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Transuranium elements : Z ≥ 93
Transactinide elements: Z ≥ 104 
The heaviest elements: The elements with Z ≥ 101 that are produced only 
in heavy-ion-induced nuclear reactions. 

The heaviest elements

 a few atoms at a time



1. Introduction
Chemical & atomic studies of the heaviest elements with Z > 100

2. First ionization potential (IP1) of Lr (Z = 103)
Development of an effective production method of superheavy
element-ion beams based on a surface-ionization technique

3. IP1 of heavy actinides Fm (Z = 100) - No (Z = 102)
Confirmation of the actinide 5f-electron series

4. Summary & perspectives

Contents

3JAEA Tandem Accelerator



4

1. Introduction
Objectives:

Chemical & atomic studies of the heaviest elements provide crucial & 
challenging opportunities 
▶ to advance our understanding of properties of matter at the limits of 

existence
▶ to elucidate the influence of relativistic effects on atomic electrons
▶ to architect the Periodic Table at the farthest reach

The heaviest elements (Z > 100): 
▶ available in quantities of only a few atoms or often one atom-at-a-time

Chemical & atomic characterization with an atom-at-a-time scale: 
⇒ Extreme Chemistry

Complex formation abilities, oxidation states, redox potentials, valence 
electronic structure, etc.

⇒ role of relativistic effects on valence electronic structure of heavy 
atoms
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Relativistic effects (1)

General: relativity - increase of the mass with increasing velocity

At heavy elements: Increasing nuclear charge plays as the “accelerator”
of the velocity of electrons.

 Electrons near the nucleus are attracted closer to the nucleus and move 
there with high velocity.

 mass increase of the inner electrons and the contraction of the inner 
electron orbitals (Bohr radius)

 1. Direct relativistic effects
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 Electrons further away from the nucleus are better screened from the 
nuclear charge by the inner electrons, and consequently the orbitals of 
the outer electrons expand.

 2. Indirect relativistic effects

 3. Spin-orbit (SO) splitting of levels with l > 0 into two levels with 
j = l± 1/2

It is expected that the heaviest elements would show a drastic 
rearrangement of electrons in their atomic ground states, and as the 
electron configuration is responsible for the chemical behavior of elements, 
such relativistic effects can lead to surprising chemical properties.

Increasing deviations from the periodicity of chemical properties 
based on extrapolation from lighter homologues in the Periodic Table 
are predicted.

Relativistic effects (2)
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Cracks in the Periodic Table
E. Scerri, Scientific American, June 2013, p. 68

…..table may be losing its power due to relativistic effects.
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Typical production rates of the heaviest 
nuclides used for chemical studies

Z Nuclide T1/2 Reaction σ / nb Production 
rate*

101 255Md 27 min 248Cm(11B, 4n) 4000 1380 min-1

102 255No 3.5 min 248Cm(12C, 5n) 580 200 min-1

103 256Lr 27 s 249Cf(11B, 4n) 122 40 min-1

104 261Rf 68 s 248Cm(18O, 5n) 13 4 min-1

105 262Db 35 s 249Bk(18O, 5n) 6 2 min-1

106 265Sg 14 s/9 s 248Cm(22Ne, 5n) 0.38 6 h-1

107 267Bh 17 s 249Bk(22Ne, 4n) 0.07 2 h-1

108 269Hs 10 s 248Cm(26Mg, 5n) 0.007 3 d-1

112 283Cn 4 s 242Pu(48Ca, 3n)287Fl
→283Cn

0.004 2 d-1

* Assuming typical values of 0.8 mg/cm2 for the target thickness and beam intensities 
of 3 x 1012 particles per second.
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Atom-at-a-time chemistry

Because of the short half-lives and the low production rates of 
the heaviest nuclides, each atom produced decays before a 
new atom is synthesized. 

Any chemistry to be performed must be done on an "atom-at-
a-time" basis.

This imposes stringent limits on experimental procedures.

Rapid and very efficient nuclear & radiochemical procedures 
must be devised.
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Strategy

Three experimental approaches:

1. Complex formation abilities
Chemical complex formation in liquid- & gas-phase chemical 
experiments

2. Oxidation states & redox potentials
Redox studies through electrochemical approaches

3. Valence electronic structure
First ionization potentials & electron affinities
Spin configuration of valence electrons
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1. First ionization potential (IP1) of Lr

EXTREME
CHEMISTRY

Experiments on rare lawrencium
atoms illuminate a relativistic
region of the periodic table

Cover of Nature：
9 April 2015
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First ionization potential: IP1

The first ionization potential (IP1) is an atomic property which most sensitively 
reflects the outermost electronic configuration. 
Precise and accurate determination of the IP1 value provides significant 
information on the binding energy of the valence electrons and, thus, on 
increasingly strong relativistic effects.

Y. Nagame, 
Nature Chem. 8, 282 (2016).
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Valence electronic structure of Lr

Lu
71

[Xe]4f146s25d

Lr
103

[Rn]5f147s27p1/2

The ground-state electronic configuration of Lr
is predicted to be [Rn]5f147s27p1/2, in contrast 
to that of its lanthanide homolog Lu,
[Xe]4f146s25d, as the7p1/2 orbital is 
expected to be stabilized below the 6d 
orbital in Lr by strong relativistic effects. 

The determination of IP1 of Lr sheds light on the important role of relativistic 
effects on the electronic structure of heavy elements. 
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IP1 of heavy actinides

IP1 values of heavy elements with Z ≥ 100 could not be determined 
experimentally, because production rates drastically decrease for elements as 
their atomic number increases. 

The study of these elements 
requires novel techniques on an 
atom-at-a-time scale.

First ionization potentials of
Actinides & Lanthanides

Actinides

Lanthanides
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The surface ionization process takes place on a solid surface kept at high 
temperature and is expressed by the Saha-Langmuir equation.

+atom（Lr）
ion（Ｌｒ+）

electron
e-

Surface ionization + mass separation

Ieff : ionization efficiency

IP* : effective ionization potential
φ : work function (Ta)
T : temperature of the ionizing surface
k : Boltzmann constant
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11B beam

Gas-jet transport

256Lr+ Mass separation

α-particle
detector

T = 2700 - 2800 K

249Cf target
256Lr

Measurement of Ieff

Skimmer

Extraction
electrode

Experimental set-up

Ionization
cavity

T. K. Sato et al. Nature 520, 209 (2015)

An atom is ionized to the +1 charge state via the interaction 
with a solid metal surface at high temperature and is 
selectively mass-separated from nuclear reaction by-products.

249Cf(11B, 4n)256Lr
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Experimental set-up

The white tube delivers Lr atoms, contained in a carrier gas, to the Ta 
ionizer inside the steel chamber.

Physics Today, June 2015
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Analysis: Ieff ⇒ IP1

Ieff = 33%

IP* / eV
I ef

f
/ %

T. K. Sato et al. Nature 520, 209 (2015)

IP*
1= 5.29 eV IP1= 4.96 eV
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IP1 of Lr
IP

1
/ e

V

First ionization potentials of
Actinides & Lanthanides

Lanthanides

Actinides
IP / eV

Exp. 4.96 ± 0.08
Cal. 4.963*

The good agreement with theoretical 
prediction obtained using relativistic 
calculations, which favor a 7s27p1/2
configuration in the Lr atom, supports 
this ground state configuration.

This quantitatively reflects and confirms the theoretically predicted situation of 
closed 5f14 and 7s2 shells with an additional weakly-bound electron in the valence 
orbital.
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IP1 of heavy actinides: Fm - No

In contrast to Lr, No is expected to have the highest IP1 among the actinide 
elements due to its fully-filled 5f and 7s orbitals: [Rn]5f147s2. 

The IP1 value of heavy actinides up to No is anticipated to increase with filling 
electrons up in the 5f orbital in analogy to heavy lanthanides. 
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4. Summary & perspectives

We report the determination of the first ionization potentials (IP1) of the heavy 
actinides, fermium (Fm, Z = 100) through lawrencium (Lr, Z = 103), by using the novel 
technique based on the surface ionization process. 

The measured ionization potentials are in excellent agreement with the values 
predicted by state-of-the-art relativistic calculations, and for nobelium (No, Z = 102) 
also with the recent result from the laser spectroscopy experiments. 

The present work provides a reliable benchmark for theoretical calculations.

Development of the effective production method of superheavy element (ion) beams 
using the surface ionization technique coupled to the ISOL 

⇒ New challenge to Extreme Chemistry
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1. IP1： successive measurement of transactinides
Development of a new technique 
to measure IP1 of refractory 
super heavy elements

V. Pershina, In “The Chemistry 
of Superheavy Elements 3rd ed.”, 
ed. 
by M. Schädel & D. Schaughnessy

Perspectives

Valence electronic structure

2. Spin state of a valence electron: Lr: 7s27p1/2 or 7s26d
Development of an atomic beam experiment

104
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