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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN
▸ Inelastic scattering between two interacting nuclei, in the “purely” electromagnetic regime 

▸ The time-dependent electromagnetic field between the two nuclei can induce excitations 

▸ The nuclei then de-excite; in Coulex 
we are mostly interested in γ-ray 
emission

Low-Energy Coulomb Excitation (aka Coulex)
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN
▸ Inelastic scattering between two interacting nuclei, in the “purely” electromagnetic regime 

▸ The time-dependent electromagnetic field between the two nuclei can induce excitations 

▸ The nuclei then de-excite; in Coulex 
we are mostly interested in γ-ray 
emission

Low-Energy Coulomb Excitation (aka Coulex)

▸ Example: first 2+ state in an even-even target nucleus
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN Quadrupole Sum Rules & Rotational Invariants
▸ Unique feature of Coulex ⟹ Possible to get relative signs of transitional matrix elements, and spectroscopic quadrupole 

moments of excited states with their sign 

▸ Quadrupole Sum Rules ⟹ (β, γ) deformation parameters for g.s. and excited states in a model-independent way
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN Quadrupole Sum Rules & Rotational Invariants
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▸ Unique feature of Coulex ⟹ Possible to get relative signs of transitional matrix elements, and spectroscopic quadrupole 
moments of excited states with their sign 

▸ Quadrupole Sum Rules ⟹ (β, γ) deformation parameters for g.s. and excited states in a model-independent way
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The parameters for Au are fixed to an oblate shape with β2Au = 0.14 and 
γAu = 45° (ref. 34), whereas those for U are varied. The model also con-
siders final state effects by adjusting QGP viscosities and initial condi-
tion uncertainties, including variations in nuclear radius R0, skin a, β2Au, 
γAu and higher-order shapes (Extended Data Table 1). These variations 
are included in the model uncertainties. The mass numbers of Au and 
U, differing by only 20%, result in almost completely cancelling final 
state effects, leaving model uncertainties mainly from initial condi-
tions. In Fig. 3a–c, calculations for β2U = 0.28 match central data for 
R δp( )T

2  and Rv δp2
2

T
, but overestimate Rv 2

2 in 0–30% centrality. This  
overestimation stems from the limitations of the model in describing 
ε2

rp-induced v2 components, which are strongly affected by variations 
in the impact parameter and other structural parameters such as 
nuclear radius and skin45 and possible longitudinal flow decorrela-
tions46. Thus, the Rv 2

2 comparison is expected to set only a lower bound 
for β2U in this model.

In Fig. 3d–f, we contrast the 0–5% central data against predictions 
for varying β2U and γU. Calculated Rv 2

2 and R δp( )T
2 change linearly with 

β2U
2 , whereas Rv δp2

2
T

 follows a β γcos(3 )2U
3

U  trend, aligning remarkably 
with equation (2). The intersections between data and model delineate 
preferred β2U ranges, yielding β R( ) = 0.294 ± 0.021δp2U ( )T

2  and a lower 
limit value β R( ) = 0.234 ± 0.014v2U 2

2 . For Rv δp2
2

T
, the favoured β2U range 

varies with γU. These preferred ranges are shown in Fig. 3g. A combined 
analysis of constraints from R δp( )T

2 and Rv δp2
2

T
 is performed, yielding 

β2U = 0.297 ± 0.015 and γU = 8.5° ± 4.8° (mean and 1 standard deviation, 
see Methods).

The data are also compared with Trajectum22, another hydrodynamic 
model with a different implementation of the initial condition and QGP 
evolution. Trajectum derives constraints on the initial and final state 
parameters of the QGP based on a Bayesian analysis of the LHC data that 
are then extrapolated to the RHIC energies. These constraints were not 
tuned to the RHIC data but are nevertheless useful in estimating the the-
oretical uncertainties. The relevant constraints are β2U = 0.275 ± 0.017 
and γU = 15.5° ± 7.8°. A combination of constraints from the two models 
yields β2U = 0.286 ± 0.025 and γU = 8.7° ± 4.5° (Methods).

The extracted β2U value is in line with low-energy estimates35, imply-
ing other sources of nucleon, quark and gluon correlations in 238U are 
less impactful compared with its large deformation, as supported by 
recent model studies23. Meanwhile, the small γU value excludes a large 
triaxiality of uranium and indicates an average value remarkably con-
sistent with the low-energy estimate based on a similar rigid-rotor 
assumption. This marks the first extraction of nuclear ground-state 
triaxiality without involving transitions to excited states.

Applications
The flow-assisted nuclear shape imaging is a promising tool for explor-
ing the structure of atomic nuclei in their ground state. The strength 
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Fig. 3 | Constraining the shape of 238U. a–c, Ratios of v# $2
2  (a), δp#( ) $T

2  (b) and 
v δp# $2

2
T  (c) between U + U and Au + Au collisions as a function of centrality.  

The data are compared with the IP-Glasma + MUSIC hydrodynamic model 
calculation assuming β2U = 0.28 (red) and β2U = 0.25 (blue), the shaded bands  
of which denote the model uncertainties (Methods). d–f, Ratio values in 0–5% 
most central collisions (hatch bands) for v# $2

2  (d), δp#( ) $T
2  (e) and v δp# $2

2
T  (f) are 

compared with model calculations as a function of β2U
2  or β2U

3  for four γU values. 
The coloured quadrilaterals delineate the allowed ranges of β2U

2  or β2U
3  from  

this data-model comparison. g, The constrained ranges of (β2U,γU) from three 
observables separately, and the confidence contours obtained by combining 

δp#( ) $T
2  and v δp# $2

2
T  (solid lines). The constraint from R v2

2 is viewed as a lower 
limit and hence is not used (see main text).
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Abstract

Atomic nuclei are self-organized, many-body quantum systems bound by strong nuclear

forces within femtometre-scale space. These complex systems manifest a variety of

shapes , traditionally explored using non-invasive spectroscopic techniques at low

energies . However, at these energies, their instantaneous shapes are obscured by long-

timescale quantum fluctuations, making direct observation challenging. Here we introduce

the collective-flow-assisted nuclear shape-imaging method, which images the nuclear global

shape by colliding them at ultrarelativistic speeds and analysing the collective response of

outgoing debris. This technique captures a collision-specific snapshot of the spatial matter

distribution within the nuclei, which, through the hydrodynamic expansion, imprints

patterns on the particle momentum distribution observed in detectors . We benchmark this

method in collisions of ground-state uranium-238 nuclei, known for their elongated, axial-

symmetric shape. Our findings show a large deformation with a slight deviation from axial

symmetry in the nuclear ground state, aligning broadly with previous low-energy

experiments. This approach offers a new method for imaging nuclear shapes, enhances our

understanding of the initial conditions in high-energy collisions and addresses the important

issue of nuclear structure evolution across energy scales.

Similar content being viewed by others

Main

More than 99.9% of the visible matter in the cosmos resides in the centre of atoms—the

atomic nuclei composed of nucleons (protons and neutrons). Our knowledge of their global

structure primarily comes from spectroscopic or scattering experiments  at beam

energies below hundreds of MeV per nucleon. These studies show that most nuclei are

ellipsoidally deformed, with greater deformation in nuclei distant from magic numbers  (2, 8,

20, 28, 50, 82 and 126). Investigating nuclear shape across the Segrè chart has been an

important area of research over many decades and is crucial for topics such as

nucleosynthesis , nuclear fission  and neutrinoless double beta decay (0νββ) (ref.  ).

In a collective model picture, the ellipsoidal shape of a nucleus with mass number A is defined

in the intrinsic (body-fixed) frame, in which its surface R(θ, ϕ) is described by

Here R  ≈ 1.2A  fm represents the nuclear radius. The spherical harmonics in the real basis

Y (θ, ϕ), the quadrupole deformation magnitude β  and the triaxiality parameter γ define

the nuclear shape. The γ parameter, spanning 0°–60°, controls the ratios of principal radii.

Specifically, γ = 0° corresponds to a prolate shape, γ = 60° an oblate shape, and values in

between 0° < γ < 60° to a triaxial shape. Although most nuclei are axially symmetric (prolate

or oblate) or have a fluctuating γ value (γ-soft), the rigid triaxial shape is uncommon . An

example of an axial-symmetric, prolate-deformed nucleus is shown in Fig. 1a.

Fig. 1: Methods for determining the nuclear shape in low and high energies.

a, Cartoon of a well-deformed prolate-shaped nucleus. b, Quantum fluctuations over Euler angles for

this nucleus and associated overall timescale. c, Quantum mechanical manifestation of the

deformation in terms of the first rotational band of U. d, Aligning the two nuclei in the head-on

body–body configuration (top) and tip–tip configuration (bottom). e, High-energy collision of two

Lorentz-contracted nuclei and resulting 3D profile of the initially produced quark–gluon plasma

(QGP), in which the arrows indicate the pressure gradients. f, The 3D profile of the QGP at the end of

the hydrodynamic expansion before it freezes out into particles, in which the arrows indicate the

velocities of fluid cells. g, Charged particle tracks measured in the detector. The timescales shown are

in units of fm/c—the time for light to travel 1 femtometre. The body–body configuration has large

eccentricity ε  and small gradient d , leading to large elliptic flow v  and smaller average transverse

momentum [p ] and vice versa for tip–tip configuration (see main text).

Full size image

Nuclear shapes, even in ground states, are not fixed. They exhibit zero-point quantum

fluctuations involving various collective and nucleonic degrees of freedom (DOF) at different

timescales. These fluctuations superimpose on each other in the laboratory frame. In well-

deformed nuclei such as U, dominant fluctuations are in the rotational DOF with a

timescale of τ  ~ I/ħ ~ 10 –10  fm/c (1 fm/c = 3 × 10  s = 3 yoctoseconds) , where I denotes

the moment of inertia (Fig. 1b). Consequently, measurement processes in spectroscopic

methods, lasting orders of magnitude longer than τ , capture a coherent superposition of

wavefunctions in all orientations. Their shapes are usually inferred by comparing

spectroscopic data (Fig. 1c) with model calculations . Traditional electron–nucleus

scattering experiments, although faster than τ , probe mainly localized regions of the

nucleus, giving an orientation-averaged spherical image after accumulating many events, in

which the impact of deformation manifests as a broadening of the charge distribution .

New shape-imaging method

To directly observe the global shape of the nuclei, a measurement must (1) be much quicker

than τ  and (2) provide access to the many-body nucleon distribution in each nucleus. High-

energy nuclear collisions, an utterly destructive process, remarkably fulfil these criteria.

Conducted at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC)

with centre-of-mass energies per nucleon pair (√s ) reaching up to 5,000 GeV, these

collisions completely obliterate the nuclei, temporarily forming a quark–gluon plasma (QGP)

—a hot, dense matter of interacting quarks and gluons . The nuclear shape influences the

geometry of QGP and its collective expansion, imprinting itself on the momentum

distribution of the produced particles. In an ironic twist, this effectively realizes Richard

Feynman’s analogy of the seemingly impossible task of ‘figuring out a pocket watch by

smashing two together and observing the flying debris’. The collective response plays a key

part.

Our shape-imaging technique focuses on head-on (near-zero impact parameter) collisions of

prolate-deformed nuclei (Fig. 1d–g). The initial configurations lie between two extremes:

body–body (top) and tip–tip (bottom) collisions (Fig. 1d). Before impact, Lorentz contraction

flattens the ground-state nuclei into pancake-like shapes by a factor of \(\Gamma =\frac{1}

{2}\sqrt{{s}_{{\rm{NN}}}}/{m}_{0} > 100\), where m  ≈ 0.94 GeV is the nucleon mass (Fig. 1e).

The initial impact, lasting τ  = 2R /Γ ≲ 0.1 fm/c, acts as an exposure time. The shape and

size of the overlap region, reflecting the initially produced QGP, directly mirror those of the

colliding nuclei projected on the transverse (xy) plane (Fig. 1e). Body–body collisions create a

larger, elongated QGP, which undergoes pressure-gradient-driven expansion (indicated by

arrows) until about 10 fm/c (ref.  ), resulting in an inverted, asymmetric distribution (Fig. 1f).

By contrast, tip–tip collisions form a compact, circular QGP, driving a more rapid but

symmetric expansion (Fig. 1f). In the final stage, the QGP freezes into thousands of particles,

captured as tracks in detectors, whose angular distributions reflect the initial QGP shape (Fig.

1g). This flow-assisted imaging is similar to the Coulomb explosion imaging in molecule

structure analysis , in which the spatial arrangement of atoms, ionized by an X-ray

laser or through a passage in thin foils, is deduced from their mutual Coulomb-repulsion-

driven expansion. However, the expansion duration in high-energy collisions is 10 –10  times

shorter.

The concept that the dynamics of QGP can be used to image the geometrical properties of its

initial condition was widely recognized. This understanding has facilitated the determination

of the impact parameter and fluctuations in nucleon positions , as well as the neutron skin of

the colliding nuclei , by measuring higher-order harmonic flows. However, our study took a

further step to image the shape of the colliding nuclei through their impact on the initial

condition.

Energy evolution of shapes

A pertinent question is how the shapes observed in high-energy colliders compare with those

derived from low-energy experiments. For well-deformed nuclei such as U, we expect them

to align at a basic level. However, there are other correlations (such as clustering and short-

range correlations) that manifest at increasingly faster timescales from 1,000 to a few fm/c.

Moreover, high-energy collisions also probe nuclear structure at sub-nucleonic levels, such as

quark and gluon correlations, as well as modifications caused by dense gluon fields . As a

result, the deformations observed at high energy may differ from those at low energy,

motivating us to examine nuclear phenomena across energy scales and discover new

phenomena.

Observables

In Fig. 1e, the initial shape of QGP is quantified by the eccentricity, \({\varepsilon

}_{2}=\frac{\langle {y}^{2}\rangle -\langle {x}^{2}\rangle }{\langle {y}^{2}\rangle +\langle

{x}^{2}\rangle }\), calculated from the nucleon distribution in the xy-plane, perpendicular to

the beam direction. The hydrodynamic expansion, reacting to ε , results in particle

anisotropy, described as \({\rm{d}}N/{\rm{d}}\phi \,\propto \,1+2{v}_{2}\cos (2\phi )\) aligned

with the impact parameter along the x-axis. This phenomenon, known as elliptic flow (v ) (ref. 

), is shown in Fig. 1g. Moreover, the compactness of the QGP, indicated by the inverse area of

the overlap \({d}_{\perp }\propto 1/\sqrt{\langle {x}^{2}\rangle \langle {y}^{2}\rangle }\) (ref. 

), influences the radial expansion or radial flow, captured in the event-wise average

transverse momentum ([p ]). A key discovery at RHIC was the behaviour of QGP as a nearly

perfect, inviscid fluid , effectively transforming initial geometry into final state

anisotropies. Hydrodynamic models have confirmed linear response relations: v  ∝ ε  (ref.  )

and δp  ∝ δd  (ref.  ), where \(\delta {p}_{{\rm{T}}}=[{p}_{{\rm{T}}}]-\langle

[{p}_{{\rm{T}}}]\rangle \) and \(\delta {d}_{\perp }={d}_{\perp }-\langle {d}_{\perp }\rangle \)

denote event-wise deviations from mean values.

In head-on collisions with spherical nuclei, non-zero ε  and δd  can be generated by the

random fluctuations in the position of nucleons in the overlap region. In non-head-on

collisions, apart from these stochastic elements, the overlap region also has an average

elliptical shape. This average shape significantly contributes to ε , known as reaction plane

eccentricity \({\varepsilon }_{2}^{{\rm{rp}}}\) (ref.  ) but has little effect on the radial

quantity δd .

Prolate deformation further modifies ε  and d . Body–body collisions in this context yield

high ε  and low d  values and vice versa for tip–tip collisions. This leads to enhanced, anti-

correlated event-by-event fluctuations in ε  and d  (ref.  ), measurable through observables

such as \(\langle {v}_{2}^{2}\rangle \), \(\langle {(\delta {p}_{{\rm{T}}})}^{2}\rangle \) and \

(\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle \) (ref.  ) that are linearly related to the

moments of the initial condition \(\langle {\varepsilon }_{2}^{2}\rangle \), \(\langle {(\delta

{d}_{\perp })}^{2}\rangle \) and \(\langle {\varepsilon }_{2}^{2}\delta {d}_{\perp }\rangle \).

These observables, linked to two- and three-body nucleon distributions in the intrinsic frame

(Methods), were found to have a simple parametric dependence on shape parameters :

The positive coefficients a  and b  capture the collision geometry and QGP properties. The b

values are nearly independent of the impact parameter, whereas a  values are minimized in

head-on collisions, making these collisions ideal for constraining nuclear shape. Our study

offers the first quantitative and simultaneous determination of β  and γ using all three

observables in equation (2).

Nuclear shapes from low-energy data

Our measurements use data from high-energy U +  U and Au +  Au collisions. These

species have contrasting shapes: mildly oblate Au (close to magic numbers with Z = 79

protons and N = 118 neutrons) and highly prolate U (an open shell nucleus with 92 protons

and 146 neutrons). This comparison helps us to deduce the shape of U. A state-of-the-art

beyond the mean-field model, which reproduces the bulk of experimental data on Au,

predicts deformation values of β  ≈ 0.12–0.14 and γ  ≈ 43° (ref.  ). The deformation of

U, inferred from measured transition rates within rotational spectra, is estimated to be β  

= 0.287 ± 0.007 (ref.  ).

Experimental estimates of the Uranium triaxiality have been derived from energy levels and

transition data under a rigid-rotor assumption, suggesting γ  = 6°–8° (ref.  ). An important

issue concerns the softness of γ: whether the nuclei have rigid triaxial shape or fluctuations of

γ around its mean value . This issue is complicated by possible changes of γ when nuclei are

excited . Our three-body observable \(\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle \) in

equation (2) is sensitive only to the mean of the triaxiality, not its fluctuations .

Nevertheless, measuring β  and γ  could validate our imaging method and investigate its

ground-state triaxiality.

Experimental setup and results

Our analysis uses U + U data from 2012 and Au + Au data from 2010 and 2011 at √s  = 193 GeV

and 200 GeV, respectively, using the STAR detector at RHIC. Each collision produces up to

2,000 charged particles in the STAR time-projection chamber (TPC) , covering the polar

angle range ∣θ − 90°∣ ≲ 50° and full ϕ range. The TPC tracks these particles and determines

their p . Collision events are categorized by centrality, defined as the percentage of the total

inelastic cross-section, with lower percentages indicating a larger number of created

particles. We calculate \(\langle {v}_{2}^{2}\rangle \), \(\langle {(\delta

{p}_{{\rm{T}}})}^{2}\rangle \) and \(\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle \) by

established methods  using tracks in 0.2 < p  < 3 GeV/c. The results incorporate the

uncertainties arising from track selection, reconstruction efficiency, background events and

correlations unrelated to flow (Methods).

To directly observe the shape–size correlation shown in Fig. 1e,f, we analyse the 0–0.5% most

central collisions and correlate \(\langle {v}_{2}^{2}\rangle \) with event-wise δp  values (Fig.

2a). A pronounced anticorrelation in U + U collisions aligns with the expectation : events

with small δp  are enriched with body–body collisions and large δp  are enriched with tip–tip

collisions. This effect is striking, as \(\langle {v}_{2}^{2}\rangle \) in U + U is twice that of Au + 

Au at the lowest δp , yet similar at the highest δp .

Fig. 2: Correlation between elliptic flow and radial flow.

a, \(\langle {v}_{2}^{2}\rangle \) versus \(\delta {p}_{{\rm{T}}}/\langle [{p}_{{\rm{T}}}]\rangle \) in 0–0.5%

most central Au + Au and U + U collisions. b, \({\rho }_{2}=\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle

/(\langle {v}_{2}^{2}\rangle \sqrt{\langle {(\delta {p}_{{\rm{T}}})}^{2}\rangle })\) across centrality,

quantifying the strength of v –δp  correlation. The elliptic-shaped overlaps in the transverse plane for

various centralities are also shown.

Full size image

We quantify this correlation using normalized covariance \({\rho }_{2}=\langle {v}_{2}^{2}\delta

{p}_{{\rm{T}}}\rangle /(\langle {v}_{2}^{2}\rangle \sqrt{\langle {(\delta

{p}_{{\rm{T}}})}^{2}\rangle })\) (Fig. 2b). In Au + Au collisions, ρ  is relatively constant, with a

minor decrease in the central region because of centrality smearing . This smearing can be

reduced by averaging over a wider, say 0–5% centrality range . By contrast, ρ  in U + U

collisions decreases steadily, turning negative at about 7% centrality, reflecting the large

prolate deformation of U. The deformation has the greatest impact on central collisions

but also influences other centrality ranges.

Observables in a collision system are strongly influenced by QGP properties during

hydrodynamic evolution. By taking ratios between the two systems, these final state effects

are largely mitigated: \({R}_{{\mathcal{O}}}={\langle {\mathcal{O}}\rangle

}_{{\rm{U+U}}}/{\langle {\mathcal{O}}\rangle }_{{\rm{Au+Au}}}\) (Methods). Figure 3a–c shows

ratios for the three observables. \({R}_{{v}_{2}^{2}}\) and \({R}_{{(\delta {p}_{{\rm{T}}})}^{2}}\)

increase by up to 60% in central collisions, requiring a large β , whereas \

({R}_{{v}_{2}^{2}\delta {p}_{{\rm{T}}}}\) decreases by up to threefold across centralities,

demanding a large β  and a small γ . The ratios in the 0–5% most central range, having the

greatest sensitivity to U shape, are shown as hatch bands in Fig. 3d–f.

Fig. 3: Constraining the shape of U.

a–c, Ratios of \(\langle {v}_{2}^{2}\rangle \) (a), \(\langle {(\delta {p}_{{\rm{T}}})}^{2}\rangle \) (b) and \

(\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle \) (c) between U + U and Au + Au collisions as a function

of centrality. The data are compared with the IP-Glasma + MUSIC hydrodynamic model calculation

assuming β  = 0.28 (red) and β  = 0.25 (blue), the shaded bands of which denote the model

uncertainties (Methods). d–f, Ratio values in 0–5% most central collisions (hatch bands) for \(\langle

{v}_{2}^{2}\rangle \) (d), \(\langle {(\delta {p}_{{\rm{T}}})}^{2}\rangle \) (e) and \(\langle {v}_{2}^{2}\delta

{p}_{{\rm{T}}}\rangle \) (f) are compared with model calculations as a function of \({\beta

}_{2{\rm{U}}}^{2}\) or \({\beta }_{2{\rm{U}}}^{3}\) for four γ  values. The coloured quadrilaterals

delineate the allowed ranges of \({\beta }_{2{\rm{U}}}^{2}\) or \({\beta }_{2{\rm{U}}}^{3}\) from this data-

model comparison. g, The constrained ranges of (β ,γ ) from three observables separately, and the

confidence contours obtained by combining \(\langle {(\delta {p}_{{\rm{T}}})}^{2}\rangle \) and \

(\langle {v}_{2}^{2}\delta {p}_{{\rm{T}}}\rangle \) (solid lines). The constraint from \({R}_{{v}_{2}^{2}}\) is

viewed as a lower limit and hence is not used (see main text).

Full size image

The data are compared with the state-of-the-art IP-Glasma + MUSIC hydrodynamic

model , which combines the fluctuating initial energy density distributions, relativistic

viscous hydrodynamics and hadronic transport. This model, successful in describing flow

observables at both RHIC and the LHC , parameterizes nuclear shapes with a deformed

Woods–Saxon profile,

The parameters for Au are fixed to an oblate shape with β  = 0.14 and γ  = 45° (ref.  ),

whereas those for U are varied. The model also considers final state effects by adjusting QGP

viscosities and initial condition uncertainties, including variations in nuclear radius R , skin a,

β , γ  and higher-order shapes (Extended Data Table 1). These variations are included in

the model uncertainties. The mass numbers of Au and U, differing by only 20%, result in

almost completely cancelling final state effects, leaving model uncertainties mainly from

initial conditions. In Fig. 3a–c, calculations for β  = 0.28 match central data for \({R}_{{(\delta

{p}_{{\rm{T}}})}^{2}}\) and \({R}_{{v}_{2}^{2}\delta {p}_{{\rm{T}}}}\), but overestimate \

({R}_{{v}_{2}^{2}}\) in 0–30% centrality. This overestimation stems from the limitations of the

model in describing \({\varepsilon }_{2}^{{\rm{rp}}}\)-induced v  components, which are

strongly affected by variations in the impact parameter and other structural parameters such

as nuclear radius and skin  and possible longitudinal flow decorrelations . Thus, the \

({R}_{{v}_{2}^{2}}\) comparison is expected to set only a lower bound for β  in this model.

In Fig. 3d–f, we contrast the 0–5% central data against predictions for varying β  and γ .

Calculated \({R}_{{v}_{2}^{2}}\) and \({R}_{{(\delta {p}_{{\rm{T}}})}^{2}}\) change linearly with \

({\beta }_{2{\rm{U}}}^{2}\), whereas \({R}_{{v}_{2}^{2}\delta {p}_{{\rm{T}}}}\) follows a \({\beta

}_{2{\rm{U}}}^{3}\cos (3{\gamma }_{{\rm{U}}})\) trend, aligning remarkably with equation (2).

The intersections between data and model delineate preferred β  ranges, yielding \({\beta

}_{2{\rm{U}}}({R}_{{(\delta {p}_{{\rm{T}}})}^{2}})=0.294\,\pm \,0.021\) and a lower limit value \

({\beta }_{2{\rm{U}}}({R}_{{v}_{2}^{2}})=0.234\,\pm \,0.014\). For \({R}_{{v}_{2}^{2}\delta

{p}_{{\rm{T}}}}\), the favoured β  range varies with γ . These preferred ranges are shown in

Fig. 3g. A combined analysis of constraints from \({R}_{{(\delta {p}_{{\rm{T}}})}^{2}}\) and \

({R}_{{v}_{2}^{2}\delta {p}_{{\rm{T}}}}\) is performed, yielding β  = 0.297 ± 0.015 and γ  = 8.5° 

± 4.8° (mean and 1 standard deviation, see Methods).

The data are also compared with Trajectum , another hydrodynamic model with a different

implementation of the initial condition and QGP evolution. Trajectum derives constraints on

the initial and final state parameters of the QGP based on a Bayesian analysis of the LHC data

that are then extrapolated to the RHIC energies. These constraints were not tuned to the RHIC

data but are nevertheless useful in estimating the theoretical uncertainties. The relevant

constraints are β  = 0.275 ± 0.017 and γ  = 15.5° ± 7.8°. A combination of constraints from the

two models yields β  = 0.286 ± 0.025 and γ  = 8.7° ± 4.5° (Methods).

The extracted β  value is in line with low-energy estimates , implying other sources of

nucleon, quark and gluon correlations in U are less impactful compared with its large

deformation, as supported by recent model studies . Meanwhile, the small γ  value excludes

a large triaxiality of uranium and indicates an average value remarkably consistent with the

low-energy estimate based on a similar rigid-rotor assumption. This marks the first extraction

of nuclear ground-state triaxiality without involving transitions to excited states.

Applications

The flow-assisted nuclear shape imaging is a promising tool for exploring the structure of

atomic nuclei in their ground state. The strength of this method lies in capturing a fast

snapshot of nucleon spatial distribution, applicable to any collision species. This contrasts

with nuclear spectroscopy, in which complexity varies with the position of the nucleus on the

Segrè chart. This approach is effective for discerning shape differences between species with

similar mass numbers, ideally isobar pairs. Many applications are possible, with a few

examples given here:

Odd-mass nuclides: for odd-mass nuclei, where either N or Z is odd, the nuclear shapes

should be similar to adjacent even–even nuclei. As the transition data are more

complex , the ground-state shapes are usually inferred from the data measured by laser

spectroscopy method . The high-energy approach is suitable for both odd-mass nuclei

and even–even nuclei, hence eliminating a possible source of bias in low-energy

experiments.

Octupole and hexadecapole deformations: these less common and generally weaker

deformations  can be probed through measurement of higher-order flow harmonics

(triangular and quadrangular flows).

Dynamic deformations in soft nuclei: this method could distinguish between average

deformation and transient shape fluctuations using measurements of multi-particle

correlations . For example, the sixth-particle correlator \(\langle {v}_{2}^{6}\rangle \)

has direct sensitivity to the fluctuations of γ. This information was obtained in rare cases

at low energy . Our technique, sensitive only to the ground state, also sidesteps the

complexities of disentangling shape variations during transitions to excited states.

0νββ decay: the decay rate hinges on nuclear matrix elements (NME), significantly

affected by the shapes of the initial and final species—a pair of isobars with the same

mass number. Present NME uncertainties, partly stemming from inadequate knowledge

of nuclear shapes, pose a main challenge in experimental design . This method, tailored

for isobars, allows for precisely determining shape differences between these species.

This could reduce NME uncertainties, and hence aid in experiments searching for 0νββ

decay and enhance our understanding of neutrino properties.

It would be remiss not to mention that our approach also holds promise in advancing the

study of QGP, particularly its dynamics and transport properties, which have been limited by

a poor understanding of QGP initial conditions  (Fig. 1e). By contrasting flow observables in

similarly massed but structurally different species, our technique effectively eliminates final

state effects, thereby isolating initial condition variations seeded by shape differences. This

can explain the mechanisms of initial condition formation and consequently help to improve

QGP transport property extraction through Bayesian inferences  and lead to

breakthroughs in high-energy nuclear physics.

Collective-flow-assisted nuclear shape imaging is a discovery tool for exploring nuclear

structure and high-energy nuclear collision physics. Future research could leverage colliders

to conduct experiments with selected isobaric or isobar-like pairs. The combination of high-

and low-energy techniques enables interdisciplinary research in the study of atomic nuclei

across energy scales.

Methods

Accessing information in the intrinsic frame
The nuclear shape in the intrinsic frame is not directly observable in low-energy experiments.

However, in high-energy collisions, the collective flow phenomenon is sensitive to the shape

and size of the nucleon distribution in the overlap region of the transverse plane. This

distribution, denoted as \(\rho \left({\bf{r}}\right)\) with r = x + iy, provides a direct link to the

shape characteristics of the two colliding nuclei in their intrinsic frames, as discussed below.

The elliptic shape of the heavy-ion initial state is characterized by its amplitude ε  and

direction Φ , defined by nucleon positions as

When the coordinate system is rotated such that x and y coincide with the minor and major

axes, the elliptic eccentricity coincides with the usual definition \({\varepsilon

}_{2}=\frac{\langle {y}^{2}\rangle -\langle {x}^{2}\rangle }{\langle {y}^{2}\rangle +\langle

{x}^{2}\rangle }\). The parameter ε  drives the elliptic flow v : v  ∝ ε .

Let us now consider collisions at zero impact parameter, in which, without loss of generality,

the average elliptic geometry vanishes, that is, \(\langle {{\mathcal{E}}}_{2}\rangle =0\). The

second moment of eccentricity over many events is given by

where \(\langle \rho ({\bf{r}})\rangle \) represents the event-averaged profile, and

is the usual two-body distribution. Similarly, the third central moments are related to the

three-body distribution, \(\rho \left({{\bf{r}}}_{1},{{\bf{r}}}_{2},{{\bf{r}}}_{3}\right)\,=\) \(\langle

\delta \rho ({{\bf{r}}}_{1})\delta \rho ({{\bf{r}}}_{2})\delta \rho ({{\bf{r}}}_{3})\rangle \). For

example,
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The parameters for Au are fixed to an oblate shape with β2Au = 0.14 and 
γAu = 45° (ref. 34), whereas those for U are varied. The model also con-
siders final state effects by adjusting QGP viscosities and initial condi-
tion uncertainties, including variations in nuclear radius R0, skin a, β2Au, 
γAu and higher-order shapes (Extended Data Table 1). These variations 
are included in the model uncertainties. The mass numbers of Au and 
U, differing by only 20%, result in almost completely cancelling final 
state effects, leaving model uncertainties mainly from initial condi-
tions. In Fig. 3a–c, calculations for β2U = 0.28 match central data for 
R δp( )T

2  and Rv δp2
2

T
, but overestimate Rv 2

2 in 0–30% centrality. This  
overestimation stems from the limitations of the model in describing 
ε2

rp-induced v2 components, which are strongly affected by variations 
in the impact parameter and other structural parameters such as 
nuclear radius and skin45 and possible longitudinal flow decorrela-
tions46. Thus, the Rv 2

2 comparison is expected to set only a lower bound 
for β2U in this model.

In Fig. 3d–f, we contrast the 0–5% central data against predictions 
for varying β2U and γU. Calculated Rv 2

2 and R δp( )T
2 change linearly with 

β2U
2 , whereas Rv δp2

2
T

 follows a β γcos(3 )2U
3

U  trend, aligning remarkably 
with equation (2). The intersections between data and model delineate 
preferred β2U ranges, yielding β R( ) = 0.294 ± 0.021δp2U ( )T

2  and a lower 
limit value β R( ) = 0.234 ± 0.014v2U 2

2 . For Rv δp2
2

T
, the favoured β2U range 

varies with γU. These preferred ranges are shown in Fig. 3g. A combined 
analysis of constraints from R δp( )T

2 and Rv δp2
2

T
 is performed, yielding 

β2U = 0.297 ± 0.015 and γU = 8.5° ± 4.8° (mean and 1 standard deviation, 
see Methods).

The data are also compared with Trajectum22, another hydrodynamic 
model with a different implementation of the initial condition and QGP 
evolution. Trajectum derives constraints on the initial and final state 
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Fig. 3 | Constraining the shape of 238U. a–c, Ratios of v# $2
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The data are compared with the IP-Glasma + MUSIC hydrodynamic model 
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most central collisions (hatch bands) for v# $2

2  (d), δp#( ) $T
2  (e) and v δp# $2

2
T  (f) are 

compared with model calculations as a function of β2U
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The shape phase transition for certain isotope or isotone chains, associated with the quantum phase
transition of finite nuclei, is an intriguing phenomenon in nuclear physics. A notable case is the Xe isotope
chain, where the structure transits from a γ-soft rotor to a spherical vibrator, with the second-order shape
phase transition occurring in the vicinity of 128–130Xe. In this Letter, we focus on investigating the γ-soft
deformation of 129Xe associated with the second-order shape phase transition by constructing novel
correlators for ultrarelativistic 129Xeþ 129Xe collisions. In particular, our iEBE-VISHNU model calcu-
lations show that the correlation between elliptic flow v2 and mean transverse momentum ½pT #, denoted as
ρ2, as well as the ½pT # fluctuation ΓpT

, which were previously used to claim the evidence of the rigid triaxial
deformation of 129Xe, can also be well explained by the γ-soft deformation of 129Xe. We further propose two
novel correlators ρ4;2 and ρ2;4, which carry nontrivial higher-order correlations and show unique
capabilities to distinguish between the γ-soft and the rigid triaxial deformation of 129Xe in 129Xeþ
129Xe collisions at the LHC. The present study provides a novel way to explore the second-order shape
phase transition of finite nuclei with ultrarelativistic heavy ion collisions.
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Introduction—The phase transition has been studied
extensively in various research areas of physics. In high-
energy nuclear physics, the heavy ion program at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) aims to explore the QCD phase
transition and to study the quark-gluon plasma (QGP)
[1–8]. In nuclear structure physics, the concept of the shape
phase transition of finite nuclei has been developed to
explain the rapid structural change along certain isotope or
isotone chains, associated with the dynamic interplay
between the spherical-driving pairing interaction and the
deformation-driving proton-neutron interaction [9–13]. A
deeper understanding of the shape phase transition is
crucial to unravel the collective properties residing in
atomic nuclei. In this Letter, we make the first attempt
to probe the possible second-order shape phase transition
for the Xe isotopes in the ultrarelativistic 129Xeþ 129Xe
collisions at the LHC.

In Refs. [14,15], the critical point symmetries such as
Eð5Þ and Xð5Þ have been proposed to describe and classify
the shape phase transition of finite nuclei. In the framework
of the interacting boson model (IBM) [16], the Xe isotopes
undergo a shape phase transition from a γ-soft rotor to a
spherical vibrator [17–19], with the critical point described
by the Eð5Þ symmetry [15]. Experimentally, the measured
energy spectroscopy of 128Xe agrees well with the pre-
dictions of the Eð5Þ symmetry, including the normalized
transition strengths and the branching ratios, as well as the
energy ratios between different energy levels [20].
Theoretically, several microscopic approaches have been
used to study the Eð5Þ symmetry for the Xe isotopes
[21–25], which suggests that a critical point of the second-
order shape phase transition lies in the vicinity of 128–130Xe,
associated with a γ-soft and β-soft deformation. It is also
worth mentioning that Refs. [26,27] has proposed a
Zð4Þ symmetry to describe the spectra and BðE2Þ rates
for 128;130;132Xe, where the Bohr Hamiltonian is assumed to
be β flat with the γ frozen at 30°.
The 129Xeþ 129Xe collisions at the LHC [28–32],

originally aimed at studying the system-size effects of
the QGP, can provide a novel way to identify the γ-soft and
γ-frozen deformation of 129Xe and to probe the possible
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Using the estimates from the liquid-drop model [54,56],
we express for the two quantities with the following β2 and
γ dependence:

hε42iρ4;2¼Aβ62½53þ16hcosð6γÞi&þf4;2½β62;hcosð3γÞi&;

hε22iρ2;4¼
A
16

β62½43−14hcosð6γÞi&þf2;4½β62;hcosð3γÞi&; ð8Þ

where A≡ ð75=102 502 4π3Þ, f4;2 and f2;4 are the func-
tions of β62, and hcosð3γÞi. The above expressions are
obtained with the assumptions of no β2 fluctuation and
independent rotation of the two colliding nuclei. For our
current γ configurations for either the γ-soft or the rigid
triaxial deformation of 129Xe, hcos 3γi ¼ 0, which means
that f4;2 and f2;4 terms are negligible.
Figure 2 plots the centrality dependent ρ4;2 and ρ2;4,

calculated from the TRENTo model with the same initial
state parameters as used in the full iEBE-VISHNU simu-
lations. Figure 2(a) shows that, compared to the case of
triaxially deformed 129Xe, the γ-soft deformation increases
ρ4;2. As derived in Eq. (8), the associated term hcosð6γÞi ¼
−1 for the rigid triaxial deformation with γ ¼ 30°, and
hcosð6γÞi ¼ 0 for the γ-soft deformation with 0° ≤ γ ≤ 60°.
This explains the increasing trend of Rðρ4;2Þ for the γ-soft
case. In the bottom panel of Fig. 2(a), we also plot the ratio
between the two deformations of 129Xe, Rðρ4;2Þ, defined as
RðXÞ ¼ ½ðXγ-soft − XtriaxialÞ=ðjXtriaxialjÞ&. With β2 set to 0.17,
the effect of γ-soft can be observed for the selected
centrality range, with the enhancement of Rðρ4;2Þ increas-
ing to 50% around 0.2% ultracentral collisions. Because
of the β62 dependence shown in Eq. (8), the γ-soft effect
can be significantly enhanced with a larger value of β2.

Calculations from the nuclear structure predict that the
quadrupole deformation of 129Xe is about β2 ¼ 0.17–0.20
[57,58]. We find that with β2 ¼ 0.2, the enhancement of
Rðρ4;2Þ can increase to 100% around 0.2% ultracentral
collisions. This shows the discriminatory power of ρ4;2 to
identify the γ soft and the triaxial deformation of 129Xe in
ultracentral 129Xeþ 129Xe collisions.
Figure 2(b) plots the ρ2;4 for the selected centrality range.

A small suppression within 2% can be observed after
changing from the rigid triaxial deformation to the γ-soft
deformation in the colliding nuclei 129Xe. The γ-soft effect
is much less significant compared to the ρ4;2 results shown
in Fig. 2(a). This is qualitatively consistent with the
expectations of the liquid-drop model with the associated
hcosð6γÞi term in Eq. (8), which predicts an order of
magnitude weaker γ-soft effect for ρ2;4. Despite the large
statistical uncertainties of the ρ2;4 results, a clear distinction
between the γ-soft and the rigid triaxial deformation are
already visible at β2 ¼ 0.17. The discriminating power of
ρ2;4 will be further enhanced for larger deformations, e.g.,
β2 ¼ 0.20. Therefore, we propose to simultaneously study
the associated final state correlators for ρ2;4 and ρ4;2 in
129Xeþ 129Xe collisions at the LHC, together with a
comparison with the calculations from the state-of-the-art
hydrodynamic model. This will provide a novel opportu-
nity to discover the second-order shape phase transition
associated with the γ-soft deformation of 129Xe or to
confirm the rigid triaxial deformation of 129Xe via the
observables in relativistic heavy-ion collisions at the TeV
energy scale.
Summary—The shape phase transition of finite nuclei for

certain isotope or isotone chains is a fascinating phenome-
non in nuclear physics. Calculations and measurements in
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Hot topic not only in nuclear physics ⇒ New studies at high-energy physics facilities 
(and also intermediate energies from yesterday’s talk?)

RHIC - STAR LHC - ATLAS, ALICE
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN Experimental Requirements
What can we get? 

▸ Reduced transition probabilities for transitions between low-lying 
states, mainly E2 and E3 multipolarity 

▸ Spectroscopic quadrupole moments for excited states 

▸ Rotational invariants (Q, δ) ⟹ Direct access to the nuclear shape (β, γ) 

What do we need? 

▸ Beam energies around 3-6 MeV/A 

▸ Good technique for weak-intensity beams ⟹ Large cross sections 

▸ Gamma-ray array and heavy ion detector with as good as possible 
efficiency, energy or time resolutions, and segmentations
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Low-Energy 
Coulomb 
Excitation 

Our Experience 

Possible (?) 
Experiments for 
FRIB 

Internal 
Conversion 
Electrons 

Our SLICES 
Spectrometer 

SLICES at FRIB 
or a New 
Spectrometer?



Coulex and ICE Studies at FRIB Marco Rocchini
INFNGALILEO with SPIDER

SPIDER

LaBr3:Ce

GALILEO

 (2016 - 2019)
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• GALILEO: A. Goasduff, D. Mengoni, F. Recchia, J.J. 
Valiente-Dobón et al., Nuclear Inst. and Methods in 
Physics Research A 1015 (2021) 165753 

• SPIDER: M. Rocchini, K. Hadyńska-Klȩk, A. Nannini 
et al., Nuclear Inst. and Methods in Physics Research 
A 971 (2020) 164030
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INFNAGATA with SPIDER

SPIDER
AGATA

 (2022 - ongoing)
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• AGATA: J.J. Valiente-Dobón, R. Menegazzo, A. 
Goasduff et al., Nuclear Inst. and Methods in Physics 
Research A 1049 (2023) 168040 

• SPIDER: M. Rocchini, K. Hadyńska-Klȩk, A. Nannini 
et al., Nuclear Inst. and Methods in Physics Research 
A 971 (2020) 164030
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▸ Our newest completed analysis: low-energy Coulomb 
excitation performed with a 94Zr beam on a 208Pb target 
(SPs: D.T. Doherty, M. Rocchini, M. Zielinska) 

▸ First determination in the entire Zr isotopic chain of the 21+ 
and 22+ spectroscopic quadrupole moments and the 01+ and 
02+ rotational invariants 

▸ N. Marchini, M. Rocchini, M. Zielinska, A. Nannini et al., 
submitted to Physics Letters B (advanced review phase)

More than 20 experiments performed with GALILEO and 
AGATA coupled to SPIDER from A ~ 40 to A ~ 160, with 

SPs from 3 different continents (other 3 accepted)
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Low-Energy Coulomb Excitation and Internal 
Conversion Electron Studies at FRIB INFN

Miniball 
@ISOLDE

GAMMA@Miniball
▸ Low-energy Coulomb excitation: an ideal technique to investigate the 

deformation of post-accelerated radioactive ions 

▸ Long campaign at ISOLDE with the Miniball HPGe array for the detection of 
the γ-rays and a segmented silicon detector for the scattered beam 

▸ Recent example from GAMMA (SP: A. Gottardo, M. Zielinska): Coulomb 
excitation of both the ground and the lowest-lying isomeric state of 79Zn

79Zn
208Pb target

g.s. Coulex
1/2+ isomer 
Coulex

Preliminary
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301 ms 6

Na 28
9.60e+5

30.5 ms 0.4

Na 29
3.23e+5

44.1 ms 0.9

Na 30
4.00e+5

48.4 ms 1.7

Na 31
4.20e+3

17.35 ms 0.40

Na 32
1.40e+2

12.9 ms 0.3

Na 33
1.30e+1

8.2 ms 0.4

Na 34
2.80e+0

5.5 ms 1.0

Mg 21
1.50e+4

118.6 ms 0.5

Mg 22
8.00e+6

3.8755 s 0.0012

Mg 23
2.00e+8

11.317 s 0.011

Mg 27
1.50e+7

9.435 m 0.027

Mg 28
3.58e+7

20.915 h 0.009

Mg 29
1.60e+6

1.30 s 0.12

Mg 30
6.00e+5

313 ms 4

Mg 32
3.00e+4

86 ms 5

Mg 33
3.00e+3

90.5 ms 1.6

Mg 34
1.40e+2

20 ms 10

Al 24
4.52e+3

2.053 s 0.004

Al 26
6.80e+4

717 ky 24

Al 28
4.00e+7

2.245 m 0.005

Al 29
4.50e+7

6.56 m 0.06

Al 30
2.50e+6

3.62 s 0.06

Al 31
2.50e+5

644 ms 25

Al 33
4.90e+2

41.7 ms 0.2

Al 34
8.60e+1

56.3 ms 0.5

Al 35
5.00e+0

37.2 ms 0.8

S 38
8.00e+3

170.3 m 0.7

Cl 33
1.41e+2

2.5038 s 0.0022

Cl 34
2.24e+5

1.5266 s 0.0004

Cl 38
1.50e+7

37.24 m 0.05

Cl 39
8.50e+6

56.2 m 0.6

Cl 40
6.30e+5

1.35 m 0.02

Cl 41
1.41e+5

38.4 s 0.8

Cl 42
3.80e+3

6.8 s 0.3

Cl 43
3.90e+2

3.13 s 0.09

Ar 31
3.40e+1

15.1 ms 0.3

Ar 32
3.30e+3

98 ms 2

Ar 33
1.20e+5

173.0 ms 2.0

Ar 34
3.80e+6

843.8 ms 0.4

Ar 35
2.00e+8

1.7756 s 0.0010

Ar 37
4.47e+8

35.011 d 0.019

Ar 39
5.00e+8

269 y 3

Ar 41
1.00e+8

109.61 m 0.04

Ar 43
4.84e+6

5.37 m 0.06

Ar 44
3.00e+6

11.87 m 0.05

Ar 45
1.20e+5

21.48 s 0.15

Ar 46
3.00e+4

8.4 s 0.6

Ar 47
9.60e+3

1.23 s 0.03

Ar 49
1.10e+1

236 ms 8

Ar 50
2.00e+0

106 ms 6

K 35
8.70e+3

178 ms 8

K 36
2.50e+5

341 ms 3

K 37
7.10e+6

1.2365 s 0.0009

K 38
1.40e+9

7.636 m 0.018

K 42
6.70e+9

12.355 h 0.007

K 43
1.40e+9

22.3 h 0.1

K 44
6.00e+8

22.13 m 0.19

K 45
1.70e+8

17.8 m 0.6

K 46
6.84e+8

105 s 10

K 47
2.80e+6

17.50 s 0.24

K 48
1.30e+6

6.8 s 0.2

K 49
2.70e+5

1.26 s 0.05

K 50
5.00e+4

472 ms 4

K 51
4.50e+3

365 ms 5

K 52
5.60e+2

110 ms 4

Ca 37
3.00e+1

181.1 ms 1.0

Ca 38
2.43e+5

443.70 ms 0.25

Ca 39
5.00e+5

860.3 ms 0.8

Ca 47
1.10e+7

4.536 d 0.003

Ca 49
1.40e+7

8.718 m 0.006

Ca 50
2.50e+5

13.9 s 0.6

Ca 51
1.00e+4

10.0 s 0.8

Ca 52
1.00e+2

4.6 s 0.3

Sc 42
1.50e+3

680.79 ms 0.28

Sc 43
3.00e+5

3.891 h 0.012

Sc 44
1.20e+9

4.0420 h 0.0025

Sc 46
7.00e+7

83.80 d 0.03

Sc 47
3.00e+7

3.3492 d 0.0006

Sc 48
7.70e+6

43.67 h 0.09

Sc 50
4.50e+3

102.5 s 0.5

Sc 52
1.30e+1

8.2 s 0.2

Ti 54
7.00e+0

2.1 s 1.0

Cr 48
5.00e+7

21.56 h 0.03

Cr 49
1.50e+5

42.3 m 0.1

Cr 55
2.10e+4

3.497 m 0.003

Mn 48
5.00e+0

158.1 ms 2.2

Mn 49
2.80e+3

382 ms 7

Mn 50
7.60e+5

283.19 ms 0.10

Mn 51
6.00e+7

46.2 m 0.1

Mn 52
3.80e+8

5.591 d 0.003

Mn 53
9.00e+8

3.7 My 0.4

Mn 54
1.10e+9

312.20 d 0.20

Mn 56
4.00e+8

2.5789 h 0.0001

Mn 57
1.50e+8

85.4 s 1.8

Mn 58
1.65e+7

3.0 s 0.1

Mn 59
1.50e+8

4.59 s 0.05

Mn 60
4.00e+7

280 ms 20

Mn 61
1.70e+6

709 ms 8

Mn 62
7.00e+5

92 ms 13

Mn 63
2.00e+5

275 ms 4

Mn 64
7.00e+3

88.8 ms 2.4

Mn 65
1.00e+3

91.9 ms 0.7

Mn 66
1.70e+2

64.2 ms 0.8

Mn 67
1.00e+2

46.7 ms 2.3

Mn 68
4.00e+0

33.7 ms 1.5

Mn 69
1.00e+0

22.1 ms 1.6

Fe 52
5.00e+4

8.275 h 0.008

Fe 53
3.00e+4

8.51 m 0.02

Fe 59
1.00e+8

44.495 d 0.009

Co 55
5.70e+4

17.53 h 0.03

Co 56
8.20e+5

77.236 d 0.026

Co 57
1.00e+7

271.70 d 0.10

Ni 56
3.60e+3

6.075 d 0.010

Ni 57
5.30e+6

35.60 h 0.06

Ni 59
6.00e+6

81 ky 5

Ni 65
7.00e+7

2.5175 h 0.0005

Ni 66
1.00e+8

54.6 h 0.3

Ni 67
7.00e+5

21 s 1

Ni 68
4.00e+5

29 s 2

Ni 69
2.00e+4

11.4 s 0.3

Ni 70
1.00e+4

6.0 s 0.3

Cu 57
3.00e+3

196.3 ms 0.7

Cu 58
3.00e+5

3.204 s 0.007

Cu 59
7.00e+6

81.5 s 0.5

Cu 60
5.00e+7

23.7 m 0.4

Cu 61
4.00e+8

3.339 h 0.008

Cu 62
9.00e+8

9.67 m 0.03

Cu 64
2.00e+8

12.7004 h 0.0020

Cu 66
4.00e+8

5.120 m 0.014

Cu 67
3.50e+8

61.83 h 0.12

Cu 68
3.00e+9

30.9 s 0.6

Cu 69
2.30e+8

2.85 m 0.15

Cu 70
9.00e+7

44.5 s 0.2

Cu 71
5.00e+7

19.4 s 1.4

Cu 72
1.30e+7

6.63 s 0.03

Cu 73
4.00e+6

4.2 s 0.3

Cu 74
6.00e+5

1.63 s 0.05

Cu 75
1.50e+5

1.224 s 0.003

Cu 76
2.00e+4

637.7 ms 5.5

Cu 77
2.00e+3

467.9 ms 2.1

Cu 78
2.00e+2

330.7 ms 2.0

Zn 58
1.30e+1

86.7 ms 2.4

Zn 59
5.80e+2

182.0 ms 1.8

Zn 60
2.10e+5

2.38 m 0.05

Zn 61
3.90e+6

89.1 s 0.2

Zn 62
2.30e+7

9.193 h 0.015

Zn 63
3.04e+8

38.47 m 0.05

Zn 65
2.96e+9

243.93 d 0.09

Zn 69
1.50e+8

56.4 m 0.9

Zn 71
1.10e+8

2.45 m 0.10

Zn 72
1.10e+8

46.5 h 0.1

Zn 73
3.00e+6

23.5 s 1.0

Zn 74
6.90e+7

95.6 s 1.2

Zn 75
5.60e+7

10.2 s 0.2

Zn 76
1.60e+7

5.7 s 0.3

Zn 77
7.10e+6

2.08 s 0.05

Zn 78
4.30e+6

1.47 s 0.15

Zn 79
1.00e+6

746 ms 42

Zn 80
1.40e+5

562.2 ms 3.0

Zn 81
5.50e+3

303.2 ms 2.6

Ga 61
1.00e+1

167 ms 3

Ga 62
4.00e+3

116.121 ms 0.021

Ga 63
1.20e+6

32.4 s 0.5

Ga 64
1.50e+7

2.627 m 0.012

Ga 65
9.50e+7

15.2 m 0.2

Ga 66
4.40e+8

9.304 h 0.008

Ga 67
8.00e+8

3.2617 d 0.0005

Ga 68
6.50e+8

67.845 m 0.018

Ga 70
8.00e+7

21.14 m 0.03

Ga 72
1.50e+8

14.025 h 0.010

Ga 73
2.80e+8

4.86 h 0.03

Ga 74
1.80e+8

8.12 m 0.12

Ga 75
5.00e+7

126 s 2

Ga 76
3.00e+7

32.6 s 0.6

Ga 77
7.70e+6

13.2 s 0.2

Ga 78
1.00e+7

5.09 s 0.05

Ga 79
5.50e+6

2.848 s 0.003

Ga 80
3.20e+6

1.9 s 0.1

Ga 81
1.30e+6

1.217 s 0.005

Ga 82
2.00e+5

599 ms 2

Ga 83
4.50e+3

308.1 ms 1.0

Ga 84
8.00e+1

85 ms 10

Ga 85
1.20e+1

92.2 ms 3.5

Ga 86
1.50e+0

47 ms 18

Ge 66
2.19e+6

2.26 h 0.05

Ge 67
7.96e+6

18.9 m 0.3

Ge 69
1.02e+8

39.05 h 0.10

Ge 75
4.80e+5

82.78 m 0.04

Ge 77
4.00e+7

11.211 h 0.003

Ge 78
1.00e+8

88.0 m 1.0

Ge 79
1.20e+7

18.98 s 0.03

Ge 80
2.50e+6

29.5 s 0.4

Ge 81
1.30e+6

8 s 2

Ge 82
7.00e+4

4.56 s 0.26

As 68
7.25e+5

151.6 s 0.8

As 69
1.95e+7

15.2 m 0.2

As 70
1.38e+8

52.6 m 0.3

As 71
9.70e+8

65.30 h 0.07

As 72
3.00e+8

26.0 h 0.1

As 73
1.00e+9

80.30 d 0.06

As 74
1.90e+8

17.77 d 0.02

As 78
1.50e+8

90.7 m 0.2

As 80
5.00e+6

15.2 s 0.2

As 81
3.00e+6

33.3 s 0.8

As 82
6.00e+5

19.1 s 0.5

As 85
2.00e+4

2.021 s 0.012

Se 69
4.07e+3

27.4 s 0.2

Se 70
4.08e+6

41.1 m 0.3

Se 71
5.17e+6

4.74 m 0.05

Se 72
3.00e+8

8.40 d 0.08

Se 73
3.00e+8

7.15 h 0.08

Se 75
2.40e+8

119.78 d 0.05

Se 77
1.76e+6

stbl

Se 79
2.15e+5

327 ky 28

Se 81
2.10e+5

18.45 m 0.12

Se 83
3.90e+3

22.25 m 0.04

Se 87
5.60e+4

5.50 s 0.14

Br 70
4.00e+3

79.1 ms 0.8

Br 71
5.60e+5

21.4 s 0.6

Br 72
1.00e+7

78.6 s 2.4

Br 73
1.80e+8

3.4 m 0.2

Br 74
1.30e+9

25.4 m 0.3

Br 75
4.00e+9

96.7 m 1.3

Br 76
7.10e+9

16.2 h 0.2

Br 77
7.10e+9

57.04 h 0.12

Br 78
3.20e+9

6.45 m 0.04

Br 79
3.20e+7

stbl

Br 80
7.10e+8

17.68 m 0.02

Br 82
4.00e+7

35.282 h 0.007

Br 83
1.72e+8

2.374 h 0.004

Br 84
5.00e+5

31.76 m 0.08

Br 85
7.59e+7

2.90 m 0.06

Br 86
3.56e+7

55.1 s 0.4

Br 87
2.88e+7

55.65 s 0.12

Br 88
1.21e+7

16.34 s 0.08

Br 89
4.42e+6

4.357 s 0.022

Br 90
7.35e+5

1.910 s 0.010

Br 91
6.00e+4

543 ms 4

Br 92
1.26e+4

0.314 s 0.016

Br 93
4.55e+2

152 ms 8

Br 94
4.80e+1

70 ms 20

Kr 69
2.60e-4

28 ms 1

Kr 70
3.00e-2

52 ms 17

Kr 71
4.50e+2

100 ms 3

Kr 72
2.00e+4

17.16 s 0.18

Kr 73
1.20e+6

27.3 s 1.0

Kr 74
6.30e+6

11.50 m 0.11

Kr 75
7.10e+6

4.60 m 0.07

Kr 76
1.20e+8

14.8 h 0.1

Kr 77
2.00e+8

74.4 m 0.6

Kr 79
2.30e+9

35.04 h 0.10

Kr 81
5.00e+8

229 ky 11

Kr 85
3.00e+9

10.739 y 0.014

Kr 87
2.00e+9

76.3 m 0.5

Kr 88
1.30e+9

2.825 h 0.019

Kr 89
6.70e+8

3.15 m 0.04

Kr 90
5.10e+8

32.32 s 0.09

Kr 91
3.90e+8

8.57 s 0.04

Kr 92
1.30e+8

1.840 s 0.008

Kr 93
3.60e+7

1.286 s 0.010

Kr 94
3.30e+6

212 ms 5

Kr 95
3.40e+5

114 ms 3

Kr 96
1.30e+5

80 ms 8

Kr 97
6.50e+3

62.2 ms 3.2

Kr 98
4.70e+2

42.8 ms 3.6

Kr 99
9.00e+0

40 ms 11

Rb 74
1.00e+3

64.776 ms 0.030

Rb 75
1.39e+6

19.0 s 1.2

Rb 76
3.58e+7

36.5 s 0.6

Rb 77
2.90e+8

3.78 m 0.04

Rb 78
2.40e+9

17.66 m 0.03

Rb 79
1.20e+10

22.9 m 0.5

Rb 80
1.90e+10

33.4 s 0.7

Rb 81
3.80e+10

4.572 h 0.004

Rb 82
2.40e+10

1.273 m 0.002

Rb 83
1.50e+10

86.2 d 0.1

Rb 84
6.00e+9

32.82 d 0.07

Rb 85
3.55e+9

stbl

Rb 86
5.68e+9

18.642 d 0.018

Rb 87
6.22e+9

49.7 Gy 0.3

Rb 88
5.08e+9

17.773 m 0.018

Rb 89
7.26e+9

15.32 m 0.10

Rb 90
7.18e+9

158 s 5

Rb 91
4.99e+9

58.2 s 0.3

Rb 92
3.16e+9

4.48 s 0.03

Rb 93
1.62e+9

5.84 s 0.02

Rb 94
1.08e+9

2.702 s 0.005

Rb 95
4.00e+7

377.7 ms 0.8

Rb 96
1.40e+7

201 ms 1

Rb 97
5.60e+6

169.1 ms 0.6

Rb 98
3.20e+6

114 ms 5

Rb 99
4.00e+5

56.4 ms 1.2

Rb 100
2.50e+4

48 ms 3

Rb 102
2.50e+2

37 ms 3

Sr 75
2.50e+0

88 ms 3

Sr 76
8.67e+2

7.89 s 0.07

Sr 77
5.12e+4

9.0 s 0.2

Sr 78
2.20e+6

156.1 s 2.7

Sr 79
3.07e+7

2.25 m 0.10

Sr 80
3.40e+8

106.3 m 1.5

Sr 81
7.40e+8

22.3 m 0.4

Sr 82
3.20e+9

25.36 d 0.03

Sr 83
4.06e+9

32.41 h 0.03

Sr 84
9.20e+9

stbl

Sr 85
3.47e+8

64.849 d 0.007

Sr 86
4.40e+9

stbl

Sr 87
4.46e+9

stbl

Sr 88
1.10e+9

stbl

Sr 90
1.70e+9

28.79 y 0.06

Sr 91
1.20e+6

9.65 h 0.06

Sr 92
2.00e+9

2.611 h 0.017

Sr 94
2.80e+8

75.3 s 0.2

Sr 95
5.60e+8

23.90 s 0.14

Sr 96
5.70e+6

1.07 s 0.01

Sr 100
6.00e+3

202 ms 3

Sr 102
3.00e+1

69 ms 6

Y 80
5.65e+3

30.1 s 0.5

Y 81
3.71e+4

70.4 s 1.0

Y 82
7.35e+4

8.30 s 0.20

Y 83
1.12e+7

7.08 m 0.08

Y 84
2.00e+7

39.5 m 0.8

Y 85
7.06e+7

2.68 h 0.05

Y 86
6.21e+8

14.74 h 0.02

Y 87
2.26e+9

79.8 h 0.3

Y 89
1.67e+7

stbl

Y 95
7.80e+4

10.3 m 0.1

Y 100
1.10e+3

735 ms 7

Pd 115
1.80e+5

25 s 2

Ag 99
3.40e+2

2.07 m 0.05

Ag 100
2.30e+3

2.01 m 0.09

Ag 101
7.80e+4

11.1 m 0.3

Ag 102
3.60e+5

12.9 m 0.3

Ag 103
1.70e+6

65.7 m 0.7

Ag 104
2.50e+6

69.2 m 1.0

Ag 105
2.90e+7

41.29 d 0.07

Ag 107
1.50e+6

stbl

Ag 108
3.00e+7

2.382 m 0.011

Ag 109
6.00e+8

stbl

Ag 110
1.00e+8

24.56 s 0.11

Ag 111
3.00e+10

7.433 d 0.010

Ag 112
1.00e+9

3.130 h 0.008

Ag 113
2.80e+9

5.37 h 0.05

Ag 114
1.70e+9

4.6 s 0.1

Ag 116
5.90e+6

3.83 m 0.08

Ag 118
1.00e+8

3.76 s 0.15

Cd 97
1.00e+0

1.10 s 0.08

Cd 98
1.00e+1

9.2 s 0.3

Cd 99
4.50e+2

16 s 3

Cd 100
1.00e+5

49.1 s 0.5

Cd 101
8.90e+5

1.36 m 0.05

Cd 102
6.30e+6

5.5 m 0.5

Cd 103
4.50e+7

7.3 m 0.1

Cd 104
8.90e+7

57.7 m 1.0

Cd 105
3.50e+8

55.5 m 0.4

Cd 107
1.00e+8

6.50 h 0.02

Cd 108
5.60e+8

stbl >410Py

Cd 109
4.00e+8

461.6 d 0.4

Cd 110
5.60e+8

stbl

Cd 111
5.60e+8

stbl

Cd 115
1.10e+8

53.46 h 0.05

Cd 117
6.20e+7

2.49 h 0.04

Cd 118
6.00e+8

50.3 m 0.2

Cd 119
1.80e+7

2.69 m 0.02

Cd 120
1.10e+8

50.80 s 0.21

Cd 121
1.80e+8

13.5 s 0.3

Cd 122
3.50e+7

5.24 s 0.03

Cd 123
3.00e+6

2.10 s 0.02

Cd 124
7.70e+6

1.25 s 0.02

Cd 125
6.00e+4

680 ms 40

Cd 126
8.90e+5

513 ms 6

Cd 127
1.00e+4

330 ms 20

Cd 128
1.30e+5

246 ms 2

Cd 129
2.00e+2

151.5 ms 5.7

Cd 130
1.00e+4

126.8 ms 1.8

Cd 131
1.00e+3

98 ms 2

Cd 132
1.00e+1

82 ms 4

In 100
7.60e+0

5.83 s 0.17

In 101
1.90e+2

15.1 s 1.1

In 102
4.30e+3

23.3 s 0.1

In 103
4.00e+4

60 s 1

In 104
4.90e+5

1.80 m 0.03

In 105
1.30e+6

5.07 m 0.07

In 106
3.70e+6

6.2 m 0.1

In 107
1.60e+7

32.4 m 0.3

In 108
3.00e+7

58.0 m 1.2

In 109
1.70e+7

4.167 h 0.018

In 110
4.00e+8

4.92 h 0.08

In 111
3.50e+5

2.8063 d 0.0007

In 112
4.20e+8

14.88 m 0.15

In 113
7.20e+8

stbl

In 114
8.00e+8

71.9 s 0.1

In 116
1.60e+8

14.10 s 0.03

In 117
3.50e+8

43.2 m 0.3

In 118
7.90e+8

5.0 s 0.5

In 119
1.00e+9

2.4 m 0.1

In 120
6.30e+8

3.08 s 0.08

In 121
7.00e+8

23.1 s 0.6

In 122
2.50e+8

1.5 s 0.3

In 123
5.00e+8

6.17 s 0.05

In 124
1.40e+8

3.12 s 0.09

In 125
7.00e+7

2.36 s 0.04

In 126
3.20e+7

1.53 s 0.01

In 127
2.00e+7

1.09 s 0.01

In 128
4.40e+3

816 ms 27

In 129
1.10e+3

570 ms 10

In 130
2.50e+6

284 ms 10

In 131
5.00e+5

261 ms 3

In 132
1.00e+5

198 ms 2

In 133
1.10e+3

165 ms 3

In 134
9.50e+1

140 ms 4

In 135
2.40e+0

101 ms 4

Sn 105
8.00e+4

34 s 1

Sn 106
1.60e+6

1.92 m 0.08

Sn 107
2.00e+7

2.90 m 0.05

Sn 108
1.40e+8

10.30 m 0.08

Sn 109
1.00e+9

18.0 m 0.2

Sn 110
1.80e+9

4.154 h 0.004

Sn 111
1.60e+5

35.3 m 0.6

Sn 113
6.00e+9

115.09 d 0.03

Sn 123
5.00e+8

129.2 d 0.4

Sn 125
1.30e+8

9.64 d 0.03

Sn 127
6.00e+7

2.10 h 0.04

Sn 129
5.00e+7

2.23 m 0.04

Sn 131
1.50e+7

56.0 s 0.5

Sn 132
3.00e+8

39.7 s 0.8

Sn 133
1.50e+7

1.46 s 0.03

Sn 134
2.00e+6

890 ms 20

Sn 135
1.00e+5

515 ms 5

Sn 136
4.00e+3

350 ms 5

Sn 137
1.00e+2

273 ms 7

Sn 138
2.50e+0

150 ms 30

Sb 112
2.50e+4

53.5 s 0.6

Sb 113
1.10e+7

6.67 m 0.07

Sb 114
6.00e+7

3.49 m 0.03

Sb 131
3.20e+9

23.03 m 0.04

Sb 132
1.00e+8

2.79 m 0.07

Sb 133
1.30e+7

2.34 m 0.05

Sb 134
6.00e+6

780 ms 60

Te 116
1.00e+6

2.49 h 0.04

Te 117
1.00e+6

62 m 2

Te 131
1.00e+8

25.0 m 0.1

Te 132
7.00e+8

3.204 d 0.013

Te 133
6.60e+8

12.5 m 0.3

Te 134
4.00e+8

41.8 m 0.8

Te 135
4.00e+6

19.0 s 0.2

Te 136
4.00e+7

17.63 s 0.08

I 114
1.00e+1

2.1 s 0.2

I 115
8.00e+4

1.3 m 0.2

I 116
5.00e+4

2.91 s 0.15

I 117
2.50e+6

2.22 m 0.04

I 118
1.60e+7

13.7 m 0.5

I 119
3.40e+7

19.1 m 0.4

I 120
1.30e+8

81.67 m 0.18

I 121
1.10e+8

2.12 h 0.01

I 122
1.50e+7

3.63 m 0.06

I 123
8.50e+8

13.2235 h 0.0019

I 124
4.50e+7

4.1760 d 0.0003

I 125
2.10e+7

59.407 d 0.010

I 126
3.50e+7

12.93 d 0.05

I 128
7.70e+7

24.99 m 0.02

I 130
1.50e+5

12.36 h 0.01

I 132
2.70e+8

2.295 h 0.013

I 133
6.00e+8

20.83 h 0.08

I 134
4.00e+8

52.5 m 0.2

I 135
2.80e+9

6.58 h 0.03

I 136
1.30e+8

83.4 s 1.0

I 137
1.30e+7

24.13 s 0.12

I 138
3.30e+6

6.23 s 0.03

I 139
9.00e+5

2.282 s 0.010

I 140
1.00e+5

860 ms 40

I 141
2.00e+4

430 ms 20

I 142
2.30e+3

222 ms 12

Xe 112
4.20e+1

2.7 s 0.8

Xe 113
1.30e+3

2.74 s 0.08

Xe 114
6.50e+4

10.0 s 0.4

Xe 115
7.60e+5

18 s 4

Xe 116
6.50e+6

59 s 2

Xe 117
5.00e+7

61 s 2

Xe 118
1.60e+8

3.8 m 0.9

Xe 119
8.20e+8

5.8 m 0.3

Xe 120
1.80e+9

46.0 m 0.6

Xe 121
2.80e+9

40.1 m 2.0

Xe 122
9.30e+9

20.1 h 0.1

Xe 123
1.20e+10

2.08 h 0.02

Xe 124
2.60e+10

stbl >200Ty

Xe 125
2.80e+10

16.9 h 0.2

Xe 126
3.10e+10

stbl

Xe 127
3.10e+10

36.346 d 0.003

Xe 128
2.30e+10

stbl

Xe 129
1.80e+10

stbl

Xe 130
6.60e+9

stbl

Xe 131
9.80e+8

stbl

Xe 132
1.80e+9

stbl

Xe 133
3.10e+8

5.2475 d 0.0005

Xe 135
3.43e+9

9.14 h 0.02

Xe 137
7.50e+8

3.818 m 0.013

Xe 138
5.70e+8

14.14 m 0.05

Xe 139
5.50e+8

39.68 s 0.14

Xe 140
3.50e+8

13.60 s 0.10

Xe 141
1.10e+8

1.73 s 0.01

Xe 142
4.80e+7

1.23 s 0.02

Xe 143
6.60e+6

511 ms 6

Xe 144
9.90e+5

388 ms 7

Xe 145
2.60e+5

188 ms 4

Xe 146
1.80e+3

146 ms 6

Xe 147
1.30e+1

130 ms 80

Cs 114
8.40e+0

570 ms 20

Cs 115
3.20e+2

1.4 s 0.8

Cs 116
2.80e+3

700 ms 40

Cs 117
1.20e+5

8.4 s 0.6

Cs 118
1.60e+7

14 s 2

Cs 119
1.30e+3

43.0 s 0.2

Cs 120
1.30e+9

60.4 s 0.6

Cs 121
7.30e+9

155 s 4

Cs 122
1.00e+10

21.18 s 0.19

Cs 123
5.00e+10

5.88 m 0.03

Cs 124
3.20e+10

30.9 s 0.4

Cs 125
1.10e+11

46.7 m 0.1

Cs 126
6.90e+10

1.64 m 0.02

Cs 127
1.30e+11

6.25 h 0.10

Cs 128
6.40e+10

3.640 m 0.014

Cs 129
8.50e+10

32.06 h 0.06

Cs 130
5.90e+10

29.21 m 0.04

Cs 131
5.00e+10

9.689 d 0.016

Cs 132
3.90e+10

6.480 d 0.006

Cs 133
2.80e+10

stbl

Cs 134
1.90e+10

2.0652 y 0.0004

Cs 135
1.30e+10

1.33 My 0.19

Cs 136
1.23e+10

13.16 d 0.03

Cs 137
1.69e+10

30.08 y 0.09

Cs 139
3.81e+9

9.27 m 0.05

Cs 140
3.43e+9

63.7 s 0.3

Cs 141
1.50e+9

24.84 s 0.16

Cs 142
3.43e+9

1.684 s 0.014

Cs 143
1.50e+9

1.791 s 0.007

Cs 145
2.10e+7

582 ms 6

Cs 146
3.80e+6

323 ms 6

Cs 147
1.10e+6

230 ms 1

Cs 148
2.50e+5

145 ms 4

Cs 149
7.10e+4

113 ms 8

Cs 150
1.20e+4

84.4 ms 8.2

Cs 151
1.70e+3

69 ms 26

Ba 122
7.90e+7

1.95 m 0.15

Ba 123
3.80e+8

2.7 m 0.4

Ba 124
2.50e+9

11.0 m 0.5

Ba 125
1.00e+7

3.3 m 0.3

Ba 126
1.60e+10

100 m 2

Ba 127
6.30e+9

12.7 m 0.4

Ba 128
2.40e+10

2.43 d 0.05

Ba 129
1.20e+10

2.23 h 0.11

Ba 130
3.20e+10

stbl ~1Zy

Ba 131
8.90e+9

11.52 d 0.01

Ba 132
5.00e+10

stbl >300Ey

Ba 134
5.60e+10

stbl

Ba 136
5.60e+10

stbl

Ba 137
3.60e+8

stbl

Ba 138
2.40e+10

stbl

Ba 140
3.40e+8

12.7527 d 0.0023

Ba 142
7.40e+7

10.6 m 0.2

Ba 144
6.70e+6

11.5 s 0.2

Ba 146
1.90e+5

2.22 s 0.07

La 128
1.10e+7

5.18 m 0.14

La 129
7.10e+6

11.6 m 0.2

Ce 133
1.90e+6

97 m 4

Pr 133
1.50e+7

6.5 m 0.3

Pr 135
2.70e+7

24 m 1

Pr 142
1.00e+7

19.12 h 0.04

Nd 134
1.00e+7

8.5 m 1.5

Nd 135
2.10e+7

12.4 m 0.6

Nd 137
7.10e+6

38.5 m 1.5

Nd 141
1.20e+5

2.49 h 0.03

Nd 147
5.40e+6

10.98 d 0.01

Pm 135
6.00e+6

49 s 3

Pm 136
1.00e+7

107 s 6

Pm 137
3.30e+7

2# m

Pm 138
5.60e+7

10 s 2

Pm 139
5.90e+7

4.15 m 0.05

Pm 140
1.70e+8

9.2 s 0.2

Pm 141
9.10e+7

20.90 m 0.05

Pm 149
4.30e+5

53.08 h 0.05

Pm 150
1.00e+5

2.698 h 0.015

Pm 151
2.10e+6

28.40 h 0.04

Sm 138
5.10e+6

3.1 m 0.2

Sm 139
7.60e+7

2.57 m 0.10

Sm 140
2.00e+8

14.82 m 0.12

Sm 141
2.60e+8

10.2 m 0.2

Sm 142
2.80e+8

72.49 m 0.05

Sm 143
1.30e+9

8.75 m 0.06

Sm 145
2.10e+8

340 d 3

Sm 153
8.70e+7

46.284 h 0.004

Eu 139
7.00e+5

17.9 s 0.6

Eu 140
2.00e+6

1.51 s 0.02

Eu 141
8.40e+7

40.7 s 0.7

Eu 142
2.00e+8

2.36 s 0.10

Eu 143
4.00e+8

2.59 m 0.02

Eu 144
5.60e+8

10.2 s 0.1

Eu 145
7.00e+8

5.93 d 0.04

Eu 146
5.30e+8

4.61 d 0.03

Eu 147
3.40e+8

24.1 d 0.6

Eu 149
5.30e+8

93.1 d 0.4

Eu 150
3.50e+7

36.9 y 0.9

Eu 152
3.20e+8

13.517 y 0.009

Eu 154
2.10e+8

8.601 y 0.010

Eu 156
1.30e+6

15.19 d 0.08

Gd 142
1.20e+6

70.2 s 0.6

Gd 143
1.00e+6

39 s 2

Gd 144
4.00e+7

4.47 m 0.06

Gd 145
9.50e+6

23.0 m 0.4

Gd 146
4.00e+8

48.27 d 0.10

Gd 148
6.00e+8

70.9 y 1.0

Gd 150
4.00e+8

1.79 My 0.08

Gd 152
2.50e+8

108 Ty 8

Gd 154
3.00e+7

stbl

Tb 145
1.70e+7

30.9 s 0.6

Tb 146
8.40e+7

8 s 4

Tb 147
3.00e+8

1.64 h 0.03

Tb 148
3.00e+8

60 m 1

Tb 149
2.00e+8

4.118 h 0.025

Tb 150
3.00e+8

3.48 h 0.16

Tb 152
4.30e+6

17.5 h 0.1

Tb 157
8.90e+6

71 y 7

Tb 158
8.30e+6

180 y 11

Dy 146
5.00e+6

33.2 s 0.7

Dy 148
2.90e+8

3.3 m 0.2

Dy 149
1.10e+9

4.20 m 0.14

Dy 150
2.40e+9

7.17 m 0.05

Dy 151
7.30e+9

17.9 m 0.3

Dy 152
5.90e+9

2.38 h 0.02

Dy 154
8.50e+9

3.0 My 1.5

Dy 156
3.90e+9

stbl >1Ey

Dy 157
3.70e+8

8.14 h 0.04

Dy 158
2.50e+9

stbl

Ho 149
5.30e+5

21.1 s 0.2

Ho 150
1.00e+6

76.8 s 1.8

Ho 151
1.00e+8

35.2 s 0.1

Ho 152
1.30e+7

161.8 s 0.3

Ho 154
7.90e+8

11.76 m 0.19

Ho 155
1.10e+10

48 m 1

Ho 157
6.70e+9

12.6 m 0.2

Ho 158
2.80e+10

11.3 m 0.4

Ho 159
1.60e+8

33.05 m 0.11

Ho 160
2.80e+10

25.6 m 0.3

Ho 169
2.50e+8

4.72 m 0.10

Ho 170
1.30e+8

2.76 m 0.05

Er 150
7.00e+6

18.5 s 0.7

Er 151
5.60e+7

23.5 s 2.0

Er 152
7.00e+7

10.3 s 0.1

Er 153
7.10e+8

37.1 s 0.2

Er 154
6.00e+8

3.73 m 0.09

Er 155
1.20e+9

5.3 m 0.3

Er 156
6.00e+8

19.5 m 1.0

Er 158
5.80e+8

2.29 h 0.06

Er 159
1.60e+8

36 m 1

Er 160
4.00e+8

28.58 h 0.09

Er 161
2.90e+8

3.21 h 0.03

Tm 153
1.00e+7

1.48 s 0.01

Tm 154
1.10e+8

8.1 s 0.3

Tm 155
4.00e+8

21.6 s 0.2

Tm 157
1.10e+9

3.63 m 0.09

Tm 158
1.20e+9

3.98 m 0.06

Tm 159
2.70e+8

9.13 m 0.16

Tm 160
1.50e+8

9.4 m 0.3

Tm 161
1.30e+9

30.2 m 0.8

Tm 162
3.00e+8

21.70 m 0.19

Tm 163
2.30e+8

1.810 h 0.005

Tm 164
3.90e+7

2.0 m 0.1

Tm 165
1.10e+9

30.06 h 0.03

Tm 167
6.80e+9

9.25 d 0.02

Yb 153
2.50e+4

4.2 s 0.2

Yb 154
2.00e+3

409 ms 2

Yb 155
7.90e+6

1.793 s 0.019

Yb 156
3.20e+7

26.1 s 0.7

Yb 157
2.20e+8

38.6 s 1.0

Yb 158
9.30e+8

1.49 m 0.13

Yb 159
1.80e+9

1.67 m 0.09

Yb 160
4.00e+9

4.8 m 0.2

Yb 161
5.00e+9

4.2 m 0.2

Yb 162
6.20e+9

18.87 m 0.19

Yb 163
1.20e+10

11.05 m 0.35

Yb 164
1.40e+10

75.8 m 1.7

Yb 165
3.60e+10

9.9 m 0.3

Yb 166
2.00e+10

56.7 h 0.1

Yb 167
1.20e+10

17.5 m 0.2

Yb 168
2.40e+10

stbl >130Ty

Yb 169
3.20e+9

32.018 d 0.005

Yb 170
1.70e+9

stbl

Yb 171
1.10e+9

stbl

Yb 172
9.00e+8

stbl

Yb 173
4.00e+8

stbl

Yb 174
5.50e+8

stbl

Yb 175
1.00e+8

4.185 d 0.001

Yb 176
1.00e+8

stbl >160Py

Yb 177
8.30e+7

1.911 h 0.003

Lu 157
1.00e+7

6.8 s 1.8

Lu 158
3.10e+5

10.6 s 0.3

Lu 159
3.50e+5

12.1 s 1.0

Lu 160
1.00e+8

36.1 s 0.3

Lu 161
7.00e+5

77 s 2

Lu 162
1.80e+7

1.37 m 0.02

Lu 163
1.60e+7

3.97 m 0.13

Lu 164
3.00e+7

3.14 m 0.03

Lu 165
2.00e+8

10.74 m 0.10

Lu 166
3.60e+9

2.65 m 0.10

Lu 167
1.20e+9

51.5 m 1.0

Lu 168
7.90e+8

5.5 m 0.1

Lu 170
2.30e+9

2.012 d 0.020

Hf 166
5.67e+5

6.77 m 0.30

Hf 167
2.22e+5

2.05 m 0.05

Hf 168
5.34e+5

25.95 m 0.20

Hf 169
5.59e+5

3.24 m 0.04

Hf 170
1.41e+8

16.01 h 0.13

Hf 171
1.07e+8

12.1 h 0.4

Hf 173
2.00e+8

23.6 h 0.1

Hf 177
6.13e+4

stbl

Hf 178
1.02e+5

stbl

Hf 179
1.46e+5

stbl

Hf 180
2.82e+6

stbl

Au 201
4.00e+4

26.0 m 0.8

Au 202
1.40e+3

28.4 s 1.2

Hg 177
8.90e-1

127.3 ms 1.8

Hg 178
3.80e+1

266.5 ms 2.4

Hg 179
1.60e+3

1.05 s 0.03

Hg 180
4.00e+5

2.59 s 0.01

Hg 181
7.10e+5

3.6 s 0.1

Hg 182
7.90e+6

10.83 s 0.06

Hg 183
4.50e+7

9.4 s 0.7

Hg 184
1.30e+8

30.87 s 0.26

Hg 185
2.50e+8

49.1 s 1.0

Hg 186
1.30e+9

1.38 m 0.06

Hg 187
1.30e+9

1.9 m 0.3

Hg 188
2.00e+9

3.25 m 0.15

Hg 189
3.20e+9

7.6 m 0.1

Hg 190
7.20e+9

20.0 m 0.5

Hg 191
5.00e+9

49 m 10

Hg 192
6.30e+9

4.85 h 0.20

Hg 193
1.20e+10

3.80 h 0.15

Hg 194
7.10e+9

447 y 28

Hg 195
1.10e+10

10.69 h 0.16

Hg 196
7.10e+9

stbl >2.5Ey

Hg 197
1.80e+10

64.94 h 0.07

Hg 198
6.30e+9

stbl

Hg 199
2.00e+10

stbl

Hg 200
4.20e+9

stbl

Hg 201
2.80e+9

stbl

Hg 202
7.90e+8

stbl

Hg 203
1.20e+9

46.613 d 0.018

Hg 205
1.80e+8

5.14 m 0.09

Hg 206
1.50e+8

8.32 m 0.07

Tl 179
3.10e+0

265 ms 10

Tl 180
6.10e+2

1.09 s 0.01

Tl 181
3.90e+3

3.2 s 0.3

Tl 182
3.20e+4

1.9 s 0.1

Tl 183
2.60e+5

6.9 s 0.7

Tl 184
1.70e+6

9.5 s 0.2

Tl 185
5.60e+4

19.5 s 0.5

Tl 186
3.30e+7

40# s

Tl 187
2.70e+4

~51 s

Tl 188
6.10e+7

71 s 2

Tl 189
4.90e+7

2.3 m 0.2

Tl 190
8.10e+7

2.6 m 0.3

Tl 191
5.50e+7

20# m

Tl 192
9.60e+7

9.6 m 0.4

Tl 193
1.70e+7

21.6 m 0.8

Tl 194
5.20e+7

33.0 m 0.5

Tl 195
2.10e+7

1.16 h 0.05

Tl 196
2.80e+7

1.84 h 0.03

Tl 197
6.80e+6

2.84 h 0.04

Tl 199
1.10e+6

7.42 h 0.08

Tl 200
2.50e+6

26.1 h 0.1

Tl 207
5.00e+7

4.77 m 0.02

Pb 183
1.20e+1

535 ms 30

Pb 184
2.20e+2

490 ms 25

Pb 185
6.80e+2

6.3 s 0.4

Pb 186
4.60e+4

4.82 s 0.03

Pb 187
6.80e+5

15.2 s 0.3

Pb 188
1.70e+6

25.1 s 0.1

Pb 189
9.20e+6

39 s 8

Pb 190
2.30e+7

71 s 1

Pb 191
3.70e+7

1.33 m 0.08

Pb 192
4.00e+7

3.5 m 0.1

Pb 193
9.10e+7

5# m

Pb 194
8.60e+7

10.7 m 0.6

Pb 195
1.20e+8

~15 m

Pb 196
2.00e+7

37 m 3

Pb 197
1.50e+7

8.1 m 1.7

Pb 198
1.80e+7

2.4 h 0.1

Pb 199
3.70e+7

90 m 10

Pb 200
1.80e+7

21.5 h 0.4

Pb 201
8.10e+6

9.33 h 0.03

Pb 202
4.60e+6

52.5 ky 2.8

Pb 203
6.40e+5

51.916 h 0.015

Pb 204
4.50e+7

stbl >140Py

Pb 215
3.00e-1

2.34 m 0.19

Bi 188
2.10e+1

60 ms 3

Bi 189
1.40e+2

658 ms 47

Bi 190
1.00e+3

6.3 s 0.1

Bi 191
3.00e+4

11.7 s 0.4

Bi 192
1.10e+5

34.6 s 0.9

Bi 193
3.00e+6

63.6 s 3.0

Bi 194
1.60e+7

95 s 3

Bi 195
1.40e+7

183 s 4

Bi 196
2.20e+7

5.1 m 0.2

Bi 197
1.10e+7

9.33 m 0.50

Bi 198
9.30e+6

10.3 m 0.3

Bi 199
1.20e+7

27 m 1

Bi 200
2.00e+7

36.4 m 0.5

Bi 201
2.70e+6

103 m 3

Bi 202
1.00e+7

1.72 h 0.05

Bi 203
1.90e+6

11.76 h 0.05

Bi 204
6.20e+6

11.22 h 0.10

Bi 214
1.10e+4

19.9 m 0.4

Bi 215
1.40e+3

7.6 m 0.2

Bi 218
4.40e+1

33 s 1

Po 193
1.20e+2

388 ms 40

Po 194
2.70e+3

392 ms 4

Po 195
5.50e+4

4.64 s 0.09

Po 196
4.80e+5

5.56 s 0.09

Po 197
2.40e+6

53.6 s 0.9

Po 198
1.20e+7

1.760 m 0.024

Po 199
3.30e+6

5.47 m 0.15

Po 200
9.90e+7

11.51 m 0.08

Po 201
9.50e+7

15.6 m 0.1

Po 202
1.00e+8

44.6 m 0.4

Po 204
1.10e+7

3.519 h 0.012

Po 205
6.00e+7

1.74 h 0.08

At 196
1.50e+2

388 ms 7

At 197
1.90e+5

388.2 ms 5.6

At 198
2.80e+4

3.0 s 0.1

At 199
2.60e+6

7.02 s 0.12

At 200
1.20e+7

43.2 s 0.9

At 201
4.60e+7

85.2 s 1.6

At 202
2.10e+8

184 s 1

At 203
5.10e+6

7.4 m 0.2

At 204
1.50e+6

9.12 m 0.11

At 205
1.20e+8

33.8 m 0.2

At 206
6.70e+6

30.6 m 0.8

At 207
2.00e+7

1.81 h 0.03

At 208
3.00e+7

1.63 h 0.03

At 209
6.50e+7

5.42 h 0.05

At 210
7.00e+7

8.1 h 0.4

At 211
7.10e+6

7.214 h 0.007

At 212
1.60e+4

314 ms 2

At 218
5.80e+6

1.5 s 0.3

At 219
2.80e+3

56 s 3

At 220
7.70e+3

3.71 m 0.04

At 221
4.50e+3

2.3 m 0.2

At 222
1.00e+3

54 s 10

At 223
1.00e+2

50 s 7

Rn 199
7.10e+0

590 ms 30

Rn 200
3.54e+3

1.09 s 0.16

Rn 201
1.80e+5

7.0 s 0.4

Rn 202
2.90e+6

9.7 s 0.1

Rn 203
5.00e+6

44 s 2

Rn 204
1.60e+7

1.242 m 0.023

Rn 205
4.52e+7

2.83 m 0.07

Rn 206
7.98e+7

5.67 m 0.17

Rn 207
1.10e+8

9.25 m 0.17

Rn 208
2.11e+8

24.35 m 0.14

Rn 209
1.52e+8

28.8 m 1.0

Rn 210
3.79e+8

2.4 h 0.1

Rn 211
1.60e+8

14.6 h 0.2

Rn 212
3.81e+8

23.9 m 1.2

Rn 219
2.20e+7

3.96 s 0.01

Rn 220
1.86e+7

55.6 s 0.1

Rn 221
1.38e+7

25.7 m 0.5

Rn 222
3.80e+6

3.8215 d 0.0002

Rn 223
2.54e+6

24.3 m 0.4

Rn 224
2.77e+6

107 m 3

Rn 225
1.74e+5

4.66 m 0.04

Rn 226
1.12e+5

7.4 m 0.1

Rn 227
1.29e+4

20.2 s 0.4

Rn 228
5.00e+3

65 s 2

Rn 229
1.80e+2

11.9 s 1.3

Fr 200
1.00e-1

47.5 ms 2.8

Fr 201
1.00e+0

62.8 ms 1.9

Fr 202
7.10e+1

372 ms 12

Fr 203
2.10e+5

550 ms 10

Fr 204
1.90e+6

1.75 s 0.26

Fr 205
2.00e+7

3.82 s 0.06

Fr 206
3.60e+6

~16 s

Fr 207
4.20e+8

14.8 s 0.1

Fr 208
5.30e+8

59.1 s 0.3

Fr 209
1.30e+9

50.5 s 0.7

Fr 210
1.90e+9

3.18 m 0.06

Fr 211
3.20e+9

3.10 m 0.02

Fr 212
3.90e+9

20.0 m 0.6

Fr 213
4.20e+9

34.14 s 0.06

Fr 214
9.40e+2

5.18 ms 0.16

Fr 218
4.30e+3

1.0 ms 0.6

Fr 219
8.90e+3

20 ms 2

Fr 220
6.00e+8

27.4 s 0.3

Fr 221
8.90e+8

4.801 m 0.005

Fr 222
1.20e+9

14.2 m 0.3

Fr 223
1.20e+9

22.00 m 0.07

Fr 224
4.70e+9

3.33 m 0.10

Fr 225
1.00e+9

3.95 m 0.14

Fr 226
1.10e+9

49 s 1

Fr 227
4.20e+8

2.47 m 0.03

Fr 228
4.20e+8

38 s 1

Fr 229
3.80e+4

50.2 s 0.4

Fr 230
5.60e+3

19.1 s 0.5

Ra 208
2.50e+4

1.110 s 0.045

Ra 210
9.90e+5

4.0 s 0.1

Ra 212
9.40e+6

13.0 s 0.2

Ra 214
9.15e+6

2.437 s 0.016

Ra 220
2.40e+5

17.9 ms 1.4

Ra 221
3.50e+9

28 s 2

Ra 222
1.32e+9

33.6 s 0.4

Ra 224
6.00e+8

3.6319 d 0.0023

Ra 225
2.30e+9

14.9 d 0.2

Ra 226
1.10e+8

1.600 ky 0.007

Ra 228
1.80e+7

5.75 y 0.03

Ra 230
2.10e+6

93 m 2

Ra 231
5.60e+3

104 s 1

Ra 232
5.60e+4

4.0 m 0.3
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The half-lifes and decay modes are taken from The NUBASE2016 evaluation of nuclear properties, Audi, G., et al., Chinese Physics C, vol. 41, no. 3, (2017) 030001.
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He 6
5.40e+7

806.92 ms 0.24

He 8
6.64e+5

119.1 ms 1.2

Li 7
8.20e+9

stbl

Li 8
5.80e+8

839.40 ms 0.36

Li 9
3.60e+7

178.3 ms 0.4

Li 11
7.00e+3

8.75 ms 0.14

Be 7
2.00e+12

53.22 d 0.06

Be 10
2.00e+12

1.51 My 0.04

Be 11
7.00e+6

13.76 s 0.07

Be 12
7.00e+3

21.50 ms 0.04

Be 14
6.10e+0

4.35 ms 0.17

B 8
6.40e+4

770 ms 3

C 9
4.03e+3

126.5 ms 0.9

C 10
7.00e+5

19.3009 s 0.0017

C 11
7.70e+8

20.364 m 0.014

C 15
1.50e+5

2.449 s 0.005

C 16
4.00e+3

747 ms 8

C 17
8.00e+0

193 ms 5

N 13
2.40e+4

9.965 m 0.004

N 16
2.50e+4

7.13 s 0.02

N 17
1.00e+5

4.173 s 0.004

N 18
6.50e+1

619.2 ms 1.9

O 19
1.28e+5

26.470 s 0.006

O 20
3.40e+4

13.51 s 0.05

O 21
7.00e+3

3.42 s 0.10

O 22
1.30e+3

2.25 s 0.09

F 17
1.10e+7

64.370 s 0.027

F 18
1.78e+7

109.739 m 0.009

F 20
9.71e+6

11.163 s 0.008

F 21
9.36e+5

4.158 s 0.020

F 22
2.55e+4

4.23 s 0.04

F 23
1.64e+3

2.23 s 0.14

Ne 17
4.50e+3

109.2 ms 0.6

Ne 18
3.46e+6

1664.20 ms 0.47

Ne 19
2.97e+7

17.274 s 0.010

Ne 20
1.10e+6

stbl

Ne 21
1.60e+5

stbl

Ne 22
1.80e+1

stbl

Ne 23
5.13e+6

37.140 s 0.028

Ne 24
1.64e+6

3.38 m 0.02

Ne 25
6.75e+4

602 ms 8

Ne 26
4.90e+4

197 ms 2

Ne 27
2.00e+2

31.5 ms 1.3

Na 20
1.10e+6

447.9 ms 2.3

Na 21
4.00e+8

22.422 s 0.010

Na 22
1.00e+9

2.6018 y 0.0022

Na 24
5.50e+8

14.957 h 0.004

Na 25
2.64e+9

59.1 s 0.6

Na 26
5.80e+8

1071.28 ms 0.25

Na 27
9.46e+7

301 ms 6

Na 28
9.60e+5

30.5 ms 0.4

Na 29
3.23e+5

44.1 ms 0.9

Na 30
4.00e+5

48.4 ms 1.7

Na 31
4.20e+3

17.35 ms 0.40

Na 32
1.40e+2

12.9 ms 0.3

Na 33
1.30e+1

8.2 ms 0.4

Na 34
2.80e+0

5.5 ms 1.0

Mg 21
1.50e+4

118.6 ms 0.5

Mg 22
8.00e+6

3.8755 s 0.0012

Mg 23
2.00e+8

11.317 s 0.011

Mg 27
1.50e+7

9.435 m 0.027

Mg 28
3.58e+7

20.915 h 0.009

Mg 29
1.60e+6

1.30 s 0.12

Mg 30
6.00e+5

313 ms 4

Mg 32
3.00e+4

86 ms 5

Mg 33
3.00e+3

90.5 ms 1.6

Mg 34
1.40e+2

20 ms 10

Al 24
4.52e+3

2.053 s 0.004

Al 26
6.80e+4

717 ky 24

Al 28
4.00e+7

2.245 m 0.005

Al 29
4.50e+7

6.56 m 0.06

Al 30
2.50e+6

3.62 s 0.06

Al 31
2.50e+5

644 ms 25

Al 33
4.90e+2

41.7 ms 0.2

Al 34
8.60e+1

56.3 ms 0.5

Al 35
5.00e+0

37.2 ms 0.8

S 38
8.00e+3

170.3 m 0.7

Cl 33
1.41e+2

2.5038 s 0.0022

Cl 34
2.24e+5

1.5266 s 0.0004

Cl 38
1.50e+7

37.24 m 0.05

Cl 39
8.50e+6

56.2 m 0.6

Cl 40
6.30e+5

1.35 m 0.02

Cl 41
1.41e+5

38.4 s 0.8

Cl 42
3.80e+3

6.8 s 0.3

Cl 43
3.90e+2

3.13 s 0.09

Ar 31
3.40e+1

15.1 ms 0.3

Ar 32
3.30e+3

98 ms 2

Ar 33
1.20e+5

173.0 ms 2.0

Ar 34
3.80e+6

843.8 ms 0.4

Ar 35
2.00e+8

1.7756 s 0.0010

Ar 37
4.47e+8

35.011 d 0.019

Ar 39
5.00e+8

269 y 3

Ar 41
1.00e+8

109.61 m 0.04

Ar 43
4.84e+6

5.37 m 0.06

Ar 44
3.00e+6

11.87 m 0.05

Ar 45
1.20e+5

21.48 s 0.15

Ar 46
3.00e+4

8.4 s 0.6

Ar 47
9.60e+3

1.23 s 0.03

Ar 49
1.10e+1

236 ms 8

Ar 50
2.00e+0

106 ms 6

K 35
8.70e+3

178 ms 8

K 36
2.50e+5

341 ms 3

K 37
7.10e+6

1.2365 s 0.0009

K 38
1.40e+9

7.636 m 0.018

K 42
6.70e+9

12.355 h 0.007

K 43
1.40e+9

22.3 h 0.1

K 44
6.00e+8

22.13 m 0.19

K 45
1.70e+8

17.8 m 0.6

K 46
6.84e+8

105 s 10

K 47
2.80e+6

17.50 s 0.24

K 48
1.30e+6

6.8 s 0.2

K 49
2.70e+5

1.26 s 0.05

K 50
5.00e+4

472 ms 4

K 51
4.50e+3

365 ms 5

K 52
5.60e+2

110 ms 4

Ca 37
3.00e+1

181.1 ms 1.0

Ca 38
2.43e+5

443.70 ms 0.25

Ca 39
5.00e+5

860.3 ms 0.8

Ca 47
1.10e+7

4.536 d 0.003

Ca 49
1.40e+7

8.718 m 0.006

Ca 50
2.50e+5

13.9 s 0.6

Ca 51
1.00e+4

10.0 s 0.8

Ca 52
1.00e+2

4.6 s 0.3

Sc 42
1.50e+3

680.79 ms 0.28

Sc 43
3.00e+5

3.891 h 0.012

Sc 44
1.20e+9

4.0420 h 0.0025

Sc 46
7.00e+7

83.80 d 0.03

Sc 47
3.00e+7

3.3492 d 0.0006

Sc 48
7.70e+6

43.67 h 0.09

Sc 50
4.50e+3

102.5 s 0.5

Sc 52
1.30e+1

8.2 s 0.2

Ti 54
7.00e+0

2.1 s 1.0

Cr 48
5.00e+7

21.56 h 0.03

Cr 49
1.50e+5

42.3 m 0.1

Cr 55
2.10e+4

3.497 m 0.003

Mn 48
5.00e+0

158.1 ms 2.2

Mn 49
2.80e+3

382 ms 7

Mn 50
7.60e+5

283.19 ms 0.10

Mn 51
6.00e+7

46.2 m 0.1

Mn 52
3.80e+8

5.591 d 0.003

Mn 53
9.00e+8

3.7 My 0.4

Mn 54
1.10e+9

312.20 d 0.20

Mn 56
4.00e+8

2.5789 h 0.0001

Mn 57
1.50e+8

85.4 s 1.8

Mn 58
1.65e+7

3.0 s 0.1

Mn 59
1.50e+8

4.59 s 0.05

Mn 60
4.00e+7

280 ms 20

Mn 61
1.70e+6

709 ms 8

Mn 62
7.00e+5

92 ms 13

Mn 63
2.00e+5

275 ms 4

Mn 64
7.00e+3

88.8 ms 2.4

Mn 65
1.00e+3

91.9 ms 0.7

Mn 66
1.70e+2

64.2 ms 0.8

Mn 67
1.00e+2

46.7 ms 2.3

Mn 68
4.00e+0

33.7 ms 1.5

Mn 69
1.00e+0

22.1 ms 1.6

Fe 52
5.00e+4

8.275 h 0.008

Fe 53
3.00e+4

8.51 m 0.02

Fe 59
1.00e+8

44.495 d 0.009

Co 55
5.70e+4

17.53 h 0.03

Co 56
8.20e+5

77.236 d 0.026

Co 57
1.00e+7

271.70 d 0.10

Ni 56
3.60e+3

6.075 d 0.010

Ni 57
5.30e+6

35.60 h 0.06

Ni 59
6.00e+6

81 ky 5

Ni 65
7.00e+7

2.5175 h 0.0005

Ni 66
1.00e+8

54.6 h 0.3

Ni 67
7.00e+5

21 s 1

Ni 68
4.00e+5

29 s 2

Ni 69
2.00e+4

11.4 s 0.3

Ni 70
1.00e+4

6.0 s 0.3

Cu 57
3.00e+3

196.3 ms 0.7

Cu 58
3.00e+5

3.204 s 0.007

Cu 59
7.00e+6

81.5 s 0.5

Cu 60
5.00e+7

23.7 m 0.4

Cu 61
4.00e+8

3.339 h 0.008

Cu 62
9.00e+8

9.67 m 0.03

Cu 64
2.00e+8

12.7004 h 0.0020

Cu 66
4.00e+8

5.120 m 0.014

Cu 67
3.50e+8

61.83 h 0.12

Cu 68
3.00e+9

30.9 s 0.6

Cu 69
2.30e+8

2.85 m 0.15

Cu 70
9.00e+7

44.5 s 0.2

Cu 71
5.00e+7

19.4 s 1.4

Cu 72
1.30e+7

6.63 s 0.03

Cu 73
4.00e+6

4.2 s 0.3

Cu 74
6.00e+5

1.63 s 0.05

Cu 75
1.50e+5

1.224 s 0.003

Cu 76
2.00e+4

637.7 ms 5.5

Cu 77
2.00e+3

467.9 ms 2.1

Cu 78
2.00e+2

330.7 ms 2.0

Zn 58
1.30e+1

86.7 ms 2.4

Zn 59
5.80e+2

182.0 ms 1.8

Zn 60
2.10e+5

2.38 m 0.05

Zn 61
3.90e+6

89.1 s 0.2

Zn 62
2.30e+7

9.193 h 0.015

Zn 63
3.04e+8

38.47 m 0.05

Zn 65
2.96e+9

243.93 d 0.09

Zn 69
1.50e+8

56.4 m 0.9

Zn 71
1.10e+8

2.45 m 0.10

Zn 72
1.10e+8

46.5 h 0.1

Zn 73
3.00e+6

23.5 s 1.0

Zn 74
6.90e+7

95.6 s 1.2

Zn 75
5.60e+7

10.2 s 0.2

Zn 76
1.60e+7

5.7 s 0.3

Zn 77
7.10e+6

2.08 s 0.05

Zn 78
4.30e+6

1.47 s 0.15

Zn 79
1.00e+6

746 ms 42

Zn 80
1.40e+5

562.2 ms 3.0

Zn 81
5.50e+3

303.2 ms 2.6

Ga 61
1.00e+1

167 ms 3

Ga 62
4.00e+3

116.121 ms 0.021

Ga 63
1.20e+6

32.4 s 0.5

Ga 64
1.50e+7

2.627 m 0.012

Ga 65
9.50e+7

15.2 m 0.2

Ga 66
4.40e+8

9.304 h 0.008

Ga 67
8.00e+8

3.2617 d 0.0005

Ga 68
6.50e+8

67.845 m 0.018

Ga 70
8.00e+7

21.14 m 0.03

Ga 72
1.50e+8

14.025 h 0.010

Ga 73
2.80e+8

4.86 h 0.03

Ga 74
1.80e+8

8.12 m 0.12

Ga 75
5.00e+7

126 s 2

Ga 76
3.00e+7

32.6 s 0.6

Ga 77
7.70e+6

13.2 s 0.2

Ga 78
1.00e+7

5.09 s 0.05

Ga 79
5.50e+6

2.848 s 0.003

Ga 80
3.20e+6

1.9 s 0.1

Ga 81
1.30e+6

1.217 s 0.005

Ga 82
2.00e+5

599 ms 2

Ga 83
4.50e+3

308.1 ms 1.0

Ga 84
8.00e+1

85 ms 10

Ga 85
1.20e+1

92.2 ms 3.5

Ga 86
1.50e+0

47 ms 18

Ge 66
2.19e+6

2.26 h 0.05

Ge 67
7.96e+6

18.9 m 0.3

Ge 69
1.02e+8

39.05 h 0.10

Ge 75
4.80e+5

82.78 m 0.04

Ge 77
4.00e+7

11.211 h 0.003

Ge 78
1.00e+8

88.0 m 1.0

Ge 79
1.20e+7

18.98 s 0.03

Ge 80
2.50e+6

29.5 s 0.4

Ge 81
1.30e+6

8 s 2

Ge 82
7.00e+4

4.56 s 0.26

As 68
7.25e+5

151.6 s 0.8

As 69
1.95e+7

15.2 m 0.2

As 70
1.38e+8

52.6 m 0.3

As 71
9.70e+8

65.30 h 0.07

As 72
3.00e+8

26.0 h 0.1

As 73
1.00e+9

80.30 d 0.06

As 74
1.90e+8

17.77 d 0.02

As 78
1.50e+8

90.7 m 0.2

As 80
5.00e+6

15.2 s 0.2

As 81
3.00e+6

33.3 s 0.8

As 82
6.00e+5

19.1 s 0.5

As 85
2.00e+4

2.021 s 0.012

Se 69
4.07e+3

27.4 s 0.2

Se 70
4.08e+6

41.1 m 0.3

Se 71
5.17e+6

4.74 m 0.05

Se 72
3.00e+8

8.40 d 0.08

Se 73
3.00e+8

7.15 h 0.08

Se 75
2.40e+8

119.78 d 0.05

Se 77
1.76e+6

stbl

Se 79
2.15e+5

327 ky 28

Se 81
2.10e+5

18.45 m 0.12

Se 83
3.90e+3

22.25 m 0.04

Se 87
5.60e+4

5.50 s 0.14

Br 70
4.00e+3

79.1 ms 0.8

Br 71
5.60e+5

21.4 s 0.6

Br 72
1.00e+7

78.6 s 2.4

Br 73
1.80e+8

3.4 m 0.2

Br 74
1.30e+9

25.4 m 0.3

Br 75
4.00e+9

96.7 m 1.3

Br 76
7.10e+9

16.2 h 0.2

Br 77
7.10e+9

57.04 h 0.12

Br 78
3.20e+9

6.45 m 0.04

Br 79
3.20e+7

stbl

Br 80
7.10e+8

17.68 m 0.02

Br 82
4.00e+7

35.282 h 0.007

Br 83
1.72e+8

2.374 h 0.004

Br 84
5.00e+5

31.76 m 0.08

Br 85
7.59e+7

2.90 m 0.06

Br 86
3.56e+7

55.1 s 0.4

Br 87
2.88e+7

55.65 s 0.12

Br 88
1.21e+7

16.34 s 0.08

Br 89
4.42e+6

4.357 s 0.022

Br 90
7.35e+5

1.910 s 0.010

Br 91
6.00e+4

543 ms 4

Br 92
1.26e+4

0.314 s 0.016

Br 93
4.55e+2

152 ms 8

Br 94
4.80e+1

70 ms 20

Kr 69
2.60e-4

28 ms 1

Kr 70
3.00e-2

52 ms 17

Kr 71
4.50e+2

100 ms 3

Kr 72
2.00e+4

17.16 s 0.18

Kr 73
1.20e+6

27.3 s 1.0

Kr 74
6.30e+6

11.50 m 0.11

Kr 75
7.10e+6

4.60 m 0.07

Kr 76
1.20e+8

14.8 h 0.1

Kr 77
2.00e+8

74.4 m 0.6

Kr 79
2.30e+9

35.04 h 0.10

Kr 81
5.00e+8

229 ky 11

Kr 85
3.00e+9

10.739 y 0.014

Kr 87
2.00e+9

76.3 m 0.5

Kr 88
1.30e+9

2.825 h 0.019

Kr 89
6.70e+8

3.15 m 0.04

Kr 90
5.10e+8

32.32 s 0.09

Kr 91
3.90e+8

8.57 s 0.04

Kr 92
1.30e+8

1.840 s 0.008

Kr 93
3.60e+7

1.286 s 0.010

Kr 94
3.30e+6

212 ms 5

Kr 95
3.40e+5

114 ms 3

Kr 96
1.30e+5

80 ms 8

Kr 97
6.50e+3

62.2 ms 3.2

Kr 98
4.70e+2

42.8 ms 3.6

Kr 99
9.00e+0

40 ms 11

Rb 74
1.00e+3

64.776 ms 0.030

Rb 75
1.39e+6

19.0 s 1.2

Rb 76
3.58e+7

36.5 s 0.6

Rb 77
2.90e+8

3.78 m 0.04

Rb 78
2.40e+9

17.66 m 0.03

Rb 79
1.20e+10

22.9 m 0.5

Rb 80
1.90e+10

33.4 s 0.7

Rb 81
3.80e+10

4.572 h 0.004

Rb 82
2.40e+10

1.273 m 0.002

Rb 83
1.50e+10

86.2 d 0.1

Rb 84
6.00e+9

32.82 d 0.07

Rb 85
3.55e+9

stbl

Rb 86
5.68e+9

18.642 d 0.018

Rb 87
6.22e+9

49.7 Gy 0.3

Rb 88
5.08e+9

17.773 m 0.018

Rb 89
7.26e+9

15.32 m 0.10

Rb 90
7.18e+9

158 s 5

Rb 91
4.99e+9

58.2 s 0.3

Rb 92
3.16e+9

4.48 s 0.03

Rb 93
1.62e+9

5.84 s 0.02

Rb 94
1.08e+9

2.702 s 0.005

Rb 95
4.00e+7

377.7 ms 0.8

Rb 96
1.40e+7

201 ms 1

Rb 97
5.60e+6

169.1 ms 0.6

Rb 98
3.20e+6

114 ms 5

Rb 99
4.00e+5

56.4 ms 1.2

Rb 100
2.50e+4

48 ms 3

Rb 102
2.50e+2

37 ms 3

Sr 75
2.50e+0

88 ms 3

Sr 76
8.67e+2

7.89 s 0.07

Sr 77
5.12e+4

9.0 s 0.2

Sr 78
2.20e+6

156.1 s 2.7

Sr 79
3.07e+7

2.25 m 0.10

Sr 80
3.40e+8

106.3 m 1.5

Sr 81
7.40e+8

22.3 m 0.4

Sr 82
3.20e+9

25.36 d 0.03

Sr 83
4.06e+9

32.41 h 0.03

Sr 84
9.20e+9

stbl

Sr 85
3.47e+8

64.849 d 0.007

Sr 86
4.40e+9

stbl

Sr 87
4.46e+9

stbl

Sr 88
1.10e+9

stbl

Sr 90
1.70e+9

28.79 y 0.06

Sr 91
1.20e+6

9.65 h 0.06

Sr 92
2.00e+9

2.611 h 0.017

Sr 94
2.80e+8

75.3 s 0.2

Sr 95
5.60e+8

23.90 s 0.14

Sr 96
5.70e+6

1.07 s 0.01

Sr 100
6.00e+3

202 ms 3

Sr 102
3.00e+1

69 ms 6

Y 80
5.65e+3

30.1 s 0.5

Y 81
3.71e+4

70.4 s 1.0

Y 82
7.35e+4

8.30 s 0.20

Y 83
1.12e+7

7.08 m 0.08

Y 84
2.00e+7

39.5 m 0.8

Y 85
7.06e+7

2.68 h 0.05

Y 86
6.21e+8

14.74 h 0.02

Y 87
2.26e+9

79.8 h 0.3

Y 89
1.67e+7

stbl

Y 95
7.80e+4

10.3 m 0.1

Y 100
1.10e+3

735 ms 7

Pd 115
1.80e+5

25 s 2

Ag 99
3.40e+2

2.07 m 0.05

Ag 100
2.30e+3

2.01 m 0.09

Ag 101
7.80e+4

11.1 m 0.3

Ag 102
3.60e+5

12.9 m 0.3

Ag 103
1.70e+6

65.7 m 0.7

Ag 104
2.50e+6

69.2 m 1.0

Ag 105
2.90e+7

41.29 d 0.07

Ag 107
1.50e+6

stbl

Ag 108
3.00e+7

2.382 m 0.011

Ag 109
6.00e+8

stbl

Ag 110
1.00e+8

24.56 s 0.11

Ag 111
3.00e+10

7.433 d 0.010

Ag 112
1.00e+9

3.130 h 0.008

Ag 113
2.80e+9

5.37 h 0.05

Ag 114
1.70e+9

4.6 s 0.1

Ag 116
5.90e+6

3.83 m 0.08

Ag 118
1.00e+8

3.76 s 0.15

Cd 97
1.00e+0

1.10 s 0.08

Cd 98
1.00e+1

9.2 s 0.3

Cd 99
4.50e+2

16 s 3

Cd 100
1.00e+5

49.1 s 0.5

Cd 101
8.90e+5

1.36 m 0.05

Cd 102
6.30e+6

5.5 m 0.5

Cd 103
4.50e+7

7.3 m 0.1

Cd 104
8.90e+7

57.7 m 1.0

Cd 105
3.50e+8

55.5 m 0.4

Cd 107
1.00e+8

6.50 h 0.02

Cd 108
5.60e+8

stbl >410Py

Cd 109
4.00e+8

461.6 d 0.4

Cd 110
5.60e+8

stbl

Cd 111
5.60e+8

stbl

Cd 115
1.10e+8

53.46 h 0.05

Cd 117
6.20e+7

2.49 h 0.04

Cd 118
6.00e+8

50.3 m 0.2

Cd 119
1.80e+7

2.69 m 0.02

Cd 120
1.10e+8

50.80 s 0.21

Cd 121
1.80e+8

13.5 s 0.3

Cd 122
3.50e+7

5.24 s 0.03

Cd 123
3.00e+6

2.10 s 0.02

Cd 124
7.70e+6

1.25 s 0.02

Cd 125
6.00e+4

680 ms 40

Cd 126
8.90e+5

513 ms 6

Cd 127
1.00e+4

330 ms 20

Cd 128
1.30e+5

246 ms 2

Cd 129
2.00e+2

151.5 ms 5.7

Cd 130
1.00e+4

126.8 ms 1.8

Cd 131
1.00e+3

98 ms 2

Cd 132
1.00e+1

82 ms 4

In 100
7.60e+0

5.83 s 0.17

In 101
1.90e+2

15.1 s 1.1

In 102
4.30e+3

23.3 s 0.1

In 103
4.00e+4

60 s 1

In 104
4.90e+5

1.80 m 0.03

In 105
1.30e+6

5.07 m 0.07

In 106
3.70e+6

6.2 m 0.1

In 107
1.60e+7

32.4 m 0.3

In 108
3.00e+7

58.0 m 1.2

In 109
1.70e+7

4.167 h 0.018

In 110
4.00e+8

4.92 h 0.08

In 111
3.50e+5

2.8063 d 0.0007

In 112
4.20e+8

14.88 m 0.15

In 113
7.20e+8

stbl

In 114
8.00e+8

71.9 s 0.1

In 116
1.60e+8

14.10 s 0.03

In 117
3.50e+8

43.2 m 0.3

In 118
7.90e+8

5.0 s 0.5

In 119
1.00e+9

2.4 m 0.1

In 120
6.30e+8

3.08 s 0.08

In 121
7.00e+8

23.1 s 0.6

In 122
2.50e+8

1.5 s 0.3

In 123
5.00e+8

6.17 s 0.05

In 124
1.40e+8

3.12 s 0.09

In 125
7.00e+7

2.36 s 0.04

In 126
3.20e+7

1.53 s 0.01

In 127
2.00e+7

1.09 s 0.01

In 128
4.40e+3

816 ms 27

In 129
1.10e+3

570 ms 10

In 130
2.50e+6

284 ms 10

In 131
5.00e+5

261 ms 3

In 132
1.00e+5

198 ms 2

In 133
1.10e+3

165 ms 3

In 134
9.50e+1

140 ms 4

In 135
2.40e+0

101 ms 4

Sn 105
8.00e+4

34 s 1

Sn 106
1.60e+6

1.92 m 0.08

Sn 107
2.00e+7

2.90 m 0.05

Sn 108
1.40e+8

10.30 m 0.08

Sn 109
1.00e+9

18.0 m 0.2

Sn 110
1.80e+9

4.154 h 0.004

Sn 111
1.60e+5

35.3 m 0.6

Sn 113
6.00e+9

115.09 d 0.03

Sn 123
5.00e+8

129.2 d 0.4

Sn 125
1.30e+8

9.64 d 0.03

Sn 127
6.00e+7

2.10 h 0.04

Sn 129
5.00e+7

2.23 m 0.04

Sn 131
1.50e+7

56.0 s 0.5

Sn 132
3.00e+8

39.7 s 0.8

Sn 133
1.50e+7

1.46 s 0.03

Sn 134
2.00e+6

890 ms 20

Sn 135
1.00e+5

515 ms 5

Sn 136
4.00e+3

350 ms 5

Sn 137
1.00e+2

273 ms 7

Sn 138
2.50e+0

150 ms 30

Sb 112
2.50e+4

53.5 s 0.6

Sb 113
1.10e+7

6.67 m 0.07

Sb 114
6.00e+7

3.49 m 0.03

Sb 131
3.20e+9

23.03 m 0.04

Sb 132
1.00e+8

2.79 m 0.07

Sb 133
1.30e+7

2.34 m 0.05

Sb 134
6.00e+6

780 ms 60

Te 116
1.00e+6

2.49 h 0.04

Te 117
1.00e+6

62 m 2

Te 131
1.00e+8

25.0 m 0.1

Te 132
7.00e+8

3.204 d 0.013

Te 133
6.60e+8

12.5 m 0.3

Te 134
4.00e+8

41.8 m 0.8

Te 135
4.00e+6

19.0 s 0.2

Te 136
4.00e+7

17.63 s 0.08

I 114
1.00e+1

2.1 s 0.2

I 115
8.00e+4

1.3 m 0.2

I 116
5.00e+4

2.91 s 0.15

I 117
2.50e+6

2.22 m 0.04

I 118
1.60e+7

13.7 m 0.5

I 119
3.40e+7

19.1 m 0.4

I 120
1.30e+8

81.67 m 0.18

I 121
1.10e+8

2.12 h 0.01

I 122
1.50e+7

3.63 m 0.06

I 123
8.50e+8

13.2235 h 0.0019

I 124
4.50e+7

4.1760 d 0.0003

I 125
2.10e+7

59.407 d 0.010

I 126
3.50e+7

12.93 d 0.05

I 128
7.70e+7

24.99 m 0.02

I 130
1.50e+5

12.36 h 0.01

I 132
2.70e+8

2.295 h 0.013

I 133
6.00e+8

20.83 h 0.08

I 134
4.00e+8

52.5 m 0.2

I 135
2.80e+9

6.58 h 0.03

I 136
1.30e+8

83.4 s 1.0

I 137
1.30e+7

24.13 s 0.12

I 138
3.30e+6

6.23 s 0.03

I 139
9.00e+5

2.282 s 0.010

I 140
1.00e+5

860 ms 40

I 141
2.00e+4

430 ms 20

I 142
2.30e+3

222 ms 12

Xe 112
4.20e+1

2.7 s 0.8

Xe 113
1.30e+3

2.74 s 0.08

Xe 114
6.50e+4

10.0 s 0.4

Xe 115
7.60e+5

18 s 4

Xe 116
6.50e+6

59 s 2

Xe 117
5.00e+7

61 s 2

Xe 118
1.60e+8

3.8 m 0.9

Xe 119
8.20e+8

5.8 m 0.3

Xe 120
1.80e+9

46.0 m 0.6

Xe 121
2.80e+9

40.1 m 2.0

Xe 122
9.30e+9

20.1 h 0.1

Xe 123
1.20e+10

2.08 h 0.02

Xe 124
2.60e+10

stbl >200Ty

Xe 125
2.80e+10

16.9 h 0.2

Xe 126
3.10e+10

stbl

Xe 127
3.10e+10

36.346 d 0.003

Xe 128
2.30e+10

stbl

Xe 129
1.80e+10

stbl

Xe 130
6.60e+9

stbl

Xe 131
9.80e+8

stbl

Xe 132
1.80e+9

stbl

Xe 133
3.10e+8

5.2475 d 0.0005

Xe 135
3.43e+9

9.14 h 0.02

Xe 137
7.50e+8

3.818 m 0.013

Xe 138
5.70e+8

14.14 m 0.05

Xe 139
5.50e+8

39.68 s 0.14

Xe 140
3.50e+8

13.60 s 0.10

Xe 141
1.10e+8

1.73 s 0.01

Xe 142
4.80e+7

1.23 s 0.02

Xe 143
6.60e+6

511 ms 6

Xe 144
9.90e+5

388 ms 7

Xe 145
2.60e+5

188 ms 4

Xe 146
1.80e+3

146 ms 6

Xe 147
1.30e+1

130 ms 80

Cs 114
8.40e+0

570 ms 20

Cs 115
3.20e+2

1.4 s 0.8

Cs 116
2.80e+3

700 ms 40

Cs 117
1.20e+5

8.4 s 0.6

Cs 118
1.60e+7

14 s 2

Cs 119
1.30e+3

43.0 s 0.2

Cs 120
1.30e+9

60.4 s 0.6

Cs 121
7.30e+9

155 s 4

Cs 122
1.00e+10

21.18 s 0.19

Cs 123
5.00e+10

5.88 m 0.03

Cs 124
3.20e+10

30.9 s 0.4

Cs 125
1.10e+11

46.7 m 0.1

Cs 126
6.90e+10

1.64 m 0.02

Cs 127
1.30e+11

6.25 h 0.10

Cs 128
6.40e+10

3.640 m 0.014

Cs 129
8.50e+10

32.06 h 0.06

Cs 130
5.90e+10

29.21 m 0.04

Cs 131
5.00e+10

9.689 d 0.016

Cs 132
3.90e+10

6.480 d 0.006

Cs 133
2.80e+10

stbl

Cs 134
1.90e+10

2.0652 y 0.0004

Cs 135
1.30e+10

1.33 My 0.19

Cs 136
1.23e+10

13.16 d 0.03

Cs 137
1.69e+10

30.08 y 0.09

Cs 139
3.81e+9

9.27 m 0.05

Cs 140
3.43e+9

63.7 s 0.3

Cs 141
1.50e+9

24.84 s 0.16

Cs 142
3.43e+9

1.684 s 0.014

Cs 143
1.50e+9

1.791 s 0.007

Cs 145
2.10e+7

582 ms 6

Cs 146
3.80e+6

323 ms 6

Cs 147
1.10e+6

230 ms 1

Cs 148
2.50e+5

145 ms 4

Cs 149
7.10e+4

113 ms 8

Cs 150
1.20e+4

84.4 ms 8.2

Cs 151
1.70e+3

69 ms 26

Ba 122
7.90e+7

1.95 m 0.15

Ba 123
3.80e+8

2.7 m 0.4

Ba 124
2.50e+9

11.0 m 0.5

Ba 125
1.00e+7

3.3 m 0.3

Ba 126
1.60e+10

100 m 2

Ba 127
6.30e+9

12.7 m 0.4

Ba 128
2.40e+10

2.43 d 0.05

Ba 129
1.20e+10

2.23 h 0.11

Ba 130
3.20e+10

stbl ~1Zy

Ba 131
8.90e+9

11.52 d 0.01

Ba 132
5.00e+10

stbl >300Ey

Ba 134
5.60e+10

stbl

Ba 136
5.60e+10

stbl

Ba 137
3.60e+8

stbl

Ba 138
2.40e+10

stbl

Ba 140
3.40e+8

12.7527 d 0.0023

Ba 142
7.40e+7

10.6 m 0.2

Ba 144
6.70e+6

11.5 s 0.2

Ba 146
1.90e+5

2.22 s 0.07

La 128
1.10e+7

5.18 m 0.14

La 129
7.10e+6

11.6 m 0.2

Ce 133
1.90e+6

97 m 4

Pr 133
1.50e+7

6.5 m 0.3

Pr 135
2.70e+7

24 m 1

Pr 142
1.00e+7

19.12 h 0.04

Nd 134
1.00e+7

8.5 m 1.5

Nd 135
2.10e+7

12.4 m 0.6

Nd 137
7.10e+6

38.5 m 1.5

Nd 141
1.20e+5

2.49 h 0.03

Nd 147
5.40e+6

10.98 d 0.01

Pm 135
6.00e+6

49 s 3

Pm 136
1.00e+7

107 s 6

Pm 137
3.30e+7

2# m

Pm 138
5.60e+7

10 s 2

Pm 139
5.90e+7

4.15 m 0.05

Pm 140
1.70e+8

9.2 s 0.2

Pm 141
9.10e+7

20.90 m 0.05

Pm 149
4.30e+5

53.08 h 0.05

Pm 150
1.00e+5

2.698 h 0.015

Pm 151
2.10e+6

28.40 h 0.04

Sm 138
5.10e+6

3.1 m 0.2

Sm 139
7.60e+7

2.57 m 0.10

Sm 140
2.00e+8

14.82 m 0.12

Sm 141
2.60e+8

10.2 m 0.2

Sm 142
2.80e+8

72.49 m 0.05

Sm 143
1.30e+9

8.75 m 0.06

Sm 145
2.10e+8

340 d 3

Sm 153
8.70e+7

46.284 h 0.004

Eu 139
7.00e+5

17.9 s 0.6

Eu 140
2.00e+6

1.51 s 0.02

Eu 141
8.40e+7

40.7 s 0.7

Eu 142
2.00e+8

2.36 s 0.10

Eu 143
4.00e+8

2.59 m 0.02

Eu 144
5.60e+8

10.2 s 0.1

Eu 145
7.00e+8

5.93 d 0.04

Eu 146
5.30e+8

4.61 d 0.03

Eu 147
3.40e+8

24.1 d 0.6

Eu 149
5.30e+8

93.1 d 0.4

Eu 150
3.50e+7

36.9 y 0.9

Eu 152
3.20e+8

13.517 y 0.009

Eu 154
2.10e+8

8.601 y 0.010

Eu 156
1.30e+6

15.19 d 0.08

Gd 142
1.20e+6

70.2 s 0.6

Gd 143
1.00e+6

39 s 2

Gd 144
4.00e+7

4.47 m 0.06

Gd 145
9.50e+6

23.0 m 0.4

Gd 146
4.00e+8

48.27 d 0.10

Gd 148
6.00e+8

70.9 y 1.0

Gd 150
4.00e+8

1.79 My 0.08

Gd 152
2.50e+8

108 Ty 8

Gd 154
3.00e+7

stbl

Tb 145
1.70e+7

30.9 s 0.6

Tb 146
8.40e+7

8 s 4

Tb 147
3.00e+8

1.64 h 0.03

Tb 148
3.00e+8

60 m 1

Tb 149
2.00e+8

4.118 h 0.025

Tb 150
3.00e+8

3.48 h 0.16

Tb 152
4.30e+6

17.5 h 0.1

Tb 157
8.90e+6

71 y 7

Tb 158
8.30e+6

180 y 11

Dy 146
5.00e+6

33.2 s 0.7

Dy 148
2.90e+8

3.3 m 0.2

Dy 149
1.10e+9

4.20 m 0.14

Dy 150
2.40e+9

7.17 m 0.05

Dy 151
7.30e+9

17.9 m 0.3

Dy 152
5.90e+9

2.38 h 0.02

Dy 154
8.50e+9

3.0 My 1.5

Dy 156
3.90e+9

stbl >1Ey

Dy 157
3.70e+8

8.14 h 0.04

Dy 158
2.50e+9

stbl

Ho 149
5.30e+5

21.1 s 0.2

Ho 150
1.00e+6

76.8 s 1.8

Ho 151
1.00e+8

35.2 s 0.1

Ho 152
1.30e+7

161.8 s 0.3

Ho 154
7.90e+8

11.76 m 0.19

Ho 155
1.10e+10

48 m 1

Ho 157
6.70e+9

12.6 m 0.2

Ho 158
2.80e+10

11.3 m 0.4

Ho 159
1.60e+8

33.05 m 0.11

Ho 160
2.80e+10

25.6 m 0.3

Ho 169
2.50e+8

4.72 m 0.10

Ho 170
1.30e+8

2.76 m 0.05

Er 150
7.00e+6

18.5 s 0.7

Er 151
5.60e+7

23.5 s 2.0

Er 152
7.00e+7

10.3 s 0.1

Er 153
7.10e+8

37.1 s 0.2

Er 154
6.00e+8

3.73 m 0.09

Er 155
1.20e+9

5.3 m 0.3

Er 156
6.00e+8

19.5 m 1.0

Er 158
5.80e+8

2.29 h 0.06

Er 159
1.60e+8

36 m 1

Er 160
4.00e+8

28.58 h 0.09

Er 161
2.90e+8

3.21 h 0.03

Tm 153
1.00e+7

1.48 s 0.01

Tm 154
1.10e+8

8.1 s 0.3

Tm 155
4.00e+8

21.6 s 0.2

Tm 157
1.10e+9

3.63 m 0.09

Tm 158
1.20e+9

3.98 m 0.06

Tm 159
2.70e+8

9.13 m 0.16

Tm 160
1.50e+8

9.4 m 0.3

Tm 161
1.30e+9

30.2 m 0.8

Tm 162
3.00e+8

21.70 m 0.19

Tm 163
2.30e+8

1.810 h 0.005

Tm 164
3.90e+7

2.0 m 0.1

Tm 165
1.10e+9

30.06 h 0.03

Tm 167
6.80e+9

9.25 d 0.02

Yb 153
2.50e+4

4.2 s 0.2

Yb 154
2.00e+3

409 ms 2

Yb 155
7.90e+6

1.793 s 0.019

Yb 156
3.20e+7

26.1 s 0.7

Yb 157
2.20e+8

38.6 s 1.0

Yb 158
9.30e+8

1.49 m 0.13

Yb 159
1.80e+9

1.67 m 0.09

Yb 160
4.00e+9

4.8 m 0.2

Yb 161
5.00e+9

4.2 m 0.2

Yb 162
6.20e+9

18.87 m 0.19

Yb 163
1.20e+10

11.05 m 0.35

Yb 164
1.40e+10

75.8 m 1.7

Yb 165
3.60e+10

9.9 m 0.3

Yb 166
2.00e+10

56.7 h 0.1

Yb 167
1.20e+10

17.5 m 0.2

Yb 168
2.40e+10

stbl >130Ty

Yb 169
3.20e+9

32.018 d 0.005

Yb 170
1.70e+9

stbl

Yb 171
1.10e+9

stbl

Yb 172
9.00e+8

stbl

Yb 173
4.00e+8

stbl

Yb 174
5.50e+8

stbl

Yb 175
1.00e+8

4.185 d 0.001

Yb 176
1.00e+8

stbl >160Py

Yb 177
8.30e+7

1.911 h 0.003

Lu 157
1.00e+7

6.8 s 1.8

Lu 158
3.10e+5

10.6 s 0.3

Lu 159
3.50e+5

12.1 s 1.0

Lu 160
1.00e+8

36.1 s 0.3

Lu 161
7.00e+5

77 s 2

Lu 162
1.80e+7

1.37 m 0.02

Lu 163
1.60e+7

3.97 m 0.13

Lu 164
3.00e+7

3.14 m 0.03

Lu 165
2.00e+8

10.74 m 0.10

Lu 166
3.60e+9

2.65 m 0.10

Lu 167
1.20e+9

51.5 m 1.0

Lu 168
7.90e+8

5.5 m 0.1

Lu 170
2.30e+9

2.012 d 0.020

Hf 166
5.67e+5

6.77 m 0.30

Hf 167
2.22e+5

2.05 m 0.05

Hf 168
5.34e+5

25.95 m 0.20

Hf 169
5.59e+5

3.24 m 0.04

Hf 170
1.41e+8

16.01 h 0.13

Hf 171
1.07e+8

12.1 h 0.4

Hf 173
2.00e+8

23.6 h 0.1

Hf 177
6.13e+4

stbl

Hf 178
1.02e+5

stbl

Hf 179
1.46e+5

stbl

Hf 180
2.82e+6

stbl

Au 201
4.00e+4

26.0 m 0.8

Au 202
1.40e+3

28.4 s 1.2

Hg 177
8.90e-1

127.3 ms 1.8

Hg 178
3.80e+1

266.5 ms 2.4

Hg 179
1.60e+3

1.05 s 0.03

Hg 180
4.00e+5

2.59 s 0.01

Hg 181
7.10e+5

3.6 s 0.1

Hg 182
7.90e+6

10.83 s 0.06

Hg 183
4.50e+7

9.4 s 0.7

Hg 184
1.30e+8

30.87 s 0.26

Hg 185
2.50e+8

49.1 s 1.0

Hg 186
1.30e+9

1.38 m 0.06

Hg 187
1.30e+9

1.9 m 0.3

Hg 188
2.00e+9

3.25 m 0.15

Hg 189
3.20e+9

7.6 m 0.1

Hg 190
7.20e+9

20.0 m 0.5

Hg 191
5.00e+9

49 m 10

Hg 192
6.30e+9

4.85 h 0.20

Hg 193
1.20e+10

3.80 h 0.15

Hg 194
7.10e+9

447 y 28

Hg 195
1.10e+10

10.69 h 0.16

Hg 196
7.10e+9

stbl >2.5Ey

Hg 197
1.80e+10

64.94 h 0.07

Hg 198
6.30e+9

stbl

Hg 199
2.00e+10

stbl

Hg 200
4.20e+9

stbl

Hg 201
2.80e+9

stbl

Hg 202
7.90e+8

stbl

Hg 203
1.20e+9

46.613 d 0.018

Hg 205
1.80e+8

5.14 m 0.09

Hg 206
1.50e+8

8.32 m 0.07

Tl 179
3.10e+0

265 ms 10

Tl 180
6.10e+2

1.09 s 0.01

Tl 181
3.90e+3

3.2 s 0.3

Tl 182
3.20e+4

1.9 s 0.1

Tl 183
2.60e+5

6.9 s 0.7

Tl 184
1.70e+6

9.5 s 0.2

Tl 185
5.60e+4

19.5 s 0.5

Tl 186
3.30e+7

40# s

Tl 187
2.70e+4

~51 s

Tl 188
6.10e+7

71 s 2

Tl 189
4.90e+7

2.3 m 0.2

Tl 190
8.10e+7

2.6 m 0.3

Tl 191
5.50e+7

20# m

Tl 192
9.60e+7

9.6 m 0.4

Tl 193
1.70e+7

21.6 m 0.8

Tl 194
5.20e+7

33.0 m 0.5

Tl 195
2.10e+7

1.16 h 0.05

Tl 196
2.80e+7

1.84 h 0.03

Tl 197
6.80e+6

2.84 h 0.04

Tl 199
1.10e+6

7.42 h 0.08

Tl 200
2.50e+6

26.1 h 0.1

Tl 207
5.00e+7

4.77 m 0.02

Pb 183
1.20e+1

535 ms 30

Pb 184
2.20e+2

490 ms 25

Pb 185
6.80e+2

6.3 s 0.4

Pb 186
4.60e+4

4.82 s 0.03

Pb 187
6.80e+5

15.2 s 0.3

Pb 188
1.70e+6

25.1 s 0.1

Pb 189
9.20e+6

39 s 8

Pb 190
2.30e+7

71 s 1

Pb 191
3.70e+7

1.33 m 0.08

Pb 192
4.00e+7

3.5 m 0.1

Pb 193
9.10e+7

5# m

Pb 194
8.60e+7

10.7 m 0.6

Pb 195
1.20e+8

~15 m

Pb 196
2.00e+7

37 m 3

Pb 197
1.50e+7

8.1 m 1.7

Pb 198
1.80e+7

2.4 h 0.1

Pb 199
3.70e+7

90 m 10

Pb 200
1.80e+7

21.5 h 0.4

Pb 201
8.10e+6

9.33 h 0.03

Pb 202
4.60e+6

52.5 ky 2.8

Pb 203
6.40e+5

51.916 h 0.015

Pb 204
4.50e+7

stbl >140Py

Pb 215
3.00e-1

2.34 m 0.19

Bi 188
2.10e+1

60 ms 3

Bi 189
1.40e+2

658 ms 47

Bi 190
1.00e+3

6.3 s 0.1

Bi 191
3.00e+4

11.7 s 0.4

Bi 192
1.10e+5

34.6 s 0.9

Bi 193
3.00e+6

63.6 s 3.0

Bi 194
1.60e+7

95 s 3

Bi 195
1.40e+7

183 s 4

Bi 196
2.20e+7

5.1 m 0.2

Bi 197
1.10e+7

9.33 m 0.50

Bi 198
9.30e+6

10.3 m 0.3

Bi 199
1.20e+7

27 m 1

Bi 200
2.00e+7

36.4 m 0.5

Bi 201
2.70e+6

103 m 3

Bi 202
1.00e+7

1.72 h 0.05

Bi 203
1.90e+6

11.76 h 0.05

Bi 204
6.20e+6

11.22 h 0.10

Bi 214
1.10e+4

19.9 m 0.4

Bi 215
1.40e+3

7.6 m 0.2

Bi 218
4.40e+1

33 s 1

Po 193
1.20e+2

388 ms 40

Po 194
2.70e+3

392 ms 4

Po 195
5.50e+4

4.64 s 0.09

Po 196
4.80e+5

5.56 s 0.09

Po 197
2.40e+6

53.6 s 0.9

Po 198
1.20e+7

1.760 m 0.024

Po 199
3.30e+6

5.47 m 0.15

Po 200
9.90e+7

11.51 m 0.08

Po 201
9.50e+7

15.6 m 0.1

Po 202
1.00e+8

44.6 m 0.4

Po 204
1.10e+7

3.519 h 0.012

Po 205
6.00e+7

1.74 h 0.08

At 196
1.50e+2

388 ms 7

At 197
1.90e+5

388.2 ms 5.6

At 198
2.80e+4

3.0 s 0.1

At 199
2.60e+6

7.02 s 0.12

At 200
1.20e+7

43.2 s 0.9

At 201
4.60e+7

85.2 s 1.6

At 202
2.10e+8

184 s 1

At 203
5.10e+6

7.4 m 0.2

At 204
1.50e+6

9.12 m 0.11

At 205
1.20e+8

33.8 m 0.2

At 206
6.70e+6

30.6 m 0.8

At 207
2.00e+7

1.81 h 0.03

At 208
3.00e+7

1.63 h 0.03

At 209
6.50e+7

5.42 h 0.05

At 210
7.00e+7

8.1 h 0.4

At 211
7.10e+6

7.214 h 0.007

At 212
1.60e+4

314 ms 2

At 218
5.80e+6

1.5 s 0.3

At 219
2.80e+3

56 s 3

At 220
7.70e+3

3.71 m 0.04

At 221
4.50e+3

2.3 m 0.2

At 222
1.00e+3

54 s 10

At 223
1.00e+2

50 s 7

Rn 199
7.10e+0

590 ms 30

Rn 200
3.54e+3

1.09 s 0.16

Rn 201
1.80e+5

7.0 s 0.4

Rn 202
2.90e+6

9.7 s 0.1

Rn 203
5.00e+6

44 s 2

Rn 204
1.60e+7

1.242 m 0.023

Rn 205
4.52e+7

2.83 m 0.07

Rn 206
7.98e+7

5.67 m 0.17

Rn 207
1.10e+8

9.25 m 0.17

Rn 208
2.11e+8

24.35 m 0.14

Rn 209
1.52e+8

28.8 m 1.0

Rn 210
3.79e+8

2.4 h 0.1

Rn 211
1.60e+8

14.6 h 0.2

Rn 212
3.81e+8

23.9 m 1.2

Rn 219
2.20e+7

3.96 s 0.01

Rn 220
1.86e+7

55.6 s 0.1

Rn 221
1.38e+7

25.7 m 0.5

Rn 222
3.80e+6

3.8215 d 0.0002

Rn 223
2.54e+6

24.3 m 0.4

Rn 224
2.77e+6

107 m 3

Rn 225
1.74e+5

4.66 m 0.04

Rn 226
1.12e+5

7.4 m 0.1

Rn 227
1.29e+4

20.2 s 0.4

Rn 228
5.00e+3

65 s 2

Rn 229
1.80e+2

11.9 s 1.3

Fr 200
1.00e-1

47.5 ms 2.8

Fr 201
1.00e+0

62.8 ms 1.9

Fr 202
7.10e+1

372 ms 12

Fr 203
2.10e+5

550 ms 10

Fr 204
1.90e+6

1.75 s 0.26

Fr 205
2.00e+7

3.82 s 0.06

Fr 206
3.60e+6

~16 s

Fr 207
4.20e+8

14.8 s 0.1

Fr 208
5.30e+8

59.1 s 0.3

Fr 209
1.30e+9

50.5 s 0.7

Fr 210
1.90e+9

3.18 m 0.06

Fr 211
3.20e+9

3.10 m 0.02

Fr 212
3.90e+9

20.0 m 0.6

Fr 213
4.20e+9

34.14 s 0.06

Fr 214
9.40e+2

5.18 ms 0.16

Fr 218
4.30e+3

1.0 ms 0.6

Fr 219
8.90e+3

20 ms 2

Fr 220
6.00e+8

27.4 s 0.3

Fr 221
8.90e+8

4.801 m 0.005

Fr 222
1.20e+9

14.2 m 0.3

Fr 223
1.20e+9

22.00 m 0.07

Fr 224
4.70e+9

3.33 m 0.10

Fr 225
1.00e+9

3.95 m 0.14

Fr 226
1.10e+9

49 s 1

Fr 227
4.20e+8

2.47 m 0.03

Fr 228
4.20e+8

38 s 1

Fr 229
3.80e+4

50.2 s 0.4

Fr 230
5.60e+3

19.1 s 0.5

Ra 208
2.50e+4

1.110 s 0.045

Ra 210
9.90e+5

4.0 s 0.1

Ra 212
9.40e+6

13.0 s 0.2

Ra 214
9.15e+6

2.437 s 0.016

Ra 220
2.40e+5

17.9 ms 1.4

Ra 221
3.50e+9

28 s 2

Ra 222
1.32e+9

33.6 s 0.4

Ra 224
6.00e+8

3.6319 d 0.0023

Ra 225
2.30e+9

14.9 d 0.2

Ra 226
1.10e+8

1.600 ky 0.007

Ra 228
1.80e+7

5.75 y 0.03

Ra 230
2.10e+6

93 m 2

Ra 231
5.60e+3

104 s 1

Ra 232
5.60e+4

4.0 m 0.3
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ISOLDE Nuclide Chart

More than 1300 isotopes 
produced from more than 75 

chemical elements

World-leading variety and 
intensity for many different 

isotopes



1st NUSDAF meeting, Catania (Italy), Marco Rocchini

Low-Energy Coulomb Excitation and Internal 
Conversion Electron Studies at FRIB INFN
▸ Low-energy Coulomb excitation: an ideal technique to investigate the 

deformation of post-accelerated radioactive ions 

▸ Long campaign at ISOLDE with the Miniball HPGe array for the detection of 
the γ-rays and a segmented silicon detector for the scattered beam 

▸ Recent example from GAMMA (SP: A. Gottardo, M. Zielinska): Coulomb 
excitation of both the ground and the lowest-lying isomeric state of 79Zn
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GAMMA@MiniballMiniball 
@ISOLDE

79Zn
208Pb target

g.s. Coulex
1/2+ isomer 
Coulex
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The half-lifes and decay modes are taken from The NUBASE2016 evaluation of nuclear properties, Audi, G., et al., Chinese Physics C, vol. 41, no. 3, (2017) 030001.
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He 6
5.40e+7

806.92 ms 0.24

He 8
6.64e+5

119.1 ms 1.2

Li 7
8.20e+9

stbl

Li 8
5.80e+8

839.40 ms 0.36

Li 9
3.60e+7

178.3 ms 0.4

Li 11
7.00e+3

8.75 ms 0.14

Be 7
2.00e+12

53.22 d 0.06

Be 10
2.00e+12

1.51 My 0.04

Be 11
7.00e+6

13.76 s 0.07

Be 12
7.00e+3

21.50 ms 0.04

Be 14
6.10e+0

4.35 ms 0.17

B 8
6.40e+4

770 ms 3

C 9
4.03e+3

126.5 ms 0.9

C 10
7.00e+5

19.3009 s 0.0017

C 11
7.70e+8

20.364 m 0.014

C 15
1.50e+5

2.449 s 0.005

C 16
4.00e+3

747 ms 8

C 17
8.00e+0

193 ms 5

N 13
2.40e+4

9.965 m 0.004

N 16
2.50e+4

7.13 s 0.02

N 17
1.00e+5

4.173 s 0.004

N 18
6.50e+1

619.2 ms 1.9

O 19
1.28e+5

26.470 s 0.006

O 20
3.40e+4

13.51 s 0.05

O 21
7.00e+3

3.42 s 0.10

O 22
1.30e+3

2.25 s 0.09

F 17
1.10e+7

64.370 s 0.027

F 18
1.78e+7

109.739 m 0.009

F 20
9.71e+6

11.163 s 0.008

F 21
9.36e+5

4.158 s 0.020

F 22
2.55e+4

4.23 s 0.04

F 23
1.64e+3

2.23 s 0.14

Ne 17
4.50e+3

109.2 ms 0.6

Ne 18
3.46e+6

1664.20 ms 0.47

Ne 19
2.97e+7

17.274 s 0.010

Ne 20
1.10e+6

stbl

Ne 21
1.60e+5

stbl

Ne 22
1.80e+1

stbl

Ne 23
5.13e+6

37.140 s 0.028

Ne 24
1.64e+6

3.38 m 0.02

Ne 25
6.75e+4

602 ms 8

Ne 26
4.90e+4

197 ms 2

Ne 27
2.00e+2

31.5 ms 1.3

Na 20
1.10e+6

447.9 ms 2.3

Na 21
4.00e+8

22.422 s 0.010

Na 22
1.00e+9

2.6018 y 0.0022

Na 24
5.50e+8

14.957 h 0.004

Na 25
2.64e+9

59.1 s 0.6

Na 26
5.80e+8

1071.28 ms 0.25

Na 27
9.46e+7

301 ms 6

Na 28
9.60e+5

30.5 ms 0.4

Na 29
3.23e+5

44.1 ms 0.9

Na 30
4.00e+5

48.4 ms 1.7

Na 31
4.20e+3

17.35 ms 0.40

Na 32
1.40e+2

12.9 ms 0.3

Na 33
1.30e+1

8.2 ms 0.4

Na 34
2.80e+0

5.5 ms 1.0

Mg 21
1.50e+4

118.6 ms 0.5

Mg 22
8.00e+6

3.8755 s 0.0012

Mg 23
2.00e+8

11.317 s 0.011

Mg 27
1.50e+7

9.435 m 0.027

Mg 28
3.58e+7

20.915 h 0.009

Mg 29
1.60e+6

1.30 s 0.12

Mg 30
6.00e+5

313 ms 4

Mg 32
3.00e+4

86 ms 5

Mg 33
3.00e+3

90.5 ms 1.6

Mg 34
1.40e+2

20 ms 10

Al 24
4.52e+3

2.053 s 0.004

Al 26
6.80e+4

717 ky 24

Al 28
4.00e+7

2.245 m 0.005

Al 29
4.50e+7

6.56 m 0.06

Al 30
2.50e+6

3.62 s 0.06

Al 31
2.50e+5

644 ms 25

Al 33
4.90e+2

41.7 ms 0.2

Al 34
8.60e+1

56.3 ms 0.5

Al 35
5.00e+0

37.2 ms 0.8

S 38
8.00e+3

170.3 m 0.7

Cl 33
1.41e+2

2.5038 s 0.0022

Cl 34
2.24e+5

1.5266 s 0.0004

Cl 38
1.50e+7

37.24 m 0.05

Cl 39
8.50e+6

56.2 m 0.6

Cl 40
6.30e+5

1.35 m 0.02

Cl 41
1.41e+5

38.4 s 0.8

Cl 42
3.80e+3

6.8 s 0.3

Cl 43
3.90e+2

3.13 s 0.09

Ar 31
3.40e+1

15.1 ms 0.3

Ar 32
3.30e+3

98 ms 2

Ar 33
1.20e+5

173.0 ms 2.0

Ar 34
3.80e+6

843.8 ms 0.4

Ar 35
2.00e+8

1.7756 s 0.0010

Ar 37
4.47e+8

35.011 d 0.019

Ar 39
5.00e+8

269 y 3

Ar 41
1.00e+8

109.61 m 0.04

Ar 43
4.84e+6

5.37 m 0.06

Ar 44
3.00e+6

11.87 m 0.05

Ar 45
1.20e+5

21.48 s 0.15

Ar 46
3.00e+4

8.4 s 0.6

Ar 47
9.60e+3

1.23 s 0.03

Ar 49
1.10e+1

236 ms 8

Ar 50
2.00e+0

106 ms 6

K 35
8.70e+3

178 ms 8

K 36
2.50e+5

341 ms 3

K 37
7.10e+6

1.2365 s 0.0009

K 38
1.40e+9

7.636 m 0.018

K 42
6.70e+9

12.355 h 0.007

K 43
1.40e+9

22.3 h 0.1

K 44
6.00e+8

22.13 m 0.19

K 45
1.70e+8

17.8 m 0.6

K 46
6.84e+8

105 s 10

K 47
2.80e+6

17.50 s 0.24

K 48
1.30e+6

6.8 s 0.2

K 49
2.70e+5

1.26 s 0.05

K 50
5.00e+4

472 ms 4

K 51
4.50e+3

365 ms 5

K 52
5.60e+2

110 ms 4

Ca 37
3.00e+1

181.1 ms 1.0

Ca 38
2.43e+5

443.70 ms 0.25

Ca 39
5.00e+5

860.3 ms 0.8

Ca 47
1.10e+7

4.536 d 0.003

Ca 49
1.40e+7

8.718 m 0.006

Ca 50
2.50e+5

13.9 s 0.6

Ca 51
1.00e+4

10.0 s 0.8

Ca 52
1.00e+2

4.6 s 0.3

Sc 42
1.50e+3

680.79 ms 0.28

Sc 43
3.00e+5

3.891 h 0.012

Sc 44
1.20e+9

4.0420 h 0.0025

Sc 46
7.00e+7

83.80 d 0.03

Sc 47
3.00e+7

3.3492 d 0.0006

Sc 48
7.70e+6

43.67 h 0.09

Sc 50
4.50e+3

102.5 s 0.5

Sc 52
1.30e+1

8.2 s 0.2

Ti 54
7.00e+0

2.1 s 1.0

Cr 48
5.00e+7

21.56 h 0.03

Cr 49
1.50e+5

42.3 m 0.1

Cr 55
2.10e+4

3.497 m 0.003

Mn 48
5.00e+0

158.1 ms 2.2

Mn 49
2.80e+3

382 ms 7

Mn 50
7.60e+5

283.19 ms 0.10

Mn 51
6.00e+7

46.2 m 0.1

Mn 52
3.80e+8

5.591 d 0.003

Mn 53
9.00e+8

3.7 My 0.4

Mn 54
1.10e+9

312.20 d 0.20

Mn 56
4.00e+8

2.5789 h 0.0001

Mn 57
1.50e+8

85.4 s 1.8

Mn 58
1.65e+7

3.0 s 0.1

Mn 59
1.50e+8

4.59 s 0.05

Mn 60
4.00e+7

280 ms 20

Mn 61
1.70e+6

709 ms 8

Mn 62
7.00e+5

92 ms 13

Mn 63
2.00e+5

275 ms 4

Mn 64
7.00e+3

88.8 ms 2.4

Mn 65
1.00e+3

91.9 ms 0.7

Mn 66
1.70e+2

64.2 ms 0.8

Mn 67
1.00e+2

46.7 ms 2.3

Mn 68
4.00e+0

33.7 ms 1.5

Mn 69
1.00e+0

22.1 ms 1.6

Fe 52
5.00e+4

8.275 h 0.008

Fe 53
3.00e+4

8.51 m 0.02

Fe 59
1.00e+8

44.495 d 0.009

Co 55
5.70e+4

17.53 h 0.03

Co 56
8.20e+5

77.236 d 0.026

Co 57
1.00e+7

271.70 d 0.10

Ni 56
3.60e+3

6.075 d 0.010

Ni 57
5.30e+6

35.60 h 0.06

Ni 59
6.00e+6

81 ky 5

Ni 65
7.00e+7

2.5175 h 0.0005

Ni 66
1.00e+8

54.6 h 0.3

Ni 67
7.00e+5

21 s 1

Ni 68
4.00e+5

29 s 2

Ni 69
2.00e+4

11.4 s 0.3

Ni 70
1.00e+4

6.0 s 0.3

Cu 57
3.00e+3

196.3 ms 0.7

Cu 58
3.00e+5

3.204 s 0.007

Cu 59
7.00e+6

81.5 s 0.5

Cu 60
5.00e+7

23.7 m 0.4

Cu 61
4.00e+8

3.339 h 0.008

Cu 62
9.00e+8

9.67 m 0.03

Cu 64
2.00e+8

12.7004 h 0.0020

Cu 66
4.00e+8

5.120 m 0.014

Cu 67
3.50e+8

61.83 h 0.12

Cu 68
3.00e+9

30.9 s 0.6

Cu 69
2.30e+8

2.85 m 0.15

Cu 70
9.00e+7

44.5 s 0.2

Cu 71
5.00e+7

19.4 s 1.4

Cu 72
1.30e+7

6.63 s 0.03

Cu 73
4.00e+6

4.2 s 0.3

Cu 74
6.00e+5

1.63 s 0.05

Cu 75
1.50e+5

1.224 s 0.003

Cu 76
2.00e+4

637.7 ms 5.5

Cu 77
2.00e+3

467.9 ms 2.1

Cu 78
2.00e+2

330.7 ms 2.0

Zn 58
1.30e+1

86.7 ms 2.4

Zn 59
5.80e+2

182.0 ms 1.8

Zn 60
2.10e+5

2.38 m 0.05

Zn 61
3.90e+6

89.1 s 0.2

Zn 62
2.30e+7

9.193 h 0.015

Zn 63
3.04e+8

38.47 m 0.05

Zn 65
2.96e+9

243.93 d 0.09

Zn 69
1.50e+8

56.4 m 0.9

Zn 71
1.10e+8

2.45 m 0.10

Zn 72
1.10e+8

46.5 h 0.1

Zn 73
3.00e+6

23.5 s 1.0

Zn 74
6.90e+7

95.6 s 1.2

Zn 75
5.60e+7

10.2 s 0.2

Zn 76
1.60e+7

5.7 s 0.3

Zn 77
7.10e+6

2.08 s 0.05

Zn 78
4.30e+6

1.47 s 0.15

Zn 79
1.00e+6

746 ms 42

Zn 80
1.40e+5

562.2 ms 3.0

Zn 81
5.50e+3

303.2 ms 2.6

Ga 61
1.00e+1

167 ms 3

Ga 62
4.00e+3

116.121 ms 0.021

Ga 63
1.20e+6

32.4 s 0.5

Ga 64
1.50e+7

2.627 m 0.012

Ga 65
9.50e+7

15.2 m 0.2

Ga 66
4.40e+8

9.304 h 0.008

Ga 67
8.00e+8

3.2617 d 0.0005

Ga 68
6.50e+8

67.845 m 0.018

Ga 70
8.00e+7

21.14 m 0.03

Ga 72
1.50e+8

14.025 h 0.010

Ga 73
2.80e+8

4.86 h 0.03

Ga 74
1.80e+8

8.12 m 0.12

Ga 75
5.00e+7

126 s 2

Ga 76
3.00e+7

32.6 s 0.6

Ga 77
7.70e+6

13.2 s 0.2

Ga 78
1.00e+7

5.09 s 0.05

Ga 79
5.50e+6

2.848 s 0.003

Ga 80
3.20e+6

1.9 s 0.1

Ga 81
1.30e+6

1.217 s 0.005

Ga 82
2.00e+5

599 ms 2

Ga 83
4.50e+3

308.1 ms 1.0

Ga 84
8.00e+1

85 ms 10

Ga 85
1.20e+1

92.2 ms 3.5

Ga 86
1.50e+0

47 ms 18

Ge 66
2.19e+6

2.26 h 0.05

Ge 67
7.96e+6

18.9 m 0.3

Ge 69
1.02e+8

39.05 h 0.10

Ge 75
4.80e+5

82.78 m 0.04

Ge 77
4.00e+7

11.211 h 0.003

Ge 78
1.00e+8

88.0 m 1.0

Ge 79
1.20e+7

18.98 s 0.03

Ge 80
2.50e+6

29.5 s 0.4

Ge 81
1.30e+6

8 s 2

Ge 82
7.00e+4

4.56 s 0.26

As 68
7.25e+5

151.6 s 0.8

As 69
1.95e+7

15.2 m 0.2

As 70
1.38e+8

52.6 m 0.3

As 71
9.70e+8

65.30 h 0.07

As 72
3.00e+8

26.0 h 0.1

As 73
1.00e+9

80.30 d 0.06

As 74
1.90e+8

17.77 d 0.02

As 78
1.50e+8

90.7 m 0.2

As 80
5.00e+6

15.2 s 0.2

As 81
3.00e+6

33.3 s 0.8

As 82
6.00e+5

19.1 s 0.5

As 85
2.00e+4

2.021 s 0.012

Se 69
4.07e+3

27.4 s 0.2

Se 70
4.08e+6

41.1 m 0.3

Se 71
5.17e+6

4.74 m 0.05

Se 72
3.00e+8

8.40 d 0.08

Se 73
3.00e+8

7.15 h 0.08

Se 75
2.40e+8

119.78 d 0.05

Se 77
1.76e+6

stbl

Se 79
2.15e+5

327 ky 28

Se 81
2.10e+5

18.45 m 0.12

Se 83
3.90e+3

22.25 m 0.04

Se 87
5.60e+4

5.50 s 0.14

Br 70
4.00e+3

79.1 ms 0.8

Br 71
5.60e+5

21.4 s 0.6

Br 72
1.00e+7

78.6 s 2.4

Br 73
1.80e+8

3.4 m 0.2

Br 74
1.30e+9

25.4 m 0.3

Br 75
4.00e+9

96.7 m 1.3

Br 76
7.10e+9

16.2 h 0.2

Br 77
7.10e+9

57.04 h 0.12

Br 78
3.20e+9

6.45 m 0.04

Br 79
3.20e+7

stbl

Br 80
7.10e+8

17.68 m 0.02

Br 82
4.00e+7

35.282 h 0.007

Br 83
1.72e+8

2.374 h 0.004

Br 84
5.00e+5

31.76 m 0.08

Br 85
7.59e+7

2.90 m 0.06

Br 86
3.56e+7

55.1 s 0.4

Br 87
2.88e+7

55.65 s 0.12

Br 88
1.21e+7

16.34 s 0.08

Br 89
4.42e+6

4.357 s 0.022

Br 90
7.35e+5

1.910 s 0.010

Br 91
6.00e+4

543 ms 4

Br 92
1.26e+4

0.314 s 0.016

Br 93
4.55e+2

152 ms 8

Br 94
4.80e+1

70 ms 20

Kr 69
2.60e-4

28 ms 1

Kr 70
3.00e-2

52 ms 17

Kr 71
4.50e+2

100 ms 3

Kr 72
2.00e+4

17.16 s 0.18

Kr 73
1.20e+6

27.3 s 1.0

Kr 74
6.30e+6

11.50 m 0.11

Kr 75
7.10e+6

4.60 m 0.07

Kr 76
1.20e+8

14.8 h 0.1

Kr 77
2.00e+8

74.4 m 0.6

Kr 79
2.30e+9

35.04 h 0.10

Kr 81
5.00e+8

229 ky 11

Kr 85
3.00e+9

10.739 y 0.014

Kr 87
2.00e+9

76.3 m 0.5

Kr 88
1.30e+9

2.825 h 0.019

Kr 89
6.70e+8

3.15 m 0.04

Kr 90
5.10e+8

32.32 s 0.09

Kr 91
3.90e+8

8.57 s 0.04

Kr 92
1.30e+8

1.840 s 0.008

Kr 93
3.60e+7

1.286 s 0.010

Kr 94
3.30e+6

212 ms 5

Kr 95
3.40e+5

114 ms 3

Kr 96
1.30e+5

80 ms 8

Kr 97
6.50e+3

62.2 ms 3.2

Kr 98
4.70e+2

42.8 ms 3.6

Kr 99
9.00e+0

40 ms 11

Rb 74
1.00e+3

64.776 ms 0.030

Rb 75
1.39e+6

19.0 s 1.2

Rb 76
3.58e+7

36.5 s 0.6

Rb 77
2.90e+8

3.78 m 0.04

Rb 78
2.40e+9

17.66 m 0.03

Rb 79
1.20e+10

22.9 m 0.5

Rb 80
1.90e+10

33.4 s 0.7

Rb 81
3.80e+10

4.572 h 0.004

Rb 82
2.40e+10

1.273 m 0.002

Rb 83
1.50e+10

86.2 d 0.1

Rb 84
6.00e+9

32.82 d 0.07

Rb 85
3.55e+9

stbl

Rb 86
5.68e+9

18.642 d 0.018

Rb 87
6.22e+9

49.7 Gy 0.3

Rb 88
5.08e+9

17.773 m 0.018

Rb 89
7.26e+9

15.32 m 0.10

Rb 90
7.18e+9

158 s 5

Rb 91
4.99e+9

58.2 s 0.3

Rb 92
3.16e+9

4.48 s 0.03

Rb 93
1.62e+9

5.84 s 0.02

Rb 94
1.08e+9

2.702 s 0.005

Rb 95
4.00e+7

377.7 ms 0.8

Rb 96
1.40e+7

201 ms 1

Rb 97
5.60e+6

169.1 ms 0.6

Rb 98
3.20e+6

114 ms 5

Rb 99
4.00e+5

56.4 ms 1.2

Rb 100
2.50e+4

48 ms 3

Rb 102
2.50e+2

37 ms 3

Sr 75
2.50e+0

88 ms 3

Sr 76
8.67e+2

7.89 s 0.07

Sr 77
5.12e+4

9.0 s 0.2

Sr 78
2.20e+6

156.1 s 2.7

Sr 79
3.07e+7

2.25 m 0.10

Sr 80
3.40e+8

106.3 m 1.5

Sr 81
7.40e+8

22.3 m 0.4

Sr 82
3.20e+9

25.36 d 0.03

Sr 83
4.06e+9

32.41 h 0.03

Sr 84
9.20e+9

stbl

Sr 85
3.47e+8

64.849 d 0.007

Sr 86
4.40e+9

stbl

Sr 87
4.46e+9

stbl

Sr 88
1.10e+9

stbl

Sr 90
1.70e+9

28.79 y 0.06

Sr 91
1.20e+6

9.65 h 0.06

Sr 92
2.00e+9

2.611 h 0.017

Sr 94
2.80e+8

75.3 s 0.2

Sr 95
5.60e+8

23.90 s 0.14

Sr 96
5.70e+6

1.07 s 0.01

Sr 100
6.00e+3

202 ms 3

Sr 102
3.00e+1

69 ms 6

Y 80
5.65e+3

30.1 s 0.5

Y 81
3.71e+4

70.4 s 1.0

Y 82
7.35e+4

8.30 s 0.20

Y 83
1.12e+7

7.08 m 0.08

Y 84
2.00e+7

39.5 m 0.8

Y 85
7.06e+7

2.68 h 0.05

Y 86
6.21e+8

14.74 h 0.02

Y 87
2.26e+9

79.8 h 0.3

Y 89
1.67e+7

stbl

Y 95
7.80e+4

10.3 m 0.1

Y 100
1.10e+3

735 ms 7

Pd 115
1.80e+5

25 s 2

Ag 99
3.40e+2

2.07 m 0.05

Ag 100
2.30e+3

2.01 m 0.09

Ag 101
7.80e+4

11.1 m 0.3

Ag 102
3.60e+5

12.9 m 0.3

Ag 103
1.70e+6

65.7 m 0.7

Ag 104
2.50e+6

69.2 m 1.0

Ag 105
2.90e+7

41.29 d 0.07

Ag 107
1.50e+6

stbl

Ag 108
3.00e+7

2.382 m 0.011

Ag 109
6.00e+8

stbl

Ag 110
1.00e+8

24.56 s 0.11

Ag 111
3.00e+10

7.433 d 0.010

Ag 112
1.00e+9

3.130 h 0.008

Ag 113
2.80e+9

5.37 h 0.05

Ag 114
1.70e+9

4.6 s 0.1

Ag 116
5.90e+6

3.83 m 0.08

Ag 118
1.00e+8

3.76 s 0.15

Cd 97
1.00e+0

1.10 s 0.08

Cd 98
1.00e+1

9.2 s 0.3

Cd 99
4.50e+2

16 s 3

Cd 100
1.00e+5

49.1 s 0.5

Cd 101
8.90e+5

1.36 m 0.05

Cd 102
6.30e+6

5.5 m 0.5

Cd 103
4.50e+7

7.3 m 0.1

Cd 104
8.90e+7

57.7 m 1.0

Cd 105
3.50e+8

55.5 m 0.4

Cd 107
1.00e+8

6.50 h 0.02

Cd 108
5.60e+8

stbl >410Py

Cd 109
4.00e+8

461.6 d 0.4

Cd 110
5.60e+8

stbl

Cd 111
5.60e+8

stbl

Cd 115
1.10e+8

53.46 h 0.05

Cd 117
6.20e+7

2.49 h 0.04

Cd 118
6.00e+8

50.3 m 0.2

Cd 119
1.80e+7

2.69 m 0.02

Cd 120
1.10e+8

50.80 s 0.21

Cd 121
1.80e+8

13.5 s 0.3

Cd 122
3.50e+7

5.24 s 0.03

Cd 123
3.00e+6

2.10 s 0.02

Cd 124
7.70e+6

1.25 s 0.02

Cd 125
6.00e+4

680 ms 40

Cd 126
8.90e+5

513 ms 6

Cd 127
1.00e+4

330 ms 20

Cd 128
1.30e+5

246 ms 2

Cd 129
2.00e+2

151.5 ms 5.7

Cd 130
1.00e+4

126.8 ms 1.8

Cd 131
1.00e+3

98 ms 2

Cd 132
1.00e+1

82 ms 4

In 100
7.60e+0

5.83 s 0.17

In 101
1.90e+2

15.1 s 1.1

In 102
4.30e+3

23.3 s 0.1

In 103
4.00e+4

60 s 1

In 104
4.90e+5

1.80 m 0.03

In 105
1.30e+6

5.07 m 0.07

In 106
3.70e+6

6.2 m 0.1

In 107
1.60e+7

32.4 m 0.3

In 108
3.00e+7

58.0 m 1.2

In 109
1.70e+7

4.167 h 0.018

In 110
4.00e+8

4.92 h 0.08

In 111
3.50e+5

2.8063 d 0.0007

In 112
4.20e+8

14.88 m 0.15

In 113
7.20e+8

stbl

In 114
8.00e+8

71.9 s 0.1

In 116
1.60e+8

14.10 s 0.03

In 117
3.50e+8

43.2 m 0.3

In 118
7.90e+8

5.0 s 0.5

In 119
1.00e+9

2.4 m 0.1

In 120
6.30e+8

3.08 s 0.08

In 121
7.00e+8

23.1 s 0.6

In 122
2.50e+8

1.5 s 0.3

In 123
5.00e+8

6.17 s 0.05

In 124
1.40e+8

3.12 s 0.09

In 125
7.00e+7

2.36 s 0.04

In 126
3.20e+7

1.53 s 0.01

In 127
2.00e+7

1.09 s 0.01

In 128
4.40e+3

816 ms 27

In 129
1.10e+3

570 ms 10

In 130
2.50e+6

284 ms 10

In 131
5.00e+5

261 ms 3

In 132
1.00e+5

198 ms 2

In 133
1.10e+3

165 ms 3

In 134
9.50e+1

140 ms 4

In 135
2.40e+0

101 ms 4

Sn 105
8.00e+4

34 s 1

Sn 106
1.60e+6

1.92 m 0.08

Sn 107
2.00e+7

2.90 m 0.05

Sn 108
1.40e+8

10.30 m 0.08

Sn 109
1.00e+9

18.0 m 0.2

Sn 110
1.80e+9

4.154 h 0.004

Sn 111
1.60e+5

35.3 m 0.6

Sn 113
6.00e+9

115.09 d 0.03

Sn 123
5.00e+8

129.2 d 0.4

Sn 125
1.30e+8

9.64 d 0.03

Sn 127
6.00e+7

2.10 h 0.04

Sn 129
5.00e+7

2.23 m 0.04

Sn 131
1.50e+7

56.0 s 0.5

Sn 132
3.00e+8

39.7 s 0.8

Sn 133
1.50e+7

1.46 s 0.03

Sn 134
2.00e+6

890 ms 20

Sn 135
1.00e+5

515 ms 5

Sn 136
4.00e+3

350 ms 5

Sn 137
1.00e+2

273 ms 7

Sn 138
2.50e+0

150 ms 30

Sb 112
2.50e+4

53.5 s 0.6

Sb 113
1.10e+7

6.67 m 0.07

Sb 114
6.00e+7

3.49 m 0.03

Sb 131
3.20e+9

23.03 m 0.04

Sb 132
1.00e+8

2.79 m 0.07

Sb 133
1.30e+7

2.34 m 0.05

Sb 134
6.00e+6

780 ms 60

Te 116
1.00e+6

2.49 h 0.04

Te 117
1.00e+6

62 m 2

Te 131
1.00e+8

25.0 m 0.1

Te 132
7.00e+8

3.204 d 0.013

Te 133
6.60e+8

12.5 m 0.3

Te 134
4.00e+8

41.8 m 0.8

Te 135
4.00e+6

19.0 s 0.2

Te 136
4.00e+7

17.63 s 0.08

I 114
1.00e+1

2.1 s 0.2

I 115
8.00e+4

1.3 m 0.2

I 116
5.00e+4

2.91 s 0.15

I 117
2.50e+6

2.22 m 0.04

I 118
1.60e+7

13.7 m 0.5

I 119
3.40e+7

19.1 m 0.4

I 120
1.30e+8

81.67 m 0.18

I 121
1.10e+8

2.12 h 0.01

I 122
1.50e+7

3.63 m 0.06

I 123
8.50e+8

13.2235 h 0.0019

I 124
4.50e+7

4.1760 d 0.0003

I 125
2.10e+7

59.407 d 0.010

I 126
3.50e+7

12.93 d 0.05

I 128
7.70e+7

24.99 m 0.02

I 130
1.50e+5

12.36 h 0.01

I 132
2.70e+8

2.295 h 0.013

I 133
6.00e+8

20.83 h 0.08

I 134
4.00e+8

52.5 m 0.2

I 135
2.80e+9

6.58 h 0.03

I 136
1.30e+8

83.4 s 1.0

I 137
1.30e+7

24.13 s 0.12

I 138
3.30e+6

6.23 s 0.03

I 139
9.00e+5

2.282 s 0.010

I 140
1.00e+5

860 ms 40

I 141
2.00e+4

430 ms 20

I 142
2.30e+3

222 ms 12

Xe 112
4.20e+1

2.7 s 0.8

Xe 113
1.30e+3

2.74 s 0.08

Xe 114
6.50e+4

10.0 s 0.4

Xe 115
7.60e+5

18 s 4

Xe 116
6.50e+6

59 s 2

Xe 117
5.00e+7

61 s 2

Xe 118
1.60e+8

3.8 m 0.9

Xe 119
8.20e+8

5.8 m 0.3

Xe 120
1.80e+9

46.0 m 0.6

Xe 121
2.80e+9

40.1 m 2.0

Xe 122
9.30e+9

20.1 h 0.1

Xe 123
1.20e+10

2.08 h 0.02

Xe 124
2.60e+10

stbl >200Ty

Xe 125
2.80e+10

16.9 h 0.2

Xe 126
3.10e+10

stbl

Xe 127
3.10e+10

36.346 d 0.003

Xe 128
2.30e+10

stbl

Xe 129
1.80e+10

stbl

Xe 130
6.60e+9

stbl

Xe 131
9.80e+8

stbl

Xe 132
1.80e+9

stbl

Xe 133
3.10e+8

5.2475 d 0.0005

Xe 135
3.43e+9

9.14 h 0.02

Xe 137
7.50e+8

3.818 m 0.013

Xe 138
5.70e+8

14.14 m 0.05

Xe 139
5.50e+8

39.68 s 0.14

Xe 140
3.50e+8

13.60 s 0.10

Xe 141
1.10e+8

1.73 s 0.01

Xe 142
4.80e+7

1.23 s 0.02

Xe 143
6.60e+6

511 ms 6

Xe 144
9.90e+5

388 ms 7

Xe 145
2.60e+5

188 ms 4

Xe 146
1.80e+3

146 ms 6

Xe 147
1.30e+1

130 ms 80

Cs 114
8.40e+0

570 ms 20

Cs 115
3.20e+2

1.4 s 0.8

Cs 116
2.80e+3

700 ms 40

Cs 117
1.20e+5

8.4 s 0.6

Cs 118
1.60e+7

14 s 2

Cs 119
1.30e+3

43.0 s 0.2

Cs 120
1.30e+9

60.4 s 0.6

Cs 121
7.30e+9

155 s 4

Cs 122
1.00e+10

21.18 s 0.19

Cs 123
5.00e+10

5.88 m 0.03

Cs 124
3.20e+10

30.9 s 0.4

Cs 125
1.10e+11

46.7 m 0.1

Cs 126
6.90e+10

1.64 m 0.02

Cs 127
1.30e+11

6.25 h 0.10

Cs 128
6.40e+10

3.640 m 0.014

Cs 129
8.50e+10

32.06 h 0.06

Cs 130
5.90e+10

29.21 m 0.04

Cs 131
5.00e+10

9.689 d 0.016

Cs 132
3.90e+10

6.480 d 0.006

Cs 133
2.80e+10

stbl

Cs 134
1.90e+10

2.0652 y 0.0004

Cs 135
1.30e+10

1.33 My 0.19

Cs 136
1.23e+10

13.16 d 0.03

Cs 137
1.69e+10

30.08 y 0.09

Cs 139
3.81e+9

9.27 m 0.05

Cs 140
3.43e+9

63.7 s 0.3

Cs 141
1.50e+9

24.84 s 0.16

Cs 142
3.43e+9

1.684 s 0.014

Cs 143
1.50e+9

1.791 s 0.007

Cs 145
2.10e+7

582 ms 6

Cs 146
3.80e+6

323 ms 6

Cs 147
1.10e+6

230 ms 1

Cs 148
2.50e+5

145 ms 4

Cs 149
7.10e+4

113 ms 8

Cs 150
1.20e+4

84.4 ms 8.2

Cs 151
1.70e+3

69 ms 26

Ba 122
7.90e+7

1.95 m 0.15

Ba 123
3.80e+8

2.7 m 0.4

Ba 124
2.50e+9

11.0 m 0.5

Ba 125
1.00e+7

3.3 m 0.3

Ba 126
1.60e+10

100 m 2

Ba 127
6.30e+9

12.7 m 0.4

Ba 128
2.40e+10

2.43 d 0.05

Ba 129
1.20e+10

2.23 h 0.11

Ba 130
3.20e+10

stbl ~1Zy

Ba 131
8.90e+9

11.52 d 0.01

Ba 132
5.00e+10

stbl >300Ey

Ba 134
5.60e+10

stbl

Ba 136
5.60e+10

stbl

Ba 137
3.60e+8

stbl

Ba 138
2.40e+10

stbl

Ba 140
3.40e+8

12.7527 d 0.0023

Ba 142
7.40e+7

10.6 m 0.2

Ba 144
6.70e+6

11.5 s 0.2

Ba 146
1.90e+5

2.22 s 0.07

La 128
1.10e+7

5.18 m 0.14

La 129
7.10e+6

11.6 m 0.2

Ce 133
1.90e+6

97 m 4

Pr 133
1.50e+7

6.5 m 0.3

Pr 135
2.70e+7

24 m 1

Pr 142
1.00e+7

19.12 h 0.04

Nd 134
1.00e+7

8.5 m 1.5

Nd 135
2.10e+7

12.4 m 0.6

Nd 137
7.10e+6

38.5 m 1.5

Nd 141
1.20e+5

2.49 h 0.03

Nd 147
5.40e+6

10.98 d 0.01

Pm 135
6.00e+6

49 s 3

Pm 136
1.00e+7

107 s 6

Pm 137
3.30e+7

2# m

Pm 138
5.60e+7

10 s 2

Pm 139
5.90e+7

4.15 m 0.05

Pm 140
1.70e+8

9.2 s 0.2

Pm 141
9.10e+7

20.90 m 0.05

Pm 149
4.30e+5

53.08 h 0.05

Pm 150
1.00e+5

2.698 h 0.015

Pm 151
2.10e+6

28.40 h 0.04

Sm 138
5.10e+6

3.1 m 0.2

Sm 139
7.60e+7

2.57 m 0.10

Sm 140
2.00e+8

14.82 m 0.12

Sm 141
2.60e+8

10.2 m 0.2

Sm 142
2.80e+8

72.49 m 0.05

Sm 143
1.30e+9

8.75 m 0.06

Sm 145
2.10e+8

340 d 3

Sm 153
8.70e+7

46.284 h 0.004

Eu 139
7.00e+5

17.9 s 0.6

Eu 140
2.00e+6

1.51 s 0.02

Eu 141
8.40e+7

40.7 s 0.7

Eu 142
2.00e+8

2.36 s 0.10

Eu 143
4.00e+8

2.59 m 0.02

Eu 144
5.60e+8

10.2 s 0.1

Eu 145
7.00e+8

5.93 d 0.04

Eu 146
5.30e+8

4.61 d 0.03

Eu 147
3.40e+8

24.1 d 0.6

Eu 149
5.30e+8

93.1 d 0.4

Eu 150
3.50e+7

36.9 y 0.9

Eu 152
3.20e+8

13.517 y 0.009

Eu 154
2.10e+8

8.601 y 0.010

Eu 156
1.30e+6

15.19 d 0.08

Gd 142
1.20e+6

70.2 s 0.6

Gd 143
1.00e+6

39 s 2

Gd 144
4.00e+7

4.47 m 0.06

Gd 145
9.50e+6

23.0 m 0.4

Gd 146
4.00e+8

48.27 d 0.10

Gd 148
6.00e+8

70.9 y 1.0

Gd 150
4.00e+8

1.79 My 0.08

Gd 152
2.50e+8

108 Ty 8

Gd 154
3.00e+7

stbl

Tb 145
1.70e+7

30.9 s 0.6

Tb 146
8.40e+7

8 s 4

Tb 147
3.00e+8

1.64 h 0.03

Tb 148
3.00e+8

60 m 1

Tb 149
2.00e+8

4.118 h 0.025

Tb 150
3.00e+8

3.48 h 0.16

Tb 152
4.30e+6

17.5 h 0.1

Tb 157
8.90e+6

71 y 7

Tb 158
8.30e+6

180 y 11

Dy 146
5.00e+6

33.2 s 0.7

Dy 148
2.90e+8

3.3 m 0.2

Dy 149
1.10e+9

4.20 m 0.14

Dy 150
2.40e+9

7.17 m 0.05

Dy 151
7.30e+9

17.9 m 0.3

Dy 152
5.90e+9

2.38 h 0.02

Dy 154
8.50e+9

3.0 My 1.5

Dy 156
3.90e+9

stbl >1Ey

Dy 157
3.70e+8

8.14 h 0.04

Dy 158
2.50e+9

stbl

Ho 149
5.30e+5

21.1 s 0.2

Ho 150
1.00e+6

76.8 s 1.8

Ho 151
1.00e+8

35.2 s 0.1

Ho 152
1.30e+7

161.8 s 0.3

Ho 154
7.90e+8

11.76 m 0.19

Ho 155
1.10e+10

48 m 1

Ho 157
6.70e+9

12.6 m 0.2

Ho 158
2.80e+10

11.3 m 0.4

Ho 159
1.60e+8

33.05 m 0.11

Ho 160
2.80e+10

25.6 m 0.3

Ho 169
2.50e+8

4.72 m 0.10

Ho 170
1.30e+8

2.76 m 0.05

Er 150
7.00e+6

18.5 s 0.7

Er 151
5.60e+7

23.5 s 2.0

Er 152
7.00e+7

10.3 s 0.1

Er 153
7.10e+8

37.1 s 0.2

Er 154
6.00e+8

3.73 m 0.09

Er 155
1.20e+9

5.3 m 0.3

Er 156
6.00e+8

19.5 m 1.0

Er 158
5.80e+8

2.29 h 0.06

Er 159
1.60e+8

36 m 1

Er 160
4.00e+8

28.58 h 0.09

Er 161
2.90e+8

3.21 h 0.03

Tm 153
1.00e+7

1.48 s 0.01

Tm 154
1.10e+8

8.1 s 0.3

Tm 155
4.00e+8

21.6 s 0.2

Tm 157
1.10e+9

3.63 m 0.09

Tm 158
1.20e+9

3.98 m 0.06

Tm 159
2.70e+8

9.13 m 0.16

Tm 160
1.50e+8

9.4 m 0.3

Tm 161
1.30e+9

30.2 m 0.8

Tm 162
3.00e+8

21.70 m 0.19

Tm 163
2.30e+8

1.810 h 0.005

Tm 164
3.90e+7

2.0 m 0.1

Tm 165
1.10e+9

30.06 h 0.03

Tm 167
6.80e+9

9.25 d 0.02

Yb 153
2.50e+4

4.2 s 0.2

Yb 154
2.00e+3

409 ms 2

Yb 155
7.90e+6

1.793 s 0.019

Yb 156
3.20e+7

26.1 s 0.7

Yb 157
2.20e+8

38.6 s 1.0

Yb 158
9.30e+8

1.49 m 0.13

Yb 159
1.80e+9

1.67 m 0.09

Yb 160
4.00e+9

4.8 m 0.2

Yb 161
5.00e+9

4.2 m 0.2

Yb 162
6.20e+9

18.87 m 0.19

Yb 163
1.20e+10

11.05 m 0.35

Yb 164
1.40e+10

75.8 m 1.7

Yb 165
3.60e+10

9.9 m 0.3

Yb 166
2.00e+10

56.7 h 0.1

Yb 167
1.20e+10

17.5 m 0.2

Yb 168
2.40e+10

stbl >130Ty

Yb 169
3.20e+9

32.018 d 0.005

Yb 170
1.70e+9

stbl

Yb 171
1.10e+9

stbl

Yb 172
9.00e+8

stbl

Yb 173
4.00e+8

stbl

Yb 174
5.50e+8

stbl

Yb 175
1.00e+8

4.185 d 0.001

Yb 176
1.00e+8

stbl >160Py

Yb 177
8.30e+7

1.911 h 0.003

Lu 157
1.00e+7

6.8 s 1.8

Lu 158
3.10e+5

10.6 s 0.3

Lu 159
3.50e+5

12.1 s 1.0

Lu 160
1.00e+8

36.1 s 0.3

Lu 161
7.00e+5

77 s 2

Lu 162
1.80e+7

1.37 m 0.02

Lu 163
1.60e+7

3.97 m 0.13

Lu 164
3.00e+7

3.14 m 0.03

Lu 165
2.00e+8

10.74 m 0.10

Lu 166
3.60e+9

2.65 m 0.10

Lu 167
1.20e+9

51.5 m 1.0

Lu 168
7.90e+8

5.5 m 0.1

Lu 170
2.30e+9

2.012 d 0.020

Hf 166
5.67e+5

6.77 m 0.30

Hf 167
2.22e+5

2.05 m 0.05

Hf 168
5.34e+5

25.95 m 0.20

Hf 169
5.59e+5

3.24 m 0.04

Hf 170
1.41e+8

16.01 h 0.13

Hf 171
1.07e+8

12.1 h 0.4

Hf 173
2.00e+8

23.6 h 0.1

Hf 177
6.13e+4

stbl

Hf 178
1.02e+5

stbl

Hf 179
1.46e+5

stbl

Hf 180
2.82e+6

stbl

Au 201
4.00e+4

26.0 m 0.8

Au 202
1.40e+3

28.4 s 1.2

Hg 177
8.90e-1

127.3 ms 1.8

Hg 178
3.80e+1

266.5 ms 2.4

Hg 179
1.60e+3

1.05 s 0.03

Hg 180
4.00e+5

2.59 s 0.01

Hg 181
7.10e+5

3.6 s 0.1

Hg 182
7.90e+6

10.83 s 0.06

Hg 183
4.50e+7

9.4 s 0.7

Hg 184
1.30e+8

30.87 s 0.26

Hg 185
2.50e+8

49.1 s 1.0

Hg 186
1.30e+9

1.38 m 0.06

Hg 187
1.30e+9

1.9 m 0.3

Hg 188
2.00e+9

3.25 m 0.15

Hg 189
3.20e+9

7.6 m 0.1

Hg 190
7.20e+9

20.0 m 0.5

Hg 191
5.00e+9

49 m 10

Hg 192
6.30e+9

4.85 h 0.20

Hg 193
1.20e+10

3.80 h 0.15

Hg 194
7.10e+9

447 y 28

Hg 195
1.10e+10

10.69 h 0.16

Hg 196
7.10e+9

stbl >2.5Ey

Hg 197
1.80e+10

64.94 h 0.07

Hg 198
6.30e+9

stbl

Hg 199
2.00e+10

stbl

Hg 200
4.20e+9

stbl

Hg 201
2.80e+9

stbl

Hg 202
7.90e+8

stbl

Hg 203
1.20e+9

46.613 d 0.018

Hg 205
1.80e+8

5.14 m 0.09

Hg 206
1.50e+8

8.32 m 0.07

Tl 179
3.10e+0

265 ms 10

Tl 180
6.10e+2

1.09 s 0.01

Tl 181
3.90e+3

3.2 s 0.3

Tl 182
3.20e+4

1.9 s 0.1

Tl 183
2.60e+5

6.9 s 0.7

Tl 184
1.70e+6

9.5 s 0.2

Tl 185
5.60e+4

19.5 s 0.5

Tl 186
3.30e+7

40# s

Tl 187
2.70e+4

~51 s

Tl 188
6.10e+7

71 s 2

Tl 189
4.90e+7

2.3 m 0.2

Tl 190
8.10e+7

2.6 m 0.3

Tl 191
5.50e+7

20# m

Tl 192
9.60e+7

9.6 m 0.4

Tl 193
1.70e+7

21.6 m 0.8

Tl 194
5.20e+7

33.0 m 0.5

Tl 195
2.10e+7

1.16 h 0.05

Tl 196
2.80e+7

1.84 h 0.03

Tl 197
6.80e+6

2.84 h 0.04

Tl 199
1.10e+6

7.42 h 0.08

Tl 200
2.50e+6

26.1 h 0.1

Tl 207
5.00e+7

4.77 m 0.02

Pb 183
1.20e+1

535 ms 30

Pb 184
2.20e+2

490 ms 25

Pb 185
6.80e+2

6.3 s 0.4

Pb 186
4.60e+4

4.82 s 0.03

Pb 187
6.80e+5

15.2 s 0.3

Pb 188
1.70e+6

25.1 s 0.1

Pb 189
9.20e+6

39 s 8

Pb 190
2.30e+7

71 s 1

Pb 191
3.70e+7

1.33 m 0.08

Pb 192
4.00e+7

3.5 m 0.1

Pb 193
9.10e+7

5# m

Pb 194
8.60e+7

10.7 m 0.6

Pb 195
1.20e+8

~15 m

Pb 196
2.00e+7

37 m 3

Pb 197
1.50e+7

8.1 m 1.7

Pb 198
1.80e+7

2.4 h 0.1

Pb 199
3.70e+7

90 m 10

Pb 200
1.80e+7

21.5 h 0.4

Pb 201
8.10e+6

9.33 h 0.03

Pb 202
4.60e+6

52.5 ky 2.8

Pb 203
6.40e+5

51.916 h 0.015

Pb 204
4.50e+7

stbl >140Py

Pb 215
3.00e-1

2.34 m 0.19

Bi 188
2.10e+1

60 ms 3

Bi 189
1.40e+2

658 ms 47

Bi 190
1.00e+3

6.3 s 0.1

Bi 191
3.00e+4

11.7 s 0.4

Bi 192
1.10e+5

34.6 s 0.9

Bi 193
3.00e+6

63.6 s 3.0

Bi 194
1.60e+7

95 s 3

Bi 195
1.40e+7

183 s 4

Bi 196
2.20e+7

5.1 m 0.2

Bi 197
1.10e+7

9.33 m 0.50

Bi 198
9.30e+6

10.3 m 0.3

Bi 199
1.20e+7

27 m 1

Bi 200
2.00e+7

36.4 m 0.5

Bi 201
2.70e+6

103 m 3

Bi 202
1.00e+7

1.72 h 0.05

Bi 203
1.90e+6

11.76 h 0.05

Bi 204
6.20e+6

11.22 h 0.10

Bi 214
1.10e+4

19.9 m 0.4

Bi 215
1.40e+3

7.6 m 0.2

Bi 218
4.40e+1

33 s 1

Po 193
1.20e+2

388 ms 40

Po 194
2.70e+3

392 ms 4

Po 195
5.50e+4

4.64 s 0.09

Po 196
4.80e+5

5.56 s 0.09

Po 197
2.40e+6

53.6 s 0.9

Po 198
1.20e+7

1.760 m 0.024

Po 199
3.30e+6

5.47 m 0.15

Po 200
9.90e+7

11.51 m 0.08

Po 201
9.50e+7

15.6 m 0.1

Po 202
1.00e+8

44.6 m 0.4

Po 204
1.10e+7

3.519 h 0.012

Po 205
6.00e+7

1.74 h 0.08

At 196
1.50e+2

388 ms 7

At 197
1.90e+5

388.2 ms 5.6

At 198
2.80e+4

3.0 s 0.1

At 199
2.60e+6

7.02 s 0.12

At 200
1.20e+7

43.2 s 0.9

At 201
4.60e+7

85.2 s 1.6

At 202
2.10e+8

184 s 1

At 203
5.10e+6

7.4 m 0.2

At 204
1.50e+6

9.12 m 0.11

At 205
1.20e+8

33.8 m 0.2

At 206
6.70e+6

30.6 m 0.8

At 207
2.00e+7

1.81 h 0.03

At 208
3.00e+7

1.63 h 0.03

At 209
6.50e+7

5.42 h 0.05

At 210
7.00e+7

8.1 h 0.4

At 211
7.10e+6

7.214 h 0.007

At 212
1.60e+4

314 ms 2

At 218
5.80e+6

1.5 s 0.3

At 219
2.80e+3

56 s 3

At 220
7.70e+3

3.71 m 0.04

At 221
4.50e+3

2.3 m 0.2

At 222
1.00e+3

54 s 10

At 223
1.00e+2

50 s 7

Rn 199
7.10e+0

590 ms 30

Rn 200
3.54e+3

1.09 s 0.16

Rn 201
1.80e+5

7.0 s 0.4

Rn 202
2.90e+6

9.7 s 0.1

Rn 203
5.00e+6

44 s 2

Rn 204
1.60e+7

1.242 m 0.023

Rn 205
4.52e+7

2.83 m 0.07

Rn 206
7.98e+7

5.67 m 0.17

Rn 207
1.10e+8

9.25 m 0.17

Rn 208
2.11e+8

24.35 m 0.14

Rn 209
1.52e+8

28.8 m 1.0

Rn 210
3.79e+8

2.4 h 0.1

Rn 211
1.60e+8

14.6 h 0.2

Rn 212
3.81e+8

23.9 m 1.2

Rn 219
2.20e+7

3.96 s 0.01

Rn 220
1.86e+7

55.6 s 0.1

Rn 221
1.38e+7

25.7 m 0.5

Rn 222
3.80e+6

3.8215 d 0.0002

Rn 223
2.54e+6

24.3 m 0.4

Rn 224
2.77e+6

107 m 3

Rn 225
1.74e+5

4.66 m 0.04

Rn 226
1.12e+5

7.4 m 0.1

Rn 227
1.29e+4

20.2 s 0.4

Rn 228
5.00e+3

65 s 2

Rn 229
1.80e+2

11.9 s 1.3

Fr 200
1.00e-1

47.5 ms 2.8

Fr 201
1.00e+0

62.8 ms 1.9

Fr 202
7.10e+1

372 ms 12

Fr 203
2.10e+5

550 ms 10

Fr 204
1.90e+6

1.75 s 0.26

Fr 205
2.00e+7

3.82 s 0.06

Fr 206
3.60e+6

~16 s

Fr 207
4.20e+8

14.8 s 0.1

Fr 208
5.30e+8

59.1 s 0.3

Fr 209
1.30e+9

50.5 s 0.7

Fr 210
1.90e+9

3.18 m 0.06

Fr 211
3.20e+9

3.10 m 0.02

Fr 212
3.90e+9

20.0 m 0.6

Fr 213
4.20e+9

34.14 s 0.06

Fr 214
9.40e+2

5.18 ms 0.16

Fr 218
4.30e+3

1.0 ms 0.6

Fr 219
8.90e+3

20 ms 2

Fr 220
6.00e+8

27.4 s 0.3

Fr 221
8.90e+8

4.801 m 0.005

Fr 222
1.20e+9

14.2 m 0.3

Fr 223
1.20e+9

22.00 m 0.07

Fr 224
4.70e+9

3.33 m 0.10

Fr 225
1.00e+9

3.95 m 0.14

Fr 226
1.10e+9

49 s 1

Fr 227
4.20e+8

2.47 m 0.03

Fr 228
4.20e+8

38 s 1

Fr 229
3.80e+4

50.2 s 0.4

Fr 230
5.60e+3

19.1 s 0.5

Ra 208
2.50e+4

1.110 s 0.045

Ra 210
9.90e+5

4.0 s 0.1

Ra 212
9.40e+6

13.0 s 0.2

Ra 214
9.15e+6

2.437 s 0.016

Ra 220
2.40e+5

17.9 ms 1.4

Ra 221
3.50e+9

28 s 2

Ra 222
1.32e+9

33.6 s 0.4

Ra 224
6.00e+8

3.6319 d 0.0023

Ra 225
2.30e+9

14.9 d 0.2

Ra 226
1.10e+8

1.600 ky 0.007

Ra 228
1.80e+7

5.75 y 0.03

Ra 230
2.10e+6

93 m 2

Ra 231
5.60e+3

104 s 1

Ra 232
5.60e+4

4.0 m 0.3
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The half-lifes and decay modes are taken from The NUBASE2016 evaluation of nuclear properties, Audi, G., et al., Chinese Physics C, vol. 41, no. 3, (2017) 030001.

CERN Accelerating science Sign in Directory

He 6
5.40e+7

806.92 ms 0.24

He 8
6.64e+5

119.1 ms 1.2

Li 7
8.20e+9

stbl

Li 8
5.80e+8

839.40 ms 0.36

Li 9
3.60e+7

178.3 ms 0.4

Li 11
7.00e+3

8.75 ms 0.14

Be 7
2.00e+12

53.22 d 0.06

Be 10
2.00e+12

1.51 My 0.04

Be 11
7.00e+6

13.76 s 0.07

Be 12
7.00e+3

21.50 ms 0.04

Be 14
6.10e+0

4.35 ms 0.17

B 8
6.40e+4

770 ms 3

C 9
4.03e+3

126.5 ms 0.9

C 10
7.00e+5

19.3009 s 0.0017

C 11
7.70e+8

20.364 m 0.014

C 15
1.50e+5

2.449 s 0.005

C 16
4.00e+3

747 ms 8

C 17
8.00e+0

193 ms 5

N 13
2.40e+4

9.965 m 0.004

N 16
2.50e+4

7.13 s 0.02

N 17
1.00e+5

4.173 s 0.004

N 18
6.50e+1

619.2 ms 1.9

O 19
1.28e+5

26.470 s 0.006

O 20
3.40e+4

13.51 s 0.05

O 21
7.00e+3

3.42 s 0.10

O 22
1.30e+3

2.25 s 0.09

F 17
1.10e+7

64.370 s 0.027

F 18
1.78e+7

109.739 m 0.009

F 20
9.71e+6

11.163 s 0.008

F 21
9.36e+5

4.158 s 0.020

F 22
2.55e+4

4.23 s 0.04

F 23
1.64e+3

2.23 s 0.14

Ne 17
4.50e+3

109.2 ms 0.6

Ne 18
3.46e+6

1664.20 ms 0.47

Ne 19
2.97e+7

17.274 s 0.010

Ne 20
1.10e+6

stbl

Ne 21
1.60e+5

stbl

Ne 22
1.80e+1

stbl

Ne 23
5.13e+6

37.140 s 0.028

Ne 24
1.64e+6

3.38 m 0.02

Ne 25
6.75e+4

602 ms 8

Ne 26
4.90e+4

197 ms 2

Ne 27
2.00e+2

31.5 ms 1.3

Na 20
1.10e+6

447.9 ms 2.3

Na 21
4.00e+8

22.422 s 0.010

Na 22
1.00e+9

2.6018 y 0.0022

Na 24
5.50e+8

14.957 h 0.004

Na 25
2.64e+9

59.1 s 0.6

Na 26
5.80e+8

1071.28 ms 0.25

Na 27
9.46e+7

301 ms 6

Na 28
9.60e+5

30.5 ms 0.4

Na 29
3.23e+5

44.1 ms 0.9

Na 30
4.00e+5

48.4 ms 1.7

Na 31
4.20e+3

17.35 ms 0.40

Na 32
1.40e+2

12.9 ms 0.3

Na 33
1.30e+1

8.2 ms 0.4

Na 34
2.80e+0

5.5 ms 1.0

Mg 21
1.50e+4

118.6 ms 0.5

Mg 22
8.00e+6

3.8755 s 0.0012

Mg 23
2.00e+8

11.317 s 0.011

Mg 27
1.50e+7

9.435 m 0.027

Mg 28
3.58e+7

20.915 h 0.009

Mg 29
1.60e+6

1.30 s 0.12

Mg 30
6.00e+5

313 ms 4

Mg 32
3.00e+4

86 ms 5

Mg 33
3.00e+3

90.5 ms 1.6

Mg 34
1.40e+2

20 ms 10

Al 24
4.52e+3

2.053 s 0.004

Al 26
6.80e+4

717 ky 24

Al 28
4.00e+7

2.245 m 0.005

Al 29
4.50e+7

6.56 m 0.06

Al 30
2.50e+6

3.62 s 0.06

Al 31
2.50e+5

644 ms 25

Al 33
4.90e+2

41.7 ms 0.2

Al 34
8.60e+1

56.3 ms 0.5

Al 35
5.00e+0

37.2 ms 0.8

S 38
8.00e+3

170.3 m 0.7

Cl 33
1.41e+2

2.5038 s 0.0022

Cl 34
2.24e+5

1.5266 s 0.0004

Cl 38
1.50e+7

37.24 m 0.05

Cl 39
8.50e+6

56.2 m 0.6

Cl 40
6.30e+5

1.35 m 0.02

Cl 41
1.41e+5

38.4 s 0.8

Cl 42
3.80e+3

6.8 s 0.3

Cl 43
3.90e+2

3.13 s 0.09

Ar 31
3.40e+1

15.1 ms 0.3

Ar 32
3.30e+3

98 ms 2

Ar 33
1.20e+5

173.0 ms 2.0

Ar 34
3.80e+6

843.8 ms 0.4

Ar 35
2.00e+8

1.7756 s 0.0010

Ar 37
4.47e+8

35.011 d 0.019

Ar 39
5.00e+8

269 y 3

Ar 41
1.00e+8

109.61 m 0.04

Ar 43
4.84e+6

5.37 m 0.06

Ar 44
3.00e+6

11.87 m 0.05

Ar 45
1.20e+5

21.48 s 0.15

Ar 46
3.00e+4

8.4 s 0.6

Ar 47
9.60e+3

1.23 s 0.03

Ar 49
1.10e+1

236 ms 8

Ar 50
2.00e+0

106 ms 6

K 35
8.70e+3

178 ms 8

K 36
2.50e+5

341 ms 3

K 37
7.10e+6

1.2365 s 0.0009

K 38
1.40e+9

7.636 m 0.018

K 42
6.70e+9

12.355 h 0.007

K 43
1.40e+9

22.3 h 0.1

K 44
6.00e+8

22.13 m 0.19

K 45
1.70e+8

17.8 m 0.6

K 46
6.84e+8

105 s 10

K 47
2.80e+6

17.50 s 0.24

K 48
1.30e+6

6.8 s 0.2

K 49
2.70e+5

1.26 s 0.05

K 50
5.00e+4

472 ms 4

K 51
4.50e+3

365 ms 5

K 52
5.60e+2

110 ms 4

Ca 37
3.00e+1

181.1 ms 1.0

Ca 38
2.43e+5

443.70 ms 0.25

Ca 39
5.00e+5

860.3 ms 0.8

Ca 47
1.10e+7

4.536 d 0.003

Ca 49
1.40e+7

8.718 m 0.006

Ca 50
2.50e+5

13.9 s 0.6

Ca 51
1.00e+4

10.0 s 0.8

Ca 52
1.00e+2

4.6 s 0.3

Sc 42
1.50e+3

680.79 ms 0.28

Sc 43
3.00e+5

3.891 h 0.012

Sc 44
1.20e+9

4.0420 h 0.0025

Sc 46
7.00e+7

83.80 d 0.03

Sc 47
3.00e+7

3.3492 d 0.0006

Sc 48
7.70e+6

43.67 h 0.09

Sc 50
4.50e+3

102.5 s 0.5

Sc 52
1.30e+1

8.2 s 0.2

Ti 54
7.00e+0

2.1 s 1.0

Cr 48
5.00e+7

21.56 h 0.03

Cr 49
1.50e+5

42.3 m 0.1

Cr 55
2.10e+4

3.497 m 0.003

Mn 48
5.00e+0

158.1 ms 2.2

Mn 49
2.80e+3

382 ms 7

Mn 50
7.60e+5

283.19 ms 0.10

Mn 51
6.00e+7

46.2 m 0.1

Mn 52
3.80e+8

5.591 d 0.003

Mn 53
9.00e+8

3.7 My 0.4

Mn 54
1.10e+9

312.20 d 0.20

Mn 56
4.00e+8

2.5789 h 0.0001

Mn 57
1.50e+8

85.4 s 1.8

Mn 58
1.65e+7

3.0 s 0.1

Mn 59
1.50e+8

4.59 s 0.05

Mn 60
4.00e+7

280 ms 20

Mn 61
1.70e+6

709 ms 8

Mn 62
7.00e+5

92 ms 13

Mn 63
2.00e+5

275 ms 4

Mn 64
7.00e+3

88.8 ms 2.4

Mn 65
1.00e+3

91.9 ms 0.7

Mn 66
1.70e+2

64.2 ms 0.8

Mn 67
1.00e+2

46.7 ms 2.3

Mn 68
4.00e+0

33.7 ms 1.5

Mn 69
1.00e+0

22.1 ms 1.6

Fe 52
5.00e+4

8.275 h 0.008

Fe 53
3.00e+4

8.51 m 0.02

Fe 59
1.00e+8

44.495 d 0.009

Co 55
5.70e+4

17.53 h 0.03

Co 56
8.20e+5

77.236 d 0.026

Co 57
1.00e+7

271.70 d 0.10

Ni 56
3.60e+3

6.075 d 0.010

Ni 57
5.30e+6

35.60 h 0.06

Ni 59
6.00e+6

81 ky 5

Ni 65
7.00e+7

2.5175 h 0.0005

Ni 66
1.00e+8

54.6 h 0.3

Ni 67
7.00e+5

21 s 1

Ni 68
4.00e+5

29 s 2

Ni 69
2.00e+4

11.4 s 0.3

Ni 70
1.00e+4

6.0 s 0.3

Cu 57
3.00e+3

196.3 ms 0.7

Cu 58
3.00e+5

3.204 s 0.007

Cu 59
7.00e+6

81.5 s 0.5

Cu 60
5.00e+7

23.7 m 0.4

Cu 61
4.00e+8

3.339 h 0.008

Cu 62
9.00e+8

9.67 m 0.03

Cu 64
2.00e+8

12.7004 h 0.0020

Cu 66
4.00e+8

5.120 m 0.014

Cu 67
3.50e+8

61.83 h 0.12

Cu 68
3.00e+9

30.9 s 0.6

Cu 69
2.30e+8

2.85 m 0.15

Cu 70
9.00e+7

44.5 s 0.2

Cu 71
5.00e+7

19.4 s 1.4

Cu 72
1.30e+7

6.63 s 0.03

Cu 73
4.00e+6

4.2 s 0.3

Cu 74
6.00e+5

1.63 s 0.05

Cu 75
1.50e+5

1.224 s 0.003

Cu 76
2.00e+4

637.7 ms 5.5

Cu 77
2.00e+3

467.9 ms 2.1

Cu 78
2.00e+2

330.7 ms 2.0

Zn 58
1.30e+1

86.7 ms 2.4

Zn 59
5.80e+2

182.0 ms 1.8

Zn 60
2.10e+5

2.38 m 0.05

Zn 61
3.90e+6

89.1 s 0.2

Zn 62
2.30e+7

9.193 h 0.015

Zn 63
3.04e+8

38.47 m 0.05

Zn 65
2.96e+9

243.93 d 0.09

Zn 69
1.50e+8

56.4 m 0.9

Zn 71
1.10e+8

2.45 m 0.10

Zn 72
1.10e+8

46.5 h 0.1

Zn 73
3.00e+6

23.5 s 1.0

Zn 74
6.90e+7

95.6 s 1.2

Zn 75
5.60e+7

10.2 s 0.2

Zn 76
1.60e+7

5.7 s 0.3

Zn 77
7.10e+6

2.08 s 0.05

Zn 78
4.30e+6

1.47 s 0.15

Zn 79
1.00e+6

746 ms 42

Zn 80
1.40e+5

562.2 ms 3.0

Zn 81
5.50e+3

303.2 ms 2.6

Ga 61
1.00e+1

167 ms 3

Ga 62
4.00e+3

116.121 ms 0.021

Ga 63
1.20e+6

32.4 s 0.5

Ga 64
1.50e+7

2.627 m 0.012

Ga 65
9.50e+7

15.2 m 0.2

Ga 66
4.40e+8

9.304 h 0.008

Ga 67
8.00e+8

3.2617 d 0.0005

Ga 68
6.50e+8

67.845 m 0.018

Ga 70
8.00e+7

21.14 m 0.03

Ga 72
1.50e+8

14.025 h 0.010

Ga 73
2.80e+8

4.86 h 0.03

Ga 74
1.80e+8

8.12 m 0.12

Ga 75
5.00e+7

126 s 2

Ga 76
3.00e+7

32.6 s 0.6

Ga 77
7.70e+6

13.2 s 0.2

Ga 78
1.00e+7

5.09 s 0.05

Ga 79
5.50e+6

2.848 s 0.003

Ga 80
3.20e+6

1.9 s 0.1

Ga 81
1.30e+6

1.217 s 0.005

Ga 82
2.00e+5

599 ms 2

Ga 83
4.50e+3

308.1 ms 1.0

Ga 84
8.00e+1

85 ms 10

Ga 85
1.20e+1

92.2 ms 3.5

Ga 86
1.50e+0

47 ms 18

Ge 66
2.19e+6

2.26 h 0.05

Ge 67
7.96e+6

18.9 m 0.3

Ge 69
1.02e+8

39.05 h 0.10

Ge 75
4.80e+5

82.78 m 0.04

Ge 77
4.00e+7

11.211 h 0.003

Ge 78
1.00e+8

88.0 m 1.0

Ge 79
1.20e+7

18.98 s 0.03

Ge 80
2.50e+6

29.5 s 0.4

Ge 81
1.30e+6

8 s 2

Ge 82
7.00e+4

4.56 s 0.26

As 68
7.25e+5

151.6 s 0.8

As 69
1.95e+7

15.2 m 0.2

As 70
1.38e+8

52.6 m 0.3

As 71
9.70e+8

65.30 h 0.07

As 72
3.00e+8

26.0 h 0.1

As 73
1.00e+9

80.30 d 0.06

As 74
1.90e+8

17.77 d 0.02

As 78
1.50e+8

90.7 m 0.2

As 80
5.00e+6

15.2 s 0.2

As 81
3.00e+6

33.3 s 0.8

As 82
6.00e+5

19.1 s 0.5

As 85
2.00e+4

2.021 s 0.012

Se 69
4.07e+3

27.4 s 0.2

Se 70
4.08e+6

41.1 m 0.3

Se 71
5.17e+6

4.74 m 0.05

Se 72
3.00e+8

8.40 d 0.08

Se 73
3.00e+8

7.15 h 0.08

Se 75
2.40e+8

119.78 d 0.05

Se 77
1.76e+6

stbl

Se 79
2.15e+5

327 ky 28

Se 81
2.10e+5

18.45 m 0.12

Se 83
3.90e+3

22.25 m 0.04

Se 87
5.60e+4

5.50 s 0.14

Br 70
4.00e+3

79.1 ms 0.8

Br 71
5.60e+5

21.4 s 0.6

Br 72
1.00e+7

78.6 s 2.4

Br 73
1.80e+8

3.4 m 0.2

Br 74
1.30e+9

25.4 m 0.3

Br 75
4.00e+9

96.7 m 1.3

Br 76
7.10e+9

16.2 h 0.2

Br 77
7.10e+9

57.04 h 0.12

Br 78
3.20e+9

6.45 m 0.04

Br 79
3.20e+7

stbl

Br 80
7.10e+8

17.68 m 0.02

Br 82
4.00e+7

35.282 h 0.007

Br 83
1.72e+8

2.374 h 0.004

Br 84
5.00e+5

31.76 m 0.08

Br 85
7.59e+7

2.90 m 0.06

Br 86
3.56e+7

55.1 s 0.4

Br 87
2.88e+7

55.65 s 0.12

Br 88
1.21e+7

16.34 s 0.08

Br 89
4.42e+6

4.357 s 0.022

Br 90
7.35e+5

1.910 s 0.010

Br 91
6.00e+4

543 ms 4

Br 92
1.26e+4

0.314 s 0.016

Br 93
4.55e+2

152 ms 8

Br 94
4.80e+1

70 ms 20

Kr 69
2.60e-4

28 ms 1

Kr 70
3.00e-2

52 ms 17

Kr 71
4.50e+2

100 ms 3

Kr 72
2.00e+4

17.16 s 0.18

Kr 73
1.20e+6

27.3 s 1.0

Kr 74
6.30e+6

11.50 m 0.11

Kr 75
7.10e+6

4.60 m 0.07

Kr 76
1.20e+8

14.8 h 0.1

Kr 77
2.00e+8

74.4 m 0.6

Kr 79
2.30e+9

35.04 h 0.10

Kr 81
5.00e+8

229 ky 11

Kr 85
3.00e+9

10.739 y 0.014

Kr 87
2.00e+9

76.3 m 0.5

Kr 88
1.30e+9

2.825 h 0.019

Kr 89
6.70e+8

3.15 m 0.04

Kr 90
5.10e+8

32.32 s 0.09

Kr 91
3.90e+8

8.57 s 0.04

Kr 92
1.30e+8

1.840 s 0.008

Kr 93
3.60e+7

1.286 s 0.010

Kr 94
3.30e+6

212 ms 5

Kr 95
3.40e+5

114 ms 3

Kr 96
1.30e+5

80 ms 8

Kr 97
6.50e+3

62.2 ms 3.2

Kr 98
4.70e+2

42.8 ms 3.6

Kr 99
9.00e+0

40 ms 11

Rb 74
1.00e+3

64.776 ms 0.030

Rb 75
1.39e+6

19.0 s 1.2

Rb 76
3.58e+7

36.5 s 0.6

Rb 77
2.90e+8

3.78 m 0.04

Rb 78
2.40e+9

17.66 m 0.03

Rb 79
1.20e+10

22.9 m 0.5

Rb 80
1.90e+10

33.4 s 0.7

Rb 81
3.80e+10

4.572 h 0.004

Rb 82
2.40e+10

1.273 m 0.002

Rb 83
1.50e+10

86.2 d 0.1

Rb 84
6.00e+9

32.82 d 0.07

Rb 85
3.55e+9

stbl

Rb 86
5.68e+9

18.642 d 0.018

Rb 87
6.22e+9

49.7 Gy 0.3

Rb 88
5.08e+9

17.773 m 0.018

Rb 89
7.26e+9

15.32 m 0.10

Rb 90
7.18e+9

158 s 5

Rb 91
4.99e+9

58.2 s 0.3

Rb 92
3.16e+9

4.48 s 0.03

Rb 93
1.62e+9

5.84 s 0.02

Rb 94
1.08e+9

2.702 s 0.005

Rb 95
4.00e+7

377.7 ms 0.8

Rb 96
1.40e+7

201 ms 1

Rb 97
5.60e+6

169.1 ms 0.6

Rb 98
3.20e+6

114 ms 5

Rb 99
4.00e+5

56.4 ms 1.2

Rb 100
2.50e+4

48 ms 3

Rb 102
2.50e+2

37 ms 3

Sr 75
2.50e+0

88 ms 3

Sr 76
8.67e+2

7.89 s 0.07

Sr 77
5.12e+4

9.0 s 0.2

Sr 78
2.20e+6

156.1 s 2.7

Sr 79
3.07e+7

2.25 m 0.10

Sr 80
3.40e+8

106.3 m 1.5

Sr 81
7.40e+8

22.3 m 0.4

Sr 82
3.20e+9

25.36 d 0.03

Sr 83
4.06e+9

32.41 h 0.03

Sr 84
9.20e+9

stbl

Sr 85
3.47e+8

64.849 d 0.007

Sr 86
4.40e+9

stbl

Sr 87
4.46e+9

stbl

Sr 88
1.10e+9

stbl

Sr 90
1.70e+9

28.79 y 0.06

Sr 91
1.20e+6

9.65 h 0.06

Sr 92
2.00e+9

2.611 h 0.017

Sr 94
2.80e+8

75.3 s 0.2

Sr 95
5.60e+8

23.90 s 0.14

Sr 96
5.70e+6

1.07 s 0.01

Sr 100
6.00e+3

202 ms 3

Sr 102
3.00e+1

69 ms 6

Y 80
5.65e+3

30.1 s 0.5

Y 81
3.71e+4

70.4 s 1.0

Y 82
7.35e+4

8.30 s 0.20

Y 83
1.12e+7

7.08 m 0.08

Y 84
2.00e+7

39.5 m 0.8

Y 85
7.06e+7

2.68 h 0.05

Y 86
6.21e+8

14.74 h 0.02

Y 87
2.26e+9

79.8 h 0.3

Y 89
1.67e+7

stbl

Y 95
7.80e+4

10.3 m 0.1

Y 100
1.10e+3

735 ms 7

Pd 115
1.80e+5

25 s 2

Ag 99
3.40e+2

2.07 m 0.05

Ag 100
2.30e+3

2.01 m 0.09

Ag 101
7.80e+4

11.1 m 0.3

Ag 102
3.60e+5

12.9 m 0.3

Ag 103
1.70e+6

65.7 m 0.7

Ag 104
2.50e+6

69.2 m 1.0

Ag 105
2.90e+7

41.29 d 0.07

Ag 107
1.50e+6

stbl

Ag 108
3.00e+7

2.382 m 0.011

Ag 109
6.00e+8

stbl

Ag 110
1.00e+8

24.56 s 0.11

Ag 111
3.00e+10

7.433 d 0.010

Ag 112
1.00e+9

3.130 h 0.008

Ag 113
2.80e+9

5.37 h 0.05

Ag 114
1.70e+9

4.6 s 0.1

Ag 116
5.90e+6

3.83 m 0.08

Ag 118
1.00e+8

3.76 s 0.15

Cd 97
1.00e+0

1.10 s 0.08

Cd 98
1.00e+1

9.2 s 0.3

Cd 99
4.50e+2

16 s 3

Cd 100
1.00e+5

49.1 s 0.5

Cd 101
8.90e+5

1.36 m 0.05

Cd 102
6.30e+6

5.5 m 0.5

Cd 103
4.50e+7

7.3 m 0.1

Cd 104
8.90e+7

57.7 m 1.0

Cd 105
3.50e+8

55.5 m 0.4

Cd 107
1.00e+8

6.50 h 0.02

Cd 108
5.60e+8

stbl >410Py

Cd 109
4.00e+8

461.6 d 0.4

Cd 110
5.60e+8

stbl

Cd 111
5.60e+8

stbl

Cd 115
1.10e+8

53.46 h 0.05

Cd 117
6.20e+7

2.49 h 0.04

Cd 118
6.00e+8

50.3 m 0.2

Cd 119
1.80e+7

2.69 m 0.02

Cd 120
1.10e+8

50.80 s 0.21

Cd 121
1.80e+8

13.5 s 0.3

Cd 122
3.50e+7

5.24 s 0.03

Cd 123
3.00e+6

2.10 s 0.02

Cd 124
7.70e+6

1.25 s 0.02

Cd 125
6.00e+4

680 ms 40

Cd 126
8.90e+5

513 ms 6

Cd 127
1.00e+4

330 ms 20

Cd 128
1.30e+5

246 ms 2

Cd 129
2.00e+2

151.5 ms 5.7

Cd 130
1.00e+4

126.8 ms 1.8

Cd 131
1.00e+3

98 ms 2

Cd 132
1.00e+1

82 ms 4

In 100
7.60e+0

5.83 s 0.17

In 101
1.90e+2

15.1 s 1.1

In 102
4.30e+3

23.3 s 0.1

In 103
4.00e+4

60 s 1

In 104
4.90e+5

1.80 m 0.03

In 105
1.30e+6

5.07 m 0.07

In 106
3.70e+6

6.2 m 0.1

In 107
1.60e+7

32.4 m 0.3

In 108
3.00e+7

58.0 m 1.2

In 109
1.70e+7

4.167 h 0.018

In 110
4.00e+8

4.92 h 0.08

In 111
3.50e+5

2.8063 d 0.0007

In 112
4.20e+8

14.88 m 0.15

In 113
7.20e+8

stbl

In 114
8.00e+8

71.9 s 0.1

In 116
1.60e+8

14.10 s 0.03

In 117
3.50e+8

43.2 m 0.3

In 118
7.90e+8

5.0 s 0.5

In 119
1.00e+9

2.4 m 0.1

In 120
6.30e+8

3.08 s 0.08

In 121
7.00e+8

23.1 s 0.6

In 122
2.50e+8

1.5 s 0.3

In 123
5.00e+8

6.17 s 0.05

In 124
1.40e+8

3.12 s 0.09

In 125
7.00e+7

2.36 s 0.04

In 126
3.20e+7

1.53 s 0.01

In 127
2.00e+7

1.09 s 0.01

In 128
4.40e+3

816 ms 27

In 129
1.10e+3

570 ms 10

In 130
2.50e+6

284 ms 10

In 131
5.00e+5

261 ms 3

In 132
1.00e+5

198 ms 2

In 133
1.10e+3

165 ms 3

In 134
9.50e+1

140 ms 4

In 135
2.40e+0

101 ms 4

Sn 105
8.00e+4

34 s 1

Sn 106
1.60e+6

1.92 m 0.08

Sn 107
2.00e+7

2.90 m 0.05

Sn 108
1.40e+8

10.30 m 0.08

Sn 109
1.00e+9

18.0 m 0.2

Sn 110
1.80e+9

4.154 h 0.004

Sn 111
1.60e+5

35.3 m 0.6

Sn 113
6.00e+9

115.09 d 0.03

Sn 123
5.00e+8

129.2 d 0.4

Sn 125
1.30e+8

9.64 d 0.03

Sn 127
6.00e+7

2.10 h 0.04

Sn 129
5.00e+7

2.23 m 0.04

Sn 131
1.50e+7

56.0 s 0.5

Sn 132
3.00e+8

39.7 s 0.8

Sn 133
1.50e+7

1.46 s 0.03

Sn 134
2.00e+6

890 ms 20

Sn 135
1.00e+5

515 ms 5

Sn 136
4.00e+3

350 ms 5

Sn 137
1.00e+2

273 ms 7

Sn 138
2.50e+0

150 ms 30

Sb 112
2.50e+4

53.5 s 0.6

Sb 113
1.10e+7

6.67 m 0.07

Sb 114
6.00e+7

3.49 m 0.03

Sb 131
3.20e+9

23.03 m 0.04

Sb 132
1.00e+8

2.79 m 0.07

Sb 133
1.30e+7

2.34 m 0.05

Sb 134
6.00e+6

780 ms 60

Te 116
1.00e+6

2.49 h 0.04

Te 117
1.00e+6

62 m 2

Te 131
1.00e+8

25.0 m 0.1

Te 132
7.00e+8

3.204 d 0.013

Te 133
6.60e+8

12.5 m 0.3

Te 134
4.00e+8

41.8 m 0.8

Te 135
4.00e+6

19.0 s 0.2

Te 136
4.00e+7

17.63 s 0.08

I 114
1.00e+1

2.1 s 0.2

I 115
8.00e+4

1.3 m 0.2

I 116
5.00e+4

2.91 s 0.15

I 117
2.50e+6

2.22 m 0.04

I 118
1.60e+7

13.7 m 0.5

I 119
3.40e+7

19.1 m 0.4

I 120
1.30e+8

81.67 m 0.18

I 121
1.10e+8

2.12 h 0.01

I 122
1.50e+7

3.63 m 0.06

I 123
8.50e+8

13.2235 h 0.0019

I 124
4.50e+7

4.1760 d 0.0003

I 125
2.10e+7

59.407 d 0.010

I 126
3.50e+7

12.93 d 0.05

I 128
7.70e+7

24.99 m 0.02

I 130
1.50e+5

12.36 h 0.01

I 132
2.70e+8

2.295 h 0.013

I 133
6.00e+8

20.83 h 0.08

I 134
4.00e+8

52.5 m 0.2

I 135
2.80e+9

6.58 h 0.03

I 136
1.30e+8

83.4 s 1.0

I 137
1.30e+7

24.13 s 0.12

I 138
3.30e+6

6.23 s 0.03

I 139
9.00e+5

2.282 s 0.010

I 140
1.00e+5

860 ms 40

I 141
2.00e+4

430 ms 20

I 142
2.30e+3

222 ms 12

Xe 112
4.20e+1

2.7 s 0.8

Xe 113
1.30e+3

2.74 s 0.08

Xe 114
6.50e+4

10.0 s 0.4

Xe 115
7.60e+5

18 s 4

Xe 116
6.50e+6

59 s 2

Xe 117
5.00e+7

61 s 2

Xe 118
1.60e+8

3.8 m 0.9

Xe 119
8.20e+8

5.8 m 0.3

Xe 120
1.80e+9

46.0 m 0.6

Xe 121
2.80e+9

40.1 m 2.0

Xe 122
9.30e+9

20.1 h 0.1

Xe 123
1.20e+10

2.08 h 0.02

Xe 124
2.60e+10

stbl >200Ty

Xe 125
2.80e+10

16.9 h 0.2

Xe 126
3.10e+10

stbl

Xe 127
3.10e+10

36.346 d 0.003

Xe 128
2.30e+10

stbl

Xe 129
1.80e+10

stbl

Xe 130
6.60e+9

stbl

Xe 131
9.80e+8

stbl

Xe 132
1.80e+9

stbl

Xe 133
3.10e+8

5.2475 d 0.0005

Xe 135
3.43e+9

9.14 h 0.02

Xe 137
7.50e+8

3.818 m 0.013

Xe 138
5.70e+8

14.14 m 0.05

Xe 139
5.50e+8

39.68 s 0.14

Xe 140
3.50e+8

13.60 s 0.10

Xe 141
1.10e+8

1.73 s 0.01

Xe 142
4.80e+7

1.23 s 0.02

Xe 143
6.60e+6

511 ms 6

Xe 144
9.90e+5

388 ms 7

Xe 145
2.60e+5

188 ms 4

Xe 146
1.80e+3

146 ms 6

Xe 147
1.30e+1

130 ms 80

Cs 114
8.40e+0

570 ms 20

Cs 115
3.20e+2

1.4 s 0.8

Cs 116
2.80e+3

700 ms 40

Cs 117
1.20e+5

8.4 s 0.6

Cs 118
1.60e+7

14 s 2

Cs 119
1.30e+3

43.0 s 0.2

Cs 120
1.30e+9

60.4 s 0.6

Cs 121
7.30e+9

155 s 4

Cs 122
1.00e+10

21.18 s 0.19

Cs 123
5.00e+10

5.88 m 0.03

Cs 124
3.20e+10

30.9 s 0.4

Cs 125
1.10e+11

46.7 m 0.1

Cs 126
6.90e+10

1.64 m 0.02

Cs 127
1.30e+11

6.25 h 0.10

Cs 128
6.40e+10

3.640 m 0.014

Cs 129
8.50e+10

32.06 h 0.06

Cs 130
5.90e+10

29.21 m 0.04

Cs 131
5.00e+10

9.689 d 0.016

Cs 132
3.90e+10

6.480 d 0.006

Cs 133
2.80e+10

stbl

Cs 134
1.90e+10

2.0652 y 0.0004

Cs 135
1.30e+10

1.33 My 0.19

Cs 136
1.23e+10

13.16 d 0.03

Cs 137
1.69e+10

30.08 y 0.09

Cs 139
3.81e+9

9.27 m 0.05

Cs 140
3.43e+9

63.7 s 0.3

Cs 141
1.50e+9

24.84 s 0.16

Cs 142
3.43e+9

1.684 s 0.014

Cs 143
1.50e+9

1.791 s 0.007

Cs 145
2.10e+7

582 ms 6

Cs 146
3.80e+6

323 ms 6

Cs 147
1.10e+6

230 ms 1

Cs 148
2.50e+5

145 ms 4

Cs 149
7.10e+4

113 ms 8

Cs 150
1.20e+4

84.4 ms 8.2

Cs 151
1.70e+3

69 ms 26

Ba 122
7.90e+7

1.95 m 0.15

Ba 123
3.80e+8

2.7 m 0.4

Ba 124
2.50e+9

11.0 m 0.5

Ba 125
1.00e+7

3.3 m 0.3

Ba 126
1.60e+10

100 m 2

Ba 127
6.30e+9

12.7 m 0.4

Ba 128
2.40e+10

2.43 d 0.05

Ba 129
1.20e+10

2.23 h 0.11

Ba 130
3.20e+10

stbl ~1Zy

Ba 131
8.90e+9

11.52 d 0.01

Ba 132
5.00e+10

stbl >300Ey

Ba 134
5.60e+10

stbl

Ba 136
5.60e+10

stbl

Ba 137
3.60e+8

stbl

Ba 138
2.40e+10

stbl

Ba 140
3.40e+8

12.7527 d 0.0023

Ba 142
7.40e+7

10.6 m 0.2

Ba 144
6.70e+6

11.5 s 0.2

Ba 146
1.90e+5

2.22 s 0.07

La 128
1.10e+7

5.18 m 0.14

La 129
7.10e+6

11.6 m 0.2

Ce 133
1.90e+6

97 m 4

Pr 133
1.50e+7

6.5 m 0.3

Pr 135
2.70e+7

24 m 1

Pr 142
1.00e+7

19.12 h 0.04

Nd 134
1.00e+7

8.5 m 1.5

Nd 135
2.10e+7

12.4 m 0.6

Nd 137
7.10e+6

38.5 m 1.5

Nd 141
1.20e+5

2.49 h 0.03

Nd 147
5.40e+6

10.98 d 0.01

Pm 135
6.00e+6

49 s 3

Pm 136
1.00e+7

107 s 6

Pm 137
3.30e+7

2# m

Pm 138
5.60e+7

10 s 2

Pm 139
5.90e+7

4.15 m 0.05

Pm 140
1.70e+8

9.2 s 0.2

Pm 141
9.10e+7

20.90 m 0.05

Pm 149
4.30e+5

53.08 h 0.05

Pm 150
1.00e+5

2.698 h 0.015

Pm 151
2.10e+6

28.40 h 0.04

Sm 138
5.10e+6

3.1 m 0.2

Sm 139
7.60e+7

2.57 m 0.10

Sm 140
2.00e+8

14.82 m 0.12

Sm 141
2.60e+8

10.2 m 0.2

Sm 142
2.80e+8

72.49 m 0.05

Sm 143
1.30e+9

8.75 m 0.06

Sm 145
2.10e+8

340 d 3

Sm 153
8.70e+7

46.284 h 0.004

Eu 139
7.00e+5

17.9 s 0.6

Eu 140
2.00e+6

1.51 s 0.02

Eu 141
8.40e+7

40.7 s 0.7

Eu 142
2.00e+8

2.36 s 0.10

Eu 143
4.00e+8

2.59 m 0.02

Eu 144
5.60e+8

10.2 s 0.1

Eu 145
7.00e+8

5.93 d 0.04

Eu 146
5.30e+8

4.61 d 0.03

Eu 147
3.40e+8

24.1 d 0.6

Eu 149
5.30e+8

93.1 d 0.4

Eu 150
3.50e+7

36.9 y 0.9

Eu 152
3.20e+8

13.517 y 0.009

Eu 154
2.10e+8

8.601 y 0.010

Eu 156
1.30e+6

15.19 d 0.08

Gd 142
1.20e+6

70.2 s 0.6

Gd 143
1.00e+6

39 s 2

Gd 144
4.00e+7

4.47 m 0.06

Gd 145
9.50e+6

23.0 m 0.4

Gd 146
4.00e+8

48.27 d 0.10

Gd 148
6.00e+8

70.9 y 1.0

Gd 150
4.00e+8

1.79 My 0.08

Gd 152
2.50e+8

108 Ty 8

Gd 154
3.00e+7

stbl

Tb 145
1.70e+7

30.9 s 0.6

Tb 146
8.40e+7

8 s 4

Tb 147
3.00e+8

1.64 h 0.03

Tb 148
3.00e+8

60 m 1

Tb 149
2.00e+8

4.118 h 0.025

Tb 150
3.00e+8

3.48 h 0.16

Tb 152
4.30e+6

17.5 h 0.1

Tb 157
8.90e+6

71 y 7

Tb 158
8.30e+6

180 y 11

Dy 146
5.00e+6

33.2 s 0.7

Dy 148
2.90e+8

3.3 m 0.2

Dy 149
1.10e+9

4.20 m 0.14

Dy 150
2.40e+9

7.17 m 0.05

Dy 151
7.30e+9

17.9 m 0.3

Dy 152
5.90e+9

2.38 h 0.02

Dy 154
8.50e+9

3.0 My 1.5

Dy 156
3.90e+9

stbl >1Ey

Dy 157
3.70e+8

8.14 h 0.04

Dy 158
2.50e+9

stbl

Ho 149
5.30e+5

21.1 s 0.2

Ho 150
1.00e+6

76.8 s 1.8

Ho 151
1.00e+8

35.2 s 0.1

Ho 152
1.30e+7

161.8 s 0.3

Ho 154
7.90e+8

11.76 m 0.19

Ho 155
1.10e+10

48 m 1

Ho 157
6.70e+9

12.6 m 0.2

Ho 158
2.80e+10

11.3 m 0.4

Ho 159
1.60e+8

33.05 m 0.11

Ho 160
2.80e+10

25.6 m 0.3

Ho 169
2.50e+8

4.72 m 0.10

Ho 170
1.30e+8

2.76 m 0.05

Er 150
7.00e+6

18.5 s 0.7

Er 151
5.60e+7

23.5 s 2.0

Er 152
7.00e+7

10.3 s 0.1

Er 153
7.10e+8

37.1 s 0.2

Er 154
6.00e+8

3.73 m 0.09

Er 155
1.20e+9

5.3 m 0.3

Er 156
6.00e+8

19.5 m 1.0

Er 158
5.80e+8

2.29 h 0.06

Er 159
1.60e+8

36 m 1

Er 160
4.00e+8

28.58 h 0.09

Er 161
2.90e+8

3.21 h 0.03

Tm 153
1.00e+7

1.48 s 0.01

Tm 154
1.10e+8

8.1 s 0.3

Tm 155
4.00e+8

21.6 s 0.2

Tm 157
1.10e+9

3.63 m 0.09

Tm 158
1.20e+9

3.98 m 0.06

Tm 159
2.70e+8

9.13 m 0.16

Tm 160
1.50e+8

9.4 m 0.3

Tm 161
1.30e+9

30.2 m 0.8

Tm 162
3.00e+8

21.70 m 0.19

Tm 163
2.30e+8

1.810 h 0.005

Tm 164
3.90e+7

2.0 m 0.1

Tm 165
1.10e+9

30.06 h 0.03

Tm 167
6.80e+9

9.25 d 0.02

Yb 153
2.50e+4

4.2 s 0.2

Yb 154
2.00e+3

409 ms 2

Yb 155
7.90e+6

1.793 s 0.019

Yb 156
3.20e+7

26.1 s 0.7

Yb 157
2.20e+8

38.6 s 1.0

Yb 158
9.30e+8

1.49 m 0.13

Yb 159
1.80e+9

1.67 m 0.09

Yb 160
4.00e+9

4.8 m 0.2

Yb 161
5.00e+9

4.2 m 0.2

Yb 162
6.20e+9

18.87 m 0.19

Yb 163
1.20e+10

11.05 m 0.35

Yb 164
1.40e+10

75.8 m 1.7

Yb 165
3.60e+10

9.9 m 0.3

Yb 166
2.00e+10

56.7 h 0.1

Yb 167
1.20e+10

17.5 m 0.2

Yb 168
2.40e+10

stbl >130Ty

Yb 169
3.20e+9

32.018 d 0.005

Yb 170
1.70e+9

stbl

Yb 171
1.10e+9

stbl

Yb 172
9.00e+8

stbl

Yb 173
4.00e+8

stbl

Yb 174
5.50e+8

stbl

Yb 175
1.00e+8

4.185 d 0.001

Yb 176
1.00e+8

stbl >160Py

Yb 177
8.30e+7

1.911 h 0.003

Lu 157
1.00e+7

6.8 s 1.8

Lu 158
3.10e+5

10.6 s 0.3

Lu 159
3.50e+5

12.1 s 1.0

Lu 160
1.00e+8

36.1 s 0.3

Lu 161
7.00e+5

77 s 2

Lu 162
1.80e+7

1.37 m 0.02

Lu 163
1.60e+7

3.97 m 0.13

Lu 164
3.00e+7

3.14 m 0.03

Lu 165
2.00e+8

10.74 m 0.10

Lu 166
3.60e+9

2.65 m 0.10

Lu 167
1.20e+9

51.5 m 1.0

Lu 168
7.90e+8

5.5 m 0.1

Lu 170
2.30e+9

2.012 d 0.020

Hf 166
5.67e+5

6.77 m 0.30

Hf 167
2.22e+5

2.05 m 0.05

Hf 168
5.34e+5

25.95 m 0.20

Hf 169
5.59e+5

3.24 m 0.04

Hf 170
1.41e+8

16.01 h 0.13

Hf 171
1.07e+8

12.1 h 0.4

Hf 173
2.00e+8

23.6 h 0.1

Hf 177
6.13e+4

stbl

Hf 178
1.02e+5

stbl

Hf 179
1.46e+5

stbl

Hf 180
2.82e+6

stbl

Au 201
4.00e+4

26.0 m 0.8

Au 202
1.40e+3

28.4 s 1.2

Hg 177
8.90e-1

127.3 ms 1.8

Hg 178
3.80e+1

266.5 ms 2.4

Hg 179
1.60e+3

1.05 s 0.03

Hg 180
4.00e+5

2.59 s 0.01

Hg 181
7.10e+5

3.6 s 0.1

Hg 182
7.90e+6

10.83 s 0.06

Hg 183
4.50e+7

9.4 s 0.7

Hg 184
1.30e+8

30.87 s 0.26

Hg 185
2.50e+8

49.1 s 1.0

Hg 186
1.30e+9

1.38 m 0.06

Hg 187
1.30e+9

1.9 m 0.3

Hg 188
2.00e+9

3.25 m 0.15

Hg 189
3.20e+9

7.6 m 0.1

Hg 190
7.20e+9

20.0 m 0.5

Hg 191
5.00e+9

49 m 10

Hg 192
6.30e+9

4.85 h 0.20

Hg 193
1.20e+10

3.80 h 0.15

Hg 194
7.10e+9

447 y 28

Hg 195
1.10e+10

10.69 h 0.16

Hg 196
7.10e+9

stbl >2.5Ey

Hg 197
1.80e+10

64.94 h 0.07

Hg 198
6.30e+9

stbl

Hg 199
2.00e+10

stbl

Hg 200
4.20e+9

stbl

Hg 201
2.80e+9

stbl

Hg 202
7.90e+8

stbl

Hg 203
1.20e+9

46.613 d 0.018

Hg 205
1.80e+8

5.14 m 0.09

Hg 206
1.50e+8

8.32 m 0.07

Tl 179
3.10e+0

265 ms 10

Tl 180
6.10e+2

1.09 s 0.01

Tl 181
3.90e+3

3.2 s 0.3

Tl 182
3.20e+4

1.9 s 0.1

Tl 183
2.60e+5

6.9 s 0.7

Tl 184
1.70e+6

9.5 s 0.2

Tl 185
5.60e+4

19.5 s 0.5

Tl 186
3.30e+7

40# s

Tl 187
2.70e+4

~51 s

Tl 188
6.10e+7

71 s 2

Tl 189
4.90e+7

2.3 m 0.2

Tl 190
8.10e+7

2.6 m 0.3

Tl 191
5.50e+7

20# m

Tl 192
9.60e+7

9.6 m 0.4

Tl 193
1.70e+7

21.6 m 0.8

Tl 194
5.20e+7

33.0 m 0.5

Tl 195
2.10e+7

1.16 h 0.05

Tl 196
2.80e+7

1.84 h 0.03

Tl 197
6.80e+6

2.84 h 0.04

Tl 199
1.10e+6

7.42 h 0.08

Tl 200
2.50e+6

26.1 h 0.1

Tl 207
5.00e+7

4.77 m 0.02

Pb 183
1.20e+1

535 ms 30

Pb 184
2.20e+2

490 ms 25

Pb 185
6.80e+2

6.3 s 0.4

Pb 186
4.60e+4

4.82 s 0.03

Pb 187
6.80e+5

15.2 s 0.3

Pb 188
1.70e+6

25.1 s 0.1

Pb 189
9.20e+6

39 s 8

Pb 190
2.30e+7

71 s 1

Pb 191
3.70e+7

1.33 m 0.08

Pb 192
4.00e+7

3.5 m 0.1

Pb 193
9.10e+7

5# m

Pb 194
8.60e+7

10.7 m 0.6

Pb 195
1.20e+8

~15 m

Pb 196
2.00e+7

37 m 3

Pb 197
1.50e+7

8.1 m 1.7

Pb 198
1.80e+7

2.4 h 0.1

Pb 199
3.70e+7

90 m 10

Pb 200
1.80e+7

21.5 h 0.4

Pb 201
8.10e+6

9.33 h 0.03

Pb 202
4.60e+6

52.5 ky 2.8

Pb 203
6.40e+5

51.916 h 0.015

Pb 204
4.50e+7

stbl >140Py

Pb 215
3.00e-1

2.34 m 0.19

Bi 188
2.10e+1

60 ms 3

Bi 189
1.40e+2

658 ms 47

Bi 190
1.00e+3

6.3 s 0.1

Bi 191
3.00e+4

11.7 s 0.4

Bi 192
1.10e+5

34.6 s 0.9

Bi 193
3.00e+6

63.6 s 3.0

Bi 194
1.60e+7

95 s 3

Bi 195
1.40e+7

183 s 4

Bi 196
2.20e+7

5.1 m 0.2

Bi 197
1.10e+7

9.33 m 0.50

Bi 198
9.30e+6

10.3 m 0.3

Bi 199
1.20e+7

27 m 1

Bi 200
2.00e+7

36.4 m 0.5

Bi 201
2.70e+6

103 m 3

Bi 202
1.00e+7

1.72 h 0.05

Bi 203
1.90e+6

11.76 h 0.05

Bi 204
6.20e+6

11.22 h 0.10

Bi 214
1.10e+4

19.9 m 0.4

Bi 215
1.40e+3

7.6 m 0.2

Bi 218
4.40e+1

33 s 1

Po 193
1.20e+2

388 ms 40

Po 194
2.70e+3

392 ms 4

Po 195
5.50e+4

4.64 s 0.09

Po 196
4.80e+5

5.56 s 0.09

Po 197
2.40e+6

53.6 s 0.9

Po 198
1.20e+7

1.760 m 0.024

Po 199
3.30e+6

5.47 m 0.15

Po 200
9.90e+7

11.51 m 0.08

Po 201
9.50e+7

15.6 m 0.1

Po 202
1.00e+8

44.6 m 0.4

Po 204
1.10e+7

3.519 h 0.012

Po 205
6.00e+7

1.74 h 0.08

At 196
1.50e+2

388 ms 7

At 197
1.90e+5

388.2 ms 5.6

At 198
2.80e+4

3.0 s 0.1

At 199
2.60e+6

7.02 s 0.12

At 200
1.20e+7

43.2 s 0.9

At 201
4.60e+7

85.2 s 1.6

At 202
2.10e+8

184 s 1

At 203
5.10e+6

7.4 m 0.2

At 204
1.50e+6

9.12 m 0.11

At 205
1.20e+8

33.8 m 0.2

At 206
6.70e+6

30.6 m 0.8

At 207
2.00e+7

1.81 h 0.03

At 208
3.00e+7

1.63 h 0.03

At 209
6.50e+7

5.42 h 0.05

At 210
7.00e+7

8.1 h 0.4

At 211
7.10e+6

7.214 h 0.007

At 212
1.60e+4

314 ms 2

At 218
5.80e+6

1.5 s 0.3

At 219
2.80e+3

56 s 3

At 220
7.70e+3

3.71 m 0.04

At 221
4.50e+3

2.3 m 0.2

At 222
1.00e+3

54 s 10

At 223
1.00e+2

50 s 7

Rn 199
7.10e+0

590 ms 30

Rn 200
3.54e+3

1.09 s 0.16

Rn 201
1.80e+5

7.0 s 0.4

Rn 202
2.90e+6

9.7 s 0.1

Rn 203
5.00e+6

44 s 2

Rn 204
1.60e+7

1.242 m 0.023

Rn 205
4.52e+7

2.83 m 0.07

Rn 206
7.98e+7

5.67 m 0.17

Rn 207
1.10e+8

9.25 m 0.17

Rn 208
2.11e+8

24.35 m 0.14

Rn 209
1.52e+8

28.8 m 1.0

Rn 210
3.79e+8

2.4 h 0.1

Rn 211
1.60e+8

14.6 h 0.2

Rn 212
3.81e+8

23.9 m 1.2

Rn 219
2.20e+7

3.96 s 0.01

Rn 220
1.86e+7

55.6 s 0.1

Rn 221
1.38e+7

25.7 m 0.5

Rn 222
3.80e+6

3.8215 d 0.0002

Rn 223
2.54e+6

24.3 m 0.4

Rn 224
2.77e+6

107 m 3

Rn 225
1.74e+5

4.66 m 0.04

Rn 226
1.12e+5

7.4 m 0.1

Rn 227
1.29e+4

20.2 s 0.4

Rn 228
5.00e+3

65 s 2

Rn 229
1.80e+2

11.9 s 1.3

Fr 200
1.00e-1

47.5 ms 2.8

Fr 201
1.00e+0

62.8 ms 1.9

Fr 202
7.10e+1

372 ms 12

Fr 203
2.10e+5

550 ms 10

Fr 204
1.90e+6

1.75 s 0.26

Fr 205
2.00e+7

3.82 s 0.06

Fr 206
3.60e+6

~16 s

Fr 207
4.20e+8

14.8 s 0.1

Fr 208
5.30e+8

59.1 s 0.3

Fr 209
1.30e+9

50.5 s 0.7

Fr 210
1.90e+9

3.18 m 0.06

Fr 211
3.20e+9

3.10 m 0.02

Fr 212
3.90e+9

20.0 m 0.6

Fr 213
4.20e+9

34.14 s 0.06

Fr 214
9.40e+2

5.18 ms 0.16

Fr 218
4.30e+3

1.0 ms 0.6

Fr 219
8.90e+3

20 ms 2

Fr 220
6.00e+8

27.4 s 0.3

Fr 221
8.90e+8

4.801 m 0.005

Fr 222
1.20e+9

14.2 m 0.3

Fr 223
1.20e+9

22.00 m 0.07

Fr 224
4.70e+9

3.33 m 0.10

Fr 225
1.00e+9

3.95 m 0.14

Fr 226
1.10e+9

49 s 1

Fr 227
4.20e+8

2.47 m 0.03

Fr 228
4.20e+8

38 s 1

Fr 229
3.80e+4

50.2 s 0.4

Fr 230
5.60e+3

19.1 s 0.5

Ra 208
2.50e+4

1.110 s 0.045

Ra 210
9.90e+5

4.0 s 0.1

Ra 212
9.40e+6

13.0 s 0.2

Ra 214
9.15e+6

2.437 s 0.016

Ra 220
2.40e+5

17.9 ms 1.4

Ra 221
3.50e+9

28 s 2

Ra 222
1.32e+9

33.6 s 0.4

Ra 224
6.00e+8

3.6319 d 0.0023

Ra 225
2.30e+9

14.9 d 0.2

Ra 226
1.10e+8

1.600 ky 0.007

Ra 228
1.80e+7

5.75 y 0.03

Ra 230
2.10e+6

93 m 2

Ra 231
5.60e+3

104 s 1

Ra 232
5.60e+4

4.0 m 0.3
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIBINFN
▸ Different RIBs production method ⟹ Differents species available 

▸ Availability of ReA beams: 
proper beam energy for Coulex 

▸ Coulex setup available: JANUS

Coulex at FRIB?

Figure 3.3: The two JANUS silicon detectors and the target wheel together in the mounting
assembly. Note this figure shows shows the ring ring side of the silicon detectors facing the target,
which is incorrect (see text). Also visible are two wires which enable a current reading from the
beam-tuning apertures. Figure from [108].

dead layer than the azimuthally-segmented side. Thus the detectors are always mounted with the

sectors facing the target.

In the typical configuration of JANUS, the downstream detector is separated from the target by

2.6 cm, and the upstream detector is separated by 3.4 cm. With this geometry, the downstream

detector covers !�⌫ frame scattering angles 22.9° < \
!�⌫

< 53.4°, and the upstream detector

covers 134° < \
!�⌫

< 162°, providing 16.2% and 12.7% of 4c, respectively (both detectors have

full 360° converge in q
!�⌫

). The segmentation provides a localization of roughly 1.3° in \
!�⌫

and

11.25° in q
!�⌫

, which also depends on the target-detector separation. The mounting apparatus for

the detectors and target is shown in Fig. 3.3.

50

Bambino 2

Figure 3.17: SeGA arranged in the barrel configuration at ReA3. Only six detector end-caps are
visible arrayed around the beam pipe. The silicon detectors and target are inside the beam pipe.
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Exploring the role of high- j configurations in collective observables through the
Coulomb excitation of 106Cd
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The shape and collectivity of 106Cd was investigated via a sub-barrier-energy Coulomb excitation experiment
performed at the National Superconducting Cyclotron Laboratory Re-accelerator facility using the JANUS setup.
Transition matrix elements between low-lying states were found to agree with adopted values, and information
on the shape and collectivity of higher-lying states was extracted for the first time. Locally optimized large-scale
shell-model calculations were found to describe well the B(E2) transition strengths but failed to reproduce the
spectroscopic quadrupole moments Qs. An analysis of the E2 rotational invariants and the normalized quadrupole
moment qs indicates that this may be due to a significant degree of triaxiality in 106Cd which is not captured
by the present shell-model calculations. Analogous calculations for the Fe isotopes (two protons below the
Z = 28 magic number) reveal the critical role of high- j neutron configurations for the description of quadrupole
moments in the heavy Fe and Cd isotopes (two protons below magic Z = 50), but this effect is insufficient to
explain the shape of 106Cd, posing a puzzle for the understanding of nuclear structure towards N = 50.

DOI: 10.1103/PhysRevC.103.L051301

In even-even nuclei, the electromagnetic B(E2; 2+
1 → 0+

1 )
transition strength is a measure of quadrupole collectivity,
sensitive to shell-breaking effects, nuclear deformation, and
nucleon-nucleon correlations. Studies of collective properties
in nuclei near N = Z = 50 100Sn, the heaviest self-conjugate
doubly-magic nucleus known to exist, have revealed one of
the most persistent puzzles in rare-isotope science. In the Sn
isotopes, this transition strength has been reported from 104Sn
[1] to 132Sn [2], spanning a chain of 15 even-even Sn isotopes.
The trend is asymmetric about mid-shell with enhanced col-
lectivity towards 100Sn (see Ref. [1] and references therein).

Evidence has been mounting that the origin of this unusual
behavior lies in proton excitations across the Z = 50 shell
gap [1,3,4]. Perhaps surprisingly, there is no such evidence
in the Z = 48 Cd isotopic chain. Rather, the B(E2) transi-
tion strengths smoothly decrease from mid-shell to 102Cd,
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in agreement with conventional large-scale shell-model cal-
culations [5]. However, in the present work, we explore
the importance of high- j orbitals for the description of
quadrupole moments and triaxiality in Cd isotopes with N !
60 and demonstrate that this effect is not sufficient to ex-
plain the shape of the N < 60 Cd isotopes which are just
two protons below Sn. Such higher-order indicators of shape
and collectivity are accessible with high-statistics sub-barrier
Coulomb excitation which is reported here for the rare but
stable 106Cd isotope.

The known information on the lowest-lying levels in 106Cd
primarily stems from two Coulomb excitation experiments
performed in the 1960s and 1970s [6,7]. More recently, an
excited-state g-factor measurement on 106Cd [8] allowed for
the extraction of lifetimes via the Doppler-shift-attenuation
method from the observed, prominent γ -ray line shapes.
These excited-state lifetimes, however, disagree with the
adopted values from Coulomb excitation. Most significantly,
the lifetime reported for the 2+

1 state is 33% below the
previous literature value, which would imply a significant
increase in the 106Cd B(E2) transition strength. This in-
creased collectivity is at odds with large-scale shell-model
calculations which were in good agreement with the adopted
values [5].

To extend the existing information on collectivity and
shape to states previously out of reach, and to address the dis-
crepancies that appeared with the most recent measurement,

2469-9985/2021/103(5)/L051301(6) L051301-1 ©2021 American Physical Society
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in agreement with conventional large-scale shell-model cal-
culations [5]. However, in the present work, we explore
the importance of high- j orbitals for the description of
quadrupole moments and triaxiality in Cd isotopes with N !
60 and demonstrate that this effect is not sufficient to ex-
plain the shape of the N < 60 Cd isotopes which are just
two protons below Sn. Such higher-order indicators of shape
and collectivity are accessible with high-statistics sub-barrier
Coulomb excitation which is reported here for the rare but
stable 106Cd isotope.

The known information on the lowest-lying levels in 106Cd
primarily stems from two Coulomb excitation experiments
performed in the 1960s and 1970s [6,7]. More recently, an
excited-state g-factor measurement on 106Cd [8] allowed for
the extraction of lifetimes via the Doppler-shift-attenuation
method from the observed, prominent γ -ray line shapes.
These excited-state lifetimes, however, disagree with the
adopted values from Coulomb excitation. Most significantly,
the lifetime reported for the 2+

1 state is 33% below the
previous literature value, which would imply a significant
increase in the 106Cd B(E2) transition strength. This in-
creased collectivity is at odds with large-scale shell-model
calculations which were in good agreement with the adopted
values [5].

To extend the existing information on collectivity and
shape to states previously out of reach, and to address the dis-
crepancies that appeared with the most recent measurement,
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an inverse-kinematics sub-barrier-energy Coulomb excitation
experiment was performed on 106Cd using the highest-Z probe
yet and, for the first time, modern particle and γ -ray detection
arrays.

The experiment was performed at the Re-accelerator fa-
cility (ReA3) [9] of the National Superconducting Cyclotron
Laboratory (NSCL) [10]. The stable 106Cd nuclei were va-
porized and injected into the NSCL’s electron-beam ion trap
[11] where they were charge bred to 37+ and injected into
the ReA3 linear accelerator. The ions were accelerated to
the desired energies and delivered to the experimental setup
located at the ReA3 general purpose beamline.

The experiment consisted of three separate settings. In two
settings, the 106Cd beam was impinged on a 0.92-mg/cm2

208Pb target at 4.36 and 4.03 MeV/nucleon. The third setting
scattered the 106Cd beam at 3.0 MeV/nucleon off a 0.98-
mg/cm2 48Ti target. The two different beam energies used on
208Pb enhance the sensitivity to the nuclear matrix elements,
while the 48Ti target primarily provided an absolute normal-
ization through the observed target excitations.

The target position was surrounded by the Joint Array for
Nuclear Structure (JANUS) [12], which combines two annu-
lar silicon detectors with the Segmented Germanium Array
(SeGA) [13]. The JANUS silicon detectors were placed 26(1)
mm downstream and 34(1) mm upstream of the reaction tar-
get. They have 32-fold azimuthal segmentation on the side
facing the target and 24-fold radial segmentation on the other.
This geometry covers laboratory frame scattering angles of
22.9◦–53.4◦ (downstream) and 136◦–163◦ (upstream) with
≈1◦ localization in θ and 11.3◦ in φ. The silicon detectors
were used to detect the scattered 106Cd and the recoiling 208Pb
or 48Ti target nuclei (either independently or in coincidence
depending on the scattering angle).

Sixteen 32-fold segmented detectors of SeGA were ar-
ranged in a compact “barrel” configuration, with the cylin-
drical detector crystals concentrically surrounding the target
position. These were used to detect the prompt γ -ray decays
from excited states of both nuclei and provide an absolute
efficiency of 6.7% at 1 MeV.

The energy deposited in the forward silicon detector during
the higher-energy setting on 208Pb is shown in Fig. 1. As
is clearly seen, the kinematic curves of the scattered 106Cd
and the 208Pb target recoils are well separated; this allows
for unambiguous event-by-event particle identification and
characterization of the scattering process.

To increase the sensitivity of the measurement, the data
were further subdivided into ranges of scattering angles. For
the high-energy setting on 208Pb, the forward-scattered 106Cd
projectiles were divided into four angular ranges, the 208Pb
recoils were divided into two ranges, and back-scattered 106Cd
was considered as a whole. For the low-energy setting on
208Pb, the forward-scattered 106Cd projectiles were divided
into three angle ranges; the division of the 208Pb and back-
scattered 106Cd events was the same as in the high-energy
setting. For the 48Ti target, only the target recoils were se-
lected to tag the Coulomb excitation process due to the
particular kinematics of the reaction. These data were divided
into five angular ranges.

FIG. 1. Energy deposited in the forward silicon detector during
the setting with 106Cd at 4.36 MeV/nucleon on 208Pb. The scattered
106Cd and recoiling 208Pb nuclei are clearly visible and distinguish-
able, as are 12C nuclei which come from a thin supportive backing
on the target. Note that, for clarity, bins with five or fewer counts are
excluded and a low-energy threshold has been applied.

The choice of angular ranges was primarily motivated by
the γ -ray statistics observed in each setting. The total γ -ray
spectra collected in coincidence with Si events for all settings
are shown in Fig. 2. The Doppler correction is enabled by the
high segmentation of SeGA and the JANUS Si detectors as
well as by the known two-body reaction kinematics for each
setting.

The 48Ti target contained a 3.1% (by mass) 182,184,186W
contamination. Due to the larger mass of tungsten, 106Cd
nuclei scattered by the contaminants were separable using the
silicon detectors and thus this did not impact the analysis.

The γ -ray yield data were analyzed through a joint use of
the GOSIA and GOSIA2 codes [14,15]. The level schemes and
literature data employed during the analysis for both nuclei

FIG. 2. Total Doppler-corrected γ -ray spectra collected during
the experiment. (a)–(c) 208Pb target data, with the higher-energy
setting in black and lower-energy setting in red. The three scatter-
ing regions correspond to (a) forward-scattered 106Cd, (b) recoiling
208Pb, and (c) back-scattered 106Cd. Panel (d) shows the data on 48Ti.
The black spectrum is Doppler corrected for 106Cd, the red spectrum
for 48Ti. The observed γ -ray transitions are indicated in black for
106Cd and red for 48Ti.
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porized and injected into the NSCL’s electron-beam ion trap
[11] where they were charge bred to 37+ and injected into
the ReA3 linear accelerator. The ions were accelerated to
the desired energies and delivered to the experimental setup
located at the ReA3 general purpose beamline.

The experiment consisted of three separate settings. In two
settings, the 106Cd beam was impinged on a 0.92-mg/cm2

208Pb target at 4.36 and 4.03 MeV/nucleon. The third setting
scattered the 106Cd beam at 3.0 MeV/nucleon off a 0.98-
mg/cm2 48Ti target. The two different beam energies used on
208Pb enhance the sensitivity to the nuclear matrix elements,
while the 48Ti target primarily provided an absolute normal-
ization through the observed target excitations.

The target position was surrounded by the Joint Array for
Nuclear Structure (JANUS) [12], which combines two annu-
lar silicon detectors with the Segmented Germanium Array
(SeGA) [13]. The JANUS silicon detectors were placed 26(1)
mm downstream and 34(1) mm upstream of the reaction tar-
get. They have 32-fold azimuthal segmentation on the side
facing the target and 24-fold radial segmentation on the other.
This geometry covers laboratory frame scattering angles of
22.9◦–53.4◦ (downstream) and 136◦–163◦ (upstream) with
≈1◦ localization in θ and 11.3◦ in φ. The silicon detectors
were used to detect the scattered 106Cd and the recoiling 208Pb
or 48Ti target nuclei (either independently or in coincidence
depending on the scattering angle).

Sixteen 32-fold segmented detectors of SeGA were ar-
ranged in a compact “barrel” configuration, with the cylin-
drical detector crystals concentrically surrounding the target
position. These were used to detect the prompt γ -ray decays
from excited states of both nuclei and provide an absolute
efficiency of 6.7% at 1 MeV.

The energy deposited in the forward silicon detector during
the higher-energy setting on 208Pb is shown in Fig. 1. As
is clearly seen, the kinematic curves of the scattered 106Cd
and the 208Pb target recoils are well separated; this allows
for unambiguous event-by-event particle identification and
characterization of the scattering process.

To increase the sensitivity of the measurement, the data
were further subdivided into ranges of scattering angles. For
the high-energy setting on 208Pb, the forward-scattered 106Cd
projectiles were divided into four angular ranges, the 208Pb
recoils were divided into two ranges, and back-scattered 106Cd
was considered as a whole. For the low-energy setting on
208Pb, the forward-scattered 106Cd projectiles were divided
into three angle ranges; the division of the 208Pb and back-
scattered 106Cd events was the same as in the high-energy
setting. For the 48Ti target, only the target recoils were se-
lected to tag the Coulomb excitation process due to the
particular kinematics of the reaction. These data were divided
into five angular ranges.

FIG. 1. Energy deposited in the forward silicon detector during
the setting with 106Cd at 4.36 MeV/nucleon on 208Pb. The scattered
106Cd and recoiling 208Pb nuclei are clearly visible and distinguish-
able, as are 12C nuclei which come from a thin supportive backing
on the target. Note that, for clarity, bins with five or fewer counts are
excluded and a low-energy threshold has been applied.

The choice of angular ranges was primarily motivated by
the γ -ray statistics observed in each setting. The total γ -ray
spectra collected in coincidence with Si events for all settings
are shown in Fig. 2. The Doppler correction is enabled by the
high segmentation of SeGA and the JANUS Si detectors as
well as by the known two-body reaction kinematics for each
setting.

The 48Ti target contained a 3.1% (by mass) 182,184,186W
contamination. Due to the larger mass of tungsten, 106Cd
nuclei scattered by the contaminants were separable using the
silicon detectors and thus this did not impact the analysis.

The γ -ray yield data were analyzed through a joint use of
the GOSIA and GOSIA2 codes [14,15]. The level schemes and
literature data employed during the analysis for both nuclei

FIG. 2. Total Doppler-corrected γ -ray spectra collected during
the experiment. (a)–(c) 208Pb target data, with the higher-energy
setting in black and lower-energy setting in red. The three scatter-
ing regions correspond to (a) forward-scattered 106Cd, (b) recoiling
208Pb, and (c) back-scattered 106Cd. Panel (d) shows the data on 48Ti.
The black spectrum is Doppler corrected for 106Cd, the red spectrum
for 48Ti. The observed γ -ray transitions are indicated in black for
106Cd and red for 48Ti.
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• Low-energy Coulomb excitation campaign with GRETINA and 
CHICO2 at ANL 

• Several beams on a 208Pb target, focus on beam excitation 
• Jack’s (great) idea: let’s combine all datasets and study 208Pb, too
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neutron-rich molybdenum and ruthenium isotopes are among the 
nuclei with the best prospects for the observation of low-spin tri-
axial phenomena, mainly due to the occupation of the neutron 
1νh11/2 and proton 1π g9/2 intruder orbitals [12–16]. However, 
this is a challenging issue to address as the shape degrees of free-
dom (β , γ , etc.) are defined in the intrinsic frame of the nucleus 
whereas observations are made in the laboratory, and one has to 
rely on the Kumar–Cline sum rules [17,18], which require knowl-
edge of several experimental E2 matrix elements, to provide the 
bridge between the two.

The level structure of 110, 112Ru has been investigated by prompt 
γ -ray spectroscopy of fission fragments [19–24] and in beta de-
cay [25,26]. The excitation energy of the first 2+ state reaches a 
near constant value between 108Ru and 114Ru; i.e., close to the 
N = 66 mid-shell point, suggesting constant quadrupole deforma-
tion. However, the ratio between the excitation energies of the first 
2+ and 4+ states never reaches the rotational limit for axial sym-
metry (R42 = 10/3), in contrast to the observations in the neigh-
boring Sr and Zr isotopes. In addition, it has been shown that the 
energy of the 2+

2 states decreases with increasing neutron number 
for the Ru isotopes, thus indicating an increasing susceptibility to 
the triaxial (or γ ) degree of freedom. In 110Ru, the 2+

2 level is ob-
served to be energetically below the 4+

1 state, a strong indication 
of triaxiality according to the Rigid Triaxial Rotor Model (RTRM) of 
Davydov et al. [27,28]. In fact, the Mo–Ru isotopes have the low-
est known 2+

2 states of any nucleus, with the exception of 192Os 
[29]. In addition, the relation E(3+) = E(2+

1 ) + E(2+
2 ), indicating 

a possible breaking of axial symmetry, is satisfied in 110−114Ru. 
It is important to note that such empirical criteria for triaxiality 
are only fulfilled in one other area of the nuclear chart; i.e., in 
the neutron-rich Os and Pt isotopes [6], but in this case the phe-
nomenon is limited to only a few isotopes, in contrast to a sizeable 
region.

Nevertheless, indisputable evidence for stable, non-axial nuclear 
shapes close to the ground state based solely on the analysis of 
energy spectra is notoriously difficult to obtain [30]. It is more 
instructive, therefore, to consider reduced transition probabilities 
in this type of analysis. Complications arise as B(E2) values or 
transition quadrupole moments in the ground-state band are only 
weakly affected by gamma deformation [31], although a recent 
study [32] reported such moments in the 8–16h̄ spin range for 
the yrast bands in 108−112Ru and discussed the results in terms of 
γ softness or possible triaxiality. More sensitive indications of tri-
axiality are the static quadrupole moments and the B(E2) reduced 
transition probabilities between levels of an excited, K = 2, band 
and states in the ground-state band [31]. In particular, Hartree–
Fock–Bogolyubov (HFB) based calculations going beyond the mean-
field approach using the Generator Coordinate Method (GCM) with 
the Gaussian Overlap Approximation (GOA), as well as results ob-
tained with phenomenological triaxial rotor models [27,28] predict 
reduced quadrupole moments and large B(E2; J → J ) values be-
tween %K = 2 bands. For the ruthenium isotopes, however, such 
absolute B(E2) values between bands were thus far experimentally 
unknown beyond stable 104Ru, which was found to be character-
ized by a prolate-triaxial shape with a degree of γ -softness [7].

In this Letter, results from the first multi-step Coulomb exci-
tation study of 110Ru are reported with the aim of searching for 
evidence of a triaxial shape close to the ground state, and of here-
with providing new information on shape evolution in the Ru iso-
topes. This unique study represents the first post-acceleration of 
an unstable, isotope of a refractory element and can only now be 
realized thanks to the CARIBU facility [33]. Despite long-standing 
interest, such studies have hitherto been impossible due to the 
physical properties of refractory metals, which prevent their re-
lease from the targets used at traditional isotope separation on-

Fig. 1. (Color online.) The CHICO2 particle spectrum. The plot displays the difference 
in ToF between the beam and target nuclei versus scattering angle, θ . The Pb recoils 
and various beam contaminants are labeled.

Fig. 2. (Color online.) Doppler corrected γ -ray energy spectrum gated on the A=110
group in the CHICO2 spectrum. A number of 110Cd peaks (labeled in green) are 
visible in additions to the 110Ru γ rays (red).

line (ISOL) facilities [33,34]. Furthermore, the measurement re-
ported here also benefits from the superior Doppler reconstruction 
achieved by the combination of the γ -ray tracking capabilities of 
the GRETINA array [35] and a highly-segmented particle detector, 
CHICO2 [36].

The experiment was performed at the Argonne Tandem Linac 
Accelerator System (ATLAS). As stated above, the 110Ru beam was 
provided by the CARIBU facility [33,38,39] where, starting from a 
∼ 1.7Ci 252Cf source, fission fragments were efficiently thermal-
ized and turned into a beam of 1+ charged ions by a gas catcher. 
The 110Ru1+ ions were then selected through the isobar separator 
and directed to a dedicated ECR source for charge breeding (to q =
21+) before being sent to the ATLAS linac for subsequent accelera-
tion to 430 MeV. The 110Ru beam impinged on a 1.5 mg/cm2-thick 
208Pb target (99.9% enrichment) located at the center of the 
GRETINA + CHICO2 experimental apparatus. The intensity of the 
radioactive beam was monitored at the beam dump by measuring 
the yield of γ rays associated with its beta decay (see Ref. [37]
for details). On average, 2000 110Ru ions per second hit the target. 
Gamma rays from multi-step Coulomb excitation were measured 
by the GRETINA tracking array [35] in coincidence with scattered 
reaction partners detected in the CHICO2 heavy-ion counter [36]. 
For this experiment, GRETINA consisted of 8 modules with 4 seg-
mented HPGe detectors each. Otherwise the experimental appara-
tus was essentially identical to that described in Ref. [37]. With 
the described setup, a resolution of 4.5 keV was achieved for the 
658-keV transition in 110Cd, which is shown in Fig. 2.

A representative time-of-flight (ToF) particle histogram is given 
in Fig. 1 while a γ -ray spectrum gated on mass 110 reaction prod-

Contaminants with CARIBU at ANL 
(CHICO ΔToF vs θ matrix)
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whereas observations are made in the laboratory, and one has to 
rely on the Kumar–Cline sum rules [17,18], which require knowl-
edge of several experimental E2 matrix elements, to provide the 
bridge between the two.

The level structure of 110, 112Ru has been investigated by prompt 
γ -ray spectroscopy of fission fragments [19–24] and in beta de-
cay [25,26]. The excitation energy of the first 2+ state reaches a 
near constant value between 108Ru and 114Ru; i.e., close to the 
N = 66 mid-shell point, suggesting constant quadrupole deforma-
tion. However, the ratio between the excitation energies of the first 
2+ and 4+ states never reaches the rotational limit for axial sym-
metry (R42 = 10/3), in contrast to the observations in the neigh-
boring Sr and Zr isotopes. In addition, it has been shown that the 
energy of the 2+

2 states decreases with increasing neutron number 
for the Ru isotopes, thus indicating an increasing susceptibility to 
the triaxial (or γ ) degree of freedom. In 110Ru, the 2+

2 level is ob-
served to be energetically below the 4+

1 state, a strong indication 
of triaxiality according to the Rigid Triaxial Rotor Model (RTRM) of 
Davydov et al. [27,28]. In fact, the Mo–Ru isotopes have the low-
est known 2+

2 states of any nucleus, with the exception of 192Os 
[29]. In addition, the relation E(3+) = E(2+

1 ) + E(2+
2 ), indicating 

a possible breaking of axial symmetry, is satisfied in 110−114Ru. 
It is important to note that such empirical criteria for triaxiality 
are only fulfilled in one other area of the nuclear chart; i.e., in 
the neutron-rich Os and Pt isotopes [6], but in this case the phe-
nomenon is limited to only a few isotopes, in contrast to a sizeable 
region.

Nevertheless, indisputable evidence for stable, non-axial nuclear 
shapes close to the ground state based solely on the analysis of 
energy spectra is notoriously difficult to obtain [30]. It is more 
instructive, therefore, to consider reduced transition probabilities 
in this type of analysis. Complications arise as B(E2) values or 
transition quadrupole moments in the ground-state band are only 
weakly affected by gamma deformation [31], although a recent 
study [32] reported such moments in the 8–16h̄ spin range for 
the yrast bands in 108−112Ru and discussed the results in terms of 
γ softness or possible triaxiality. More sensitive indications of tri-
axiality are the static quadrupole moments and the B(E2) reduced 
transition probabilities between levels of an excited, K = 2, band 
and states in the ground-state band [31]. In particular, Hartree–
Fock–Bogolyubov (HFB) based calculations going beyond the mean-
field approach using the Generator Coordinate Method (GCM) with 
the Gaussian Overlap Approximation (GOA), as well as results ob-
tained with phenomenological triaxial rotor models [27,28] predict 
reduced quadrupole moments and large B(E2; J → J ) values be-
tween %K = 2 bands. For the ruthenium isotopes, however, such 
absolute B(E2) values between bands were thus far experimentally 
unknown beyond stable 104Ru, which was found to be character-
ized by a prolate-triaxial shape with a degree of γ -softness [7].

In this Letter, results from the first multi-step Coulomb exci-
tation study of 110Ru are reported with the aim of searching for 
evidence of a triaxial shape close to the ground state, and of here-
with providing new information on shape evolution in the Ru iso-
topes. This unique study represents the first post-acceleration of 
an unstable, isotope of a refractory element and can only now be 
realized thanks to the CARIBU facility [33]. Despite long-standing 
interest, such studies have hitherto been impossible due to the 
physical properties of refractory metals, which prevent their re-
lease from the targets used at traditional isotope separation on-

Fig. 1. (Color online.) The CHICO2 particle spectrum. The plot displays the difference 
in ToF between the beam and target nuclei versus scattering angle, θ . The Pb recoils 
and various beam contaminants are labeled.

Fig. 2. (Color online.) Doppler corrected γ -ray energy spectrum gated on the A=110
group in the CHICO2 spectrum. A number of 110Cd peaks (labeled in green) are 
visible in additions to the 110Ru γ rays (red).

line (ISOL) facilities [33,34]. Furthermore, the measurement re-
ported here also benefits from the superior Doppler reconstruction 
achieved by the combination of the γ -ray tracking capabilities of 
the GRETINA array [35] and a highly-segmented particle detector, 
CHICO2 [36].

The experiment was performed at the Argonne Tandem Linac 
Accelerator System (ATLAS). As stated above, the 110Ru beam was 
provided by the CARIBU facility [33,38,39] where, starting from a 
∼ 1.7Ci 252Cf source, fission fragments were efficiently thermal-
ized and turned into a beam of 1+ charged ions by a gas catcher. 
The 110Ru1+ ions were then selected through the isobar separator 
and directed to a dedicated ECR source for charge breeding (to q =
21+) before being sent to the ATLAS linac for subsequent accelera-
tion to 430 MeV. The 110Ru beam impinged on a 1.5 mg/cm2-thick 
208Pb target (99.9% enrichment) located at the center of the 
GRETINA + CHICO2 experimental apparatus. The intensity of the 
radioactive beam was monitored at the beam dump by measuring 
the yield of γ rays associated with its beta decay (see Ref. [37]
for details). On average, 2000 110Ru ions per second hit the target. 
Gamma rays from multi-step Coulomb excitation were measured 
by the GRETINA tracking array [35] in coincidence with scattered 
reaction partners detected in the CHICO2 heavy-ion counter [36]. 
For this experiment, GRETINA consisted of 8 modules with 4 seg-
mented HPGe detectors each. Otherwise the experimental appara-
tus was essentially identical to that described in Ref. [37]. With 
the described setup, a resolution of 4.5 keV was achieved for the 
658-keV transition in 110Cd, which is shown in Fig. 2.

A representative time-of-flight (ToF) particle histogram is given 
in Fig. 1 while a γ -ray spectrum gated on mass 110 reaction prod-

CHICO and 
Gammashpere
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▸ The Zr isotopes undergo a dramatic change in nuclear properties at N = 

60, for a long time not been reproduced by any theoretical model 

▸ Monte Carlo Shell Model ⟹ Excellent reproduction of experimental data, 
for the first time also around N = 60 

▸ Combination of type-I and type-II shell evolution, which induces a 
Quantum Phase Transition (QPT) in these isotopes 

▸ We are studying several of these isotopes (94Zr, 96Zr, 98Zr, 100Zr) with 
multiple techniques at LNL, TRIUMF, ANL and MLL ⟹ Key missing 
experiments: Coulex of radioactive Zr 

▸ Not possible with ISOL ⟹ beam intensities for ReA beams at FRIB [pps]: 

▸ 98Zr - 3.3⋅105 👍, 100Zr - 2.6⋅105 👍, 102Zr - 1.6⋅105 👍, 104Zr - 1.4⋅104 👍
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matrix. This gives us the three axes of the ellipsoid with
quadrupole momenta Q0 and Q2 in the usual way [2]. One
can then plot this MCSM basis vector as a circle on
the potential energy surface (PES), as shown in Fig. 2. The
overlap probability of this MCSM basis vector with the
eigenstate is indicated by the area of the circle. Thus, one
can pin down each MCSM basis vector on the PES
according to its Q0 and Q2 with its importance by the
area of the circle. Note that the PES in Fig. 2 is obtained by
constrained HF calculation for the same SM Hamiltonian,
and is used for the sake of an intuitive understanding of
MCSM results. This method, called a T-plot [46,47],
enables us to analyze SM eigenstates from the viewpoint
of intrinsic shape. Figure 2(a) shows that the MCSM basis
vectors of the 0þ1 state of 98Zr are concentrated in a tiny
region of the spherical shape, while its 0þ2 state is composed
of basis vectors of prolate shape with Q0 ∼ 350 fm2 [see
Fig. 2(b)]. A similar prolate shape dominates the 0þ1 state of
100Zr with slightly larger Q0, as shown in Fig. 2(c). We
point out the abrupt change of the ground-state property
from Fig. 2(a) to 2(c), and will come back to this point later.
The T-plot shows stable prolate shape for the 0þ1 state from
100Zr to 110Zr [see Fig. 2(d)].
Figure 1(c) displays BðE2; 2þ1 → 0þ1 Þ values, with small

values up to N ¼ 58 and a sharp increase at N ¼ 60,
consistent with experiment [13,20–23]. The effective
charges ðep; enÞ ¼ ð1.3e; 0.6eÞ are used. Because the
BðE2; 2þ1 → 0þ1 Þ value is a sensitive probe of the quadru-
pole deformation, the salient agreement here implies that
the present MCSM calculation produces quite well the
shape evolution as N changes. In addition, theoretical and
experimental BðE2; 2þ2 → 0þ2 Þ values are shown for
N ¼ 54 [24] and 56. The value for N ¼ 56 has been
measured by experiment, discussed in the following Letter
[25], as an evidence of the shape coexistence in 96Zr. The
overall agreement between theory and experiment appears
to be remarkable. It is clear that the 2þ2 → 0þ2 transitions at
N ¼ 54 and 56 are linked to the 2þ1 → 0þ1 transitions in
heavier isotopes, via 2þ1 → 0þ2 transition at N ¼ 58.
Figure 1(d) shows the deformation parameter β2 [1].

The results of IBM [30], HFB [34], and FRDM [38]
calculations are included, exhibiting much more
gradual changes. The MCSM values are obtained from
BðE2; 2þ1 → 0þ1 Þ.

The systematic trends indicated by the 2þ1 level, the ratio
R4=2, the BðE2; 2þ1 → 0þ1 Þ value (or β2), and the T-plot
analysis are all consistent among themselves and in agree-
ment with relevant experiments. We can, thus, identify the
change between N ¼ 58 and 60 as a QPT, where in general
an abrupt change should occur in the quantum structure of
the ground state for a certain parameter [17,18]. The
parameter here is nothing but the neutron number N,
and the transition occurs from a “spherical phase” to a
“deformed phase.” Figure 1(b) demonstrates that the 0þ1
state is spherical up to N ¼ 58, but the spherical 0þ state is
pushed up to the 0þ4 state at N ¼ 60, where the prolate-
deformed 0þ state comes down to the ground state from the
0þ2 state at N ¼ 58. This sharp crossing causes the present
QPT. The discontinuities of various quantities, one of
which can be assigned the order parameter, at the crossing
point imply the first-order phase transition. The shape
transition has been noticed in many chains of isotopes and
isotones, but appears to be rather gradual in most cases, for
instance, from 148Sm to 154Sm. The abrupt change in the
Zr isotopes is exceptional.
We comment on the relation between the QPT and the

modifications of the interaction mentioned above. Without
them, the 2þ1 level is still ∼0.2 MeV at N ¼ 60 close to
Fig. 1(a), while at N ¼ 58 it is higher than the value in
Fig. 1(a). Thus, the present QPT occurs rather insensitively
to the modifications, whereas experimental data can be
better reproduced by them.
We now discuss the origin of such abrupt changes.

Figure 3(a) displays the occupation numbers of proton
orbits for the 0þ1;2 states of 98Zr, the 0þ1 state of 100Zr and
the 0þ1;2 states of

110Zr. From the spherical 0þ1 to prolate 0þ2
states of 98Zr, the occupation number of the proton 0g9=2
increases from 0.4 to 3.5, while those of the pf-shell orbits
decrease. The proton 0g9=2 orbit is more occupied in the
prolate 0þ1 state of 100;110Zr.
Figure 3(b) shows effective single-particle energies

(ESPE) of neutron orbits calculated with the occupation
numbers of the SM eigenstates, shown in Fig. 3(a) (see
Refs. [46,47] for explanations). At a glance, one notices
that the ESPEs from 2s1=2 to 0g7=2 are distributed over a
range of 4 MeV for the 0þ1 state of 98Zr, but are within
2 MeV for the prolate states, such as 0þ2 of 98Zr, 0þ1 of
100Zr, and 0þ1 of 110Zr. We notice also a massive (3.5–5.5)

FIG. 2. T-plots for 0þ1;2 states of 98;100;110Zr isotopes.
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The rapid shape change in Zr isotopes near neutron number N ¼ 60 is identified to be caused by type II
shell evolution associated with massive proton excitations to its 0g9=2 orbit, and is shown to be a quantum
phase transition. Monte Carlo shell-model calculations are carried out for Zr isotopes of N ¼ 50–70 with
many configurations spanned by eight proton orbits and eight neutron orbits. Energy levels and BðE2Þ
values are obtained within a single framework in good agreement with experiment, depicting various
shapes in going from N ¼ 50 to 70. The novel coexistence of prolate and triaxial shapes is suggested.

DOI: 10.1103/PhysRevLett.117.172502

The shape of the atomic nucleus has been one of the
primary subjects of nuclear structure physics [1], and
continues to provide intriguing and challenging questions
in going to exotic nuclei. One such question is the
transition from spherical to deformed shapes as a function
of the neutron (proton) number N (Z), referred to as shape
transition. The shape transition is visible in the system-
atics of the excitation energies of low-lying states, for
instance, the first 2þ levels of even-even nuclei: it turns
out to be high (low) for spherical (deformed) shapes [1–3].
A shell model (SM) calculation is suited, in principle, for
its description, because of the high capability of calculat-
ing those energies precisely. On the other hand, since the
nuclear shape is a consequence of the collective motion of
many nucleons, the actual application of the SM encoun-
tered some limits in the size of the calculation.
In this Letter, we present results of large-scale

Monte Carlo shell model (MCSM) calculations [4] on
even-even Zr isotopes with a focus on the shape transition
from N ¼ 50 to N ¼ 70, e.g., Ref. [5]. Figure 1(a) shows
that the observed 2þ1 level moves up and down within the
1–2 MeV region for N ¼ 50–58, whereas it is quite low
(∼0.2 MeV) for N ≥ 60 [6–16]. Namely, a sharp drop by a
factor of ∼6 occurs at N ¼ 60, which is consistent with the
corresponding BðE2Þ values shown in Fig. 1(c). These
features have attracted much attention, also because no
theoretical approach seems to have reproduced those rapid
changes covering both sides. More importantly, an abrupt
change seems to occur in the structure of the ground state as
a function of N, which can be viewed as an example of the
quantum phase transition (QPT), satisfying its general
definition to be discussed [17,18]. This is quite remarkable,
as the shape transition is, in general, rather gradual. In
addition, there is much interest in those Zr isotopes from
the viewpoint of the shape coexistence [19].

The advanced version of MCSM [26,27] can cover all
Zr isotopes in this range of N with a fixed Hamiltonian,
when taking a large model space, as shown in Table I. The
MCSM, thus, resolves the difficulties of conventional
SM calculation, where the largest dimension reaches
3.7 × 1023, much beyond its current limit. Note that no
truncation on the occupation numbers of these orbits is
made in the MCSM. The structure of Zr isotopes has been
studied by many different models and theories. For in-
stance, a recent large-scale conventional SM calculation
showed a rather accurate reproduction of experimental data
up to N ¼ 58, whereas it was not extended beyond N ¼ 60
[28]. The 2þ1 levels have been calculated in a wider range in
interacting boson model (IBM) calculations, although the
aforementioned rapid change is absent [29,30]. Some
other works were restricted to deformed states [5,31,32],
or indicated gradual shape changes [33–40].
It is, thus, very timely and needed to apply the MCSM to

Zr isotopes, particularly heavy exotic ones. The
Hamiltonian of the present work is constructed from
existing ones, so as to reduce ambiguities. The JUN45
Hamiltonian is used for the orbits, 0g9=2 and below it [41].
The SNBG3 Hamiltonian [42] is used for the T ¼ 1
interaction for 0g7=2, 1d5=2;3=2, 2s1=2, and 0h11=2. Note that
the JUN45 and SNBG3 interactions were obtained by
adding empirical fits to microscopically derived effective
interactions [41,42]. The VMU interaction [43] is taken for
the rest of the effective interaction. The VMU interaction
consists of the central part given by a Gaussian function in
addition to the π- and ρ-meson exchange tensor force [43].
The parameters of the central part were fixed from
monopole components of known SM interactions [43].
The T ¼ 0 part of the VMU interaction is kept unchanged
throughout this work. The T ¼ 1 central part is reduced by
a factor of 0.75 except for 1f7=2 and 2p3=2 orbits. On top of
this, T ¼ 1 two-body matrix elements for 0g9=2 and above
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Fig. 4 Schematic pictures of rotational motion and actual features. a
Conventional picture (prolate shape) and γ vibration from it. b Present
picture (triaxial shape). c Levels and E2 properties of 166Er (Z = 68,

N = 98) compared to experimental data [23]. B(E2) values are in W.u.,
and spectroscopic electric quadrupole moments, Q, are in e barn

The axially symmetric ellipsoid can rotate about one axis
as shown in Fig. 1c, with the corresponding angular momen-
tum, !R. This is nothing but the total angular momentum
!J (= !R). Its magnitude, J , and one of its components are

conserved by the Hamiltonian. If the triaxial shape sets in,
another rotation of the ellipsoid emerges, because of an
ellipse in the right part of Fig. 1d, and is shown by !K ,
the angular momentum about the z axis of the body-fixed
frame. The total angular momentum is intuitively expressed
as !J = !R + !K . The conservation law holds for !J , but not
for !R or !K separately. The !K is pointing in the z direction
of the body-fixed frame, with its z component denoted by
K as usual. Because the rotation by !K actually occurs in
the xy plane of the body-fixed frame, it is essentially two-
dimensional rotation and only the z-component, denoted by
K , is relevant. The value of K is not conserved in principle,
and in fact, the present CI calculation is carried out without
assuming the conservation of K . On the other side, K will
be shown to be practically conserved in the cases of this arti-
cle, as shown in Sect. 7.3. Although positive values of K are
usually mentioned, K and −K refer to essentially the same
features.

The surface tension of a liquid drop generally tends to min-
imize its surface area, ending up with a sphere in an extreme
case. The nuclear shape may be considered to be an equi-
librium between this surface tension and the force causing
the deformation à la Fig. 2a. An axially-symmetric ellipsoid
is then favored over a triaxial one, because of the constant
curvature in the xy plane. The rotation of such rigid bodies
is described, for instance, in textbooks [5,6]. As a multi-
nucleon problem, Kumar and Baranger [18] performed the
“pairing-plus-quadrupole model” calculation, as a then most
advanced many-body calculation, and advocated the “pre-
ponderance of axially symmetric shapes” for many species

of nuclei. A similar work was reported by Bes and Sorensen
[19]. These works indicated that once many nucleons in
many single-particle orbits of a mean potential coherently
contribute, the axially-symmetric prolate deformation likely
occurs. The SU(3) model is a symmetry-based many-body
approach, and favors the same feature in some cases [20,21],
as well as its approximate extensions [22].

Figure 4a shows a schematic picture of the prolate
deformed ground state and its rotational excitations. Fig-
ure 4a includes another type of excitation, called γ vibration
[4,8]. In this mode, the circle in the lower part of Fig. 1c is dis-
torted to an ellipse. However, the distortion is not static, and
is a vibrational motion. This vibration occurs in the excited
state shown in the right upper part of Fig. 4a, but not in the
members of the ground-state band (i.e., the rest of Fig. 4a).
This vibrational excitation is represented by γ phonon in a
quantum mechanical description, thus denoted as “γ phonon
excitation” in Fig. 4a. The 2+2 state is then identified as the
one-γ -phonon state on top of the deformed equilibrium [4,8].

3.2 Properties of 166Er nucleus by the present CI
calculation

Figure 4c depicts measured excitation energies as well as
electromagnetic decays and moments [23], for 166Er (Z = 68,
N = 98) as an example. The decays are actually electric
quadrupole (E2) transitions, and their strengths are expressed
by squared E2 strengths called B(E2; J+ → J ′+) [6,7,24].
The 2+2 state decays to the ground state through relatively
strong transition with B(E2; 2+2 → 0+1 ) = 5.17±0.21
(W.u.) (see panel c), where W.u. implies the single-particle
(Weisskopf) unit [24]. Such a moderately large B(E2) value
was interpreted as an indication that the 2+2 state is a phonon
excitation which is collective to a certain extent [8].
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as shown in Fig. 1c, with the corresponding angular momen-
tum, !R. This is nothing but the total angular momentum
!J (= !R). Its magnitude, J , and one of its components are

conserved by the Hamiltonian. If the triaxial shape sets in,
another rotation of the ellipsoid emerges, because of an
ellipse in the right part of Fig. 1d, and is shown by !K ,
the angular momentum about the z axis of the body-fixed
frame. The total angular momentum is intuitively expressed
as !J = !R + !K . The conservation law holds for !J , but not
for !R or !K separately. The !K is pointing in the z direction
of the body-fixed frame, with its z component denoted by
K as usual. Because the rotation by !K actually occurs in
the xy plane of the body-fixed frame, it is essentially two-
dimensional rotation and only the z-component, denoted by
K , is relevant. The value of K is not conserved in principle,
and in fact, the present CI calculation is carried out without
assuming the conservation of K . On the other side, K will
be shown to be practically conserved in the cases of this arti-
cle, as shown in Sect. 7.3. Although positive values of K are
usually mentioned, K and −K refer to essentially the same
features.

The surface tension of a liquid drop generally tends to min-
imize its surface area, ending up with a sphere in an extreme
case. The nuclear shape may be considered to be an equi-
librium between this surface tension and the force causing
the deformation à la Fig. 2a. An axially-symmetric ellipsoid
is then favored over a triaxial one, because of the constant
curvature in the xy plane. The rotation of such rigid bodies
is described, for instance, in textbooks [5,6]. As a multi-
nucleon problem, Kumar and Baranger [18] performed the
“pairing-plus-quadrupole model” calculation, as a then most
advanced many-body calculation, and advocated the “pre-
ponderance of axially symmetric shapes” for many species

of nuclei. A similar work was reported by Bes and Sorensen
[19]. These works indicated that once many nucleons in
many single-particle orbits of a mean potential coherently
contribute, the axially-symmetric prolate deformation likely
occurs. The SU(3) model is a symmetry-based many-body
approach, and favors the same feature in some cases [20,21],
as well as its approximate extensions [22].

Figure 4a shows a schematic picture of the prolate
deformed ground state and its rotational excitations. Fig-
ure 4a includes another type of excitation, called γ vibration
[4,8]. In this mode, the circle in the lower part of Fig. 1c is dis-
torted to an ellipse. However, the distortion is not static, and
is a vibrational motion. This vibration occurs in the excited
state shown in the right upper part of Fig. 4a, but not in the
members of the ground-state band (i.e., the rest of Fig. 4a).
This vibrational excitation is represented by γ phonon in a
quantum mechanical description, thus denoted as “γ phonon
excitation” in Fig. 4a. The 2+2 state is then identified as the
one-γ -phonon state on top of the deformed equilibrium [4,8].

3.2 Properties of 166Er nucleus by the present CI
calculation

Figure 4c depicts measured excitation energies as well as
electromagnetic decays and moments [23], for 166Er (Z = 68,
N = 98) as an example. The decays are actually electric
quadrupole (E2) transitions, and their strengths are expressed
by squared E2 strengths called B(E2; J+ → J ′+) [6,7,24].
The 2+2 state decays to the ground state through relatively
strong transition with B(E2; 2+2 → 0+1 ) = 5.17±0.21
(W.u.) (see panel c), where W.u. implies the single-particle
(Weisskopf) unit [24]. Such a moderately large B(E2) value
was interpreted as an indication that the 2+2 state is a phonon
excitation which is collective to a certain extent [8].
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Fig. 15 Nuclear chart (part) and deformed nuclei with substantial tri-
axialities (red and purple star symbols). Brown diamonds imply the
nuclei with the 0+2 level below the 2+2 level. If not covered by stars or
diamonds, red squares indicate the lowest 2+ states with higher level
energies (> 1 MeV), while green symbols stand for those with lower 2+

level energies (< 0.1 MeV). Hexagons indicate insufficient shape infor-
mation from experiments. The squares with colors in between indicate
intermediate cases. The background is given by NuDat 3.0 [10]. The
nuclei with theoretical descriptions shown in Fig. 16 are red stars with
orange inside

obtained in the present work, and the connection between
the two approaches is an open question.

Some other approaches to triaxial shapes were reviewed
by Frauendorf in [112] including the Tidal Wave approach
[113] and Triaxial Projected Shell Model [114]. The latter
seems to have the same root as the deformed shell model.

9 Nuclei around 166Er in the Segrè chart

9.1 Trends

We next apply the present study to some nuclei around 166Er
in the Segrè (nuclear) chart.

One of the experimentally measurable signatures for a
substantial triaxiality can be the observed 2+2 level below
the observed 0+2 level, and we adopt it. Figure 15 displays
a part of the Segrè (nuclear) chart (even–even nuclei with
Z = 50–82 and N = 82–122), where red star symbols (includ-
ing those with orange inner part) indicate 18 deformed nuclei
(3.00 ≤ Ex(4+1 )/Ex (2+1 ) ≤ 3.33) with this signature [10,23].
These 18 nuclei are traditionally supposed to have prolate
ground states, as already stated. The purple star symbols
form a separate group, some of which may have been con-
sidered, in the past, to be triaxial. In fact, one of them, 188Os,
was considered, theoretically, to have γ = 30◦ [115]. Missing
star symbols do not necessarily imply prolate-like shapes but
rather mean insufficient experimental data for judgment.

The CI calculations discussed in this article require huge
computer resources, and thereby we have performed them
for some selected ones. Figure 16a–i show primary results
of such calculations in comparison to the corresponding
experimental values. These panels show the level ener-
gies of low-lying states, the values of B(E2; 2+1 → 0+1 ),
B(E2; 2+2 → 0+1 ) (in W.u.), and spectroscopic electric
quadrupole moments (in e barn). Considering also that the
same Hamiltonian is used for these nuclei, the agreement
to experiment [23] is rather good. For instance, the 2+2 , 3+1
and 4+2 states of 162Er (panel d) are shifted upwards by the
almost same amounts between theory and experiment, com-
pared to those of 166Er (panel e). A further shift is seen in
158Gd similarly between experiment and theory (panels h and
e). All shown levels remain quite unchanged between 164Dy
and 166Er (panels g and e), but the B(E2; 2+2 → 0+1 ) value
differs between these two nuclei also similarly in both theory
and experiment. Thus, a good overall agreement is obtained
between theory and experiment, except for the underestima-
tion of B(E2; 2+2 → 0+1 ) value of 168Yb. As the changes of
the B(E2; 2+2 → 0+1 ) value by up to a factor of two from
nucleus to nucleus is reproduced rather well in the present
calculation, the discrepancy for 168Yb needs to be remedied
by improving the Hamiltonian in a future project with a wider
coverage of nuclei. The N = 96 isotones, 160Gd, 162Dy, 164Er
and 166Yb, are described similarly well but are not included
in Fig. 16 for brevity. The nuclei shown in Fig. 16 and these
four fulfill the experimental criteria of the substantial triaxi-
ality mentioned above.

The T-plots for the nuclei, 158−162Gd, 160−164Dy, 162−166Er
and 164−168Yb, 168Hf, exhibit large values of deformation
parameter γ , mostly being above around 6◦. The values are
close to (though somewhat smaller than) those of the PES
minima by the HFB calculation displayed in Figs. 7 and 11.
These nuclei thus exhibit medium triaxiality in the present
QVSM calculation as well as in the present HFB calculation.
In other words, the medium triaxiality emerges in a wider
region of the Segrè (nuclear) chart, and shows a large over-
lap with the region of substantial triaxiality designated by the
experimental criterion stated above.

As these nuclei are located in the middle of the deformed
rare-earth region in the Segrè chart and are traditionally sup-
posed, e.g. [2–8,16–19,64,98] to have prolate ground states
and γ vibrational 2+ states (despite some claims for dominant
triaxialities [101,111] or for modest triaxialities in scattered
nuclei as stated already, e.g. [65,99,100]), the present picture
gives a strong impact to the overall understanding of nuclear
shape, with a suggestion of the medium triaxiality prevailing
in a number of heavy deformed nuclei, combined with their
robust mechanisms.

It is of interest how the excitation energies and B(E2)
values can be plotted as functions of the γ value of the 0+1
state, where the γ value is extracted from QVSM calcula-
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174W

▸ Collective models, traditional picture: rotors, vibrators, γ-soft nuclei and 
γ-rigid nuclei ⟹ Only for the first two, there has been “strong” 
experimental evidence 

▸ Nuclear vibrations at low energy were doubted first for β bands in 
rotational nuclei (e.g., P.E. Garrett, J. Phys. G 27 (2001) R1) and then for 
g.s. in supposed vibrators (e.g., P.E. Garrett, T.R. Rodríguez et al., Phys. 
Rev. Lett. 123 (2019) 142502) 

▸ What about γ-vibrations? ⟹ Recent Monte Carlo Shell Model (T. Otsuka 
et al., Eur. Phys. J. A 61 (2025) 126): the 22+ state is not a vibration, 
instead, it originates from a (different kind of) rotation 

▸ Recent unexpectedly small g-factor in the K = 12+ isomer of 174W 
(M. Rocchini, A. Nannini, G. Benzoni, E. Vigezzi et al., Eur. Phys. J. A 56 
(2020) 289), a supposed simple, ideally prolate-deformed, nucleus ⟹ 
Triaxiality could explain the observation 

▸ Not possible with ISOL ⟹ beam intensities for ReA beams at FRIB [pps]: 
174W - 2.2⋅105 👍 (other isotopes in this region of mass possible)
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▸ Competitive process to γ-ray emission ⟹ Favourable in certain cases (high masses, 

low transition energies, high multipolarities) 

▸ Particularly suited to study, for instance, breathing modes (nuclear 
compressibility), clustering, octupole collectivity, and shape coexistence 

▸ By measuring the ratio of emission between γ-rays and ICEs, we can determine 
the parity of excited states 

▸ E0 transitions (γ-ray forbidden) and their strength ρ2(E0), the simple two-level 
mixing model:
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▸ SLICES stands for Spes Low-energy Internal Conversion Electron Spectrometer 

▸ Designed for the Beta Decay Station (BDS) of SPES

Our ICE Spectrometer: SLICES

N. Marchini, A. Nannini, M. Ottanelli et al. Nuclear Inst. and Methods in Physics Research, A 1020 (2021) 165860

Fig. 1. Two different cross-sectional views of the beta decay station of the SPES facility at LNL. The main parts of the setup are indicated.

Fig. 2. 207Bi source spectrum obtained by adding the Si(Li) detector spectra from all the sectors. This spectrum has been acquired by an analog acquisition system with a shaping
time of 6 �sec for the spectroscopy amplifier. No magnetic transport system has been used. The Compton edges of the � lines from the 207Bi source are clearly visible. Also, a small
peak corresponding to the 570 keV � line (indicated by the arrow) is visible. In the table, the energies and intensities of the internal conversion electron transition are reported.

consists of a tape station with two measurement systems as shown
in Fig. 1. The first, at the beam implantation point, is equipped with
plastic � detectors and five coaxial high-purity Ge (HPGe) crystals
for �-ray spectroscopy to study the gross properties of �-decay and
the de-excitation scheme of the daughter nuclei. After a collection
period, the tape is moved with a velocity of about 2 m/s to the second
measurement point: this will be equipped with a plastic scintillator to
detect � electrons, a coaxial large-volume HPGe crystal, and SLICES for
the study of short-lived species.

In the following the SLICES components are described in detail
(Sections 2, 3) with a particular focus on the magnetic lens design. The
results of the commissioning of SLICES at the CN accelerator of LNL
will be presented in Section 4.

2. SLICES components

The main components of SLICES are a magnetic transport system
and a segmented, large-area lithium-drifted silicon Si(Li) detector. The
magnetic lens, made of a set of permanent NdFeB N52 magnets, guides
the electrons around a central photon shield towards the Si(Li) detector.
The unconventional size of both lens and detector, compared to a
traditional mini-orange arrangement [9], grant a large acceptance in
both electron energy and emission angle ensuring high efficiency of the
apparatus.

2.1. Si(Li) detector

The Si(Li) detector is 76.2 mm in diameter and 6.8 mm thick. This
thickness is well suited to the measurement of electron energies up
to 2 MeV, since it exceeds the maximum distance of penetration of
the electrons. One side of the crystal is a boron implanted contact,
which has been segmented in 32 radial sectors by photolithographic
technique [10]. Each sector covers an 11.25˝ angular range and is
surrounded by a 4 mm wide guard-ring. The segmentation is crucial
to reduce the capacitance at the Field Effect Transistor (FET) input of
the preamplifier thereby improving the overall achievable resolution of
the full detector. The other side is a Ì500 �m thick Li-diffused contact,
both contacts are covered with a Ì3000 ≈ thick Al-layer.

An aluminized Mylar-foil in front of the detector surface protects it
from impurities when cooled. The thickness of the Mylar (17 �m) has
been chosen so as not to affect electrons of energy above 35 keV.

The detector is fully depleted when biased at 800 V. (The depletion
voltage as indicated by the manufacturer is 700 V.)

The Si(Li) detector, its holder, and the FETs are cooled to a tem-
perature of about *150 ˝C to reduce the influence of thermal noise. A
platinum resistance sensor (PT100) with a resistance of 100 ⌦ at 0 ˝C
is integrated into the front panel of the detector holder to monitor the
temperature. In addition, an HV-filter has been mounted next to the
detector to reduce the noise pickup from the HV cable.

2

SLICES
SLICES

11

A. Saltarelli, G. Benzoni et al., 
Nuclear Inst. and Methods in Physics 
Research A 1082 (2026) 170927 

N. Marchini, A. Nannini et al., 
Nuclear Inst. and Methods in 
Physics Research A 1020 
(2021) 165860 
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▸ Developed in collaboration with the Jülich research center (Germany) 

▸ Diameter = 76.2 mm (active area ≈ 3900 mm2) 

▸ Thickness = 6.8 mm (for electrons up to ≈ 2 MeV) 

▸ Segmented in 32 independent sectors to obtain small junction 
capacitances (thus low-noise) 

▸ Mylar-foil (17 µm) in front of the detector surface to protect from 
impurities when cooled, not affecting electrons above ≈ 35 keV

The Si(Li) Detector

207Bi source 
FWHM (1 MeV) 

3.1 keV
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▸ SLICES employs a magnetic transport system composed of a 
magnetic lens and a central absorber 

▸ Large efficiency and good reduction of γ-ray background

The Magnetic Transport System

Mini-Orange 
ε ~ 5%Si(Li) only 

ε ~ 15%

(drawings not to scale)

SLICES, up to ε ~ 10%

N. Marchini, A. Nannini et al., Nuclear Inst. and Methods in Physics Research A 1020 (2021) 165860 
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The Magnetic Transport System
▸ Detailed study of the magnetic 

transport system with GEANT4 
and CST Studio 

▸ Simulations validated with 
source and in-beam 
measurements 

▸ Different choices of magnets for 
different energies of the 
electrons 

▸ Shape of magnets optimised to 
minimise the backscattering 

▸ Broad high-efficiency energy 
ranges for electrons of 
≈ 500 - 2000 keV range

800 keV

N. Marchini, A. Nannini et al., Nuclear Inst. and Methods in Physics Research A 1020 (2021) 165860 
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Structures in the 106Pd nucleus have been studied in the EC/β+ decay of 106Ag at the INFN Legnaro
National Laboratories using the Spes Low-energy Internal Conversion Electron Spectrometer (SLICES). The
K-conversion coefficients and the electric monopole transition strengths, between low-lying 2+ and 0+ states,
have been studied. These experimental data combined with the results from conversion electron measurement on
104Pd previously performed by the Florence spectroscopy group were compared with the theoretical values cal-
culated in the framework of the interacting proton-neutron boson model. Good agreement between experimental
and theoretical values is found when interpreting the 0+

3 level as an intruder state.
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I. INTRODUCTION

The collective properties of stable Pd isotopes (Z=46)
have been the focus of several experimental and theoretical
studies in the past decades [1–4]. They have been consid-
ered as “transitional” nuclei, displaying a character that varies
from vibrational to γ unstable. Indeed, detailed analyses (see
Refs. [5,6]) provided a good description of even-mass Pd nu-
clei as pertaining to a region of transition from the vibrational
U(5) limit to the γ -soft O(6) limit of the IBA-2 model [7].

This interpretation was recently questioned in a systematic
study of the even mass isotopes of Mo, Ru, Pd, Cd, and Te
[8]. The authors concluded that the existence of low-energy
quadrupole vibrations in some of these nuclei must be ques-
tioned and that the study of collective states must involve
not only electromagnetic observables such as B(E2) values
and quadrupole moments, which by definition only sample
the charge and/or current distributions, but also other elec-
tromagnetic probes that are sensitive to shape coexistence
and configuration mixing, such as, for instance, the electric
monopole (E0) transitions.

The question of whether Pd nuclei may actually exhibit a
nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope

*Current address: Dipartimento di Fisica, Università degli Studi di
Milano and INFN, 20133 Milano, Italy

[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN

2469-9985/2022/105(5)/054304(9) 054304-1 ©2022 American Physical Society
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nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope
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[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN
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TABLE I. Experimental K-internal conversion coefficients αK

for transitions in 106Pd compared with the calculated values [14].

αK × 103

Jπ
i −→ Jπ

f Eγ (keV) Experiment Theory (E2) Theory (M1)

2+
2 −→ 2+

1 616 2.97(11) 2.89 2.97
2+

2 −→ 0+
1 1128 0.64(9) 0.68

2+
3 −→ 2+

1 1050 1.06(7) 0.79 0.89
0+

2 −→ 2+
1 621 2.6(2) 2.8

0+
3 −→ 2+

1 1195 0.71(13) 0.60
0+

4 −→ 2+
2 873 1.23(8) 1.20

Legnaro National Laboratories (LNL) in Italy. The excited
states in the nucleus of interest were fed in the EC-β+ decay
of 106gAg (T1/2 = 24 min) and 106mAg (T1/2 = 8 d) produced
via the (p, n) reaction on a self-supporting 3-mg/cm2-thick
106Pd target enriched to 96%. The 5.5-MeV proton beam was
delivered by the LNL Van der Graaff CN accelerator [13]
with an average intensity of 200 nA. To favor the fast decay
activity of 106Ag, which populates the 0+ levels in 106Pd, mea-
surements have been performed by alternating bombarding
and measuring periods of 35 min. A 5-min waiting time was
inserted to allow the decay of the short-lived 108Ag (T1/2 =
3.4 min) produced in the (p, n) reaction on the 1% 108Pd
isotope present in the target. The 108Ag beta decays mostly
(95%) to the ground state of 108Cd [Q(β−) = 1650(7) keV]
increasing the background in the electron spectra. By inserting
the above-mentioned waiting time this background is reduced
by a factor ≈4 while only 10% of the 106Ag activity is lost.
The only other contaminant present in the target that can
significantly contribute to the background is the 105Pd isotope
(2%). However, no transitions related to the 105gAg EC decay
are visible in the spectrum.

The internal conversion electrons emitted in the de-
excitation of the states populated in the decay of 106gAg were
detected by the SLICES spectrometer [12], used for the first
time in the present experiment. SLICES setup utilizes a 6.8-
mm-thick segmented lithium-drifted silicon detector coupled
to a magnetic transport system to guide the electrons around
a central photon shield towards the detector. The efficiency

FIG. 1. Section of the 106Pd SLICES energy spectrum;
K-conversion lines are labeled with spin and parity of the initial and
final levels.

of the spectrometer can be optimized by changing the shape
of the magnetic transport system components. For the config-
uration adopted in this experiment, the maximum detection
efficiency of 12% is obtained at 1 MeV. The adopted config-
uration and the related efficiency curve have been studied in
detail in Ref. [12]. An HPGe detector with an energy resolu-
tion of 2.4 keV (FWHM) at 1.3 MeV was used to detect γ
rays deexciting the nuclear states.

III. RESULTS

Conversion electron measurements have been performed
to determine K-conversion coefficients αK and to evaluate the
monopole strength ρ2 of E0 transitions between states having
the same spin and parity. The αK values obtained for the
transitions of interest are summarized in Table I. The agree-
ment between the experimental and the theoretical values for
pure E2 transitions on one hand is a test of the reliability of
SLICES apparatus in performing in-beam measurements, and
on the other hand, of the correct determination of αK (2+

3 −→
2+

1 ). Two different αK values for this transition are reported
in the literature [11,15]. The value obtained in the present
work is in agreement with the one determined in Ref. [11].

TABLE II. A comparison between the E0 transition strengths ρ2 and q2(E0/E2) extracted in the present work together with literature
values for 106Pd. Transition energy, lifetimes for the initial states, multipole mixing ratios δ(E2/M1), and branching ratios B R are taken from
Ref. [9] and references therein.

q2(E0/E2) ρ2 × 103

Jπ
i −→ Jπ

f Eγ (keV) τ (fs) δ(E2/M1) B R Present Previous Present Previous

0+
2 −→ 0+

1 1134 8400(1900) 0.166(15) 0.162(7)a 17(4) 16.4(40)b

0+
3 −→ 0+

1 1706 4000(700) 0.09(15) 2(4) <3b

0+
4 −→ 0+

1 2001 >1200 0.124(18) <19
0+

4 −→ 0+
2 867 >1200 0.22(6) <90

2+
2 −→ 2+

1 616 4500(360) −8.7+17
−19 0.647(24) 0.027(38) 5(8)

2+
3 −→ 2+

1 1050 1900(190) 0.24(1) 0.853(34) 4.2(18) 5.8(33)a 26(11) 34(22)b

aReference [16].
bReference [10].
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Structures in the 106Pd nucleus have been studied in the EC/β+ decay of 106Ag at the INFN Legnaro
National Laboratories using the Spes Low-energy Internal Conversion Electron Spectrometer (SLICES). The
K-conversion coefficients and the electric monopole transition strengths, between low-lying 2+ and 0+ states,
have been studied. These experimental data combined with the results from conversion electron measurement on
104Pd previously performed by the Florence spectroscopy group were compared with the theoretical values cal-
culated in the framework of the interacting proton-neutron boson model. Good agreement between experimental
and theoretical values is found when interpreting the 0+

3 level as an intruder state.

DOI: 10.1103/PhysRevC.105.054304

I. INTRODUCTION

The collective properties of stable Pd isotopes (Z=46)
have been the focus of several experimental and theoretical
studies in the past decades [1–4]. They have been consid-
ered as “transitional” nuclei, displaying a character that varies
from vibrational to γ unstable. Indeed, detailed analyses (see
Refs. [5,6]) provided a good description of even-mass Pd nu-
clei as pertaining to a region of transition from the vibrational
U(5) limit to the γ -soft O(6) limit of the IBA-2 model [7].

This interpretation was recently questioned in a systematic
study of the even mass isotopes of Mo, Ru, Pd, Cd, and Te
[8]. The authors concluded that the existence of low-energy
quadrupole vibrations in some of these nuclei must be ques-
tioned and that the study of collective states must involve
not only electromagnetic observables such as B(E2) values
and quadrupole moments, which by definition only sample
the charge and/or current distributions, but also other elec-
tromagnetic probes that are sensitive to shape coexistence
and configuration mixing, such as, for instance, the electric
monopole (E0) transitions.

The question of whether Pd nuclei may actually exhibit a
nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope
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[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN
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I. INTRODUCTION

The collective properties of stable Pd isotopes (Z=46)
have been the focus of several experimental and theoretical
studies in the past decades [1–4]. They have been consid-
ered as “transitional” nuclei, displaying a character that varies
from vibrational to γ unstable. Indeed, detailed analyses (see
Refs. [5,6]) provided a good description of even-mass Pd nu-
clei as pertaining to a region of transition from the vibrational
U(5) limit to the γ -soft O(6) limit of the IBA-2 model [7].

This interpretation was recently questioned in a systematic
study of the even mass isotopes of Mo, Ru, Pd, Cd, and Te
[8]. The authors concluded that the existence of low-energy
quadrupole vibrations in some of these nuclei must be ques-
tioned and that the study of collective states must involve
not only electromagnetic observables such as B(E2) values
and quadrupole moments, which by definition only sample
the charge and/or current distributions, but also other elec-
tromagnetic probes that are sensitive to shape coexistence
and configuration mixing, such as, for instance, the electric
monopole (E0) transitions.

The question of whether Pd nuclei may actually exhibit a
nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope
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[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN
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TABLE I. Experimental K-internal conversion coefficients αK

for transitions in 106Pd compared with the calculated values [14].

αK × 103

Jπ
i −→ Jπ

f Eγ (keV) Experiment Theory (E2) Theory (M1)

2+
2 −→ 2+

1 616 2.97(11) 2.89 2.97
2+

2 −→ 0+
1 1128 0.64(9) 0.68

2+
3 −→ 2+

1 1050 1.06(7) 0.79 0.89
0+

2 −→ 2+
1 621 2.6(2) 2.8

0+
3 −→ 2+

1 1195 0.71(13) 0.60
0+

4 −→ 2+
2 873 1.23(8) 1.20

Legnaro National Laboratories (LNL) in Italy. The excited
states in the nucleus of interest were fed in the EC-β+ decay
of 106gAg (T1/2 = 24 min) and 106mAg (T1/2 = 8 d) produced
via the (p, n) reaction on a self-supporting 3-mg/cm2-thick
106Pd target enriched to 96%. The 5.5-MeV proton beam was
delivered by the LNL Van der Graaff CN accelerator [13]
with an average intensity of 200 nA. To favor the fast decay
activity of 106Ag, which populates the 0+ levels in 106Pd, mea-
surements have been performed by alternating bombarding
and measuring periods of 35 min. A 5-min waiting time was
inserted to allow the decay of the short-lived 108Ag (T1/2 =
3.4 min) produced in the (p, n) reaction on the 1% 108Pd
isotope present in the target. The 108Ag beta decays mostly
(95%) to the ground state of 108Cd [Q(β−) = 1650(7) keV]
increasing the background in the electron spectra. By inserting
the above-mentioned waiting time this background is reduced
by a factor ≈4 while only 10% of the 106Ag activity is lost.
The only other contaminant present in the target that can
significantly contribute to the background is the 105Pd isotope
(2%). However, no transitions related to the 105gAg EC decay
are visible in the spectrum.

The internal conversion electrons emitted in the de-
excitation of the states populated in the decay of 106gAg were
detected by the SLICES spectrometer [12], used for the first
time in the present experiment. SLICES setup utilizes a 6.8-
mm-thick segmented lithium-drifted silicon detector coupled
to a magnetic transport system to guide the electrons around
a central photon shield towards the detector. The efficiency

FIG. 1. Section of the 106Pd SLICES energy spectrum;
K-conversion lines are labeled with spin and parity of the initial and
final levels.

of the spectrometer can be optimized by changing the shape
of the magnetic transport system components. For the config-
uration adopted in this experiment, the maximum detection
efficiency of 12% is obtained at 1 MeV. The adopted config-
uration and the related efficiency curve have been studied in
detail in Ref. [12]. An HPGe detector with an energy resolu-
tion of 2.4 keV (FWHM) at 1.3 MeV was used to detect γ
rays deexciting the nuclear states.

III. RESULTS

Conversion electron measurements have been performed
to determine K-conversion coefficients αK and to evaluate the
monopole strength ρ2 of E0 transitions between states having
the same spin and parity. The αK values obtained for the
transitions of interest are summarized in Table I. The agree-
ment between the experimental and the theoretical values for
pure E2 transitions on one hand is a test of the reliability of
SLICES apparatus in performing in-beam measurements, and
on the other hand, of the correct determination of αK (2+

3 −→
2+

1 ). Two different αK values for this transition are reported
in the literature [11,15]. The value obtained in the present
work is in agreement with the one determined in Ref. [11].

TABLE II. A comparison between the E0 transition strengths ρ2 and q2(E0/E2) extracted in the present work together with literature
values for 106Pd. Transition energy, lifetimes for the initial states, multipole mixing ratios δ(E2/M1), and branching ratios B R are taken from
Ref. [9] and references therein.

q2(E0/E2) ρ2 × 103

Jπ
i −→ Jπ

f Eγ (keV) τ (fs) δ(E2/M1) B R Present Previous Present Previous

0+
2 −→ 0+

1 1134 8400(1900) 0.166(15) 0.162(7)a 17(4) 16.4(40)b

0+
3 −→ 0+

1 1706 4000(700) 0.09(15) 2(4) <3b

0+
4 −→ 0+

1 2001 >1200 0.124(18) <19
0+

4 −→ 0+
2 867 >1200 0.22(6) <90

2+
2 −→ 2+

1 616 4500(360) −8.7+17
−19 0.647(24) 0.027(38) 5(8)

2+
3 −→ 2+

1 1050 1900(190) 0.24(1) 0.853(34) 4.2(18) 5.8(33)a 26(11) 34(22)b

aReference [16].
bReference [10].
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National Laboratories using the Spes Low-energy Internal Conversion Electron Spectrometer (SLICES). The
K-conversion coefficients and the electric monopole transition strengths, between low-lying 2+ and 0+ states,
have been studied. These experimental data combined with the results from conversion electron measurement on
104Pd previously performed by the Florence spectroscopy group were compared with the theoretical values cal-
culated in the framework of the interacting proton-neutron boson model. Good agreement between experimental
and theoretical values is found when interpreting the 0+

3 level as an intruder state.
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I. INTRODUCTION

The collective properties of stable Pd isotopes (Z=46)
have been the focus of several experimental and theoretical
studies in the past decades [1–4]. They have been consid-
ered as “transitional” nuclei, displaying a character that varies
from vibrational to γ unstable. Indeed, detailed analyses (see
Refs. [5,6]) provided a good description of even-mass Pd nu-
clei as pertaining to a region of transition from the vibrational
U(5) limit to the γ -soft O(6) limit of the IBA-2 model [7].

This interpretation was recently questioned in a systematic
study of the even mass isotopes of Mo, Ru, Pd, Cd, and Te
[8]. The authors concluded that the existence of low-energy
quadrupole vibrations in some of these nuclei must be ques-
tioned and that the study of collective states must involve
not only electromagnetic observables such as B(E2) values
and quadrupole moments, which by definition only sample
the charge and/or current distributions, but also other elec-
tromagnetic probes that are sensitive to shape coexistence
and configuration mixing, such as, for instance, the electric
monopole (E0) transitions.

The question of whether Pd nuclei may actually exhibit a
nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope
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[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN
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Structures in the 106Pd nucleus have been studied in the EC/β+ decay of 106Ag at the INFN Legnaro
National Laboratories using the Spes Low-energy Internal Conversion Electron Spectrometer (SLICES). The
K-conversion coefficients and the electric monopole transition strengths, between low-lying 2+ and 0+ states,
have been studied. These experimental data combined with the results from conversion electron measurement on
104Pd previously performed by the Florence spectroscopy group were compared with the theoretical values cal-
culated in the framework of the interacting proton-neutron boson model. Good agreement between experimental
and theoretical values is found when interpreting the 0+

3 level as an intruder state.

DOI: 10.1103/PhysRevC.105.054304

I. INTRODUCTION

The collective properties of stable Pd isotopes (Z=46)
have been the focus of several experimental and theoretical
studies in the past decades [1–4]. They have been consid-
ered as “transitional” nuclei, displaying a character that varies
from vibrational to γ unstable. Indeed, detailed analyses (see
Refs. [5,6]) provided a good description of even-mass Pd nu-
clei as pertaining to a region of transition from the vibrational
U(5) limit to the γ -soft O(6) limit of the IBA-2 model [7].

This interpretation was recently questioned in a systematic
study of the even mass isotopes of Mo, Ru, Pd, Cd, and Te
[8]. The authors concluded that the existence of low-energy
quadrupole vibrations in some of these nuclei must be ques-
tioned and that the study of collective states must involve
not only electromagnetic observables such as B(E2) values
and quadrupole moments, which by definition only sample
the charge and/or current distributions, but also other elec-
tromagnetic probes that are sensitive to shape coexistence
and configuration mixing, such as, for instance, the electric
monopole (E0) transitions.

The question of whether Pd nuclei may actually exhibit a
nearly harmonic quadrupole structure was recently addressed
by two experiments involving the neutron inelastic scattering,
devoted to the study of the structure of the 106Pd isotope

*Current address: Dipartimento di Fisica, Università degli Studi di
Milano and INFN, 20133 Milano, Italy

[9,10]. In the first one, a characterization of the low-lying
excited states up to ≈2.4 MeV for spin !6 was obtained. The
level scheme was organized into rotational bands, each char-
acterized by a definite value of K . In the second experiment,
on the basis of previously measured internal conversion elec-
tron [11] and new lifetime data, the strength of E0 transitions
between 2+ states was determined. The authors concluded
that the extracted monopole transition strength values provide
evidence for shape coexistence between the bands with the
same K value.

The existing data on converted transitions in the 106Pd iso-
tope are somewhat limited and affected by a large uncertainty:
For instance, two values differing by a factor ≈3 are available
for the internal conversion coefficient of the 2+

3 −→ 2+
1 tran-

sition, thus preventing a definite conclusion on the amount of
mixing between these two levels.

The aim of the present work is to provide further informa-
tion to better understand the structure of low-lying states in the
Pd isotopes with N0. The E0 transitions between both 0+ and
2+ states in 106Pd have been studied in electron spectroscopy
experiment employing our recently developed apparatus [12].
The new data, combined with those obtained in the re-analysis
of data previously acquired on 104Pd by the nuclear spec-
troscopy group in Florence, help to clarify the properties of
the 0+ and 2+ states up to 2.3 MeV in the 104,106Pd isotopes.

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of 106Pd
at low excitation energy was performed at the INFN

2469-9985/2022/105(5)/054304(9) 054304-1 ©2022 American Physical Society
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TABLE I. Experimental K-internal conversion coefficients αK

for transitions in 106Pd compared with the calculated values [14].

αK × 103

Jπ
i −→ Jπ

f Eγ (keV) Experiment Theory (E2) Theory (M1)

2+
2 −→ 2+

1 616 2.97(11) 2.89 2.97
2+

2 −→ 0+
1 1128 0.64(9) 0.68

2+
3 −→ 2+

1 1050 1.06(7) 0.79 0.89
0+

2 −→ 2+
1 621 2.6(2) 2.8

0+
3 −→ 2+

1 1195 0.71(13) 0.60
0+

4 −→ 2+
2 873 1.23(8) 1.20

Legnaro National Laboratories (LNL) in Italy. The excited
states in the nucleus of interest were fed in the EC-β+ decay
of 106gAg (T1/2 = 24 min) and 106mAg (T1/2 = 8 d) produced
via the (p, n) reaction on a self-supporting 3-mg/cm2-thick
106Pd target enriched to 96%. The 5.5-MeV proton beam was
delivered by the LNL Van der Graaff CN accelerator [13]
with an average intensity of 200 nA. To favor the fast decay
activity of 106Ag, which populates the 0+ levels in 106Pd, mea-
surements have been performed by alternating bombarding
and measuring periods of 35 min. A 5-min waiting time was
inserted to allow the decay of the short-lived 108Ag (T1/2 =
3.4 min) produced in the (p, n) reaction on the 1% 108Pd
isotope present in the target. The 108Ag beta decays mostly
(95%) to the ground state of 108Cd [Q(β−) = 1650(7) keV]
increasing the background in the electron spectra. By inserting
the above-mentioned waiting time this background is reduced
by a factor ≈4 while only 10% of the 106Ag activity is lost.
The only other contaminant present in the target that can
significantly contribute to the background is the 105Pd isotope
(2%). However, no transitions related to the 105gAg EC decay
are visible in the spectrum.

The internal conversion electrons emitted in the de-
excitation of the states populated in the decay of 106gAg were
detected by the SLICES spectrometer [12], used for the first
time in the present experiment. SLICES setup utilizes a 6.8-
mm-thick segmented lithium-drifted silicon detector coupled
to a magnetic transport system to guide the electrons around
a central photon shield towards the detector. The efficiency

FIG. 1. Section of the 106Pd SLICES energy spectrum;
K-conversion lines are labeled with spin and parity of the initial and
final levels.

of the spectrometer can be optimized by changing the shape
of the magnetic transport system components. For the config-
uration adopted in this experiment, the maximum detection
efficiency of 12% is obtained at 1 MeV. The adopted config-
uration and the related efficiency curve have been studied in
detail in Ref. [12]. An HPGe detector with an energy resolu-
tion of 2.4 keV (FWHM) at 1.3 MeV was used to detect γ
rays deexciting the nuclear states.

III. RESULTS

Conversion electron measurements have been performed
to determine K-conversion coefficients αK and to evaluate the
monopole strength ρ2 of E0 transitions between states having
the same spin and parity. The αK values obtained for the
transitions of interest are summarized in Table I. The agree-
ment between the experimental and the theoretical values for
pure E2 transitions on one hand is a test of the reliability of
SLICES apparatus in performing in-beam measurements, and
on the other hand, of the correct determination of αK (2+

3 −→
2+

1 ). Two different αK values for this transition are reported
in the literature [11,15]. The value obtained in the present
work is in agreement with the one determined in Ref. [11].

TABLE II. A comparison between the E0 transition strengths ρ2 and q2(E0/E2) extracted in the present work together with literature
values for 106Pd. Transition energy, lifetimes for the initial states, multipole mixing ratios δ(E2/M1), and branching ratios B R are taken from
Ref. [9] and references therein.

q2(E0/E2) ρ2 × 103

Jπ
i −→ Jπ

f Eγ (keV) τ (fs) δ(E2/M1) B R Present Previous Present Previous

0+
2 −→ 0+

1 1134 8400(1900) 0.166(15) 0.162(7)a 17(4) 16.4(40)b

0+
3 −→ 0+

1 1706 4000(700) 0.09(15) 2(4) <3b

0+
4 −→ 0+

1 2001 >1200 0.124(18) <19
0+

4 −→ 0+
2 867 >1200 0.22(6) <90

2+
2 −→ 2+

1 616 4500(360) −8.7+17
−19 0.647(24) 0.027(38) 5(8)

2+
3 −→ 2+

1 1050 1900(190) 0.24(1) 0.853(34) 4.2(18) 5.8(33)a 26(11) 34(22)b

aReference [16].
bReference [10].
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SLICES will be mounted also at the IDS 
station at CERN 

(but SPES remains the priority - when there 
are useful beams, SLICES will be at SPES)

Waiting for SPES, we used SLICES for beta-decay 
studies following (p,n) reactions: 3 experiments 

performed (1 published) another one accepted at the 
last LNL PAC meeting

If we understood correctly, the FRIB beta-decay 
station doesn’t have an ICE spectrometer yet: 
•SLICES at FRIB? 
•Collaboration to develop a new, dedicated device?
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▸ The ρ2(E0; 22+ ⟶ 21+) value should be small in all collective paradigms (rotors, 
vibrators, γ-soft nuclei and γ-rigid) ⟹ Always an excitation of the ground state, 
meaning the same intrinsic deformation and no mixing 

▸ Even microscopic models (Shell Model and Beyond-Mean-Field approaches) 
predict small ρ2(E0; 22+ ⟶ 21+) values 

▸ Study in the stable Ni Isotopes ⟹ Largest ρ2(E0; 22+ ⟶ 21+) values observed 
in the entire nuclide chart (22+ below 02+, shape coexistence not possible) 

▸ Our study on 74Se ⟹ Very large ρ2(E0; 22+ ⟶ 21+) also in this case and hints 
of unexpected triaxiality 

▸ It would be interesting to extend to the neutron-rich Ni isotopes, where 
multiple shape coexistence has been observed (and 02+ ⟶ 01+ also 
interesting) 

▸ Not possible with ISOL ⟹ beam intensities for stopped beams at FRIB 
[pps]: 68Co (for beta decay to 68Ni)  - 1.4⋅105 👍

L.J. Evitts et al. / Physics Letters B 779 (2018) 396–401 399

Table 1
Pertinent experimental data for the determination of the ρ2(E0) values for the 2+

2 → 2+
1 transitions of the 58,60,62Ni isotopes. The half-lives (T1/2), branching ratios (B R), 

δ(E2/M1) mixing ratios, and internal conversion coefficients (αK ) were obtained in this work with the exception of the T1/2 and B R for 62Ni, which were taken from 
Ref. [10].

Eγ

keV
T1/2
ps

B R δ(E2/M1) αK × 104 B(M1) 
µ2

N

B(E2) 
e2 fm4

M(E0)

fm2
ρ2(E0) × 103

58Ni 1321.2 0.60+0.19
−0.12 0.953(2) −1.04+0.07

−0.08 1.4(3) 0.014(4) 120+30
−40 10.3+1.1

−2.0 230+50
−80

60Ni 826.06 1.28+0.74
−0.35 0.860(5) +0.43(8) 3.0(1) 0.046+0.016

−0.021 195+70
−110 9+2

−4 150+90
−110

62Ni 1128.82 0.67+0.20
−0.14 0.45(4) +3.1(1) 2.0(1) 1.8+0.3

−0.5 × 10−3 200+40
−50 8.4+1.4

−2.5 140+50
−70

Fig. 3. Partial level schemes showing low-lying excited states in 58,60,62Ni isotopes where the black filled arrows show B(M1) [µ2
N ] and B(E2) [e2 fm4] values, while the 

yellow arrows show ρ2(E0) × 103 values [13–17]. The magnetic moments [14], µ, are in units of nuclear magnetons (µN ) and the spectroscopic quadrupole moments 
[15–17], Q , are in units of ef m2. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 4. An overview of the experimentally measured ρ2(E0) × 103 2+
2 → 2+

1 val-
ues for the Ni isotopes from this work (cross) compared with the literature values 
taken from Ref. [2] plotted vs. the energy ratio of the first 4+ and 2+ states. The 
literature values are grouped by the sign of the spectroscopic quadrupole moment 
of the 2+

1 state, where negative (open circle) indicates prolate and positive (square) 
corresponds to oblate shape.

spherical-quadrupole-vibrator model, E0 transitions are forbidden 
if the change in phonon number is one [2]. Clearly, the predic-
tions of these simple models do not explain the new E0 transition 
strength data.

A microscopic approach for the calculation of E0 transition 
strengths was recently described by Brown et al. [32]. This ap-
proach takes the orbital occupations and one-body transition den-

sities obtained from a configuration-interaction (CI) shell model 
calculation and uses them to constrain an energy density func-
tional (EDF) calculation of the transition density. The resulting 
transition density contains valence terms coming from the model 
space, and the monopole polarization of the core protons by the 
valence nucleons. This first-order correction involves coupling of 
the valence orbitals to one-particle one-hole configurations of the 
giant monopole (breathing mode) excitation of the nucleus. The 
core polarization is determined by the shape of the valence tran-
sition density. The transition density is large only when there is a 
cancellation between the valence orbits that have a different num-
ber of nodes in the radial wavefunction. This method was applied 
to excited 0+ to 0+ ground-state transitions over a wide range of 
nuclei [32]. Overall, the theoretical E0 transition matrix element, 
|M(E0)|, values were a factor of 2 to 3 smaller than experiment. 
It was suggested that the remaining strength comes from second-
order correlations involving collective 2+ intermediate states [32]. 
The model is applicable to E0 transitions between states of any J
value and, in this work, we have used it to calculate E0 transition 
strengths between 2+ states for the first time.

The CI shell model calculations were performed for 58,60,62Ni 
with the NuShellX@MSU code [33]. In each case, the calculations 
were performed in the full f p model space using the GPFX1A in-
teraction [34].

For the Ni isotopes, the valence wavefunctions are dominated 
by neutron configurations that do not contribute to the E0 matrix 
element. The valence orbits are 1p and 0 f , and the E0 transition 
density comes from a cancellation between these two types of ra-
dial wavefunction. Ref. [32] considered the 0+

2 → 0+
1 and 0+

3 → 0+
1

transitions in 58Ni. The calculated M(E0) for the 0+
2 → 0+

1 transi-
tions was much larger than the experimental value. A significant 
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The structure of 74Se at low energy was investigated via spectroscopy of internal conversion electrons at 
the INFN Legnaro National Laboratories (LNL). A set of internal K-conversion coefficients and monopole 
transition strengths was measured. A large ρ2(E0; 2+

2 → 2+
1 ) · 103 = 210(130) value was deduced. This 

result, in addition to a low upper limit for the 0+
3 → 0+

2 electron transition, casts in doubt a simple 
interpretation of the 74Se low-lying structure, in particular the recently proposed spherical, vibrational 
character. New microscopic beyond-mean-field calculations generally agree with the experimental results 
and are capable of producing a large ρ2(E0; 2+

2 → 2+
1 ) value, even if still a factor ≈ 7 smaller than the 

experiment. Triaxiality and a complex shape-coexistence and mixing scenario seem responsible for this 
unexpected experimental result.

 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

The 2+
2 state in non-doubly-magic, even-even nuclei is com-

monly interpreted as due to a collective excitation. In the vi-
brational and rotational limits, this state originates from vibra-
tions around the ground-state shape. Specifically, for a spherical-
harmonic vibrator, it is part of the two-phonon multiplet J =

* Corresponding author at: INFN Sezione di Firenze, Firenze, IT-50019, Italy.
E-mail address: marchini@fi.infn.it (N. Marchini).

1 Present address: GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, 
64291, Germany.

2 Present address: Department of Physics, Queen’s University, Kingston, ON K7L 
3N6, Canada.

3 Present address: Argonne National Laboratory, Argonne (IL), 60439, United 
States.

0+, 2+, 4+ . Instead, for an axially-symmetric rotor, it is the head 
of the K = 2 band J = 2+, 3+, 4+, 5+, 6+, ... – the so-called γ
band – resulting from vibrations in the γ degree of freedom. Even 
though these basic paradigms are known to represent only a first-
order approximation of the nuclear structure, they are still used 
for classifying isotopes throughout the chart of the nuclides and 
as a basis for more complex theoretical approaches. Nevertheless, 
since the appearance of low-energy nuclear vibrations has been 
debated in the recent literature (specifically oscillations around the 
spherical shape [1–3] and oscillations in the β degree of freedom 
in axially-symmetric deformed nuclei [4]), the possible vibrational 
interpretation of the 2+

2 state also needs to be carefully reanalysed.
Monopole transitions (E0) are an ideal tool to investigate nu-

clear structure because they are related to the radial distribution of 
the electric charge inside the nucleus. Therefore, monopole transi-
tion strengths ρ2(E0) are sensitive to changes in the shape of the 

https://doi.org/10.1016/j.physletb.2023.138067
0370-2693/ 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
SCOAP3.
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▸ Internal Conversion Electron spectroscopy could nicely complement 
the instruments at the FRIB beta-decay station 

▸ SLICES is small and portable ⟹ It can be transported to FRIB, but 
we need to carefully plan the timeline with SPES and ISOLDE 

▸ Alternatively, we could collaborate with FRIB on a new instrument
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The excited states of N ¼ 44 74Zn were investigated via γ-ray spectroscopy following 74Cu β decay. By
exploiting γ-γ angular correlation analysis, the 2þ2 , 3

þ
1 , 0

þ
2 , and 2þ3 states in 74Zn were firmly established.

The γ-ray branching and E2=M1 mixing ratios for transitions deexciting the 2þ2 , 3
þ
1 , and 2þ3 states were

measured, allowing for the extraction of relative BðE2Þ values. In particular, the 2þ3 → 0þ2 and 2þ3 → 4þ1
transitions were observed for the first time. The results show excellent agreement with new microscopic
large-scale shell-model calculations, and are discussed in terms of underlying shapes, as well as the role of
neutron excitations across the N ¼ 40 gap. Enhanced axial shape asymmetry (triaxiality) is suggested to
characterize 74Zn in its ground state. Furthermore, an excited K ¼ 0 band with a significantly larger
softness in its shape is identified. A shore of the N ¼ 40 “island of inversion” appears to manifest above
Z ¼ 26, previously thought as its northern limit in the chart of the nuclides.

DOI: 10.1103/PhysRevLett.130.122502

The atomic nucleus can possess states at low excitation
energy that have different shapes than the ground state,
which is referred to as shape coexistence [1,2]. While this
phenomenon seems to be ubiquitous, its most striking
manifestations tend to appear in nuclei that have neutron
or proton numbers corresponding to shell and subshell
closures. Here, the energy gained through correlations
can sometimes offset the spherical mean-field shell gaps,
leading to the appearance of deformed low-energy
“intruder” states in the “normal,” near spherical, structure
of the nucleus. In certain regions of the nuclear chart,
referred to as “islands of inversion” (IOIs), the intruder

configurations descend in excitation energy below the
normal ones, thus becoming the ground states. Under-
standing the ordering of the configurations, i.e., mapping
their relative energies, permits tests of theoretical calcu-
lations of correlation energies. Currently, four IOIs are
experimentally confirmed, associated with the neutron shell
closures N ¼ 8, 20, 28, and 40 [3].
Configurations leading to distinct shapes are often

discussed in terms of axially symmetric prolate or oblate
shapes coexisting with spherical states [1,2], but may also
involve deviations from axial symmetry. The effects of
nonaxiality have been observed for rapidly rotating nuclei
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First Evidence of Axial Shape Asymmetry and Configuration Coexistence in 74Zn:
Suggestion for a Northern Extension of the N = 40 Island of Inversion

M. Rocchini ,1,* P. E. Garrett ,1 M. Zielińska ,2 S. M. Lenzi ,3,4 D. D. Dao ,5 F. Nowacki,5 V. Bildstein,1

A. D. MacLean,1 B. Olaizola ,6,† Z. T. Ahmed,1 C. Andreoiu ,7 A. Babu,6 G. C. Ball,6 S. S. Bhattacharjee,6,‡

H. Bidaman,1 C. Cheng,6 R. Coleman,1 I. Dillmann ,6,8 A. B. Garnsworthy,6 S. Gillespie,6 C. J. Griffin ,6 G. F. Grinyer ,9

G. Hackman,6 M. Hanley ,10 A. Illana ,11 S. Jones,12 A. T. Laffoley,1 K. G. Leach ,10 R. S. Lubna,6,§ J. McAfee,6,13

C. Natzke,6,10 S. Pannu,1 C. Paxman ,6,13 C. Porzio ,6,14,15,∥ A. J. Radich,1 M.M. Rajabali,16 F. Sarazin ,10 K. Schwarz,6

S. Shadrick,10 S. Sharma,9 J. Suh,9 C. E. Svensson,1 D. Yates ,6,17 and T. Zidar1
1Department of Physics, University of Guelph, N1G 2W1 Guelph, Canada
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5Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France

6TRIUMF, V6T 2A3 Vancouver, Canada
7Department of Chemistry, Simon Fraser University, V5A 1S6 Burnaby, Canada

8Department of Physics and Astronomy, University of Victoria, V8P 5C2 Victoria, Canada
9Department of Physics, University of Regina, S4S 0A2 Regina, Canada

10Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA
11Accelerator Laboratory, Department of Physics, University of Jyväskylä, FI-40014 Jyväskylä, Finland

12Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
13Department of Physics, University of Surrey, GU2 7XH Guildford, United Kingdom

14INFN Sezione di Milano, I-20133 Milano, Italy
15Dipartimento di Fisica, Università di Milano, I-20133 Milano, Italy
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The excited states of N ¼ 44 74Zn were investigated via γ-ray spectroscopy following 74Cu β decay. By
exploiting γ-γ angular correlation analysis, the 2þ2 , 3

þ
1 , 0

þ
2 , and 2þ3 states in 74Zn were firmly established.

The γ-ray branching and E2=M1 mixing ratios for transitions deexciting the 2þ2 , 3
þ
1 , and 2þ3 states were

measured, allowing for the extraction of relative BðE2Þ values. In particular, the 2þ3 → 0þ2 and 2þ3 → 4þ1
transitions were observed for the first time. The results show excellent agreement with new microscopic
large-scale shell-model calculations, and are discussed in terms of underlying shapes, as well as the role of
neutron excitations across the N ¼ 40 gap. Enhanced axial shape asymmetry (triaxiality) is suggested to
characterize 74Zn in its ground state. Furthermore, an excited K ¼ 0 band with a significantly larger
softness in its shape is identified. A shore of the N ¼ 40 “island of inversion” appears to manifest above
Z ¼ 26, previously thought as its northern limit in the chart of the nuclides.
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The atomic nucleus can possess states at low excitation
energy that have different shapes than the ground state,
which is referred to as shape coexistence [1,2]. While this
phenomenon seems to be ubiquitous, its most striking
manifestations tend to appear in nuclei that have neutron
or proton numbers corresponding to shell and subshell
closures. Here, the energy gained through correlations
can sometimes offset the spherical mean-field shell gaps,
leading to the appearance of deformed low-energy
“intruder” states in the “normal,” near spherical, structure
of the nucleus. In certain regions of the nuclear chart,
referred to as “islands of inversion” (IOIs), the intruder

configurations descend in excitation energy below the
normal ones, thus becoming the ground states. Under-
standing the ordering of the configurations, i.e., mapping
their relative energies, permits tests of theoretical calcu-
lations of correlation energies. Currently, four IOIs are
experimentally confirmed, associated with the neutron shell
closures N ¼ 8, 20, 28, and 40 [3].
Configurations leading to distinct shapes are often

discussed in terms of axially symmetric prolate or oblate
shapes coexisting with spherical states [1,2], but may also
involve deviations from axial symmetry. The effects of
nonaxiality have been observed for rapidly rotating nuclei
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All considered yields 
are for 15kW primary 
beam power: can you 

imagine what we can do 
with 400kW?!
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Low-Energy Coulomb Excitation and Internal Conversion Electron Studies at FRIB

Low-energy Coulomb excitation 

▸ FRIB will offer many new opportunities for Coulex with ReA beams 

▸ We are excited to jump in and collaborate 

▸ Setup ready, no need for developements 

▸ Virtually, possibilities for the next few decades 

Summary

De-excitation

γ ray

B

A

e- K Shell

L Shell

e-

Spectroscopy of Internal Conversion Electrons 

▸ Internal Conversion Electron spectroscopy could nicely complement 
the instruments at the FRIB beta-decay station 

▸ SLICES is small and portable ⟹ It can be transported to FRIB, but 
we need to carefully plan the timeline with SPES and ISOLDE 

▸ Alternatively, we could collaborate with FRIB on a new instrument
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