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Abstract )

The research program aims at understanding chemical,
atomic and nuclear properties of superheavy elements
(SHESs) placed at the farthest reach of the Periodic Table
of the Elements (PTE) as well as on the heaviest frontier
of the nuclear chart.

The highlight of our program was the first-time
measurement of the first ionization potential of lawrencium
(Lr, Z = 103). Lxr is the heaviest actinide element and is
located at the transition into the SHEs. The result clearly
reveals, in agreement with theoretical expectations, that the
valence electrons of Lr are most weekly bound.

From nuclear spectroscopy experiments we
determined the ground-state configuration of neutron-
rich isotopes of nobelium (No, Z = 102), Lr, and
rutherfordium (Rf, Z = 104). The results provide new
insights into the proton and neutron single-particle
structure and the evolution of nuclear deformation for
nuclei with the highest proton and neutron numbers.

On a worldwide scale, we significantly extended our
international collaborations and contributions in all
fields of our research. Experiments on the synthesis and
confirmation of elements 115 and 117 are showcases
as well as the SHE chemistry highlight: opening up the
path into the new field of metal-organic compounds
of SHEs with the first synthesis and investigation of a
carbonyl compound of seaborgium (Sg, Z = 1006).

All these results are important contributions to
advance our knowledge and understanding of SHEs.

1. Background )

Exploring the frontiers and basic properties of matter
are among the most fundamental quests in science. Here,
examining the limits of existence of chemical elements
and clarifying their basic properties are key topics in
both chemistry and physics [1].
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Originally oriented towards detailed investiga-
tions of elements in the transition region from heavy
actinides to light SHEs, our research to elucidate
chemical, atomic, and nuclear properties of SHEs is
now focusing on opening up new frontiers with novel
type and most challenging experiments at the limits of
matter and technical feasibility. These experiments at the
uppermost end of the PTE (Fig. 1) are mostly performed
in worldwide collaborations at heavy-ion accelerators
with, still, the JAEA Tandem accelerator being a major
component.

Because of short half-lives and low production rates,
each SHE atom produced decays before a new one is
synthesized. Therefore, automated, rapid, highly efficient,
and selective procedures are indispensable to determine
desired properties on an “atom-at-a-time” basis [1].

We focus on the valence electronic structure,
which is strongly influenced by relativistic effects
[1]. Experimentally we explored it by the first-ever
measurements of the first ionization potential (IP,)
of lawrencium; the heaviest element an IP has been
determined. It was also the first time Lr was successfully
ionized and mass separated with a surface ionization
method as part of an Isotope Separator On-Line (ISOL)
[2,3]. In addition, we initiated developments and pursuit
redox potential measurements of SHEs with a flow
electric column [4].

To elucidate the limits of stability of the heaviest
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nuclei, we investigate the shell structure of superheavy
nuclei (SHN) through experimental assignments of
proton and neutron single-particle orbitals. Our results
on the a-decay spectroscopy of neutron-rich No and Rf
isotopes, specifically at N = 157 [5], establish the energy
spacing and the order of neutron single-particle orbitals
in Z > 102 and N > 155 nuclei, which are different from
those of lighter nuclei. These findings provide further
insights into the shell structure and stability of SHN.

2. Contents of the study )

(1) The first ionization potential of ;,;Lr

Relativistic effects are strongly affecting the electron
configuration of the heaviest elements [1]. In the actinides,
the relativistic expansion of the 5f orbital contributes to
the actinide contraction. Together with direct relativistic
effects on the 7s and 7p,,, orbitals, this influences the
binding energies of valence electrons and the stabilities of
electron configurations. It is, however, difficult to directly
measure energetic levels of the heaviest actinides with Z
> 100 by any spectroscopic method as these elements are
not available in macro amount.

In comparison with theory, the measurement of the
IP, (Fig. 2), a fundamental physical property of an
element, provides a test of relativistic effects which are
significantly noticeable in heavy elements. The ground
state electronic configuration of lawrencium is expected
to be [Rn]5f'*7s’7p, ,, which is different from that of
the lanthanide homolog Lu [Xe]4f"*6s’5d. The reason
for this change is the stabilization of the 7p,, orbital of
Lr below the 6d orbital by strong relativistic effects. Lr,
therefore, is anticipated to be the first element with a 7p
orbital in its electronic ground state.

As the first ionization potential directly reflects the
binding energy of a valence electron under the influence
of relativistic effects, its experimental determination
provides direct information on the energetics of the
electronic orbitals of Lr, including relativistic effects, and
a test for modern theories. However, this measurement
cannot answer any question about the electronic
configuration itself.

To determine the IP, of Lr, we applied a surface
ionization process. Here, an atom is ionized via interaction
with a solid surface kept at a high temperature. In this
process, the ionization efficiency (/) depends on a
material sensitive work function, the surface temperature,
and the IP, of the element. We utilized the relation
between IP, and /. to determine the IP, of Lr.

In order to perform the IP, measurement for short-
lived isotopes of Lr, we have developed and optimized
a novel method based on the surface ionization process.
The pivotal part of this multi-stage system is our highly
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efficient surface ionization ion-source [3]. The entire set-
up consists of a >
transport system, the above mentioned surface ion-source
as part of the JAEA-ISOL (Isotope Separator On-Line),
a mass-separator, and o/y detection systems. Along this
chain, Lr, recoiling from the target, was transported to the
ion-source by a He/Cdl, gas-jet, was ionized to Lr" in the
ion--source, and was extracted and mass-separated with
the mass-separator in the JAEA-ISOL [3].

The ionization experiments were performed at several

Cf-target and recoil chamber, a gas-jet

temperatures of the ion-source. The number of ions
collected at the end of the ISOL was determined by
a-particle or y-ray measurements. To determine the
100% value of products entering the ion-source, which
is required to calculate the /.4, all reaction products
transported from the target recoil chamber were collected
directly from the jet and were measured. The isotope *Lr
(T,, = 27 s), produced in the reaction of ''B on **Cf [6],
was used in these studies. To determine the value of /,;as a
function of the IP,, several short-lived lanthanide isotopes
were produced by irradiating mixed lanthanide targets
with a "'B beam. We successfully ionized *’Lr at 2800 K,
mass-separated *°Lr", and detected it [2]. By applying our
established /g vs. IP relatlonshlp using lanthanide isotopes,
we determined an accurate IP, value of Lr which confirms
state-of-the-art relativistic quantum calculations giving
values in a narrow range around 5.0 eV.

(2) Shell structure of Z > 102 and N > 155 nuclei

Many theoretical studies have predicted the stability
and shell structure of superheavy nuclei. However, the
locations of proton and neutron closed shells in SHN,
providing the stability to these nuclei and ultimately
determining the limits of existence of nuclear matter,
have not finally been established. One of the most
sensitive probes to clarify the shell structure is energy
spacing and the order of proton and neutron single-
particle orbitals. These are extracted from experimental
excitation energies, spin-parities, and single-particle
configurations of ground states and excited states in
odd-mass SHN. For Z > 102 and N > 155 nuclei, so far,
nothing was known about spin-parity and single-particle
configuration experimentally.

To reveal the shell structure of SHN, we performed o~y
coincidence and o fine-structure spectroscopy of neutron-
rich No, Lr, and Rf isotopes [5,7,8]. For the N = 157
nucleus “*No, produced in the reaction of O on **Cm
using the JAEA tandem accelerator, three y transitions
were observed for the first time in the o decay of **No
and its decay scheme was established [5]. The neutron
9/2'[615] configuration was assigned to the ground
state of “’No as well as to the 231.4 keV level in the
daughter nucleus *’Fm. For the N = 155 nucleus **Rf,
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the 3/2'[622] configuration was assigned to the ground
state. These results reveal that the order of neutron orbitals
drastically changes between the lighter N = 153 isotones
and the heavier N = 157 ones (Fig. 3(a)). This results
from the evolution of higher-order deformations in these
isotones; the hexadecapole deformation (B,) decreases,
while the hexacontatetrapole deformation (j3;) increases
from N = 153 to 163. Results from a theoretical prediction
are shown in Fig. 3(b). This evolution in deformation also
influences the size of the shell gap of deformed nuclei at
Z =108 and N = 162, which is responsible for the strong
stabilization of SHN in this region.

(3) International collaborations on chemical and nuclear
studies of SHE

In the extremely demanding field of superheavy
element chemistry and physics, worldwide unique and
high-risk forefront experiments can only be performed
in international collaborations. We actively initiated and
participated in experiments to contribute the unique and
sometimes crucial experience from our group to the
international community. In return, such collaborations
extended the range of our own experimental possibilities
and gave us a word-wide perspective.

Essential for the most recent highlight in SHE
chemistry [9] was the joint effort of an international
collaboration with 14 institutes from five countries. Based
on preparatory studies [10], the Institute for Nuclear
Chemistry at the Johannes Gutenberg-University Mainz,
the Helmholtz Institute Mainz, the GSI Helmholtz Center
for Heavy-lon Research in Darmstadt, the Paul Scherrer
Institute in Villigen, the University of Bern, RIKEN’
s Nishina Center for Accelerator-Based Science in
Wako, and our group played a leading role to achieved
the synthesis of a new class of chemical compounds for
superheavy elements [9].

For the first time, a chemical bond was established
between a superheavy element — seaborgium (Sg,
Z = 106) in the present study — and a carbon atom.
One atom-at-a-time, a total of 18 atoms of Sg formed
seaborgium hexacarbonyl complexes; each one having
six carbon monoxide molecules bound to a neutral
seaborgium atom. Its volatility and its adsorption on a
silicon dioxide surface were studied (Fig. 4), and were
compared with properties of similar compounds of the
lighter homologs of seaborgium in the same group of the
Periodic Table.

This study opened up the path towards the completely
new field of metal-organic compounds of SHE. The
first synthesis and investigation of Sg(CO); establishes
perspectives for much more detailed investigations of the
chemical behavior of elements at the end of the Periodic
Table, where the influence of effects of relativity on
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Fig.2 Deposition patterns of volatile hexacarbonyl
complexes of Mo, W, and Sg along the negative
temperature gradient of the thermochromatography
detector COMPACT; Courtesy J. Even, see [9] for more
details

chemical properties is most pronounced.

We significantly extended our international
collaborations and contributions in studies aiming at
the synthesis of SHEs at the limits of existence, their
identification, and studies of nuclear properties at the
farthest reach of SHN. Experiments on element 115 and
117 at the gas-filled recoil separator TASCA at the GSI
are the two showcase projects which we like to briefly
outline here.

Under the leadership of the Lund University, with
a worldwide contribution from ten institutes, element
115 was produced by bombarding a **Am target with
*Ca beams [11]. Thirty correlated o-decay chains
were detected in a high-resolution o, x-ray, and y-ray
coincidence spectroscopy experiment. This included
first candidates for Z fingerprinting; i.e., uniquely
identifying the atomic number of an element through its
characteristic K-x ray potentially emitted along a-decay
chains starting from element Z = 115. This paper was
selected among “the Top Ten Physics Newsmakers of
2013” by APS News.

In the context of pushing and probing the limits
of existence and production of SHEs, involving 17
institutes from nine countries, a collaborative experiment
was performed which successfully confirmed earlier
reports on the synthesis of element 117 produced in
the reaction of **Ca on *Bk [12]. Two decay chains
consisting of seven o decays and a spontaneous fission
each were identified and were assigned to the isotope
**117 and its decay products. In addition, the hitherto
unknown a-decay of “’Db (Z=105) was observed. The
identification of the long-lived (T,, = 1.0 h) a-emitter
Db was an important step towards the observation of
even long-lived nuclei of superheavy elements.
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LY K RO TN K 5 10 0F 724 ET O F BE i 112 50
T, *Am & *Ca DL KIBIZ & 3 115 FILRK DA,
B RBE o BRHIE. X KOy BRIE B EHE 4 F20E L.
30 o ARELEGE MBI L 72 [11), Z DAEHE, WIBHTZ =
115 %2 M6r & 5% o HAGHESH IR Kx 23 Bl & A,
HEICRKROBTFRIFAEOYID TOR L LT hTn
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Ten Physics Newsmakers of 2013” 123&H &7z,
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Aededhc, 9 A E 17 OSSN L T, icHl
BN T2 2Bk & ®*CaDMRIA MIGIZ B 5 117 FIC
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3. REOEHEHRNE )

Koix, FEILROL =R - BAMEEICBI L T, &
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RS, HETCROME 2 HORT 2 78k z IRk L.
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Lr 8z 2 HEITCEOKF TIREMZLE. RLenPAFL
7= 2B Tk & JAEA-ISOL %, HIZWEMT 52 &7T, &
DBEURENKEREZ S Z LA TH B, ThHidZh
FTCEGETE &2 - 7HEILRKOFFIREICBI L Tz
SRR E S -5 Z el xS,
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FUTHE 2 2 EZER THEOBRIC & > T 19k & 0 EHl 928
SN EN T TH A, T, HETEOGHKEE
LAEMD & 5 i LBz bW, &lf—iEREAD
Btk a5 2 i, & TGS . AR LS
MOSFRFERD & 5 %5, A OREN % L etz s
ZHHEHEBETH D, HIZ, Sga A B IDENITLRD Y
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3. Importance of the result and its impact )

In frontier experiments we elucidated chemical,
atomic, and nuclear properties of the heaviest elements.
This significantly contributed to the advancement of the
knowledge and understanding of SHEs. Novel, rapid,
highly efficient, and selective techniques were developed
which are now at hand to push the frontiers even further
in chemical and physical studies when probing short-
lived species of SHEs one atom-at-a-time.

4. Perspectives )

The results of chemical, atomic, and nuclear studies
of heavy and superheavy elements provided new
insights into the structure and properties of matter
and their constituents at the limits and opened up new
frontiers for future experiments. Our role in international
collaborations revealed new perspectives which will be
of importance in the future.

Studies of atomic properties of SHEs, i.e., elements
beyond Lr, now seem to be within reach exploiting the
capabilities of our most powerful JAEA-ISOL system.
They can provide new insights into atomic properties of
SHEs which, up to now, were not accessible.

The influence of relativity on SHEs remains a central
topic. It will be probed in future detailed experiments
following the path of new and recently very successful
approaches. Among these are studies of new compound
classes related to metal-organic compound of SHEs.
Measuring the characteristics of the metal-carbon bond
would be highly interesting. One direction can be the
investigation of even heavier elements beyond Sg or
more detailed studies of the stability of bonds in single
molecules applying decomposition experiments.
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