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ABSTRACT

Atomic nuclei exhibit single-particle and collective degrees of freedom, making them susceptible to variations in size and

shape when adding or removing nucleons. The rare cases where dramatic changes in shape occur with the removal of

only a single nucleon are key for pinpointing the components of the nuclear interaction driving nuclear deformation. Laser

spectroscopy probes the nuclear charge distribution, revealing attometer-scale variations and highlighting sensitivity to the

proton (Z) and neutron (N) configurations of the nucleus. The lead isotopes, which possess a closed proton shell (Z = 82),

are spherical and steadily shrink with decreasing N. A surprisingly different story was observed for their close neighbours,

the mercury isotopes (Z = 80) almost half a century ago1,2: Whilst the even-mass isotopes follow the trend seen for lead, the

odd-mass isotopes 181,183,185Hg exhibit a striking increase in charge radius. This dramatic ‘shape staggering’ between even-

and odd-mass isotopes remains a unique feature of the nuclear chart.

Here we present the extension of laser spectroscopy results that reach 177Hg. An unprecedented combination of state-of-the-

art techniques including resonance laser ionization, nuclear spectroscopy and mass spectrometry, has established 181Hg as

the shape-staggering endpoint. Accompanying this experimental tour de force, recent computational advances incorporating

the largest valence space ever used have been exploited to provide Monte-Carlo Shell Model calculations, in remarkable

agreement with the experimental observations. Thus, microscopic insight into the subtle interplay of nuclear interactions

that give rise to this phenomenon has been obtained, identifying the shape-driving orbitals. Although shape staggering in

the mercury isotopes is a unique and localized feature in the nuclear chart, the underlying mechanism that has now been

uncovered nicely describes the duality of single-particle and collective degrees of freedom in atomic nuclei.

Atomic nuclei, comprising protons and neutrons, display

a rich array of quantum phenomena. These complex many-

body systems obey the Pauli exclusion principle which dic-

tates a shell-like structure, akin to Bohr’s model of the atom.

In the vicinity of closed shells, at the ‘magic numbers’of

Z,N = 8,20,28,50,82 and N = 126, the nuclear wavefunc-

tion is dominated by the last few particles (or holes) and

excitations thereof. In contrast to this single-particle nature,
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Figure 1. Schematic of the in-source resonance ionization spectroscopy method for the study of radiogenic mercury

isotopes (see Methods) (a): mercury isotopes are produced by proton-induced nuclear reactions in a molten lead target. The

vapor effuses into the anode volume of the VADLIS ion source3 where the atoms are ionized using a 3-step resonance

photo-ionization scheme (inset). The ions are extracted as a mono-energetic beam at 30 keV. The isotope of interest is

selected using the general-purpose mass separator (GPS) and directed towards the most appropriate of the three detection

systems depicted. By scanning the 1st-step laser wavelength, the isotope shift (IS) and hyperfine structure (HFS) is studied

(b). The isotope shifts are used to calculate the changes in mean-squared charge radii δ ⟨r2⟩ with respect to N = 126 along the

isotopic chain (c). The results of this study appear as red circles. 177−180Hg are new measurements, while 181−185Hg were

re-measured and the data points overlap with those of the literature values, as can also be seen by the close agreement

between values in Table 1. The error bars indicate the statistical uncertainty corresponding to the measurement precision.

The scaling uncertainties arising from the indeterminacy of the F factor (7%4) and the Specific Mass Shift, MSMS are

discussed in the Methods section and provided in Table 1 (see Supplementary Information linked to the on-line version). The

additional black line illustrates the previously measured quasi-spherical trend of the lead nuclei5.

collective behaviour appears away from the closed shells, as

increased nucleon-nucleon correlations drive the minimum-

energy configuration of the nucleus to deformation. Con-

sequently, the ground-states of most isotopes in the nuclear

chart have non-spherical shapes, the most common being

the prolate (rugby-ball) shape. Different shapes, correspond-

ing to alternative nucleon configurations, can coexist within

the same nucleus6, 7. It remains a challenge to present the

full picture of the underlying microscopic origin of this phe-

nomenon.

Optical spectroscopy is able to measure subtle shifts in the

energy of the atomic electron levels, arising from changes

in the charge distribution of the nucleus8. Along the iso-

topic chain of a given element, this effect is known as the

isotope shift. From this, the change in mean-square charge

radius, δ ⟨r2⟩, can be extracted in a nuclear-model indepen-

dent way. Similarly, the hyperfine splitting of the electronic

levels gives direct access to the nuclear properties: spin (I),

magnetic dipole (µ) and electric quadrupole (Q) moments.

Such measurements are therefore a sensitive and direct probe

of the valence particle configuration and changes in nuclear

size or deformation as a result of the addition, removal, and

consequential redistribution of nucleons.

The radioactive isotopes in the lead region have been the

subject of a variety of optical spectroscopy studies for several

decades. An intensified interest in this region was sparked by

the study of the mercury isotopic chain in which a sudden

and unprecedented increase in charge radius was observed

for 185Hg, 183Hg and 181Hg1, 2. For the heavier mercury

isotopes the changes in charge radii mirror those of lead5:

steadily shrinking with decreasing N. This seminal discovery

of shape-staggering between odd and even mercury isotopes

is unparalleled elsewhere in the nuclear chart and was key to

establishing the idea of shape coexistence at low excitation

energy7, 9. A plethora of studies on the excited states of these

nuclei10, 11 provided a further substantial insight into shape-

coexistence, complementing the laser spectroscopy studies

of ground and isomeric-states. However, to acquire a full un-

derstanding of this phenomenon two challenges remain:

Understanding the nature of this spectacular occurance re-

quires its precise localisation by probing even more neutron-

deficient systems, which were experimentally inaccessible.
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Likewise, theoretical solutions have been thwarted by the

enormous computational requirements of a fully microscopic,

many-body calculation of such heavy systems.

In this Letter we report breakthroughs on both fronts that

now provide explanations of the underlying mechanism and

localized nature of shape coexistence:

1. The combination of state-of-the-art radioisotope produc-

tion and detection techniques (see Figure 1a) at the

CERN-ISOLDE radioactive ion beam facility12, extend-

ing laser spectroscopy measurements to four lighter mer-

cury isotopes; and

2. The exploitation of recent advances in computational

physics to perform Configuration-Interaction Monte

Carlo Shell Model (MCSM)13 calculations with the

largest model spaces to date.

The new experimental scheme is illustrated in Fig. 1a

with the recorded laser spectra shown in Fig.1b and result-

ing charge-radii data in Fig. 1c.

Ground-state charge radii and magnetic moments were

studied by performing resonance ionization spectroscopy on

the mercury isotopes with unprecedented sensitivity, reach-

ing as far as 177Hg, an isotope with a half-life of only 127 mil-

liseconds and a production rate as low as one ion per minute.

The isotope shifts measured relative to 198Hg and the de-

duced changes in mean-square charge radii and moments for
177−185Hg are presented in Table 1 (see Supplementary Infor-

mation linked to the on-line version). The changes in mean-

square charge radii of mercury isotopes combined with those

of the lead isotopes5 are shown relative to N = 126 in Fig-

ure 1c. In addition to confirming the earlier results, these

new data firmly prove that the dramatic shape staggering is

a local phenomenon and that the odd-mass mercury isotopes

return to sphericity at A = 179 (N = 99).

In order to pinpoint the microscopic origin of this obser-

vation, we performed large-scale numerical simulations for

the quantum many-body problem using a MCSM method.

Heavy nuclei such as the mercury isotopes are beyond the

limit of conventional Configuration Interaction (CI) calcula-

tions for protons and neutrons interacting through nuclear

forces. However, using the MCSM method and the most ad-

vanced computers has allowed us to reach this region for the

first time, redefining the state of the art of CI calculations for

atomic nuclei. Calculations were performed for the ground

and the lowest excited states in 177−186Hg with spin and par-

ity corresponding to the experimental ground-state values of

the nuclei considered: 0+ for the even-mass isotopes, 1/2−

for 181,183,185Hg and 7/2− for 177,179Hg. Also the 13/2+ long-

lived isomer in 185Hg was examined. The MCSM provides

the eigen wavefunction from which the magnetic dipole and

electric quadrupole moments, and the shape parameters (β2,

γ) are calculated14. In turn, the shape parameters are used to

obtain the mean-square charge radius (see Methods). For all

these states, the changes in mean-square charge radii relative

to the ground state of 186Hg are presented as shaded boxes

in Figure 2a. The height of the shaded box is related to the

spread of the quantum fluctuations of the MCSM eigenstates

(see Methods). The figure shows that for every mercury iso-

tope, only one state can be identified whose calculated δ ⟨r2⟩
is in agreement with experiment. For the odd-mass nuclei

this identification is confirmed by the agreement between

the calculated and measured magnetic moments, as shown

in Figure 2b. Furthermore, with the exception of 181Hg and

in spite of the limited number of basis vectors used, the se-

lected MCSM states correspond indeed to the ground states

in the calculations. The remarkable agreement with the exper-

imental data that has been achieved reinforces our confidence

in ability of these MCSM calculations to reveal the discrete

changes in the nuclear configuration that drive shape coexis-

tence in this region. We therefore gain an insight into the un-

derlying mechanism responsible for the sudden appearance

and disappearance of the uniquely-pronounced shape stagger-

ing in the mercury isotopes.

The MCSM enables us to examine the microscopic compo-

sition of each MCSM state in terms of the occupancy of the

proton and neutron orbitals (see Figure 2c). The most striking

differences between the deformed 1/2− states in 181,183,185Hg

and the other near-spherical states are found in the nucleon-

occupancy of two orbitals: the proton 1h9/2 situated above

the Z = 82 closed shell and the neutron 1i13/2 midshell be-

tween N = 82 and N = 126. The strongly deformed 1/2−

states of 181,183,185Hg exhibit large and constant values (∼ 8)

of the neutron 1i13/2 occupation number, as well as a sizable

promotion of 2 to 3 protons across the Z = 82 magic shell

gap to the 1h9/2 orbit.

This abrupt and significant reconfiguration of the nucleons

originates not only from the quadrupole component of the

nucleon-nucleon (NN) interaction, known to be responsible

for inducing deformation in atomic nuclei, but also in the

monopole component. The strong attractive nature of the lat-

ter, specifically between the proton 1h9/2 orbital and neutron

1i13/2 orbital, results in an additional lowering of the bind-

ing energy14. If this energy gain, combined with that of the

quadrupole deformation, exceeds the energy needed to create

particle-hole excitations then the deformed state becomes the

ground state.

It is thus the combined action of the monopole interaction,

whose effect depends linearly on the orbital occupancy num-

bers, and the quadrupole interaction, that follows a quadratic

dependence with a maximum when an orbital is half-filled

(i.e. 7 neutrons in the 1i13/2 orbital) that delineates the de-

formed region for the mercury isotopic chain between N =
101 and N = 105. For even-N mercury isotopes, the pair-

ing correlation that exists for the spherical shape produces

sufficient binding energy because of the high level density,

whereas this is suppressed in odd-N isotopes due to block-

ing of the unpaired neutron. The strongly deformed state,

assisted by the combined monopole and quadrupole effect,

therefore becomes the ground state. Thus, the observed shape

staggering is due to a subtle competition between these two
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Figure 2. a: The upper left panel shows ⟨r2⟩ relative to that of the ground state of 186Hg. Red points are experimental data

from this experiment. They include the combined statistical and systematic uncertainties quoted in Table 1. Blue points refer

to literature values from4. The shaded boxes indicate radii corresponding to the MCSM eigenstates labeled by their

respective spin J, parity π and energetic ordering i as Jπ
i . The gray areas show MCSM eigenstates for which the calculated

magnetic moment differs from measured value. b: Comparison of the calculated and experimental magnetic moments for

different states in the odd-mass mercury isotopes. c: The occupation numbers of the neutron i13/2 orbit and the proton h9/2

orbit for the states displayed by the blue connected areas in panel a (these are the experimentally-observed ground-states).

The deviation of the three strongly prolate deformed states at A = 181,183,185 from the general occupancy trend is evident.

shapes, which are different in terms of their many-body con-

figuration. The shape staggering effect manifests character-

istic features of a quantum phase transition15–17: In a given

nucleus, different phases - a near spherical and a strongly

deformed nuclear shape - appear at almost the same energy

without mixing. By making small changes in the control pa-

rameter, which in this case is the neutron number, the system

alternates between the two phases. In the case of the mer-

cury chain, this observation, which resembles a critical phe-

nomenon in phase transitions, happens six times. This unique

feature is now quantitatively understood through the MCSM

calculations, highlighting the importance of the simultaneous

multiple excitations to the proton 1h9/2 and neutron 1i13/2 or-

bitals14. In this picture, because of the major role of the neu-

tron 1i13/2 orbital in driving the large quadrupole deforma-

tion, this effect can only dominate close to neutron number

N=103. By delineating the region of shape staggering our

new data provides the neccessary information to support this

picture.

In summary, the lightest mercury isotopes return towards

sphericity and the region of shape staggering is delineated

between N = 101 and N = 105. Its underlying microscopic

origin has been identified through MCSM calculations as an

abrupt and significant reconfiguration of the nucleon orbital

occupancies.

The extension of the MCSM calculations to other states

should allow further comparisons with available experimen-

tal information on the different band structures identified in

nuclear spectroscopy studies. This will be complemented by

information from Coulomb excitation and nucleon transfer

experiments on the ground and isomeric states, now possible

using post-accelerated radioactive ion beams18.

In this work we have uncovered the general mechanism

that links different features in various locations of the nuclear

chart, thereby providing a deeper understanding of the struc-

ture of atomic nuclei in general.

Methods summary

The experiment was performed at the CERN-ISOLDE iso-

tope separator facility using the technique of in-source res-

onance ionization spectroscopy19, as depicted in Figure 1.
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Mercury isotopes were produced by spallation of lead nuclei

in a liquid target using up to 1 µA of 1.4 GeV protons from

the CERN PS-Booster Synchrotron. The radiogenic mercury

vapor diffuse into the anode cavity of the Versatile Arc Dis-

charge and Laser Ion Source (VADLIS) where resonance ion-

ization spectroscopy was performed by wavelength-tuning of

the 254 nm first-step transition (6s2 1S0 → 6d6p 3P1)◦ of the

3-step ionization scheme for Hg+ ion production (Figure 1a

inset)20.

The ion beam was mass separated using a magnetic-dipole

spectrometer, set to transmit a chosen isotope of interest

to the most suitable of three detection systems, depend-

ing on the beam intensity, purity, decay mode and half-life

of the species: the ISOLDE Faraday cup (>100 fA); the

ISOLTRAP MR-ToF MS21 (isobar separated ion counting of

longer lived isotopes); or the Windmill decay spectroscopy

setup (for efficient and selective detection of alpha-decaying

isotopes). Laser spectra were obtained for all isotopes from
185−177Hg. Isotope shifts, relative to the reference isotope
198Hg, and hyperfine parameters were measured. From these

observables, the changes in mean-square charge radii to-

gether with spins and magnetic moments were deduced.

Large-scale Monte Carlo shell-model calculations

(MCSM) were performed with neutron-neutron and proton-

proton interactions taken from22 and with the proton-neutron

interaction taken from23. Single-particle energies were var-

ied smoothly as functions of Z and N between the respective

values of doubly-magic 132Sn and 208Pb. The Hamiltonian

was fixed and kept throughout this study. Effective charges

for protons and neutrons were used, with their actual values

being 1.6e and 0.6e respectively, together with a spin

quenching factor of 0.9. The model space in which the

nucleons interact are 11 proton orbits from 1g7/2 up to 1i13/2

and 13 neutron orbits from 1h9/2 up to 1 j15/2, corresponding

to the largest scale MCSM calculation ever performed.

Methods

Mercury isotope production

The experiment was performed at the CERN-ISOLDE iso-

tope separator facility. Neutron deficient mercury isotopes

were produced by proton-induced spallation of lead nuclei:

a molten lead target was bombarded with protons from the

CERN Proton Synchroton booster at an energy of 1.4 GeV.

The proton beam intensity (1x1013 protons per pulse, up to

1 µA averaged current) and bunched proton extraction was

optimized to enhance the release of short-lived isotopes from

the liquid target whilst reducing the likelihood of a mechan-

ical failure due to shockwaves generated by the proton im-

pact24, 25. A temperature-controlled spiral chimney enables

effusion of the mercury vapor towards the ion source cavity

whilst ensuring the required suppression, by condensation, of

less volatile species such as lead. The mercury atoms effuse

into the anode cavity of a FEBIAD-type ion source, referred

to as the VADLIS (Versatile Arc Discharge and Laser Ion

Source)3. For this experiment the laser beams from the Res-

onance Ionization Laser Ion Source (RILIS)26 setup were di-

rected into the FEBIAD anode cavity through the 1.5 mm

ion extraction aperture. The lasers were tuned to the 3-step

resonance ionization scheme for mercury (Figure 1a inset),

resulting in laser-ionization of mercury only. For the first

time during on-line operation, the ion source was operated

in the newly-established RILIS-mode3, whereby the anode

voltage is reduced to several volts, whilst the cathode heat-

ing and ion source magnetic field strength are optimized for

laser-ion survival and extraction. In this case, no electron im-

pact ionization occurs, and the laser-ionized Hg+ beam pu-

rity is maximized. The ion source efficiency remains similar

to that of standard FEBIAD operation with electron-impact

ionization (estimated to be several percent). Mercury ions

leaving the anode exit aperture are subject to the 30 kV po-

tential difference between the ion source aperture and the

grounded extraction electrode. The resulting mono-energetic

beam of mercury ions was then passed through a magnetic

dipole mass separator, which has sufficient resolution for the

selection of the atomic mass of interest for transmission to

the detection system, but is not capable of separating isobars.

Laser spectroscopy and signal identification

To extend our reach beyond the range of previously studied

mercury isotopes, it was necessary to use the most sensitive

laser spectroscopy method available at ISOLDE: in-source

resonance ionization spectroscopy. As the name implies, this

approach makes use of the initial ion creation process for per-

forming laser spectroscopy, by wavelength-tuning of one of

the lasers used in the resonance ionization scheme, which

directly influences the ionization efficiency of the element

of interest. For this work the 254 nm first-step transition

(6s2 1S0 → 6d6p 3P1)◦ of the ionization scheme was used

for spectroscopy since its sensitivity to nuclear variations re-

sults in a well-resolved hyperfine structure even in the high-

temperature (≈1800 ◦C) Doppler-broadening dominated en-

vironment of the ion source cavity. The 254 nm light required

was generated by third-harmonic generation from the output

of a Ti:Sapphire laser, operating in the dual etalon scanning

mode (fundamental linewidth of 0.8 GHz)27. While operat-

ing the ion source in RILIS-mode, this laser was scanned in

a stepwise manner and at each frequency step the ion rate

was recorded using the most suitable of the three detection

methods available. Depending on the intensity, purity, life-

time or decay mode of the beam at a chosen mass, the ion

beam was directed to one of the three detection systems de-

picted in Figure 1a: The ISOLDE Faraday cup, for ion cur-

rent measurement above 100 fA; the ISOLTRAP MR-ToF

MS, for isobar-separated ion counting of longer lived iso-

topes with a resolving power of M/∆M ≈ 30000028, 29; or the

Windmill decay spectroscopy setup (for efficient detection of

alpha-decaying isotopes). Laser scans were obtained for all
177−186Hg ground states. The isotope shifts were determined

relative to 198Hg. A total of 17 198Hg reference scans were

recorded periodically during the experiment.
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Monte Carlo Shell Model Calculations

The Monte Carlo Shell Model (MCSM) calculation is one

of the most advanced computational methods that can be

applied for nuclear many-body systems. This work repre-

sents the largest ever MCSM calculations, performed on mas-

sively parallel supercomputers, including the K computer in

Kobe, Japan. Exploiting the advantages of quantum Monte-

Carlo, variational and matrix-diagonalization methods, this

approach circumvents the diagonalization of a > 2 × 1042-

dimensional Hamiltonian matrix. Using the doubly-magic
132Sn nucleus as an inert core, 30 protons and up to 24 neu-

trons were left to actively interact in an exceptionally large

model space as compared to conventional CI calculations.

Single-particle energies were set to be consistent with single-

particle properties of 132Sn and 208Pb with smooth changes

as functions of Z and N. All nucleons interact through effec-

tive NN interactions adopted from the frequently-used ones

provided by22, 23. The Hamiltonian was thus fixed and kept

throughout this study. The model space in which the nu-

cleons interact are 11 proton orbits from 1g7/2 up to 1i13/2

and 13 neutron orbits from 1h9/2 up to 1 j15/2. Calculations

were performed utilizing effective charges for protons and

neutrons, with their actual values being 1.6e and 0.6e, re-

spectively and a spin quenching factor of 0.9. The MCSM

eigenstate is represented as a superposition of MCSM basis

vectors with the appropriate projection onto spin and parity.

Each MCSM basis vector is a Slater determinant formed by

mixed single-particle states, where the mixing amplitudes are

optimized by quantum Monte-Carlo and variational methods.

This Slater determinant has intrinsic quadrupole moments,

which can be expressed in terms of a set of β2 and γ de-

formation parameters. Using the effective charges and spin

quenching factor, we reproduce the electric quadrupole mo-

ments of 177,179Hg30 and the magnetic dipole moments of the

odd-mass mercury isotopes (see Figure 2b). The combined

effect of the monopole interaction, whose effect depends lin-

early on the orbital occupancy numbers, and the quadrupole

interaction, that contains a quadratic dependence with a maxi-

mum when an orbital is half-filled, causes the observed shape

staggering. Specifically the strong attractive monopole ma-

trix element between proton h9/2 and neutron i13/2 orbtials

(-0.35 MeV) compared to an average value of -0.2 MeV for

the other orbitals considered, localizes the observed phenom-

ena around N = 10314. This is due to the similarity in radial

wave functions and the coherent sizable effect of the tensor

force23.

Using the effective charges, the quadrupole moments for

each MCSM basis vector can be obtained. These can be con-

verted into the standard ellipsoidal nuclear shape parameters

β2 (deformation strength) and γ (deformation shape)31. One

of the strengths of the MCSM is the ability to link the basis

vectors onto the Potential Energy Surface (PES) deduced us-

ing the same NN interaction. The T-plot14, 32 was introduced

in order to indicate the individual MCSM basis vectors using

β2 and γ as partial coordinates on the PES.

0.0 0.1 0.2 0.3

β2

γ
(a) 185Hg 1/2−1

0.0 0.1 0.2 0.3

β2

E
n
e
rg
y
(M

e
V
)γ

(b) 186Hg 0
+

1

0.0

1.0

2.0

3.0

Figure 3. T-plot examples for two different states in
185,186Hg, with large and small deformation respectively.

The corresponding β2 and γ shape parameters of the main

contributing MCSM basis vectors are denoted by the yellow

circles.

Figure 3 displays example T-plots for 185,186Hg. The im-

portance of each MCSM basis vector is evaluated in terms

of the probability amplitude in the eigenstate of interest, and

is shown by the size of the circle: larger circles represent-

ing major MCSM basis vectors, whilst smaller circles imply

a less relevant contribution to this particular eigenstate. In

the T-plot, clustering of the circles is observed for spherical

(186Hg) and prolate shapes (185Hg).

In order to compare the δ ⟨r2⟩ from the isotope shift mea-

surements to the β2 deduced from the MCSM calculations,

the following standard procedure was used:

⟨r2⟩= ⟨r2⟩DM

(

1+
5

4π
⟨β2⟩

2

)

(1)

δ ⟨r2⟩A−186 = ⟨r2⟩−⟨r2⟩186 (2)

where ⟨r2⟩DM refers to the droplet model mean square

charge radius for which the most-used parametrization of

Berdichevsky and Tondeur33 is adopted. Following this pro-

cedure, the influence of γ is negligible.

The calculated δ ⟨r2⟩, shown in Fig. 2a, are indicated by

shaded boxes. The height of the box is determined by the dis-

tribution of the circles in the T-plot with respect to β2 and rep-

resents the spread of the quantum fluctuations of the MCSM

eigenstates.

Data availability

The data that support the findings of this study are available

from the corresponding author upon reasonable request.
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Supplementary Information

The isotope shifts and corresponding δ ⟨r2⟩ values are pro-

vided in Table 1. A complete description of the data anal-

ysis and fitting can be found in the Doctoral theses of T. Day

Goodacre34 and S. Sels35. The close agreement between the

values extracted from this work with those of literature is a

convincing validation of the data treatment.
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