure out-
lined in ref. [60]. The ∆〈r2〉 was deduced to be equal to
0.55 fm2 in 182Hg, 0.48 fm2 in 184Hg and 0.44 fm2 in 186Hg.
The resulting ρ2(E0) · 103 values are 186, 170 and 49 for
182Hg, 184Hg and 186Hg, respectively.

In fig. 19, the E0 strengths of the 2+
2 → 2+

1 transition
deduced from the experimental data are compared to the
two-state mixing model predictions, the BMF model [16],
the GBH model [52] and the IBM-CM model [63]. While
the experimental value for 186Hg is in agreement with all
four calculations, the value for 182Hg deviates from the
predictions of both the BMF and GBH model calculations.
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It is only consistent, within 1σ, with the two-state mixing
approach and the IBM-CM model. For 184Hg none of the
calculations is in agreement with the experimental result.
Both BMF and GBH models predict similar magnitudes
of the ρ2(E0; 2+

2 → 2+
1 ) especially around neutron mid-

shell N = 104. Interesting to note is the rising trend of
the BMF and GBH E0 strengths towards the lighter mer-
cury isotopes, which is very different from the IBM-CM
predictions. The IBM-CM calculations indicate that the
largest values of the ρ2(E0; 2+

2 → 2+
1 ) occur around neu-

tron number N = 104. Both IBM-CM and GBH models
predict a drop of the ρ2(E0) strengths for more neutron-
deficient Hg isotopes (from N = 98 to N = 96). The origin
of this behavior is currently not known.

8 Summary and outlook

Multi-step Coulomb-excitation experiments with postac-
celerated radioactive ion beams of neutron-deficient, even-
even 182,184,186,188Hg isotopes were performed at the REX-
ISOLDE facility at CERN. As a result, sets of E2 matrix
elements were extracted between low-energy 0+, 2+ and
4+ states populated in the experiments. The Coulomb-
excitation data for 182,184Hg were re-evaluated since new,
revised spectroscopic information, αtot(2

+
2 → 2+

1 ) and γ-
ray branching ratios, have become available [17]. Com-
plementary to our previous work [20], a systematic com-
parison of experimental results, i.e., level energies and re-
duced quadrupole transition probabilities, with theoreti-
cal predictions, is shown. The results of calculations using
the GBH and BMF models are, to a certain extent, in
agreement with the experimental data. In the yrast bands
of 182,184,186Hg the experimental B(E2) transition prob-
abilities exhibit a very smooth behavior for states with
spin J ≥ 4, and this trend, as well as the absolute B(E2)
values, are fairly well reproduced by the GBH and BMF
models. According to these models these states are of a
prolate nature and lie lower in energy as compared to the
oblate ones. A stronger mixing was deduced for states with
I = 2, reaching a maximum for N = 104 [19]. For the
low-lying 2+ and 0+ states the comparison with theory is
less successful, partly due to the fact that the excitation
energies of the different configurations are not correctly
reproduced and their relative positions are reversed. In
the case of the BMF calculations inclusion of the triaxial
degree of freedom may be necessary in the description of
the low-energy electromagnetic structure of the neutron
mid-shell mercury isotopes.

Properties of the lowest-lying states of even-even
182–188Hg were also interpreted within a two-state mix-
ing model. It is interesting to note how well the experi-
mental results can be reproduced within this simple ap-
proach supporting the underlying assumption of two un-
perturbed different configurations that mix when states
with equal spin and parity are close in energy. The results
clearly show that the low-energy electromagnetic structure
of 182–188Hg isotopes can be described in terms of mixing
of two rotational configurations which coexist at low exci-
tation energy. Mixing between a weakly deformed oblate-

like band and a more deformed prolate-like band gains im-
portance when going towards neutron midshell N = 104.

Because of the limited beam energy, only low-lying
states could be studied at REX-ISOLDE. With the higher
beam energy, up to 5MeV/A, possible nowadays at HIE-
ISOLDE, Coulomb excitation of neutron-deficient mer-
cury isotopes can provide much richer information thanks
to the higher multi-step excitation cross sections and in-
creased sensitivity to the diagonal matrix elements. Thus
our knowledge of higher-lying non-yrast states can be
extended. Moreover, the quadrupole sum rules method
can then be used to extract the shape invariants in a
given state independently of the nuclear-structure mod-
els [64,65].

In order to draw firm conclusions from Coulomb-
excitation experiments with exotic beams, complemen-
tary spectroscopic data are crucial [2]. Recently performed
β/EC decay of neutron-deficient even-even Tl isotopes at
HIE-ISOLDE intend to provide these data i.e., precisely
measure γ-ray branching ratios, conversion coefficients
and mixing ratios for the low-lying (yrast and non-yrast)
states in Hg isotopes [66]. Moreover, future Coulomb ex-
citation experiments will also benefit from the use of the
electron spectrometer SPEDE [67] which will provide di-
rect information on intensities of conversion electrons, be-
ing of great importance for the nuclei in the N = 104
region [68].

Additional spectroscopic information for the higher-
lying collective states can be obtained using unsafe
Coulomb excitation. Beam energies available at HIE-
ISOLDE up to 10 MeV/A will enable few-nucleon transfer
reaction experiments to probe nuclear states in the light
lead mass region. Furthermore, future Coulomb-excitation
experiments of light odd-mass mercury isotopes aim to
study the shape-coexisting isomers present in mercury nu-
clei. This, combined with one-neutron transfer reactions,
will shed light on the underlying single-particle nature of
these states. All these efforts open new possibilities to
characterize shape coexistence in the mercury region [69].
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