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Abstract: Almost thirty years ago the criteria that are currently used to verify claims for the discovery of a
new element were set down by the comprehensive work of a Transfermium Working Group, TWG, jointly
established by IUPAC and IUPAP. The recent completion of the naming of the 118 elements in the first seven
periods of the Periodic Table of the Elements was considered as an opportunity for a review of these criteria
in the light of the experimental and theoretical advances in the field. In late 2016 the Unions decided to estab-
lish a new Joint Working Group, JWG, consisting of six members determined by the Unions. A first meeting
of the JWG was in May 2017. One year later this report was finished. In a first part the works and conclusions
of the TWG and the Joint Working Parties, JWP, deciding on the discovery of the now named elements are
summarized. Possible experimental developments for production and identification of new elements beyond
the presently known ones are estimated. Criteria and guidelines for establishing priority of discovery of these
potential new elements are presented. Special emphasis is given to a description for the application of the
criteria and the limits for their applicability.

Keywords: discovery; IUPAP Commission for Nuclear Physics; [UPAC Inorganic Chemistry Division; naming
process; new elements; periodic table; superheavy elements; superheavy nuclei; Transfermium Working
Group; trans-organesson.
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Preface

Prepared by Bruce McKellar, past president of IUPAP and approved by Kennedy Reed, President of IUPAP and
Qifeng Zhou, President of IUPAC

The proposal that the criteria for the discovery of new elements, established 25 years ago by the Transfer-
mium Working Group (TWG) established by IUPAP and IUPAC, be reviewed grew out of discussions started by
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Natalia Tarasova and Bruce McKellar, the Presidents of IUPAC and IUPAP in 2016. These discussions were driven
by a desire to revise the procedures for the Joint Working Parties (JWPs) set up by the Unions for determining
claims for the discovery of new elements before any new claims were made. In the course of these discussions
it became clear that the criteria for discovery set out previously related to discovery methods which were being
replaced by newer methods, and that it would be useful also to revise those criteria before new claims were made.

As a result, the Unions set up a Joint Working Group (JWG) on the criteria for discovery of new elements.
The decision was made in late 2016, and its Terms of Reference were approved by the Executive Council of
IUPAP and the Executive Committee of IUPAC. Although the Terms of Reference are available on the websites of
the Unions, for the convenience of the readers they are provided as Attachment 1 of this publication. The first
meeting of the JWG was in May 2017 and this, its report, was received on May 25, 2018. Each Union appointed
three of the members of the JWG, and each Union appointed two nuclear physicists and one nuclear chemist.

The Unions greatly appreciate the difficult work undertaken by the JWG. In the 1990s the TWG had to
distill the criteria they set down from experiments which had already been done, identifying possible new
elements. In contrast, the JWG was now asked to set down criteria which could be applied to experiments
which were yet to be done. They have provided the scientific community with an insightful review of the
past discovery experiments, and of the related discovery determinations by a succession of JWPs, emphasis-
ing that, after occasional controversy, the determinations were accepted by the Unions, and the competing
laboratories. Based on the recent successful experiments they identified likely experiments searching for
elements beyond oganesson and devised appropriate criteria for the identification of those elements. They
follow this up with advice to experimentalists making claims for new elements, and to the next Joint Working
Party judging those claims. We note that the Unions have approved the IUPAC and IUPAP Procedures for Vali-
dating Claims for the Discovery of New Elements and Naming those Elements, setting out how the next JWP
will operate, and these are available on the websites of the Unions and as Attachment 2 of this paper.

We thank the Chair, Sigurd Hofmann, GSI, the Vice-Chair, Hideyuki Sakai, RIKEN, and the other JWG
members Sergey N. Dmitriev, JINR, Claes Fahlander, Lund University, Jacklyn M. Gates, LBNL, and James B.
Roberto, ORNL, for their dedication to the task entrusted to them and for the very helpful report they have
produced which will not only guide those who will be tasked with determining the validity and the priority of
claims of discovery of new elements, but also the experimentalists making those claims.

In accordance with the Terms of Reference under which the JWG was established, this report has been
provisionally accepted by us, and is open for comment for 5 months. Comments should be directed to us, and
will be accepted up to 31 March 2019.

Zhou Qifeng [qfzhou@iupac.org], President of IUPAC
Kennedy Reed [reed5@lInl.gov], President of [UPAP

24 August 2018
The report was submitted to the Presidents of IUPAC and IUPAP on May 25, 2018

1 Introduction

Criteria and rules related to assigning priority of discovery of a new element were set up by the Transfermium
Working Group, TWG, in 1991 [1]. At that time, elements up to element number 109 had been discovered.
However, not all of them could be named because in some cases priority of discovery could not be clearly
established. It was the task of the TWG jointly set-up by IUPAC and IUPAP to work out appropriate criteria and
rules so that existing claims for discovery could be settled and that, for the future, the priority of discovery of
new elements could be decided timely and unambiguously.

New elements from 110 to 118 were synthesized since that time. Discovery of those elements was assigned
using the criteria and rules set up in the 1991 TWG report, and all of the elements were named, from darm-
stadtium for element 110 to oganesson for element 118.
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The most significant result on research of isotopes of elements beyond rutherfordium having proton
number Z=104 was the observation that most of these nuclei decay by a-emission and not by spontaneous
fission (SF), as expected earlier. Some of the measured half-lives extended up to values of several tens of
seconds even for the heaviest observed nuclei with mass numbers at A =285 of element copernicium, Z=112.

The observations are in line with shell-model predictions of the existence of two regions of increased
stability. The theoretical results are based on macroscopic-microscopic (MM) shell-model calculations which
were developed in the second half of the 1960s. One region of increased stability was calculated for deformed
nuclei located around the isotope ?°Hs, Z =108, and the other for spherical nuclei at the doubly magic nucleus
having closed shells for protons of Z=114 and for neutrons of N=184.

Most isotopes in the region of the deformed nuclei from bohrium, Z=107, to nihonium, Z=113, were pro-
duced in heavy ion fusion reactions using 2°Pb and ?*°Bi as targets. Due to the exceptional low excitation energy
of the compound nucleus these reactions are known as ‘cold fusion’ reactions. For more reliable identification of
the isotopes, the new method of in-flight separation of the reaction products using electromagnetic devices and
of their implantation into position sensitive silicon detectors was developed at the end of the 1970s.

At the end of the 1990s, similar separation and detection systems were used for study of ‘hot fusion’ reac-
tions using beams of “8Ca and targets of radioactive isotopes of actinide elements. These reactions produce
more neutron rich compound nuclei being located closer to the double magic nucleus at Z=114 and N=184.
The experiments revealed the high stability of those superheavy nuclei so that isotopes of elements as heavy
as 118 could be produced, despite the significantly higher excitation energy of the compound nuclei com-
pared to that in cold fusion reactions.

Chemically, the now heaviest known element with proton number 118 terminates in column 18, as
element oganesson, the seventh row in the Periodic Table of the Elements.

The identification of the new elements produced in hot fusion reactions with “éCa beams was challenged
in two ways. Firstly, only few atoms of the new elements could be produced and, secondly, the new super-
heavy nuclei, SHN, were located in an area of the chart of nuclei, which, via decay chains, was not connected
to any known nucleus. Nevertheless, the measured results provided sufficient information so that the discov-
ery of the new elements up to Z=118 could be successfully assigned by a number of subsequently installed
Joint Working Parties, JWP. The JWPs, a group of independent physicists and chemists, were set up by IUPAC
and [UPAP, when decisions on claims for discovery of new elements became necessary. The task of these
groups of experts was to scrutinise the published data to assess whether the new material adequately met the
requirements of the TWG [1], to report back to [IUPAC and IUPAP, and to publish a report about their findings
in the journal Pure and Applied Chemistry.

The remarkable growth of superheavy element research based on the development of intensive beams
of rare but stable isotopes, the use of neutron rich radioactive targets of actinides, and highly sensitive
detection methods was difficult to envisage at the time when criteria and rules for assigning priority of
discovery of new elements were set up in 1991. Therefore, not all criteria could take into account specific
advantages or any problems and difficulties adherent to the production and identification methods being
in use now.

A new Joint Working Group, JWG, was installed by IUPAC and IUPAP at the beginning of 2017. It consists
of six members. Three were suggested by IUPAC and three by IUPAP. Two members are nuclear chemists and
four nuclear physicists which considers the circumstance that all of the last eighteen elements were identi-
fied using physical methods and that future new elements will most likely be identified also by physical
methods. The restriction excluding the appointment of members from a claimant laboratory which applies to
JWPs does not apply to this JWG, which is not evaluating any claims.

A first meeting of the new JWG with participation of the Presidents of IUPAC and IUPAP took place in
Egelsbach near GSI in Darmstadt, Germany, from May 20 to 22, 2017. After election of a chairman and a vice
chairman, both Presidents communicated the Terms of Reference for JWG to review the criteria and rules
worked out by the 1991 TWG in the light of the experimental and theoretical advances in the field. A second
four hour meeting was arranged during the 3rd International Symposium on Super-Heavy Elements in
Kazimierz Dolny, Poland, on September 11, 2017.
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Table 1: List of agreed recommendations for names and symbols of elements with atomic numbers 101 to 118.

Element Name Symbol IUPAC Recommendations

101 mendelevium Md Pure Appl. Chem. 69, 2471-2473, (1997) [2]
102 nobelium No Pure Appl. Chem. 69, 2471-2473, (1997) [2]
103 lawrencium Lr Pure Appl. Chem. 69, 2471-2473, (1997) [2]
104 rutherfordium Rf Pure Appl. Chem. 69, 2471-2473, (1997) [2]
105 dubnium Db Pure Appl. Chem. 69, 2471-2473, (1997) [2]
106 seaborgium Sg Pure Appl. Chem. 69, 2471-2473, (1997) [2]
107 bohrium Bh Pure Appl. Chem. 69, 2471-2473, (1997) [2]
108 hassium Hs Pure Appl. Chem. 69, 2471-2473, (1997) [2]
109 meitnerium Mt Pure Appl. Chem. 69, 2471-2473, (1997) [2]
110 darmstadtium Ds Pure Appl. Chem. 75, 1613-1615, (2003) [3]
111 roentgenium Rg Pure Appl. Chem. 76,2101-2103, (2004) [4]
112 copernicium Cn Pure Appl. Chem. 82, 753-755, (2010) [5]
113 nihonium Nh Pure Appl. Chem. 88, 1225-1229, (2016) [6]
114 flerovium Fl Pure Appl. Chem. 84, 1669-1672, (2012) [7]
115 moscovium Mc Pure Appl. Chem. 88, 1225-1229, (2016) [6]
116 livermorium Lv Pure Appl. Chem. 84, 1669-1672, (2012) [7]
117 tennessine Ts Pure Appl. Chem. 88, 1225-1229, (2016) [6]
118 oganesson Og Pure Appl. Chem. 88, 1225-1229, (2016) [6]

The results of our investigation are presented in this report.

In a first part, Sect. 2, we summarize the works and conclusions of TWG and previous JWPs on discovery
of elements 101 to 118. The accepted names of these elements are listed in Table 1 together with references to
the corresponding publications in Pure and Applied Chemistry.

The achievement for physical and chemical properties resulting from the discovery of the new nuclei and
elements is presented in Sect. 4. On the basis of this information and considering theoretical predictions, we
estimate possible experimental developments and results for production and identification of new isotopes
of new elements beyond oganesson, element 118, in Sect. 5.

Criteria and guidelines for establishing priority of discovery of those potential new elements are pre-
sented in Sect. 6. During the work on this section we revealed that a list of criteria most of which were in
shorter form already listed in the 1991 TWG report, is not sufficient to resolve many problems that can arise
from the sometimes complicated matter. We felt it necessary to add certain guidelines for application of the
criteria.

This main part of our work is followed by requests and guidelines to experimentalists and JWPs, Sect. 7,
which should allow for a timely and unambiguous decision on assigning priority of discovery.

We also make a remark to the use of the terms ‘superheavy nuclei, SHN’, ‘superheavy elements, SHE’,
and the ‘island of stability’. These terms are not well defined in the scientific literature. Our suggestion for use
of these terms is presented in Sect. 3.

A summary and concluding remarks are given in Sect. 8 followed by the lists of abbreviations and refer-
ences. In the list of abbreviations we summarize most of the relevant abbreviations which are in use in the
literature. Not all of them were used in this article. We avoid overloading the article with too many abbrevia-
tions. Abbreviations are used only in cases where they are almost self-explaining.

We do not consider our work as a review of all experimental and theoretical studies performed in the field
since 1991. References are made only to publications when needed for better understanding of the presented
text. In particular, we are not presenting references to all of the claims for discovery of the new elements up to
118. These references can be found in the articles of JWPs listed in Table 1. For general overview of experimen-
tal and theoretical investigations and for further reading we refer to review articles presented, e.g. in [8-12]
and to the references given therein. In particular we point to a recent Special Issue on Superheavy Elements
published in [13].
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Fig.1: Upper end of the chart of nuclei showing the presently (2018) known nuclei. For each known isotope the element name,
mass number, and half-life are given. Colours are attributed to their decay mode: a-decay (yellow), B+ or electron-capture decay
(red), B-decay (blue), spontaneous fission (green), and y-decaying isomers (white). The elements from proton number 107 to
113 were discovered in fusion reactions after evaporation of one neutron from the compound nucleus (cold fusion reactions
based on 2°8Pb and 2°°Bi targets). The corresponding isotopes are located on the more neutron deficient side and cover the
region of deformed superheavy nuclei with the centre at Z=108 and N=162. The more neutron rich isotopes of elements 112
and 113 were produced in reactions using a “*Ca beam and targets of U and 2’Np and the new elements from 114 to 118 were
produced with targets of 242Pu, %#4Pu, 2*Am, 2°Cm, 2*8Cm, 2*°Bk, and 2°Cf. Many of the neutron rich isotopes down to Db and Rf
are produced as decay products in o-decay chains. So far not confirmed are the electron-capture decays of the isotopes 2¢°Db
and 2¢8Db and the subsequently populated spontaneously fissioning nuclei. These isotopes are indicated with question marks.
Proton numbers Z=114 and 120 and neutron number N=184 are emphasized. At these numbers the shell model predicts closed
spherical shells or subshells, respectively. The bold dashed lines mark proton numbers 100 and 108 and neutron numbers

152 and 162. Nuclei with that number of protons or neutrons have increased stability. However, they are deformed contrary to
the spherical SHN. The crossing at Z=114 and N=162 reflects the uncertainty, whether nuclei in that region are deformed or
spherical. The background structure shows the calculated ground-state shell-correction energy in steps of 1 MeV from -7 MeV
(dark blue) to =3 MeV (light blue) according to the macroscopic-microscopic model [27-29]. The two regions of deformed and
spherical superheavy nuclei are clearly visible.

2 Discovery and names of elements 101 to 118

2.1 Elements 101 to 109

Over a period of four years from 1988 to 91 the TWG worked out criteria in several meetings carried out also in
the three laboratories of chief concern at LBNL in Berkeley, JINR in Dubna, and GSI in Darmstadt. The criteria
were published in 1991 [1] and the analysis of the discovery of the transfermium elements was published in
1992 [14]. The identical text related to the analysis was published again in 1993 [15] but now with a subsequent
response of the three laboratories to the work of the TWG, and, eventually, with a response of TWG to criticism
from those laboratories [16]. A common agreement between TWG and the three laboratories was not achieved.

The following years saw a number of consultations and exchange of letters in order to find agreement
with IUPAC, IUPAP, and the laboratories on discovery and naming of the elements from 101 to 109. A final
IUPAC Recommendation for the names and symbols of the transfermium elements with atomic number 101
to 109 was published in 1997 [4]. It was accepted also by [UPAP and the scientists of the involved laboratories.
The agreed names are listed in Table 1.

In these 1997 recommendations the 1994 recommendations [17] were adopted as provisional. The 1994
decision that an element should not be named after a living person was changed. This rule was not regarded
‘as an important issue and many thought it irrelevant’. The Commission agreed to the use of appropriate
names derived from (a) mythical concepts or characters, (b) place, area or country, (c) a property of the
element, and (d) a scientist.

2.2 Elements 110 to 118

After the work of the TWG on discovery of the elements 101 to 109 finished in 1997, four Joint Working Parties
were subsequently launched by IUPAC and IUPAP for assigning priority of discovery of elements from 110 to
118. The work of these JWPs is documented in the following:
1999 - 2001: P.J. Karol, H. Nakahara, B. W. Petley, E. Vogt.

‘On the Discovery of the Elements 110-112’[18].
2001 - 2003: P. J. Karol, H. Nakahara, B. W. Petley, E. Vogt.

‘On the Claims for Discovery of Elements 110, 111, 112, 114, 116, and 118’ [19].
2005 - 2009: R. C. Barber, H. W. Gédggeler, P. ]. Karol, H. Nakahara, E. Vardaci, E. Vogt.

‘Discovery of the Element with Atomic Number 112°[20].
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2007 — 2011: R. C. Barber, P.]. Karol, H. Nakahara, E. Vardaci, E. W. Vogt.
‘Discovery of the Elements with Atomic Numbers greater than or equal to 113’ [21, 22].
2012 - 2016: P.]. Karol, R. C. Barber, B. M. Sherrill, E. Vardaci, T. Yamazaki.
‘Discovery of the Elements with Atomic Numbers Z=113, 115 and 117’ [23].
2012 — 2016: P. J. Karol, R. C. Barber, B. M. Sherrill, E. Vardaci, T. Yamazaki.
‘Discovery of the Element with Atomic Number 118 completing the 7 Row of the Periodic Table’[24].

In these six IUPAC Technical Reports, the JWPs assigned priority of discovery of the elements from 110 to 118
on the basis of the criteria published by the TWG in 1991. The decisions were accepted by I[UPAC, IUPAP, and,
in particular, by the involved laboratories, although some of the details of the report [23] were the subject of
additional discussion in the scientific community.

Rules for the ‘Naming of New Elements’ were published in an IUPAC Recommendation in 2002 [25]. An
update followed in 2016 considering the special ending of names in group 17 and 18 of the Periodic Table [26].
It was decided that the names of all new elements should have an ending that reflects and maintains histori-
cal and chemical consistency. This would be in general ‘-ium’ for elements belonging to groups 1 to 16, ‘-ine’
for elements of group 17 and ‘-on’ for elements of group 18. It was also substantiated, if and when the priority
of discovery of an already named element is successfully challenged, then this element will not be renamed,
which was the case of element 102 (nobelium). In that 2002 report [25] also the procedure is outlined which
has to be applied for achieving a final recommendation for the name of a new element.

The accepted names of the elements from 110 to 118 are listed in Table 1 together with the references of
IUPAC’s recommendations for using these names. The presently known isotopes of these elements are shown
in Fig. 1.

3 Definition of the terms ‘superheavy elements’, ‘superheavy
nuclei’, and ‘island of stability’

In the original sense, the term ‘superheavy nuclei’, SHN, characterized spherical nuclei for which higher
stability was expected due to the anticipated existence of a next double shell closure beyond the known
double shell closure at °6Ph. Early nuclear shell-model calculations predicted the next closed shell for the
protons at Z=126 in analogy to the closed neutron shell at N=126 and as a next shell for the neutrons N=184.
Subsequent refined calculations suggest Z=114 as a more pronounced shell closure. Proton number 126 and
also 120 were obtained as closures of subshells. As in the case of 2°6Pb these shells and subshells are valid for
spherical nuclei.

It was expected that the surrounding nuclei at a distance from the double magic nucleus would not exist
due to low fission barriers so that the SHN in the vicinity of the double magic nucleus would form an island of
stability in a sea of unstable nuclei. The extension of the island into the direction of lower and higher proton
and neutron numbers was uncertain. In particular, also the location of the nucleus with highest stability or
longest half-life, i.e. the centre of the island of stability was subject of theoretical investigations.

Later, it became more commonplace, in particular in comprehensible articles for a broader public, to
speak of elements instead of nuclei, and the term superheavy elements, SHE, came in use. Furthermore, the
application of the term SHE was extended to lighter elements, and it is now often used for all elements from
rutherfordium, element 104, upwards. Such a definition of SHE is reasonable because rutherfordium is the
first element after closure of the actinide series. However, for characterization of the properties of nuclei,
such as e.g. their lifetimes, the term elements cannot be used. It is meaningless to speak of long or short-lived
elements, only isotopes of elements can have short or long lifetimes.

The presently existing data on nuclei of elements up to oganesson reveal that the island character of
spherical SHN is less pronounced than expected earlier. The spherical SHN are not completely surrounded by
a sea unstable nuclei. Due to the existence of the region of nuclei of increased stability around #°Hs, Z=108
and N=162, the originally isolated region of spherical SHN can be connected via a-decay chains with the
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mainland of known nuclei. Therefore, it seems reasonable to extend the term SHN so that also the deformed
nuclei in the area around #°Hs are included. These nuclei owe the increased stability from the arrangement
of single particle energy levels at large deformation. The term ‘shell closure’ for these deformed nuclei is not
an adequate expression. It should be reserved for closed shells of spherical nuclei.

Experimental data as well as theoretical arguments reveal a reduced stabilizing effect of the arrangement of
single particle energy levels at deformation for isotopes of rutherfordium. This finding suggests a natural lower
limit of the region of SHN for isotopes of element rutherfordium, Z=104. The so determined definition of lightest
SHN aligns SHN with SHE which also begin at rutherfordium, the first trans-actinide element.

Throughout this article we use the term SHE when properties of elements are discussed and the term
SHN when properties of nuclei are in the focus. In particular cases related to the nuclear structure of SHN,
we distinguish between ‘deformed SHN’ and ‘spherical SHN’. Both regions are separated by a transitional
region of minimal stability, i.e. lowest fission barriers. This transitional region follows approximately the line
of A=280 isobars.

Nuclear structure and decay properties as well as production cross-sections reveal distinctive differences
between deformed SHN and spherical SHN. These peculiarities have to be considered in discourses on superheavy
nuclei, although both areas are combined under the common name SHN with the definition suggested here.

The properties deformed and spherical mean a rough classification of the two areas of nuclei. In reality
the degree and shape of deformation is determined by minima of the negative binding energy for each indi-
vidual nucleus. How quickly sphericity changes into deformation is subject of further experimental and
theoretical studies.

The allegorical term ‘island of stability’ was brought up at a time when some calculations obtained
half-lives of millions of years for nuclei on the island of spherical SHN. However, island of stability is not a
synonym for island of spherical SHN although the existence of both is closely related to the existence of the
double shell-closure at Z=114 and N=184.

The important difference between both islands is the different location of the nucleus with strongest
shell-correction energy in terms of the macroscopic-microscopic model and the nucleus with longest half-life.
Both do not coincide with each other nor with the location of the double magic nucleus Z=114 and N=184. In
Sect. 4.1 we will present the reason for that difference.

How far the region of SHN extends in the direction of higher proton numbers will be the subject of further
experimental and theoretical studies. It is reasonable that the influence of the shells or subshell at Z=114,
120 and 126 on the stability of nuclei will vanish with increasing number of protons. However, further shells
at higher proton and neutron numbers and also nuclei of increased stability due to exotic shapes are theoreti-
cally predicted, which could form one or more further islands in a sea of instability. In order to keep the terms
SHN and SHE for description of nuclei and elements whose existence is based on the shell closures Z=114
and N=184, we suggest to label the nuclei and elements beyond Z =126 with ‘beyond SHN’ and ‘beyond SHE’,
respectively, as long as specific names are not existing. This naming would be almost aligned with the expec-
tation of a ‘superactinide’ series which is expected to start at element Z=121.

4 Achieved knowledge about transfermium elements with respect
to physics and chemistry

4.1 Physics

The most significant structure observed of nuclei of heavy elements up to nobelium was the systematically
long SF half-lives for isotones with neutron numbers N=152. This regular behaviour changed at element 104.
It was exhibited in 1974 that the SF half-life of »Rf is four orders of magnitude less than expected from sys-
tematics [30]. The theoretical explanation that a second hump in the fission barrier drops below the ground-
state at »°Rf and thus reduces significantly the width of the barrier, was given in [31]. It was a major success
of the newly developed macroscopic-microscopic model.
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This model is based on a suggestion of Vilen Mitrofanowitsch Strutinsky [32]. It was developed in the
middle of the 1960s. Its application led to the prediction that the next closed shell for the protons beyond
208Ph may not be at Z=126 as deduced from the harmonic oscillator potential with spin-orbit term, but at
Z =114 using a Woods-Saxon potential for the nucleons [33]. The next closed shell for the neutrons was left
unchanged at N=184. Thus a region of spherical SHN of increased stability was predicted at those proton and
neutron numbers.

An important additional prediction of the MM model was a region of increased stability also for nuclei in
the vicinity of Z=108 and N=162. However, in that region the nuclei were predicted to be deformed at defor-
mation parameters 3,=+0.23 and 5, =-0.09 [34, 35]. The reason for their increased stability is a relatively
large gap between single particle energy levels at Z=108 and N=162 resulting in a relatively high density of
single particle energy levels below those numbers of protons and neutrons at the given deformation.

Results describing the stability and decay properties of nuclei in the heavy element region are shown
in Fig. 2. Figure 2a shows the shell-correction energies. The regions of increased stability for deformed and
spherical SHN are clearly visible. The same information is given also as coloured background in Fig. 1.

Partial SF half-lives [28, 29], Fig. 2c, reflect the landscape of shell-correction energies. Longest SF half-
lives of 10" s (32 000 years) are predicted for spherical SHN, whereas the longest SF half-lives for deformed
SHN are only at 10° s, although the shell-correction energy of —7 MeV there is similar as for the spherical SHN.
The main reason for this reduced SF half-life is the deformed shape of the ground-state, which results in more
narrow fission barriers.

Partial o-half-lives [27, 29], Fig. 2b, decrease gradually from about 10% s at the bottom of the stability valley
to 10~ s for isotopes of element 124. The B-half-lives [36], Fig. 2d, decrease slowly with increasing distance on
both sides from the bottom of the stability valley.

Alpha- and B-decay connect closely neighboured nuclei. The contour map of their half-lives is, therefore,
less modulated by the shell-correction energy than the fission half-life. However, as it was measured from the
o-decay chain of #’Cn, the local binding energies of nuclei at N=162 are such that the o-half-life increases
by five orders of magnitude when the nuclei of the chain pass neutron number N=162. This observation is in
agreement with the theoretical predictions of the MM model [36, 37].

The dominating decay modes are shown in Fig. 2e for even—even nuclei and in Fig. 2f for odd-A nuclei. For
the even-even nuclei the two regions of deformed heavy nuclei and spherical SHN merge and form a region
of a-emitters surrounded by fissioning nuclei. The longest half-life predicted for deformed even-even SHN is
about 1000 s for 28Sg having an SF/o-branching ratio of about 1/1. Isotopes with longest half-lives predicted for
even-even spherical SHN are *°Ds with T, , . =10° s (3 years) and *’Ds with T,,, ,=10° s (32 years). The regions
of longest half-lives do not coincide with the regions of highest stability. These are at ?°Hs for deformed SHN
and at #°F1 — 8Ly for spherical SHN. There, the total half-lives are short due to the high probability for a-decay.

In the case of odd nuclei, Fig. 2f, the partial o- and SF-half-lives were multiplied by a factor of 10 and 1000,
respectively, thus making provisions for the odd particle hindrance factors. The B-half-lives were divided by
10, because first-forbidden transitions were not taken into account in the calculations (see discussion in
[36]). For the odd nuclei the island character of o-emitters disappeared and a-decay propagates down to
rutherfordium and beyond. Longest living odd-A isotopes are located in the same region as the longest living
even-even isotopes. In the region of spherical SHN, longest half-lives of about 30 years are expected for the
spontaneously fissioning nucleus ?*’Hs and the o-emitters 2’Mt and *'Ds.

Experimentally observed isotopes are marked in Fig. 2e and f. Detailed comparisons of experimental
results with theoretical data of the MM model were performed in review articles [9, 10, 38]. Concerning the basic
decay modes of nuclei in the transfermium region up to the heaviest known isotopes on the island of SHN,
a remarkably good agreement between experiment and theory is obvious. Although good agreement exists
between measured half-lives and those predicted by the MM model for the known nuclei, there is still uncer-
tainty for the predicted half-lives and decay modes for nuclei having a higher number of neutrons. Already
small changes of the binding energy and deformation can considerably change the partial o-half-life and in
particular the partial SF half-lives. Therefore, the values of the predicted longest half-lives are rather uncertain.

Eventually, it is important to mention that the regions of longest half-lives will probably not correspond
to the regions of highest production cross-sections. A significant factor contributing to the cross-section is the



DE GRUYTER S. Hofmann et al.: On the discovery of new elements =—— 1783

b
Eqhei / MeV B lg(Tals)
Y b e e e e el o b et el
/4——-.___."-“'9
W e e e e e :::~:;:{:§::::::
y-— - F
m — —
+3
110 ,_,/ +6
+9
/—/ +2
\ 104
150 160 170 180 184 190 200 150 160 170 180 184 190 200

19(Tsrls)

150 160 170 180 184 130 200 150 160 170 180 184 190 200

150 160 170 180 184 190 200 150 160 170 180 184 190 200
Neutron number Neutron number

Fig. 2: The decay properties of superheavy nuclei according to macroscopic-microscopic calculations. Ground-state shell-
correction energy (a); unhindered partial a-decay half-life (b); unhindered partial spontaneous fission half-life (c); B* or electron
capture and B~-decay half-life with 3-stable nuclei marked by filled squares (d); dominating partial o, B or spontaneous fission
half-lives for even-even nuclei (e) and odd-A nuclei (f). Numbers at the level lines give the shell-correction energy in MeV (a), the
logarithm of the partial half-lives in seconds for a-decay (b), spontaneous fission (c), B*- and B~-decay (d), total half-life for even-
even nuclei (e), and total half-life for odd-A nuclei (f). The calculated data in a), b), and c) are from [27-29] and in d) from [36].

In the case of odd mass nuclei (f), the partial o and spontaneous fission half-lives were multiplied by factors of 10 and 1000,
respectively, in order to take the odd particle hindrance factors into account. The B-half-lives were divided by 10 (see text for
details). The presently known even-even nuclei are marked by dots in e), those of odd-A nuclei by smaller dots in f). Also shown
in f) are the known odd-odd nuclei marked by open circles. Open squares in e) and f) mark the nuclei for which longest half-lives
for dominating a-decay and dominating spontaneous fission, respectively, are expected (see text).

fission probability of the CN, which is determined by the fission barrier. These barriers in turn are dominantly
determined by the ground-state shell-correction energies in the region of SHN. It is obvious from the results
of the calculations on fission barriers plotted in Fig. 2 that the highest cross-sections are expected for nuclei
from Z=114 to 116 and neutron numbers N=182, whereas the longest half-lives are expected for the lighter
elements from Z=108 to 110 and N=180 to 182.

Measured evaporation residue cross-sections are shown in Fig. 3. The increase of the cross-sections for
hot fusion at element 112 up to a maximum value between elements 114 to 116 is explained by a strong reduc-
tion of the fission probability of the compound nuclei due to the increase of the fission barrier of nuclei in the
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Fig. 3: Measured cross-sections for cold (a) and hot fusion reactions (b). Filled symbols in (a) mark the maximum of the 1n
excitation function, open symbols mark the highest cross-sections in the case of incomplete excitation functions. Symbols are
marked by the isotopes of the beam used in reactions with 2°2Pb and 2%?Bi. In (b) the cross-section of the 3n channelis plotted for
reactions of “¢Ca with 2°6Pb and 2°?Bi for synthesis of No and Lr [39], respectively. The isotope °Hs was produced in a 4n channel
in irradiations of 22°Ra [40] with “®Ca. The dominating channels in the region of SHN are 3n and 4n. The maximum of the sum of
both cross-sections at a certain excitation energy E£* of the compound nucleus is plotted. The corresponding compound nuclei
were produced in reactions with targets of 22U, ’Np, 2*2Pu, 24Pu, 2*Am, 2°Cm, 2%8Cm, 2*°Bk, and ?*°Cf. The cross-sections for
production of spherical SHN for proton numbers from 112 to 118 in (b) were taken from [11]. The curves are drawn to guide the eye.

area of SHN. It represents, besides the increasing half-lives, another demonstration that the island of spheri-

cal SHN was reached experimentally.

In the following we summarize the achieved knowledge about superheavy nuclei obtained in physics
experiments.

1. The systematics of long living N=152 isotones is changed at Z=104 due to the drop of the second hump
in the fission barrier below the nuclear ground-state.

2. Forisotopes of N=154 to 165 and elements beyond rutherfordium up to nihonium, SF is not the dominat-
ing decay mode. Most of the nuclei decay by a-emission with half-lives in the range from 0.1 ms to 100 s.
These decay properties allow for measuring correlated o-decays establishing decay chains ending in
known nuclei for a reliable identification of the produced nuclei and elements by a genetic relationship.

3. The theoretically predicted region of increased stability of nuclei around Z=108 and N=162 is experi-
mentally confirmed, both in location and extension.

4. The application of cold fusion based on 2*Pb and 2*°Bi target and emission of only one neutron from the
compound nuclei turned out to be successful up to the synthesis of #Nh. The theoretically predicted
extrapush energy [41] for synthesis of these nuclei was disproved. On the contrary, the measurement of
excitation functions revealed that projectile and target nuclei fuse at low centre-of-mass energies so that
maximum cross-sections are obtained when projectile and target nuclei are at rest when only the outer
regions of the diffused surfaces are in contact. Transfer of protons from the projectile to the target initiates
the fusion process and reduces the electric repulsions. Decreasing cross-sections with increasing proton
number of the beam are mainly due to an increasing amount of quasifission, which is the term for the
reseparation of the reaction partners on the way from contact to the formation of a compound nucleus.

5. A number of quasiparticle isomers were observed in the region of deformed SHN. In the heaviest case
known, 7°Ds, the a-decay half-life of 6.0 ms of the isomer at 1.13 MeV is longer than that of the ground-
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state, 0.1 ms [42]. The production cross-section for the isomer and the ground-state in the reaction
%Ni+2"Ph is comparable, 5 pb and 8 pb, respectively. Spin and parity values of 9-, 10~ or 8+ are theoreti-
cally predicted for the isomer [43]. The observation of this isomer is an interesting example for a possible
future production of SHN via isomers in the cases of too short half-lives of the ground-states or too high
fission probability of the compound nucleus at too low fission barriers.

Using beams of “®Ca and various actinide targets from #8U to *°Cf the predicted region of spherical
SHN was reached. In these hot fusion reactions more neutron rich isotopes of copernicium and niho-
nium were directly produced and the new elements from flerovium (Z=114) to oganesson (118) were
synthesized.

Properties of measured o-decay chains are in agreement with predictions of the MM model. In particular,
the termination of decay chains from even-even nuclei at element 104 in the case of deformed SHN and at
element 112 in the case of spherical SHN is well understood due to the low fission barriers of these nuclei as
predicted by the MM model. Also understood is the extension of the a-decay chains of odd-A and odd-odd
nuclei down to isotopes of rutherfordium and dubnium due to the odd-nucleon hindrance of fission.
Measured half-lives of the newly discovered SHN increase from a few milliseconds on the more neutron
deficient side to some tens of seconds for the heaviest known isotopes. This result confirms the theoreti-
cal prediction of a region of increased stability of spherical SHN based on closed shells and subshells at
Z=114,120 and 126 and N=184.

Measured cross-sections reach values of about 10 pb for production of 2%Fl in a 4n and %*Mc in a 3n evap-
oration channel at excitation energies of about 35 to 40 MeV. The relatively high cross-sections for these
hot fusion reactions are another proof of existence of the region of SHN revealing increased stability and
relatively high fission barriers. The data disprove predictions that shell effects of SHN vanish at excita-
tion energies which characterize hot fusion reactions.

The maxima of the cross-sections of hot fusion reactions are observed systematically at a few MeV higher
beam energy than calculated for a configuration of zero centre-of-mass kinetic energy when the mean
radii of beam and target nucleus are at contact in a central collision. In this model spherical projectile
and target nuclei are assumed [44]. This observation differs from the case of cold fusion when spherical
208Ph or 2°Bi targets are used and the cross-section maxima are measured at energies below the contact
of the mean radii, see item 4. In the case of hot fusion the measured excitation functions reveal that
maximum cross-sections are obtained in configurations when projectile and deformed target nucleus
come to rest in a most compact configuration which can be reached considering both quadrupole and
hexadecupole deformation of the target nucleus. However, also in this configuration only the outer orbits
are touching when projectile and target are at rest. Elongated configurations do not significantly contrib-
ute to the fusion cross-section, although they would result in lowest excitation energies of the compound
nuclei. In such configurations the system re-separates via quasifission before fusion.

The extension of the island of SHN, in particular into the region of highest stability and longest half-lives
located closer to neutron number N=184, is not yet explored.

Still missing in most cases are experimental data on small branching ratios for SF, a-decay, and electron
capture decay. Such possihilities can be expected from theoretical investigations. They would provide
important information on fission barriers in the case of nuclei for which only a-decay is known or on
relative masses obtained from a-decay data in the case of nuclei for which only SF is known so far. In
addition, as a critical circumstance, unknown branching ratios can result in misinterpretation of newly
measured decay chains.

4.2 Chemistry

A major advance in the study of the chemistry of heavy elements was the proposal by Glenn Theodore Seaborg
in 1945 that the elements beyond radium form a second group of elements, after the lanthanides, of similar
chemical behaviour [45]. This series of elements received the name actinides from the element actinium after
which the series starts. The similarity of the chemical behaviour of lanthanides and actinides is due to the
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Fig. 4: The IUPAC Periodic Table of the Elements dated from November 28, 2016. For each element the atomic number, the symbol,
the element name, the conventional atomic weight, and the standard atomic weight are given. The figure was taken from [53].

stepwise filling of the 4f and 5f electron shells, respectively, so that the chemistry of these elements is mainly
determined by the outer 5d, 6s and 6d, 7s electrons, respectively.

Only half of the group of actinide elements from thorium (Z=90) to curium (96) was known in 1945.
The group consisting of a total of 14 elements was completed with element lawrencium (103) in 1961. Subse-
quently, isotopes of the transactinides, beginning with rutherfordium in column 4 of the Periodic Table, were
produced. The so far highest element, oganesson, has the atomic number Z=118. This element terminates the
seventh row in the Periodic Table at column 18. Element 118 was discovered by Yuri Tsolakowich Oganessian
and co-workers at FLNR in Dubna in 2006 [46]. The 2016 official Periodic Table of the Elements of IUPAC is
shown in Fig. 4. All 118 elements from Z=1, hydrogen, to Z=118, oganesson, are known and have received a
definite name according to the regulations of [IUPAC and IUPAP.

Chemistry played an important role in the discovery of all transuranium elements up to nobelium either
for separation or for identification. All heavier elements were identified by physical means, and the study of
the chemical properties of those elements became the subject of scientific research on their own.

The most interesting subject influencing the atomic properties and the chemical behaviour of acti-
nides and SHE is the so called ‘relativistic effect’. A simplified explanation of the term ‘relativistic effect’
is given by the radial shrinking of the inner spherical s, , and p, , electron wave functions which have large
amplitudes at and near the location of the nucleus. This relativistic radial shrinking is caused by the strong
Coulomb attraction by the high Z nucleus as consequence of the position-momentum uncertainty principle.
The shrunken s, , and p, , wave functions screen the Coulomb potential of the nucleus more than in nonrela-
tivistic cases, which influences the binding of the outer valence electrons. In the region of SHE these are the
5f, 6d, 7s, and 7p electrons which are close in energy and destabilized due to the shielding effect. However,
also the 7s,, and 7p, , electron wave functions have large amplitudes at the nucleus which in turn causes a
relativistic increase of the binding energy. This complicated interaction between the highly charged nucleus
and up to 118 electrons makes accurate predictions of the atomic and chemical properties of SHE rather
difficult.

On the other hand it is just this complexity which triggers experimental and theoretical investigations.
Recent review articles present today’s status of research on the chemistry of SHE using liquid phase and gas
phase methods [47, 48]. Physical methods for investigation of the atomic and ionic level structure of heavy
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elements using laser spectroscopic methods are reviewed in [49]. An overview of theoretical attempts for
reproduction and prediction of chemical and atomic properties of SHE is given in [50-52]. Criteria for assign-
ing priority of a new element based on atomic and chemical methods are presented in Sects. 6.10 and 6.11,
respectively.

5 Aspects related to the discovery of new elements beyond Z=118

The present task of the JWG of establishing criteria for assigning the discovery of new elements differs from
that of the TWG functioning during the years 1988 to 1991. At that time, criteria were developed for assign-
ing priority of discovery of elements for which discovery was already claimed up to meitnerium, Z=109. The
present JWG is aiming to work out criteria for assigning discovery of new elements beyond oganesson, Z=118,
which may be discovered in the future. Therefore, it is essential to estimate on the basis of known data and
theoretical studies which new elements will most likely be searched for, what their decay properties may
be, and which methods could be applied for production and identification using present and near future
technology. In this context it is also of interest to which degree the 1991 criteria could be applied for assign-
ing priority of elements from 110 to 118, which were not known in 1991, and if or how revised criteria would
support the earlier made decisions.

Although criteria are principally based on definite physical laws, it is presently not possible to gener-
ally establish definite criteria on those laws that could be applied for all conceivable cases that may occur
in the future. Three reasons prevent such an initiative. Firstly, the locations of regions of highest stability
of prospective new elements are unknown. Secondly, the optimum production reactions for new elements
are unknown. In addition, as it resulted from the discovery of the new spherical SHN, stability significantly
influences the production cross-section due to a reduced fission probability of the generally excited newly
produced nucleus. Thirdly, technical developments may considerably improve the methods for detection
and identification of new elements in the future. In addition, methods may be improved, which presently
seem to be not applicable. The possibilities for synthesis of new elements may be broadened by higher
beam intensities, radioactive beams, secondary reactions using fragments from induced fission, and appli-
cation of the heaviest beams up to uranium or even heavier with the use of more radioactive isotopes of
actinide elements.

Eventually, technical developments may result in a revival of the search for new elements of long
lifetime in nature, which have been produced in astrophysical processes. Search for those elements could
be performed using terrestrial material or in objects brought to earth from the moon or via other extra-
terrestrial objects from the universe, which have passed or arrive from a supernova explosion or a neutron
star merger.

It is obvious that under these circumstances we can reliably develop criteria only for cases which most
likely will find application in discovery of isotopes of new elements close to the heaviest presently known iso-
topes of SHN. For establishing those criteria we present in the following subsection expectations for results
of experiments searching for new elements just above the known element Z=118. Such an investigation is
a necessary prerequisite for establishing criteria for assigning priority of discovery of such elements in the
future. Search experiments for some of those elements were already performed. However, the results were
negative or inconclusive. Further experiments under improved conditions and at longer irradiation times are
already planned at various laboratories.

In a second subsection we present more speculative cases of stability and production of new elements at
larger distance from the known elements. Such cases were already considered in theoretical studies [54-58].
It is foreseeable that with longer accessible accelerator time and more efficient separation and more sensitive
detection techniques also attempts will be continued to find and identify such objects. However, the nature of
those experimental results is unpredictable. For such cases only general criteria can be established. Detailed
ad hoc investigation will then become necessary in the case of results which indicate the discovery of a new
element far from the presently known heaviest one.
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5.1 Prospective new elements in the region of spherical SHN

The likely most successful reactions for production of isotopes of new elements just above the presently
known isotope of oganesson will still profit from the increased stability of the island of SHN. Part of this
island was experimentally explored using reactions of a “Ca beam and targets of 2*U, *'Np, **Pu, **Pu,
#Am, °Cm, #¢Cm, #’Bk, and #°Cf. In continuation of this series of experiments, targets of **Es for element
119 and #*’Fm for element 120 have to be irradiated with a “Ca beam. Although the half-lives of those exotic
target isotopes of 276 and 100 days, respectively, are comparable to that of the already successfully used
#9Bk, 327 days, their production in a high neutron flux reactor is extremely difficult. Maximum amounts of
only a few tens of micrograms or nanograms, respectively, can be produced. For comparison, the amounts of
29Bk, which were produced at ORNL for recent studies on isotopes of tennessine, were 22 mg [59] and 25 mg
[60]. Based on current capabilities, reactions using isotopes of lighter actinide targets combined with beams
heavier than “Ca, e.g. “*Sc, *°Ti, *'V, *Cr, etc., represent the most reasonable path forward.

Presently under investigation for possible production of heavy nuclei are fusion reactions using radi-
oactive ion beams and multinucleon transfer reactions. Radioactive neutron rich ion beams will certainly
broaden the possibilities for studying more neutron rich nuclei in regions where fragmentation reactions
fail, i.e. above uranium. However, not yet sufficiently explored is the dependence of the fusion cross-section
on neutron number, in particular, if an increase of the cross-section can compensate for part of the losses in
yield due to the significantly lower beam intensities. Therefore, we presently do not consider radioactive ion
beams as an option for producing new elements in a near future.

The use of secondary reactions of fragments from induced fission with the surrounding heavy nuclei was
invented by Amnon Marinov et al. [61]. An experimental proof of those results and exploration of the applica-
tion of the method for production of new isotopes and new elements is pending.

The situation is similar with the use of multinucleon transfer reactions for synthesis of new elements. This
type of reaction was considered as promising in the past before reactions like 28U +2Cm could be studied experi-
mentally. The theoretical background was that the flow of nucleons from the beam to the target will be into the
direction of SHN having a locally increased stability. However, first experiments investigating the reaction prod-
ucts by chemical means revealed a rapid decrease of the cross-section with increasing element number. The heavi-
est nuclei identified in these reactions were from mendelevium (A4 =255 to 258) with cross-sections of 60 nb [62].

More recent theoretical studies [63] obtain a nucleon flow such that nuclei near 2°Pb are produced as
one of the primary products in reactions like 28U +#¥Cm. The second primary fragments will then be nuclei
near 78Sg. Therefore, this type of reaction is considered promising for synthesis of neutron rich isotopes of
elements near seaborgium. It also may open a possibility to come closer to the region of nuclei with longest
lifetimes expected at ?*Hs — #?Ds.

However, these heavy nuclei will be excited having a high probability for fission. In the present work we
do not consider multinucleon transfer reactions as an option for producing new elements above the known
element oganesson, Z=118, in the near future. Nevertheless, basic criteria can be established in order to
judge possible claims for discovery of such elements using multinucleon transfer reactions and fusion reac-
tions with radioactive ion beams or secondary reactions with fragments from induced fission.

A further reduction of the cross-section is expected for the production of new elements just beyond element
118 using the most promising fusion reactions based on actinide targets as discussed before. Measured cross-
sections for production of tennessine (0,,=3.6 pb [60]) and oganesson (0, =0.5 pb [60]) reveal a decrease after
a maximum was reached at moscovium (03[1 =8.5 pb [64]), see Fig. 3. A further decrease of the cross-sections for
synthesis of elements 119 and 120 can be expected on the basis of decreasing fission barriers predicted by the
MM model and due to an increasing quasifission process when beams of elements heavier than “®Ca are used.
This means that for the production and identification of those elements only a few atoms can be expected even
at increased beam intensity and long irradiation times of several months. These circumstances demand criteria
that take into account the specific separation and detection methods of high efficiency.

Relatively optimistic prospectives are expected for identifying the produced nuclei by o-decay chains
even in the case of a low number of produced nuclei. So far the predictions of the MM models were well
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Table 2: Expected decay chains of isotopes of elements 119 and 120 which could be produced in reactions with beams of the
most neutron rich stable isotopes of elements from calcium to manganese and targets of 2#“Pu, 2*Am, 2*8Cm, 24°Bk, 2*°Cf, °°Cf,
251Cf, and %4Es.?

‘Z, odd/even “Z new a-emitter; *Z known a-emitter; Z new SF; “Z known SF
293119174 _e 293119_289TS_285MC_281Nh_277Rg_273Mt_2698h_265Db_ZélLr
295119 0oe 295119 291Ts 287Mc 283Nh 279Rg 275Mt 27lBh 267Db
176 - —_ — — — — — —
297119 e 2‘)7119 293TS ZSQMC 285Nh ZSle
178 - - — — —
29119, _e 299119_25Ts_2""Mc_**’Nh_?**Rg_?7°Mt (all isotopes new)
29“119175 0 294119 _290Ts_286|\|c_282Nh_278Rg_274Mt_27°Bh_266Dh")
296119 00 2‘)6119 292TS ZSSMC ZSANh ZBORg 276Mt 27ZBh 268Dbb)
177 - — —_ —_ — — — —
298119 0 2981 19 294TS 290Mc 286Nh 282Rg 278Mt 27ABh 270Db
179 - — — —_ — — — —
00119 . _0 300119_?96Ts_222Mc_?®*Nh_?*“Rg_?*°Mt_?"*Bh (all isotopes new)
295120175 e o 295120_2910g_287Lv_283F|_279Cn_275Ds_2""Hs_26’Sg
297120177 . 2971 20_2930g_289Lv_285Fl_281cn_277DS_273HS_269Sg_265Rf
299120 e o 7991 20 7950g 291LV 287Fl 283cn 279Ds
179 — —_ — — — —_
2961 20175 e_e 2961 20_2920g_288Lv_284Fl
2981 20178 e_e 2981 20_2940g_290LV_ZSGFI_ZSZCn
3001 20150 e_e 3001 20_7960g_292LV_288F1_284Cn

a) Evaporation of 2, 3, and 4 neutrons from the compound nucleus was considered. For the decays of the isotopes only the
dominant decay branch was taken into account. All nuclei of the two most neutron rich decay chains emerging from the decay of
299119 and 3°°119 are unknown. Their decay modes were estimated on the basis of the decay data given in Fig. 2.

b) It is uncertain whether the isotopes 26¢Db and 2**Db populated by o-decay of ?°Bh and ?2Bh, respectively, decay by
spontaneous fission (SF) or the isotopes 2¢°Rf and 2%8Rf populated via an intermediate electron capture decay, see also Fig. 1.

confirmed by the experimental results on SHN up to element 118. An application of the results of those models
for estimating the decay properties of isotopes of elements 119 and 120 seems justified. The graphs shown in
Fig. 2, which are based on results of MM models, present a reasonable overview on calculated decay modes
and half-lives of known and unknown isotopes in the region of SHN.

Considering evaporation of two to four neutrons from the compound nucleus of the before given fusion
reactions, we expect for element 119 the production of isotopes with mass numbers A =293 to 300 and for
element 120 mass numbers A =295 to 300. This is a total of eight new isotopes of element 119 and a total of
six isotopes of element 120, for which detailed criteria can be worked out. Possible decay chains from these
isotopes are listed in Table 2. The unknown and presently known nuclei are marked. On the basis of this
compilation criteria can be established for discovery of elements 119 and 120 expected in the near future.
Obviously, these criteria can be applied also for elements 121 and 122 if the produced isotopes will decay
by o-emission populating already known decay chains. Although fusion reactions and emission of a few
neutrons are expected to be the most probable production mechanism of these SHN as well as o-decay as a
most probable decay mode, the criteria have to consider also the possibility of different evaporation and pro-
duction channels and decay properties as, e.g. pxn and oxn evaporation channels, isomeric states, electron
capture, and SF.

5.2 Prospective new elements at a distance from the region of spherical SHN

Modern accelerators offer the possibilities for carrying out nuclear reactions with the heaviest beams like
28], even heavier beams of more radioactive isotopes of actinides were already discussed. Beams of radio-
active isotopes of lighter elements, both neutron rich and neutron deficient, will become available with
increased intensity in the future. Experimental techniques are continuously refined with respect to effi-
ciency, sensitivity, accuracy, and rapidity for the study of the physical and chemical properties of nuclei,
ions, and atoms.
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Theoretical models and their predictions initiated the experimental search for SHN. Several models, as
e.g. the MM models, predicted well the properties of nuclei in the region of SHN. However, already a com-
parison of different MM models and even more a comparison with the results of self-consistent mean-field
models reveal partly significant differences. Therefore, it seems reasonable to consider also possible future
experimental results, which appear unlikely or even unrealistic presently.

Options which are closely related to the presently studied spherical SHN that obtain their stability from
closed shells at Z=114 and N=184 are the predictions of relativistic mean field models that increased stabil-
ity could exist also at proton numbers 120, 124 or 126 [65-70]. In terms of the shell model closed shells or
subshells would exist at these proton numbers. For the neutrons the mean field models predict high stability
at N=184 similar as the shell models.

Present experimental data on o-decay known up to element 118 do not rule out such possibilities. If these
predictions are correct, the spherical SHN could extend up to element 120 or even up to 126. A considerable
increase of the o-decay half-life of the respective nuclei would be the consequence, compared to the predic-
tions of the MM model as shown in Fig. 2b.

Possible claims of discovery of such elements could be in the most optimistic case the detection of an
o-decay chain populating already known nuclei in the region of spherical SHN. However, chains consisting
only of new isotopes or observation of only SF may also be detected. To establish detailed criteria of discovery
for all of these possibilities seems not very meaningful. However, general criteria could be established which
could help to assign priority of discovery in the case of unforeseen observations. Which of the measured
physical or chemical properties will deliver the most convincing argument for assigning priority of discovery
is difficult to predict. Lifetime and the number of detected nuclei of a particular isotope will be the most
important properties which will determine the identification methods.

Shell-model calculations predict further closed shells or subshells beyond Z=126 and N =184, the heavi-
est shell closures being located at Z=164 and N=318 [54]. Also predicted are nuclei in the region of SHN
being strongly deformed in the ground-state or in an isomeric state [71, 72]. Isomeric states were considered
to explain the observation of long lived species which were assigned to SHN in [73], which, however, were not
yet confirmed, could not be reproduced or were even disproved. In addition, some theoretical calculations
suggest stability for exotic nuclear shapes. Bubble nuclei or toroidal shapes were investigated and predicted
to exist for nuclei beyond Z=126 [55-58]. Presently, it seems unlikely that such nuclei could exist in a stable
configuration. Difficult to predict is also in which way these nuclei could decay. If future experimental results
would indicate the existence of such exotic phenomena it will probably be necessary in an ad hoc JWP inves-
tigation to decide about the correctness of the interpretation of the measurements.

Eventually, we consider the identification of long lived heavy nuclei and elements which could have been
produced in astrophysical processes. To date, from time to time, efforts are published describing the search
for such species in nature [74]. With our current knowledge we expect the longest living nuclei in the region
of neutron rich isotopes of the elements from 108 to 110, see Fig. 2. Although these isotopes do not belong to
new elements their discovery would be extremely interesting. Methods for identification of such long-living
isotopes could provide criteria which can be applied for assigning priority of discovery of long-living isotopes
of new elements.

6 Criteria for establishing discovery of a new element

The criteria described in the 1991 TWG report [1] considered valid physical and chemical properties of elemen-
tary matter as well as production and identification methods which were known and applied at that time. Due
to the generally valid character of the underlying physical and chemical laws, the application of these criteria
is conclusive.

However, as it was already indicated by the synthesis of elements 107 to 109 in the beginning of the
1980s, the feasibility for producing new elements in the laboratory became more and more difficult. When in
the past hundreds of atoms could be produced at cross-sections of microbarns to hundreds of nanobarns, the
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investigations are dealing now with single or only few atoms produced with cross-sections of picobarns and
even below. Only due to immense technical improvements of accelerators, separators, and detection systems
and the admittedly well suited decay properties of the produced nuclei has it been possible to reliably identify
isotopes of elements at these small cross-sections. The recent discoveries of new elements and the knowledge
that we can extract for the synthesis and properties of further new elements, do not change the existing cri-
teria for assigning priority of discovery, but they change the weights when and how they have to be applied.

All superheavy elements with proton number Z> 104 were solely produced in heavy ion fusion reactions.
The evaporation residues of elements Z> 107 were separated with electromagnetic separators, and the nuclei
were identified by decay chains starting with a signal from the implantation of an evaporation residue into a
Si detector and subsequent signals from a-decays and/or SF. In most cases the signals from the decay chains
were preceded by time-of-flight signals from detectors in front of the Si detectors. For further discrimination
of the background, position sensitive detectors were used. Details of the experimental set-ups can be found in
the specific literature and in review articles [8, 10]. There, also options for further improvement of accelera-
tors, separators, and detection systems are described.

It is expected that these or similar methods will be the major tools for producing new elements and their
identification also in the future. Therefore, we will concentrate here on the presentation of criteria related
to these techniques. Criteria which can be applied in other types of experiments will be also discussed as
appropriate.

The term criterion as we use it here is mainly related to the experimental methods used for producing and
identifying new elements. However, we use it also for characterizing the production methods and the proper-
ties of those elements and nuclei, as e.g. fusion-evaporation reactions, multinucleon transfer reactions, half-
lives, a-decay energies, and decay modes.

We do not use the term criterion as would be the case in mathematics, where it is a necessary and suffi-
cient condition for proving the correctness of a mathematical law. In our case, two or more criteria often need
to be applied in order to unambiguously assign discovery of a new element. It will be the task of a team of
experts, the JWP, to evaluate the results of the particular experiments and to decide if those results and their
quality are sufficient for assigning discovery of a new element. In this sense the elaborated criteria serve as a
guideline for future JWPs. They cannot be used as a simple checklist where at the end the majority of fulfilled
criteria decide on priority. This cannot be the case because most of the criteria need to be supplemented with
a weight factor considering the amount of uncertainty attributed to the measurement and to the statistical
relevance. In addition, new experimental developments and results may require future demand for exten-
sions of the list and weighting factors of the criteria.

In the following Sects. 6.1 to 6.12, we will work out criteria for assigning priority of discovery of a new
element which most likely will find application in a search of elements 119, 120 or slightly above in the future.
However, criteria will also be discussed, which could be useful in cases of unexpected or unconventional
experimental results so that such results can be characterized as sufficient or insufficient for assigning dis-
covery of a new element. In Sect. 7 we present under the header ‘Guidelines to Experimentalists and Joint
Working Parties’ the conditions which are necessary to objectively and sufficiently judge an experimental
work or in the case of several claims to evaluate the priority of discovery.

6.1 Definition of what is a new element

Certainly, the most important criterion for the discovery is the characterization of a new element itself. In the
1991 TWG report [1] the following statement is given:

‘Discovery of a chemical element is the experimental demonstration, beyond reasonable doubt, of the existence of a nuclide with
an atomic number Z not identified before, existing for at least 107" s.

Note 1. This lifetime is chosen as a reasonable estimate of the time it takes for a nucleus to acquire its outer electrons. It is not
considered self-evident that talking about an ‘element’ makes sense if no outer electrons, bearers of the chemical properties,
are present.
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Note 2. Discovery of an element can be based on chemical or physical methods or on both.

Note 3. The exact value of Z need not be determined, only that it is different from all Z-values observed before, beyond reason-
able doubt.

Note 4. Neither is it required that the exact value of the mass number A be known. Even if a value for A is suggested that is later
proved incorrect (but if an isotope with a nearby value of A, which could also have been produced, has the reported properties),
this does not necessarily invalidate discovery of the new element.’

Supplement to ‘Discovery’. In its original sense, the term ‘discovery’ means to find something in nature, in
our case an element, which is stable or has a long enough lifetime so that it could be discovered on earth, as
e.g. the rare-earth elements or isotopes of thorium and uranium. So far, none of the heavy elements in the
transuranium region were discovered, beyond reasonable doubt, in this way. Several previous claims of this
type are not yet confirmed or were disproven in later closer inspection.

Since the first attempts to produce new elements beyond uranium, the term discovery is also used for
the two-step process of, firstly, producing the new element in a nuclear reaction and, secondly, identify-
ing that element by physical or chemical means. In this sense the term discovery means substantially the
discovery that such nuclei are sufficiently stable so that they can exist, which is proven by production and
identification.

Supplement to Note 1. The lifetime of about 1074 s seems to be a reasonable lower limit for what we want to call
an element. On one side it is short enough for the arrangement of most of the electrons in the electric field of
the nucleus and on the other side it is long enough so that a nucleus can be formed in its ground-state or in an
isomeric state. Determination of a lifetime limit of that magnitude excludes shorter living transitional nuclear
configurations, compound nuclei and/or nuclear resonances from being called an element, although X-rays
or conversion electrons could be emitted from that system.

Related to this item is the meaning of radioactivity. Radioactive decays are generally understood as emis-
sion of nucleons, clusters of nucleons or SF of nuclei in the ground-state or an isomeric state. Also under-
stood as radioactivity is the emission of leptons in the case of the transmutation of a proton into a neutron
and vice versa due to weak interaction. When the same emissions occur as part of a reaction these processes
are characterized with the supplement ‘reaction’, e.g. neutron evaporation reaction or quasifission reaction.
The time scale of these processes is much shorter than 10 s, but tails of some of these processes may extend
up to that value.

Supplement to Note 2. It seems reasonable to split the term ‘physical methods’ into methods of ‘atomic physics’
and ‘nuclear physics’. Atomic physics represents then the link between chemical and physical methods.

Supplement to Note 3. A more precise formulation of the statement given in Note 3 is ‘The exact value of Z
need not be determined, it only has to be proven beyond reasonable doubt that it is different from all Z-values
observed before.’

Fulfillment of the requested conditions is certainly sufficient for assigning priority of discovery of a new
element. However, circumstances may arise to prevent a name for an element whose element number is not
known.

Realistically, the most convincing proof that the Z value of an element differs from all Z values observed
before is the determination of its Z value. The situation that an element exists without knowing its Z value is
probably only temporary. In this very specific case it seems reasonable to start with the naming procedure of
such an element only when also the element number is definitely established.

Supplement to Note 4. An example for a discovery where the mass number A can be completely disregarded is
the identification by X-rays or an unambiguous chemical identification. Such methods can be applied for the
new element itself or for the elemental properties of its radioactive decay products, if the radioactive decays
can be retraced unambiguously back to the predecessors, ideally back to the originally produced isotope of
the new element.
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It also could occur in an experiment that the value of Z can be determined but the value of A remains
uncertain and is, therefore, only ‘suggested’ or ‘tentatively’ assigned. In this case a later correction of A does
not invalidate the discovery of the new element. However, if both Z and A are claimed to be unambiguously
determined in a first experiment and if, in particular, the determination of A was essential for assigning Z, but
the assignment of A turns out to be incorrect later, it has to be verified by careful inspection if the agreement
of Z with a later corrected result could be by chance. If this is the case, the first claim cannot be accepted as
the discovery of a new element.

6.2 Criterion of time for assigning priority of discovery

An important criterion for assigning priority of discovery is the time of the discovery. The only safely retrace-
able earliest date and time which can be associated with a discovery is the date of submission of the recorded
research work for publication. This date is called ‘time of discovery’ in the following. Irrelevant is the date
and time when the actual observation was made, which is described in the publication, and also irrelevant
is the date of publication.

The time criterion presents a clear preference for assigning priority of discovery in the case of two or more
claims which both or all are convincing. However, special consideration is needed when the observations of
two or more experiments have to be combined for deducing an unambiguous discovery of a new element. In
such cases, discovery profiles need to be established by weighting and combining the observations of the
different experiments. In this evaluation the time of discovery is one of the important criteria. In a particular
case, it is the task of a JWP to work out the appropriate discovery profiles.

In the case of submission to a refereed journal it often occurs that a revised version is published. In
critical assessments of two or more almost simultaneous publications it may become necessary that not the
submission date of the first version is decisive but that of the revised version if significant modifications of
the manuscript were performed. In those cases the JWP has to be provided with the different versions of the
research work. Requests to the contents of the publication and means of publication will be presented in
Sect. 7.

The particular weight of time of discovery is also expressed by the possibility to publish important results
in the form of a letter or short note. Its date of submission can be accepted as time of discovery when the letter
or short note contains all necessary information for judging the value of the observation. If this is not possible
in a short letter, a more complete longer publication has to be published within a reasonable short time not
longer than approximately one year so that the date of submission of the letter can be accepted as time of the
discovery.

Confirmation experiments are desirable and sometimes necessary for assigning priority of discovery
when a first result was not completely convincing. With the knowledge of the experiment parameters of the
first experiment as, e.g. type of reaction and beam energy, it is usually easier to improve the amount and
quality of the measured data in a follow up experiment. However, when the breakthrough to new results was
obtained in the first experiment and those results were not disproven in follow up experiments, but princi-
pally confirmed, then priority of discovery has to be assigned to the first experiment due to the earlier time of
submission of the result for publication.

In several cases in the past, see, e.g. the discovery of elements 107 and 108, important contributions from
a second lahoratory were considered as co-discovery. However, in practice it was always the case that the
laboratory announcing a discovery first and presenting convincing data, was respected with priority of dis-
covery and was asked to suggest a name for that element. The establishing of discovery profiles on the basis
of weighted criteria for production and identification of a new element with particular consideration of the
time of discovery should result in a unique determination of the priority of discovery.

Progress in research which includes the search for new elements is based on collaboration and friend-
ship, but also on competition between research laboratories and scientists. As such it is a motivation for the
researchers to continuously improve techniques and knowledge for discovering the new. Being honoured



1794 —— S.Hofmann etal.: On the discovery of new elements DE GRUYTER

with the assignment of priority is the prize that a research team can win. It is the outstanding task of future
JWPs to work out with the use of the criteria developed by JWG and own careful inquiries the basis for clear
decisions on the priority of discovery with particular consideration of the time of discovery.

The importance of time of a discovery, in this case of an exploration, was demonstrated by a dramatic
example from the past in a completely different field. On December 14™, 1911, Roald Amundsen and his four
companions arrived at the South Pole. They arrived 33-34 days before Robert Falcon Scott’s team of also five
people. Scott’s group reached the Pole on January 17%, 1912, only to find that Amundsen had preceded them.
‘The worst has happened’; ‘All the day dreams must go’; ‘Great God! This is an awful place’. Scott wrote in his
diary. He and his team perished on the way back.

Many other examples can be found in the history of mankind where the time aiming for a discovery or an
exploration was the driving force for the aims to extend the borders of knowledge.

6.3 Criteria related to genetic relation

Discovery of an element by genetic relations is the identification of one or more unknown nuclei by estab-
lishing a unique relation between the radioactive decays of those nuclei to known properties of one or more
known descendants. Usually, the known properties of the known nuclei are those of their radioactive decays,
but can be also other unambiguous characteristics like masses, X-rays or chemical properties.

However, genetic relations can be established also between radioactive decays of nuclei which are all
unknown. This can occur when decay chains terminate by SF before the region of known nuclei is reached or
if too long lifetimes or difficult to measure -decays prevent tracking of the decay chain down to the region
of known nuclei. In such cases an established genetic relation alone does not deliver reliable information,
if nuclei of new elements were produced, although the used reaction and the properties of the measured
o-decays can provide strong hints.

A priori, such chains, if produced in a fusion reaction, could be the result of various nucleon or particle
evaporations from a compound nucleus, e.g. xn, pxn, axn, etc., which prevents rigorous assignment of the
element number. The origin of a measured o-decay chain without connection to known nuclei is even more
uncertain if observed in a multinucleon transfer reaction. It even cannot be ruled out that new, either neutron
rich or neutron deficient isotopes of already known elements have been produced.

In such cases the identity of one or more members of the measured decay chain has to be established by
other identification methods. That could also affect two or more neighbouring decay chains in a new region
of unknown nuclei, as it was the case in the discovery of the spherical SHN.

A definite element assignment of at least one of the unknown observed nuclei could be achieved by
measurement of X-rays or a—X-ray coincidences, see Sect. 6.8. Alternatively, element specific chemical identi-
fication can be performed if unknown isotopes of known elements are populated in the decay chain, see Sect.
6.11. In certain cases also precision mass measurements could result in an element assignment, see Sect. 6.7.

An effective limitation of the possible region of produced nuclei is obtained by comparison of the yields
measured in experiments with separators of different separation characteristics, as e.g. gas-filled separators
and velocity filters, see Sect. 6.6. Qualitatively similar information is obtained by measurements of excitation
functions, see Sect. 6.5., which can be combined with a study of the systematics of decay properties of, e.g.
neighbouring even-even and even-odd nuclei, see Sect. 6.9 on ‘Criteria related to systematics of experimental
results and theoretical predictions’.

However, the population of a previously observed unknown decay chain in a reaction using a two protons
and two neutrons heavier target and the same type of beam particles, does not fix the element numbers of
the origins of either or both of the two chains. It only confirms the existence of genetically correlated decays
of unknown nuclei, whose parent isotopes are produced in the same reaction channel, namely xn, pxn, oxn
or any other reaction channel.

In any case, to safely establish a genetic relationship requires a number of prerequisites which we discuss
in the following subsections.
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6.3.1 Technical criteria for establishing genetic relations

Prerequisite for an efficient measurement of decay chains is the separation of the reaction products, in
fusion reactions these are the evaporation residues, from other unwanted reaction products and from
the beam. Separators in use are gas-filled separators or vacuum velocity or energy filters. After having
passed a time-of-flight detector, the evaporation residues are implanted into an array of position sensitive
silicon detectors, which deliver signals from the implantation and the subsequent a-decays or spontane-
ous fission.

A second silicon detector behind the stop detector serves as a veto detector for rejecting high energy
light particles, usually from reactions with the target backing, with isotopes of elements like oxygen in a
compound target, and, in the case of gas-filled separators, from collisions with the atoms of the gas filling.

The silicon detectors can be surrounded by an array of germanium detectors for measuring y- or X-rays.
Modern experimental set-ups use fast digitizing of the detector signals so that part of the noise and pile-up
can be recognized and rejected, if necessary. Time information, relative or absolute, when a signal was meas-
ured with the detection system, can be deduced with an accuracy of about 10 to 100 ns.

The momentum which evaporation residues obtain in a fusion reaction with relatively light beams like
“8Ca results in an implantation depth of only a few micrometers into the silicon stop detector. Therefore,
a-particles and one of the fission fragments can escape into the backward direction leaving, however, an
energy-loss and a time signal from which the lifetime of the decaying nucleus can be deduced. For measuring
the full energy of those escaping a-particles or fission fragments, the stop detector is surrounded by an array
of silicon detectors in the backward direction.

Position sensitive detectors deliver, firstly, information on the ion optical settings of the separator and,
secondly, they reduce the effective background rate due to the reduction of the effective detector area to the
size of the pixel in which the evaporation residue was implanted. A meaningful minimum pixel size is given
by the range of the o-particles of about 70 to 100 um. A low background rate is essential for unambiguously
tracking the decay chains over long periods.

Further reduction of the background can be achieved by switching off the beam as soon as an implanted
evaporation residue and/or the first decays of a chain are detected. Similar background reduction is achieved
in the case of pulsed beams from the accelerator. Alternatively, a shuttle of two detectors or the deflection
of the separated ions onto two independent detector systems could be used. The latter systems would also
increase the efficiency of the measurement compared to the method of turning off the beam.

From time-of-flight and energy of the implanted evaporation residue, a rough mass value can be
deduced. The accuracy is about 10 to 20 % FWHM. This is sufficient for distinguishing evaporation residues
and background particles from the beam, from elastically scattered target nuclei, and from most of the
nuclei produced in multinucleon transfer reactions. An improvement of the accuracy of the mass determi-
nation, which is mainly given by the energy resolution of the silicon detectors, would be highly desirable.
It could be achieved by, e.g. bolometric detectors having a higher energy resolution and, additionally, using
longer flight paths.

The time-of-flight detector or a simpler version of a thin foil transmission detector allows for distinguish-
ing signals from ions which are implanted into the stop detector from signals from the radioactive decays. For
an efficient discrimination a high efficiency of the time-of-flight or transmission detector is mandatory. In the
future, ion tracking ionization chambers may be capable of discriminating even atomic numbers of recoils
transmitted to the focal plane detector system [75].

The great advantage of the implantation method is the high efficiency for detecting implanted particles of
almost 100 %. The efficiency only depends on the size of the detector relative to the distribution of particles in
the focal plane of the separator. The limitations of the total efficiency are mainly due to the efficiency of the
preceding separator of about 5 to 50 %.

Limitations for short lifetimes are given by the flight time of the produced nucleus through the separator
of approximately 1 us and for the subsequent radioactive decays by the rise time of the detector signals of
about 10 to 100 ns. The limits for long lifetimes are given by the rate and energy of background signals. It can
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be considerably extended by switching off the beam or using two independent detector systems as discussed
before. Then, lifetimes of single decays of up to several days can be measured.

The relatively high energy from an o-particle completely stopped in the detector or a SF event deliver
pronounced, easily detectable signals. Low energy signals emerge from o.-particles which escape in backward
direction without being stopped in the backward detectors. Such low amplitude signals can be lost due to an
insufficient sensitive detection device. Then, as it occurred several times in the past, it was not completely
clear if a presumably unobserved a-decay is due to an oxn evaporation channel or due to an xn channel and
lost a-particle. Experimental efforts are needed in order to avoid such ambiguities.

Using low noise detectors and carefully designed electronic circuits and modern digital signal process-
ing, such low energy signals can be measured. These may not only occur from o-particles escaping in back-
ward direction, but also from conversion electrons from the decay of an isomeric state or an excited level
which was populated in an o-decay. Also accessible for a sensitive measurement are Auger electrons or soft
X-rays emitted after EC or, in the case of a f~-decay, the -particle itself. The more complete the genealogy of
a decay chain is measured, the more safe is the A and Z assignment of the decaying parent nucleus and thus
the identification of a new element.

The before described experimental conditions yield a number of criteria which have to be considered for
judging the quality of an experimental result claiming the discovery of an element. In addition to the imple-
mentation of all or parts of the described ideal experimental set-up, the quality of the results with respect to
background suppression, detector resolution, noise, etc., must also be evaluated. In addition, of importance
for the evaluation are the control and stability of beam intensity and energy as well as the quality of the
target before and during irradiation. In Sect. 7 we will compile which experimental details need to be given
in a publication so that a meaningful evaluation of the results can be performed by the JWP of independent
scientists.

6.3.2 Physical criteria for establishing genetic relations

The second part after the discussion of the technical prerequisites for measuring genetic relations considers
the physical properties of the detected isotopes. Although o-decay (besides radioactive emission of protons
or neutrons) is the simplest decay process, and for many nuclei there exists a strong correlation between
o-energy and lifetime, nuclear structure can significantly influence the o-decay properties of individual
nuclei. In addition, statistical fluctuations of the measured o-energy which is determined by the detector
resolution and of the lifetime which is a consequence of the radioactive decay process need to be considered
as criteria when decay chains are used for assigning priority of discovery of an element.

A measured small spread of the o-energies seems a convincing argument for an assignment to the decay
of a certain nucleus. However, an unreasonably narrow distribution has the same low probability as a broad
distribution relative to the energy resolution of the detector. The same argument holds for the distribution
of measured lifetimes. In a comparison of measured decay data from different experiments, but also of data
from a single experiment, which were assigned to a certain nucleus, a comprehensive statistical analysis
has to be performed in order to decide on the level of agreement or disagreement of the measured data. The
role of statistical fluctuations influencing the grade of plausibility in an assignment process will be further
discussed in Sect. 6.12.

Apart from statistical fluctuations, nuclear structure can significantly modify the transition probabilities
of a-decay, in particular in the case of odd-A or odd-odd nuclei. In the region of heavy elements, already
measured were o-transitions starting at one parent level, which spread with comparable intensity across an
energy window of up to about 1 MeV.

The measurement of different o-energies could raise doubts in the assignment of those transitions to a
certain parent isotope. Subsequent measurements at higher yield could reveal the actual conditions. In the
case of genetically linked decays, a plain and well established decay mode of at least one of the members
of the chain could result in an unambiguous assignment of other members of the chain, which have more
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complicated decay patterns. A common lifetime within statistical fluctuations measured for all those transi-
tions is another supporting argument for the assignment.

Concerning the assignment of priority of discovery, the measurement of different o-energies should not
be an obstacle to recognition of discovery, in particular, if these are expected in odd-A and odd-odd nuclei
and if later repetition experiments performed at higher yield confirm the first results.

Similarly, the measured o-decay properties in the case of isomeric states could complicate a clear assign-
ment in a first attempt. Unexpected long lifetimes for a high energy transition from the decay of the isomer
together with expected, possibly also observed decays of the ground-state could result in a difficult to under-
stand decay pattern. The data could be such that additional experiments are required. Also in such a case it
seems justified to assign priority of discovery to the first experiment if its results are confirmed at higher yield
in follow up experiments.

It can occur that discovery of a new element is claimed on the basis of a measured decay chain of which
one or more decays of the descendants agree with established data but, in addition, as a new result a new
decay branch, e.g. electron capture or SF, of one of the descendants is observed. Such a new result could
prevent recognition of the discovery. However, if the observation is confirmed in later experiments, the result
of the first experiment has to be accepted as the discovery of a new element.

Conceivable is a situation that the beginning of a chain marking the decay of an isotope of a new element
is genetically linked to one or more known daughters. However, a long lived decay at the end of the chain
was erroneously assigned as found out in subsequent experiments. For such or similar more complicated
situations strict rules cannot be meaningfully established in advance. A decision will depend on the weight
that the first experiment has been given to that long lived terminating nucleus for identification of the whole
decay chain. If the decay properties of this nucleus were essential for assigning the whole decay chain and
later experiments reveal an erroneous assignment of this specific nucleus, then assignment of the whole
decay chain must be questioned.

A relatively low weight should be given to the observation of the shortest thinkable genetic relation
measured for an implanted evaporation residue and subsequent SF. A combination of criteria obtained
from different measurements has to be applied for achieving a reliable discovery profile for a unique
assignment.

It seems reasonable to expect that identification of new elements via genetic relations between decay-
ing nuclei will be of major importance in future experiments. In those experiments the measurement
of decay chains occurring between ground-states of even-even nuclei will deliver the least complicated
results. Then, the observation of only one decay chain may be sufficient for assigning priority of discovery
of an element. In the case of odd-A or odd-odd nuclei, the decay paths can be more complicated, but also
then, one chain should be sufficient for assigning discovery of an element. Confirmation can be waived
if an investigation of all details of the experiment and analysis leaves no doubt on the correctness of the
result. Such a ‘one event rule’ without confirmation for assigning priority of discovery of an element relies
on the fact that the genetically linked daughter decays had been safely identified before in one or more
other experiments.

The formation of the sum of o-energies from the subsequent decays of nuclei within a chain has no
significance in the case of odd-A or odd-odd nuclei if the complete decay path including intermediate
electromagnetic transitions is unknown. In the case of even-even nuclei already the individual o-energies
reveal agreement when the transitions occur between ground-states. Forming the sum of o-energies is then
superfluous. However, different o-energies can occur also for decays of even-even nuclei when low energy
rotational levels or isomeric states are involved. Observations of this kind do not constitute an obstacle for
assigning priority of discovery.

The criterion of genetic relation between decays of nuclei of a decay chain, if used for assigning priority
of discovery of an element, is unequivocally connected to established decay properties of one or more known
nuclei of the descendants. Assigning a new element on the basis of such genetic relations has to be precise
in both A and Z.
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However, a correct assignment of the mass number A can be prevented if, e.g. the decay properties
of the known nuclei of neighbouring chains are similar within detector resolution. Their mass numbers
could have been determined, e.g. by additional measurement of excitation functions. In such a case an
assignment of Z can be correctly given but the mass number A can be only suggested or tentatively given
if no additional information, e.g. from the measurement of excitation functions is available. In these or
similar cases a tentatively given mass number A does not prevent assigning priority of discovery of an
element.

If the genetic relation is based on the decay of one or more isotopes of which the element affiliation is
based on measurement of X-rays or unambiguous chemistry, then an assignment of the mass number A is
irrelevant. It is not advisable to assign a mass number A to an isotope of a potential new element if A is not
definitely determined.

6.3.3 Genetic relations used for identification of elements 107 to 118

The method for establishing genetic relations is highly efficient in experiments at recoil separators in
studies of regions of the nuclear chart, where c-decays are the dominant decay mode, and the lifetimes are
within a time window from microseconds to some hundreds of seconds. These are the optimal decay prop-
erties of nuclei allowing for a safe identification of chains of correlated o-decays using position sensitive
silicon detectors. Such ideal conditions were the requirement for the successful identification of elements
from 107 to 118.

In those experiments the decay chains assigned to the elements from 107 to 113, see Table 1 and Fig. 1,
belong to the class of chains where the decay properties of nuclei at the end of the chain were already known.
These known nuclei act as so called anchor nuclei for identification of the decays of unknown nuclei. In
favourable cases only one measured decay chain was sufficient for discovery of a new element. To date the
longest chains consisting of six subsequent o-decays were measured for ?’Cn and ?*Nh.

Similarly long chains have been observed for elements 116 and 117 descending from *'Lv and **Ts.
However, all of the genetically related nuclei of decay chains measured in the discovery experiments of ele-
ments 114 to 118 do not end in the region of known nuclei, see Table 1 and Fig. 1. Applying the criteria which
are compiled in this work to the results of the discovery experiments performed at FLNR and of the confirma-
tion of those experiments and to new results obtained at other laboratories up to now, the following conclu-
sion can be drawn.

Firstly, an assignment of the decay chains ?*Cn — ?°Ds and #*?Lv — 2¢F1 — 2*Cn could be achieved due to
the comparison of the yields measured at the gas-filled separator DGFRS and the velocity filter SHIP and due
to the agreement of the decay data measured in both experiments. The usefulness of the different efficiencies
for separation of fusion products from xn and pxn, oxn reactions and products from multinucleon transfer
reactions for distinguishing the products of these reactions will be presented in Sect. 6.6. The nuclei of the
two decay chains given before were observed with the same yield at both separators. They served as anchor
nuclei in the new region of SHN. The relevance of *’Lv and ?®*Cn and their descendants as anchor nuclei
has been substantiated in independent work recently using the RIKEN gas-filled separators GARIS [76] and
GARIS-II [77], respectively.

Secondly, discovery profiles based on genetic relations, excitation functions, cross reactions, system-
atics of odd-even effects of the decay properties, and the exclusion principle resulted in an unambiguous
assignment of most of the other decay chains of SHN observed so far and, thus, of the new elements 115, 117,
and 118.

In conclusion we state that genetic relations represent a safe criterion for assigning discovery of
a new element in cases where the genealogy can be traced to at least one known descendant and the
measured data are of sufficiently high quality that an unambiguous assignment is possible. In the case
of decay chains consisting totally of unknown nuclei, additional investigations or measurements are
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needed so that additional criteria can be applied for safely assigning priority of discovery. The compre-
hensive set of data measured for elements 114 to 118 allowed for determining priority of discovery of that
elements.

6.3.4 Expectations for discovery of elements 119 and 120 based on genetic relations

Based on the present knowledge of nuclear reactions and stability of heavy elements, it is most likely that the
next new elements that will be produced are elements 119 and 120. With a beam of “8Ca the needed targets
would be **Es and *’Fm, respectively. Those materials are not available in sufficient quantities. Therefore,
heavier beams of isotopes of elements from scandium to manganese have to be used. The evaporation resi-
dues produced with those beams and targets of the most neutron rich actinides are listed in Table 2. The
evaporation residues are located in a region where o-decay is expected to be the main decay mode with high
probability. Consequently, well established decay chains will be populated and a safe identification of the
measured decay chains seems reasonable.

Most of the chains start with one, two or three unknown a-decays. After that in most cases already known
a-decay chains are populated, which terminate by known fissioning nuclei. Exceptions are the two decay
chains starting at °119 and #°120 where only the terminating fissioning nuclei are known. In two cases, the
expected decay chains starting at #°119 and *°119, all the members are unknown.

According to the estimates given in Table 2, it seems likely that elements 119 and 120 can be safely identi-
fied by genetic relations to known nuclei. However, there still exists uncertainty related to nuclear structure.
Difficult to predict are the currently unknown o-transitions into excited levels, in particular in odd-A and
odd-odd nuclei, the existence of isomeric states, and unexpected high fission probabilities which could result
in an early termination of the decay chains. Problematic could also be the insufficiently studied electron
capture decay mode of some of the longer living isotopes.

Experiments using fusion reactions of beams just above “3Ca and available neutron rich actinide targets
are a continuation of the experiments which led to the detection of isotopes on the island of stability and the
discovery of elements from 114 to 118. Isotopes of the new elements 119 and 120 are expected to be located on
the upper end of that island. They have a high probability to decay by ca-emission into now known nuclei,
which probably will result in a safe identification of the new elements. However, so far unknown nuclear
structure effects may complicate the decay characteristics so that for a safe identification of those elements
several subsequent experiments may become necessary. In that case, in turn, it will be the task of a future
JWP to assign priority of discovery on the basis of discovery profiles.

6.4 Criteria related to cross-reactions

Cross-reactions were considered as ‘valuable assignment criteria’ in the 1991 TWG report [1]. The definition is
based on a ‘comparison of the probability of production of a nucleus (A,Z) in different combinations of (A,Z)
and (A,Z),,, -

In the past and still in the 1991 TWG report the term ‘cross-bombardment’ was used. For understandable
reasons we suggest to use the term ‘cross-reaction’ instead. For similar reasons, we prefer the notion ‘beam’
or ‘beam particle’ instead of ‘projectile’, whenever possible.

In the ideal case of cross-reactions the same compound nucleus is produced in at least two different
combinations of beam and target resulting in the same evaporation residue. In these cases the lines in the
chart of nuclei connecting the beam and the target nuclei are crossing which gave the name to these types
of reactions. An example is Ne +##Cm and *Mg +2**Pu, both resulting in the compound nucleus #°Sg. Beam
energies can be chosen so that also the same excitation energy is obtained. Only slight differences exist in the
distributions of the angular momenta if similar beam-target combinations are used.

target
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The main difference between the two constituents of a cross-reaction is related to differences in the
entrance channel. At the time of the 1991 TWG report it was well known that in reactions with light beams
the probability is relatively high for pre-compound o-emission or even a more vigorous breakup of the beam
particle followed by incomplete fusion. Nuclear structure of the beam particles as, e.g. cluster effects deter-
mine the probability for such break-ups. Therefore, one could expect that those break-up reactions occur with
different probability when different light beams are used giving information on the reaction mechanism and
thus the produced nuclei or elements. The quantity of information is enhanced when, in addition, angular
and/or velocity distributions of the evaporation residues and excitation functions are measured. The results
from such a complex of measurements will result in a valuable assignment criterion for the discovery of a new
element. This means to experimentally distinguish xn, pxn, oxn evaporation channels and pre-compound
particle emission and incomplete fusion.

The before given definition of the term cross-reaction is very strictly related to the production of the
same compound nucleus using different combinations of beams and targets. However, the definition can
be extended so that it means the production of the same nucleus and its subsequent decay chain using any
reaction, including the secondary production via radioactive decays. For all reactions and radioactive decays
except -decay, this has the simple consequence that the observation of a nucleus (4,Z) must have an atomic
number Z less than or equal tothesum Z___ +Z7 If, e.g. a new nucleus (4,7) is observed in a reaction with

beam target®
Z +Z <118, this nucleus cannot be an isotope of a new element, taking into account that the presently

beam target —
(2018) heéviest known element has the element number Z=118.

The new definition is reasonable for two reasons. Firstly, new elements beyond Z=118 will not be pro-
duced in fusion reactions with light beams where pre-compound particle emission and incomplete fusion
play a major role. So far, in cold fusion with beams from isotopes of calcium up to zinc and in hot fusion with
beams of “éCa strong components of such reactions were not observed. In these cases, beams in the vicinity
of “Ca and actinide targets, multinucleon transfer and quasifission have relatively high cross-sections but
the products of those reactions were dominantly observed in the area close to the target nuclei and not in
the region of elements beyond rutherfordium. Secondly, in possible future experiments using multinucleon
transfer reactions with significantly heavier beams as, e.g. ?°U, the assignment of the atomic number could
be restricted using different combinations of beam and target with gradually decreasing sums of Z, __+Z arget”

The following examples are intended to elucidate the new definition of cross-reactions and the resulting
criteria which can be applied for assigning discovery of a new element.

Firstly, we consider two reactions with the same light beam but different targets, e.g. ?Ne +“Pu and
2Ne +28Cm, resulting in the compound nuclei ?°Rf and #°Sg. In both cases the beam particle will contribute
in a same way to the reaction. Information related to differences in the entrance channel like pre-compound
o-emission cannot be obtained. From the result the trivial conclusion is obtained that with the two protons
heavier target a two protons heavier evaporation residue is produced, which must, in the case of a-decay,
populate the decay chain produced with the lighter target. This determines via genetic relation only the Z
when the Z of at least one of the daughter products is already known.

In recent JWP reports the term cross-reaction was already used in the sense of our new definition.
Reactions using a “®Ca beam and targets with atomic numbers differing by two units were called cross-
reactions. It was considered as a strong criterion for assigning discovery of a new element when the
decay chain produced with the lighter element target was populated by a-decay of an isotope produced
with the heavier element target. However, such a conclusion is only justified when the decay chain
starting at the isotope of the lighter element is already well established. But then the criterion of genetic
relations has to be applied.

Related to the item of cross-reaction is the production of the nucleus (4,2),, with the same beam but dif-
ferent target isotopes, e.g. *?Pu and *“Pu, at different beam energies in different xn-evaporation channels.
Also such a combination is not a cross-reaction in the old definition, but it is using the new definition given
here. A closer inspection of the results which are obtained from the reactions using two different target iso-
topes reveals that the obtained information is closely related to the criterion of excitation function which is
discussed in Sect. 6.5.
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A similar but slightly more complicated scenario is given by the two reactions “®Ca +*?Pu and “éCa +*°Cm
resulting in the compound nuclei ?°FI and #>Lv, respectively. The nucleus 2*’FI can be produced in a 3n evapo-
ration channel from *°Fl or as o-decay daughter of #'Lv which originates from a 2n channel in the reaction
with the #*Cm target.

These two reactions are an example where the influential arguments for an element assignment are
based on the different excitation energies of the compound nuclei in the two reactions, arguments which
belong to the category of excitation function. Again, arguments for assigning discovery of the two protons
heavier element are only due to genetic relations if at least one of the daughter products is known, but not
from the fact that with the curium target a two protons heavier element is produced. In the given example the
recognized anchor nucleus was ?Cn, the o-decay daughter of 2¢’F1 which resulted in the assignment of prior-
ity of discovery of, firstly, element 114 and, then, of element 116. Without that previously recognized nucleus
23Cn the application of the cross-reaction criterion alone would not contribute arguments for the discovery
of the new element 116.

6.5 Criteria related to excitation functions or yield curves

Requirements for the measurement of high quality excitation functions are monoisotopic beams of well-
defined energy, a reliable determination of the beam dose, a monoisotopic target material, homogeneous
targets of known thickness resulting in energy loss less than the width of the excitation function, a precise
control of possible changes of the target during irradiation at usually high beam intensities, and eventually,
a detection technique of well-known efficiency. The knowledge of the efficiency is not needed for the meas-
urement of yield curves. Yield curves compare the number of identified isotopes relative to each other as
function of the beam energy or other properties, as, e.g. the ion optical settings of a separator. For the meas-
urement of yield curves the stability of the whole measuring system is mandatory.

The greatest obstacle for measuring excitation functions of SHN is the low production yield. If only one
or a few atoms are produced in measuring times of several weeks, the statistical error bars are large and the
accuracy is usually insufficient for determining height, width, and position of an excitation function. Nev-
ertheless, such measurements were performed in several cases of cold and hot fusion reactions, see review
articles [8, 11, 78].

The results on hot fusion revealed that the excitation functions of the 3n and 4n channels have the
highest maxima and a reasonable width of about 10 MeV as expected from many other measurements for
lighter elements at comparable excitation energy. The positions of the maxima of the excitation functions
at 35 to 40 MeV do not differ significantly so that the evaporation of three or four neutrons cannot defini-
tively be determined. The physical reason for overlapping excitation functions is given by the energy of the
fusion barrier, which cuts the fusion probability on the low energy side thus producing a maximum of the 3n
channel at higher energy than expected without a barrier suppression of fusion. The same argument holds for
the 2n channel which is even more significantly cut by the fusion barrier. At higher energies, only few values
at excitation energies of 45 to 50 MeV were measured for the 5n channel.

Valuable for an isotopic assignment is a comparison of results measured, e.g. with a beam of “®Ca and
targets of the same Z but different A, e.g. >?Pu and “Pu. In that case an evaporation residue, in the example
it could be the already known isotope #7Fl, can be produced in a 3n channel with **Pu and it could be
observed at higher beam energy with the *“Pu target in a 5n channel, but then at lower cross-section. If this
turns out to be the case it is a strong criterion that in both reactions the evaporation residue was produced
in xn or pxn evaporation channels. Energetically possible axn channels would reveal a different trend. Due
to the higher Coulomb barrier for a-emission the oxn cross-section would increase with increasing beam
energy in this range of excitation energies.

A priori, o-evaporation is not an energetically forbidden evaporation channel in the region of SHN.
When new regions in the chart of nuclei are being explored experimentally, also this option has to be con-
sidered. Then, the sole measurement of yield curves with expected low number of events is not sufficient to
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unambiguously distinguish xn, pxn or oxn channels. Therefore, additional criteria must be considered for
assigning priority of discovery of a new element.

A prominent example is the discovery of the new elements flerovium and livermorium located in the, at
that time, unexplored region of spherical SHN with no connection via decay chains to known nuclei. In these
cases, the element numbers 114 and 116 were unambiguously determined applying the discovery profiles as
outlined in [21, 22].

In follow up experiments using hot fusion with beams of “*Ca, a possible evaporation of o-particles from
the compound nucleus was not established. Failed observation of decay o-particles from a parent nucleus
produced in a supposed xn channel could be reasonably explained by technical deficiencies. Therefore, the
stricter rules related to the application of the criterion of yield curves, which have to be applied on results
exploring new regions in the chart of nuclei, can be relaxed when sufficient experimental results are already
available. As recent examples we mention the discovery of new isotopes of elements flerovium and livermo-
rium and the discovery of the new elements moscovium, tennessine, and oganesson after the production of
the first isotopes of flerovium and livermorium was acknowledged.

Valuable information in relation to excitation functions can be obtained from experiments when
the beam energy is deliberately chosen unusually high or low. The then obtained negative results can
be considered as criterion for the production of observed nuclei in a fusion-evaporation process at the
proper beam energy and that within the statistical relevance the positive result was not produced ran-
domly. In particular, a production of isotopes in multinucleon transfer reactions could be excluded.
Their excitation function differs considerably from that of a fusion-evaporation reaction. Prerequisite
for the application of these arguments are the sufficiently high isotopic purity of beam and target and a
mono-energetic beam.

The excitation functions of cold fusion reactions are located at excitation energies between 10 and
20 MeV for the 1n and 2n evaporation channel [11, 79]. Their width is only about 4.5 MeV. In future studies
of cold fusion an interesting phenomenon would be the observation of a On channel, e.g. a radiative capture
process. Although cold fusion may not be the choice for producing new elements, further studies are highly
important for the understanding of the reaction mechanism in particular with beams of more neutron rich
radioactive isotopes which will be available in the future.

6.6 Criteria related to properties of heavy ion separators

The sole method for separation and partly also for identification of the first transuranium elements was
chemistry. Later, mechanical transport systems like wheels, tapes or gas transport systems were used to carry
the activity in front of or between radiation detectors. This way the elements from lawrencium (Z=103) to
seaborgium (106) were discovered. Such systems were relatively slow. Already the measurement of lifetimes
of a few milliseconds turned out to be problematic. For separation of products from different reactions only
the range in the stopping material could be used. The criteria established in 1991 [1] took in particular into
account those separation and identification methods for assigning priority of elements from 101 to 106.

A breakthrough in the direction of shorter lifetimes and efficient separation was achieved with the
development of electromagnetic separators for in-flight separation of the reaction products in the middle
of the 1970s. The first new elements which were discovered with the new technique were the elements from
107 to 109 measured at SHIP [8]. At that time, the 1993 TWG report called it a ‘very sophisticated technique’.
The results were so convincing that TWG assigned priority of discovery of element 109 to the SHIP group ‘even
though originally only one event was observed’.

Since that time, in-flight separation by electromagnetic devices, both vacuum and gas-filled separators
are in use, and implantation into position sensitive detectors became the standard tool in research on new
elements. All new elements from 107 to 118 were produced using this method. The sensitivity was improved
not only with respect to measuring short lifetimes, but also with respect to measuring production yields
with cross-section of about one picobarn and even below. It seems reasonable that the sensitivity can be
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Table 3: In-flight separators used or under construction for SHN and SHE research.

Vacuum separators Q/msr P, /deg Bp/Tm Fp/MV
D,/deg
Kinematic separators
LISE-3 Wien filter [85] - Cross-fields - -
SHELS, FLNR [86]Y 5.5 —-8+16-16 +8 +37 1 10
SHIP, GSI [87] 8 -6+12-12+6 -7 1.2 20
VASSILISSA, FLNR [88]” 15 -8+16-8+37 1 26
Recoil mass separators
FMA, ANL [89] 8 -20+40-20 1.0 18
MARA, JYFL [90] 10 -20+40 1 14
S3, GANIL [91]9 9 +22+422-25-22 1.8 12
Gas-filled separators
BGS, Berkeley [92] 45 —25-45 2.5
DGFRS-I, JINR [93] 10 -23 3.1
DGFRS-II, JINR [94]° - +30+10 3.2
GARIS, RIKEN [95] 12 —45-10 2.16
GARIS II, RIKEN [96] 18 -30-7 2.43
RITU, JYFL [97] 10 +25 2.2
SHANS, LANZHOU [98] 25 +52 2.9
TASCA, GSI [99] 13 -30 2.4

a) Maximum electric tension is £250 kV, maximum magnetic flux density is 0.1 T.

b) The energy filter VASSILISSA was modified to the velocity filter SHELS in 2015.

c) Under construction.

The table displays the angular acceptance, £, in msr and the dispersive elements listed with the deflection angles @, and @,

in degrees. The subscripts B and E distinguish deflection in a magnetic field B and in an electric field E, respectively. Deflection
by magnetic and electric fields is given in black and red, respectively. Plus and minus signs indicate deflection to the left and to
the right, respectively, with respect to the beam direction. The first dispersive element of the separators is given to the left. The
maximum beam rigidities Bp in Teslameter (Tm) and Fp (red) in Megavolt (MV) are also given. The slightly modified table was
taken from [84].

further improved, which recommends this method for heavy element research also in the future. Therefore,
the presently used technique is described in more detail in the following. The description of the identification
techniques at separators was presented in Sect. 6.3.1 on ‘Technical criteria for establishing genetic relations’.

In-flight separation by electromagnetic devices uses primarily the different momenta and ionic charge
states of the ions participating in nuclear collisions or reactions. The main advantage is the fast separation
time of approximately 1 pus. In addition, the separation is independent from chemical properties of the pro-
duced species, except a weak dependence of the ionic charge state of low velocity ions in a gas filled sepa-
rator [80]. Different research aims and other boundary conditions demanded different designs of in-flight
electromagnetic separators. Table 3 lists those presently in operation or under construction.

In the case of fusion reactions, the momentum of the projectile is fully transferred to the momentum of the
compound nucleus. During de-excitation of that excited compound nucleus, its momentum is changed by the
recoil from the emitted neutrons, protons, and/or o-particles. The momentum of the resulting evaporation residue
being in the ground-state or in an isomeric state, is modified by energy loss and straggling in the remainder of the
traversed target layer. Eventually, the mean electric charge state of the evaporation residue and the charge-state
distribution is determined by its velocity and the properties of the material covering the target downstream.

A complication arises in the case that the evaporation residue leaves the target in an isomeric state having
a lifetime less or comparable to the flight time of the evaporation residue through the separator. De-excitation
of the isomer can result in a considerable increase of the charge state by emission of conversion and Auger
electrons. A sudden change of the charge state inside the electromagnetic fields of a vacuum separator results
in a change of the ion optical trajectory and, possibly, in complete loss of those evaporation residues. The
effect is less critical in the case of gas-filled separators.
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In the case of lifetimes of the isomer shorter than the time needed for entering the first ion optical element
of the separator, which is generally about 10 to 100 ns, this phenomenon can be avoided by placing a charge
reset foil, e.g. 20 ug/cm? carbon foil, between target and first ion optical element of the separator. A further
advantage of such a foil is the increase of the charge state of the beam particles which could pass the thin
target through pin holes. Without such a foil the relatively low charge state of the beam particles from the
accelerator results in high electromagnetic rigidity and thus increased background behind the separator in
the zero degree direction. Due to the relatively high velocity of the beam particles, this latter kind of back-
ground is effective also when gas-filled separators are used.

The main purpose of the separator is an efficient suppression of beam particles and of unwanted reaction
products. In experiments searching for evaporation residues produced in complete fusion reactions, all other
reaction products as those from multinucleon transfer reactions and fission of the compound nuclei appear
as background. Unwanted background particles also arise from beam particles traversing the target without
reaction and from elastically scattered target nuclei.

Basically two separator types can be distinguished, vacuum and gas-filled separators. The main differ-
ences are related to the different charge states of all ions entering the focusing and separating fields, which
result in different properties for separation.

The arrangement of magnetic and/or electric fields in the case of vacuum separators allows for separa-
tion in velocity (SHIP, SHELS), energy (VASSILISSA) or mass (FMA, MARA, S3), see Table 3. The advantage
of velocity filters for separation of evaporation residues is given by the fact that evaporation residues have a
well-defined velocity which is different from all other reaction products and the beam particles. In the ideal
case of combined electric and magnetic fields the separation is independent from charge and mass, which is
a major advantage in the case of isomers decaying inside the separator by emission of conversion electrons
or Auger electrons. At separated magnetic and electric fields such decaying isomeric evaporation residues
which rapidly increase the charge state to a high value will most likely hit the walls of the vacuum chamber.
The range of accepted velocities can be adjusted so that transmissions of 5 to 50 % are obtained.

Varying the fields of the filter allows for measuring the velocity distribution of reaction products. This
way pre-compound emission of a-particles from light beams, emission of o’s from the compound nuclei or
nuclei produced in multinucleon transfer reactions can be distinguished from evaporation residues produced
in xn or pxn reactions. In the particular case of a-emission from the compound nuclei, the yield of the evapo-
ration residues as function of the velocity has a minimum at the velocity of the compound nucleus [81, 82].
The reason is that in the case of a-emission perpendicular to the trajectory, the recoiling evaporation residue
will not enter the acceptance angle of the separator. Alphas emitted in or opposite to the beam direction
transfer momentum to the recoil nucleus so that its velocity is no longer within the accepted range if this is
adjusted for velocities of the compound nucleus, i.e. evaporation residues from xn of pxn reactions.

The basic idea for developing gas-filled separators lies in the fact that in collisions of the reaction prod-
ucts with the atoms of the gas, the reaction products with velocity v continuously change the ionic charge
state so that the ions of element number Z carry a mean charge state g proportional to v x Z/> when traversing
the gas volume. In general, helium or hydrogen is used as the gas filling at a pressure of 50 to 100 Pa (0.5 to
1 mbar).

Because the deflection of ions of mass number A in a magnetic field is proportional to v x A/q, we obtain
a velocity independent deflection in the magnetic dipole field of a gas-filled separator being proportional to
A/Z'5[83]. As A/Z is roughly constant in the region of heavy isotopes, the deflection in a magnetic field is pro-
portional to A** and independent from velocity and ionic charge state. Therefore, the transmission through
a gas-filled separator is high, particularly in reactions with light beam particles where the relative velocity
spread and relative charge distribution of the evaporation residues escaping from the target is broad [82].

Another advantage is the simplicity and low cost of such a separator. Disadvantages of the A** separa-
tion include the higher background in particular of target-like transfer products in irradiation of heavy target
nuclei with light beam particles. Another drawback is given by the fact that gas-filled separators do not suf-
ficiently discriminate between evaporation residues produced by evaporation of nucleons from oxn channels
or products of incomplete fusion.
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At sufficiently high number of events, discrimination between xn or pxn and oxn channels can be
achieved with a velocity filter by measuring the velocity distribution of the reaction products. A comparison
of the cross-sections measured with a kinematic separator with field settings appropriate for the velocity of
xn channels with the cross-sections measured with a gas-filled separator may already be sufficient for dis-
crimination. Measurement of the complete velocity distribution is not needed. However, pxn channels cannot
be distinguished from pure xn evaporation channels, though the recoil from an emitted proton is too small to
drive the recoiled nucleus out of the velocity window. Whether elements with odd or even proton numbers are
produced in xn and/or pxn reactions could be determined using the criteria of genetic relations, systematics
of odd particle hindrance, X-ray or high precision mass measurements.

Useful information for distinguishing xn, pxn channels from oxn channels and multinucleon transfer
reactions can be also obtained by a change of the separation properties of the separator. This procedure can
be applied for vacuum as well as gas-filled separators. The separation and suppression properties of a separa-
tor can be modified mechanically by changing collimating elements within the separators or ion optically by
modifying the field settings. At gas-filled separators, e.g. a high resolution mode and a high efficiency mode
can be obtained using different settings of the focusing quadrupole elements.

Of essential importance for the quality of separation is the quality of the beam and the target. Particles in
a beam halo will hit the target frame or beam diagnostic elements, where they are scattered and lose energy,
both effects resulting in an increase of the background of beam particles behind the separator. Similar effects
arise from admixtures to the beam of other isotopes or other beam energies than the nominal value.

Inhomogeneous targets or changes of the structure of the target during irradiation at high beam intensity
results in unwanted and often uncontrolled changes of background and transmission. Essential is a continu-
ous control of the target. Location of the target and size of the beam spot have to be adapted to the properties
of the separator. E.g. high intensity beams demand a larger size of the beam spot whereas small beam spots
result in better performance of the separator.

Other technical problems to be solved when using high intensity beams is the heating of the target which
eventually could result in melting or evaporation of the target. The unavoidable sputtering of atoms or clus-
ters of atoms from the target surfaces is another destructive phenomenon. The use of rotating target wheels
was a step in the direction of using higher beam intensities.

Further improvement of the separators is possible. Larger sizes of the focusing elements and larger gaps
of the deflecting fields will increase the transmission. The background can be reduced by installing addi-
tional ion optical elements or using a tandem of vacuum and gas-filled separators.

The efficiency or transmission is an important but difficult to determine property of a separator. It is
essential for calculation of the cross-section, and high efficiencies simply save expensive beam time. In
general, the efficiency must be determined for each specific experiment. It depends on the reaction and thick-
ness and composition of the target. These items determine values and widths of velocity, charge, and angular
distribution of the reaction products being ejected in the direction of the separator. Whereas the trajectories
inside the separator of particles with known properties can be calculated safely, uncertainties arise from the
properties of ions, in particular of those of isotopes of new elements, escaping from the target. All these items
result sometimes in erroneous and misleading information on efficiency values of specific separators given
in the literature. In addition, there has been a tendency to be optimistic when describing the efficiency of
separators.

Most influential on momentum and charge state of ions and thus on efficiency calculations is the target
thickness itself. Small widths of both momentum and charge state distribution of the ions and thus high effi-
ciency values are obtained with thin targets (0.1 ug/cm? or less). However, in this case the yield of produced
nuclei is small. Optimum values for the target thickness are in the range from 0.4 to 1.0 mg/cm? Then, the
angular acceptance is less due to scattering of reaction products in the thicker target layer, but the number of
produced nuclei is significantly higher.

The measurement of efficiencies is difficult and time consuming in the case of small cross-sections. Accu-
rate and systematic data were obtained for the gas-filled separator RITU in Jyvaskyld [100]. Gamma rays from
the de-excitation cascade of the evaporation residue were measured directly at the target with Ge detectors in
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singles mode and in coincidence with evaporation residues behind the separator. In this case the efficiency
of the detector system behind the separator is also included.

Other measurements of the efficiency used catcher foils or tape transport systems mounted directly
behind the target. The caught and transported activity is measured off-line and is then compared with the
activity measured behind the separator. However, these methods are applicable only for radioactive decays
with relatively long lifetime (=1 s) and high production rates because all other reaction products contribute
as background to the stopped and unseparated activity.

Finally, we mention isotope separators on-line, so called ISOL systems. In these systems the reaction products
are stopped and escape at low charge states from the heated stopping device by evaporation or from an ECR-ion
source as used in more recent devices. The ions are accelerated by a DC electric tension of about 30 to 100 kV and
enter a separating magnetic dipole field with well-defined momentum which results in a mass resolution m/Am of
several thousand. Although these devices were very successful in discovery of many exotic isotopes, they were not
used in recent discoveries of new elements. The main reasons are the relatively low efficiency, the relatively long
time for extraction of the ions from the ion source, and the dependence on chemical properties.

Extensions to kinematic separators, which resulted in new applications in recent years, are devices for
high resolution mass measurements like ion traps or multi reflection time-of-flight (MRToF) mass spectrom-
eters. Before the reaction products enter the measuring devices, they need to be stopped in a gas catcher from
which they are extracted by electric fields of a few Volts per centimetre. These gas filled chambers, which by
themselves can be used for a number of physical and chemical investigations, unfortunately reduce the effi-
ciency of these devices. More details related to the possibility for identification of the element number using
precision mass measurements will be presented in the following Sect. 6.7.

6.7 Criteria related to precision mass measurement

The following text is taken from the 1991 TWG report [1]:

‘A well calibrated mass spectrometer with a resolution significantly better than 1/2 mass unit can yield an excellent criterion for
assigning the mass number of the reaction products. One should, of course, be certain that one does not accidentally observe
molecular fragments with the same XA.

Although in ion sources for mass spectrometry some chemical differentiation occurs, no useful information concerning Z can
be drawn from A, except of course that an exceptionally high A would point strongly to a new (high) value for Z. Also, the value
from evidence from other data might be strengthened by combination with mass spectroscopic evidence (e.g. when a possible
daughter was observed.)

Even with limited resolution, a mass (‘isotope’) separator can be used to suppress unwanted backgrounds.’

Since that TWG report, devices for high precision mass measurements of isotopes became a standard tool in
nuclear and atomic physics. Of interest for isotopes produced at accelerators are the devices mounted on-line
behind recoil separators. As stand-alone systems they are of interest in experiments searching for long living
SHN in nature, similar as isotope separators, but with significantly higher mass resolution.

Two spectrometer types were developed, Penning traps and multi reflection time-of-flight spectrometers
(MRTOoF). Both types were already used for precision mass measurements of isotopes in the region of heavy
elements [101-104].

The mass measurement is independent from the decay mode (a-, B*- and p~-decay, SF) for both types. This
predestines precision mass measurement for a direct identification of the mass number A, in particular in cases
where genetic relations due to long lifetimes can no longer be established. The lower half-life limit for measuring
masses is at a few hundreds and a few tens of milliseconds for Penning traps and MRToF systems, respectively.

The precision of the mass measurement using a Penning trap was Am/m= 6 x 1078 for several isotopes of
nobelium, which corresponds to an uncertainty Am x ¢? of about 15 keV [102, 105]. The cyclotron resonance
curve for determining the mass value was observed with a number of 100 to 200 nuclei [106]. At a number of
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Fig. 5: Theoretical mass excesses [35] plotted for isobars from A=282 to 304. The curves are labelled with the element
number Z. Red circles mark the nuclei of the c-decay chain starting at the possible candidate 2°°120 of the new element 120
down to 2#*Cn. Already known are the nuclei from ?'Lv to the spontaneously fissioning 2¢’Rf of the a-decay chain, though the
isotope ?Ds has an SF branching of 90 % [10], not shown here. Squares in green mark the nuclei #7Hs, 2°Ds, ?*'Ds, and 2°?Ds.
For these superheavy nuclei longest half-lives are expected as discussed in Sect. 4.1. These nuclei are also emphasized in
Fig. 2. Note that the masses of neighbouring isobars differ by about 931 MeV/c? and are well separated by accurate mass
measurements. See text for further explanation.

only 48 nuclei, which is at the lower limit for measuring a resonance curve, the mass of *Lr (T, p=27 S) was
measured with an accuracy of Am/m of 3x 107 which corresponds to a Am x ¢? value of 83 keV [102].

The limitation for measuring masses of isotopes with short half-life is shifted to values of some tens of
milliseconds using MRToF mass measurement. E.g. the mass of ?°Rn (T, =195 ms) was measured in [107]. In
addition, accurate masses can be obtained already from a significantly smaller number of ions. The mass of
29Md (Tl =24 s) was determined with an accuracy of Am/m=1x107 s which corresponds to a Am x ¢? value of
26 keV from only 14 detected ions [104].

The efficiency of the systems, when used on-line, is mainly determined by the efficiency of the pre-
ceding gas-filled stopping chamber. It is at about 1 to 10 %, but continuous efforts are being made for
improvement.

The high accuracy of the mass determination may also allow for a determination of the element number Z or at
least a narrowing of Z in certain regions of the chart of nuclei. For many nuclei in the region of heavy elements the
masses from one to the next heavier isobar, both having the same A but differing by one unit in Z, differ by more
than 1 MeV/c2. Therefore, at a mass resolving power of less than 0.1 MeV, information on Z is obtainable.

However, precision mass measurement does not offer an unambiguous criterion for Z identification. For
demonstration we show in Fig. 5 mass-excess values for isobars of SHN from A=282 to 304. The values were
taken from the MM model calculations [35]. The range of Z values is determined by the tabulation given in [35].
For the comparison it is reasonable to use mass-excess values instead of masses. However, note that the masses
of neighbouring isobars differ by about 931 MeV/c? and are well separated by Penning-trap or MRToF systems.

Particularly difficult for Z identification are isobars close to the bottom of the valley of stability. Exam-
ples are the nuclei of SHE for which longest half-lives are expected, see explanation in the figure caption and
Sect. 4.1. The mass-excess values of these four nuclei are marked by green squares in Fig. 5. Considering an
uncertainty of the mass calculation of about £2 MeV, we obtain, e.g. near the expected mass for ¥?Ds, Z values
from 110 to 114. An unambiguous result would be obtained if such a mass would be measured in a fusion reac-
tion with a compound nucleus of element 110. In that case the reaction restricts the Z values to 110. However,
the observation of such a mass in a multinucleon transfer reaction using the reaction 28U + U, e.g. would
restrict the Z values from 110 to 114.
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Less ambiguous results are obtained for nuclei at a distance from the bottom of the valley of stability. Exam-
ples are given by a possible decay chain starting from #°120. The nuclei of the chain are marked by red circles in
Fig. 5. Due to the crossing of curves with different Z, an element assignment is not completely definite, but can
be limited to only two elements, for #°120 to Z=120 and 109, for *°0g to Z=118 and 108, and for *'Lv to 116 and
107. In the case of fusion reactions the lower Z values can be excluded at the given A values due to the too high
neutron numbers of N=190, 187, and 184, respectively. In the case of multinucleon transfer reactions additional
criteria must be applied for obtaining an unambiguous Z assignment. If, however, at least two subsequently cor-
related a-decays are measured, the lower Z values are also excluded, because they differ by one unit in Z only.

In the given example, too short half-lives for °120 and ?°0g could restrict the mass measurement to *'Lv
and to nuclei further down in the decay chain. On the other hand, high spin isomers could result in longer
half-lives of °120 and #°0Og, which again could be accessible for a precision mass measurement. Also in these
cases, a Z identification could become possible, if the excitation energy of the isomer is not too high, e.g. less
than about 2 MeV.

Other possibilities for mass measurements, but of less resolving power, are experiments at ISOL magnetic
mass separators and accelerator mass spectrometry. Both systems were already used in search experiments
for isotopes of SHE in nature [108, 109].

Problematic in all mass measurements is the possibility of the formation of heavy molecules, which could
mimic the existence of a superheavy isotope. Repetition of experiments at different devices and under different
conditions could help to avoid erroneous assignments. In the case of exclusion experiments it has to be dem-
onstrated that the observation of possibly existing isotopes is not prevented by the experimental conditions.

We also point out the usefulness of time-of-flight energy measurements with detectors mounted directly
behind recoil separators. Already in several experiments performed so far, such a ToF-energy measurement
resulted in a course assignment of the mass number of the implanted nucleus with an uncertainty of about 10
to 20 %. In most cases this was sufficient for excluding most of the background events originating from scat-
tered beam particles, scattered target-like nuclei, and multinucleon transfer reactions. Further improvement
of these ToF-energy devices with respect to resolution and efficiency would be desirable.

6.8 Criteria related to characteristic X-rays and Auger electrons

The 1991 TWG report stated:

‘The energy of X-rays can be determined in the same way as those of y-rays. They can be distinguished from y-rays if observed
with reasonable statistics, since X-rays (both K and L) show very characteristic patterns. Similarly, Auger electrons might be
distinguished from conversion electrons. The presence of X-radiations of the correct energy is an unambiguous assignment
property yielding the atomic number of the atom emitting those X-rays.’

X-rays are the most direct characterization of an element and represent a most significant criterion for its
discovery. The measurement of X-rays determines uniquely the element number. It is independent from the
mass number A.

X-rays can be emitted from the originally produced isotope of an element during decay of an isomeric
state when one or more electromagnetic transitions are converted and holes in the K or L electron shells are
produced. Another possibility is the production of inner shell vacancies, with less probability in the K shell,
when fast ions pass a converter foil, e.g. a 1 mg/cm? tin foil [110]. This process received the name collision
induced X-rays. A third method which is of interest in particular in the case of larger samples of unknown
material is proton-induced X-ray production [111].

As described above, an element must have a lifetime longer than approximately 10™* s. This lifetime
criterion is not fulfilled when, e.g. X-rays are observed in coincidence with fission fragments from the disin-
tegration of a compound nucleus. Such X-rays attributed to element 120 were observed in coincidence with
fission fragments in the reaction *Ni+?*U at the VAMOS spectrometer at GANIL [112]. In that experiment a
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minimum mean fission lifetime of 2.5x 108 s of the compound nucleus was deduced from the energy widths
of the measured X-rays lines.

Radioactive decays are another source for a possible emission of X-rays if excited levels in the daughter
nucleus are populated. Electron capture directly produces inner shell vacancies. Like in the case of X-ray
emission during the decay of an isomeric state, these processes depend on the structure of the individual
nuclei.

The emitted X-rays, when produced in a- or B-decay including electron capture, are characteristic for
the element number of the daughter product of the radioactive decay. In present day heavy element experi-
ments these kind of X-rays are usually measured in coincidence with o-particles, but also coincidences with
conversion or Auger electrons or y-rays would be possible if the daughter product de-excites in a cascade of
electromagnetic transitions. The reason for the necessity of coincidence measurement is the rare number of
produced nuclei at simultaneously high y background.

It is not necessary that the o—X-ray coincidence be measured for the o-decay of the produced isotope
of the new element. In the case of a-decay chains, coincidences can be obtained also with o-decays in later
steps of the chain, sometimes even with higher yield which depends on the nuclear structure of the decay
products. Such an experiment, where o-particles in decay chains from 2**Mc were measured in coincidence
with photons, was recently performed at GSI. The statistics are not good enough to draw definite conclusions
but the experiment proves that the principle of X-ray identification can be made to work [113].

However, these o—X-ray coincidence measurements can give ambiguous results if pxn evaporation chan-
nels can occur and if electron-capture decays are possible decay modes of nuclei of the decay chain. An
example is shown in Fig. 6. In both cases (a) and (b), the o,-particle is followed by X-rays of element (Z - 5)
where Z is the element number of the compound nucleus. However, the implanted residue can be element
Z produced in a 3n channel (a) or element Z — 1 produced in a p2n channel (b). The a—X-ray coincidence
measurement identifies unambiguously only the element number of the X-ray emitting nucleus and it’s
o-decaying parent, but not that of further predecessors. Considering unknown o-decay hindrance factors
and relatively high electron-capture decay probabilities, lifetime estimates will not be able to distinguish the
two possibilities.

In the case of longer decay chains even more than one electron capture decay can occur, and various
decay paths become possible. In conclusion we have to state that without additional assumptions an o.—X-ray
coincidence measurement for one o-decay of a chain does not result in general in an independent unambigu-
ous assignment of the element number of all members of the decay chain. Unambiguously identified is only
the element number of the o-decaying nucleus and its X-ray emitting daughter.

a (ZA)n-3n b (ZA)n—p2n c  (ZA)y—3n

(ZA-3)er (ZA-3)er

(Z-1,A-3)eq

Yzanst Xza

Yzantt Xzans
Z-4 AT
Yesart Xzsaz Vzsart Xzsaz

Z5A7 Z5AT

Fig. 6: Schematic decay schemes of examples of a—X-ray coincidence measurements. The assignment of the element number of
the evaporation residues (ER) at the beginning of the a-decay chains is ambiguous in (a) and (b). It is unambiguous in (c). Note,
that a possible X-ray emitted from the nucleus (Z-3, A-5) in a) is not in prompt coincidence with o and, therefore, difficult to
determine. In all three cases the compound nuclei (CN) have the same A and Z values.
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Figure 6¢c shows an example for an unambiguous assignment by an o—X-ray coincidence measurement
in the case of a fusion evaporation reaction when the element number of the compound nucleus is known by
the reaction and the total number of a-decays was measured. In that case the X-ray of element (Z-4) deter-
mines the element number of all members of the chain. If, however, the chain was produced in a reaction
where the Z value of the reaction product is not defined, e.g. a multinucleon transfer reaction, then only the
element numbers of the two nuclei involved in the o.—X-ray coincidence are defined when electron capture of
the precessors cannot be excluded.

Delayed o—X-ray, X-ray—o or X-ray—SF coincidences become possible at short enough lifetime of the
decaying nucleus or isomer and correspondingly low background of the y-spectrum. Intermediate emis-
sion of y-rays or conversion electrons may complete the decay pattern. Prerequisite for the measurement of
such a more complete decay pattern is a high sensitivity for low energy signals achievable only with a low
noise electronic equipment and without signal losses due to dead time effects. With such ideal instrumen-
tation the ambiguities related to intermediate electron capture decays or isomeric states could be signifi-
cantly reduced. First promising results of measurements in the region of superheavy nuclei were published
recently [114, 115].

In any case, identification via X-rays requires sufficient statistical accuracy so that the characteristic
intensity distribution identifies the measured signals as X-rays and, secondly, that the X-ray lines are statisti-
cally significantly visible on top of a possibly also structured background.

6.9 Criteria related to systematics of experimental results and theoretical
predictions

Chemical properties of elements and physical properties of nuclei and atoms reveal characteristic features
which often appear periodically forming groups of elements, atoms or nuclei having similar characteris-
tics. Responsible for these features are the quantum mechanical processes of how nucleons form nuclei
and how these nuclei and electrons form atoms and molecules. These periodic structures are well under-
stood within the framework of the shell models for nuclei and atoms. Comparative studies of experimental
and theoretical results for trying to assign observed new phenomena of so far unknown nuclei or atoms
is an important and useful method. Results of an extrapolation or interpolation of experimental data gain
additional weight when the results are corroborated by theoretical predictions which consider these shell
effects.

In the following we present some examples how systematic properties and theoretical calculations can
be applied as convincing or useful criteria for determining priority of discovery of new elements.

The most convincing criterion for a correct element assignment besides the establishing of a genetic rela-
tion to known anchors is that of the agreement of measured X-ray energies and intensities with systematics
and theoretical predictions. This was discussed in detail in the previous section.

Systematic difference of half-lives of SF between even-even, odd-A, and odd-odd nuclei can be used as
a confirmation criterion in regions of nuclei where a number of neighbours is available for comparison. So
far, measured partial SF half-lives of odd-A and odd-odd nuclei were always significantly larger than the
geometrical mean of the partial SF half-lives of the even-even neighbours. An enhancement of the fission
probability of odd-A or odd-odd nuclei relative to the geometrical mean of the half-lives of the even-even
neighbours was never observed.

Systematic trends were also observed for the total kinetic energy, TKE, of SF. For many nuclei TKE obeys
a Z?/|A'> dependence. A high TKE value indicates a high element number due to the quadratic dependence on
Z. However, the systematics of TKE values can usually be used only as a supporting criterion. Firstly, TKE has
a wide distribution. A sufficiently accurate mean value can be determined only from a relatively high number
of measured decays. Secondly, a particular energy calibration is needed for determining the energies of the
fission fragments. And thirdly, the high TKE values of symmetrically fissioning nuclei known for isotopes
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in the vicinity of Fm could mimic fission of a high Z nucleus. Symmetrically fissioning nuclei are likely
produced in multinucleon transfer reactions and can contribute to the background in search experiments for
new elements.

Similarly, the short half-lives of fission isomers reaching from nanoseconds to some tens of milliseconds
could mimic fission of a high Z nucleus. Although their TKE values are smaller, 170 to 180 MeV, the energy
measurement of such a fission event from a nucleus implanted only a few micrometers into the sensitive
layer of a Si detector, is often not sufficiently accurate for a definitive discrimination. Also fission isomers
are likely produced in multinucleon transfer reactions, in particular when isotopes of actinides are used as
target material.

The background of symmetrically fissioning nuclei and fission isomers are examples where systematics
cannot be applied as sole criterion for assigning priority of discovery of an element. Other reasons that sys-
tematics of fission properties is not always a reliable criterion is given by nuclear structure. As an example
we mention the broken systematics of SF half-lives of N=152 isotones at #®Rf. It occurs at **Rf and the heavier
isotones due to the lowering of the second hump of the barrier below the ground-state.

Similarly, but now into the direction of longer half-lives, is the increase of the fission barrier for spheri-
cal SHN due to shell effects. This effect breaks the systematic trend of decreasing cross-sections using hot
fusion reactions with beams of “®Ca when the region of SHN is reached, see Fig. 3. In both cases, initial critical
objections based on systematics were dispelled by further measurements and theoretical explanations of the
measured phenomena.

The consequence of the increase of the fission barrier for SHN is the increase of the partial SF half-life.
In the region of SHN, which was studied so far and which is accessible in hot fusion reactions with beams
of stable ions, the SF half-lives are significantly longer than the partial o-half-lives, see Fig. 2. This circum-
stance makes the consideration of the systematics of c-decay particularly attractive for establishing criteria
for assigning priority of discovery of new elements in the vicinity of the region of SHN.

The AME-2016 compilation of experimental data on a-decay energies, Q , between ground-states of
parent and daughter nuclei reveals systematic trends [116]. For most nuclei in the SHN region, a systematic
increase of the energies is observed with an increase of the proton number relative to the number of neu-
trons. Only near closed shells, but similar for protons and neutrons, the systematics is broken. However,
this again reveals a systematic change in so far that the Q -values are low just below a closed shell and they
are highest just two protons or two neutrons, respectively, above a closed shell. These properties are well
understood within the framework of nuclear shell models. A comparison of experimental and theoretical
Q -energies is considered as a supporting criterion, in particular when several measured data of neighbour-
ing nuclei are available for comparison. It should be mentioned that it makes no difference if the Q_-values
are determined from measured energies of o-decaying nuclei or from mass measurements of nuclei which
then can be also o-stable or almost stable. For clarification we note that we use the term Q_, in specific cases
with a supplement, for the o-decay of any nuclear state and not only for the mass difference of the corre-
sponding nuclei in the ground-state. This definition is needed for distinguishing Q -values and measured
smaller o-energies, E_, from and to any nuclear state, in particular also from isomeric states.

Complications with using systematics of Q -values arise from the occurrence of isomeric states. A meas-
ured Q_-value higher or lower than systematics must not be used as an argument against an otherwise identi-
fied isotope or element as long as isomeric states cannot be excluded.

An impressive systematic relation exists between partial o-decay half-lives and a-energies. The rela-
tion was set-up by Hans Geiger and John Mitchell Nuttall already in 1911. The observation was theoretically
explained in 1928 by George Gamov as a quantum mechanical tunnelling process of the a-particle through
the Coulomb barrier. The relation is experimentally proven over a span of 30 orders of magnitude for nuclei
with half-lives from 7 x 10" years (**Sm) to 0.18 us (**Ra).

In Fig. 7 we show the results of a WKB calculation drawn in the form of the well-known Geiger-Nuttall
plot for o-decays of even-even nuclei in the region of heavy elements for Z=100 to 134. For details of the
used WKB calculation, see [117]. Each line represents the dependence of the half-life on the a-energy for
fixed values of Z and A. The A values were chosen so that they agree approximately with the mean values of
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Fig. 7: Calculated a-decay half-lives versus o-energies in the Geiger-Nuttall presentation for nuclei in the region of SHE

and beyond SHE. The lines show the results of a WKB calculation for even elements from Z=100 to 134. The calculation was
performed for even mass numbers A as marked in the drawing. For elements 100, 110, 120, and 130, dashed lines visualize the
change of half-lives when these mass numbers are changed by +20 and —20 units thus revealing the influence of the nuclear
radius on the width and height of the Coulomb barrier. The range of 40 isotopes is reasonably wide. It covers the already known
o-decaying nuclei as well as those which could potentially be produced in the future. Dots mark measured values of even-even
isotopes of elements from Z=100 to 118. Most of the error bars are smaller than the size of the symbols. See text for details and
the relation of these systematics to criteria of discoveries of isotopes and/or elements. The anomalous larger deviation of the
data measured for 264114 is discussed in the text.

mass numbers of known isotopes or, for elements from 119 to 134, of mass numbers of nuclei which could be
produced in heavy-ion fusion reactions in the future.

In order to study the influence of the mass number on the decay probability, we calculated for Z values of
100, 110, 120, and 130 the half-lives of isotopes which are 20 units smaller or bigger than the mean values. The
lighter isotopes result in longer lifetimes due to the smaller radius of the nucleus and thus larger Coulomb
barrier and vice versa. The difference is about a factor of two and almost negligible for decays of known nuclei
located in a more narrow band of A values.

Measured data for known even-even nuclei are plotted as dots in Fig. 7. Most of the measured data are
well in agreement with the calculation thus confirming the given assignment. We conclude that the agree-
ment of experimental data with the WKB calculation is a necessary condition for a 0* ground-state to O*
ground-state o-decay of an even-even nucleus. However, it is not a sufficient condition. Alpha decay of odd-A
or odd-odd nuclei often occurs with longer lifetime due to various hindrance factors, which then could mimic
the decay of an isotope of a heavier Z element having a more pronounced Coulomb barrier.

Vice versa, the WKB calculation for 0* to 0* ground-state to ground-state a-transitions cannot be used
as an exclusion argument for assignment of hindered o-decays from isomeric states of even-even nuclei
of potential new elements. However, in these cases, the WKB calculation can be implemented with an
additional centrifugal barrier so that prolonged half-lives can be naturally explained. This general applica-
ble extension of the WKB calculation is difficult to achieve using phenomenological methods for half-life
calculations.

The results of the WKB calculations used here are normalized to the ground-state a-decay of 2*Po. There-
fore, the calculation does not include nuclear structure effects but it has the advantage of delivering a reason-
ably good approximation to the half-life compared to microscopic calculations. The approximation is justified
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by the observation that nuclear structure modifies the a-decay probabilities for O* ground-states by less than
a factor of ten for all isotopes of elements above lead and neutron numbers greater 126. Maximum reduction
of the a-decay probability of a factor of ten was observed for 2°Po at N=126, see discussion in [118].

In Fig. 7, the largest deviation of the measured half-lives from the WKB calculation exists for 2Fl. Due
to the good agreement of all other measured data with the calculations it seems worthwhile to try to find an
explanation for the deviation. A total of 25 decays were published in various papers of the DGFRS group.
Two additional decays of 2%°F1 were measured at the Berkeley BGS separator [119, 120]. From the total of 27
decays 14 were o-decays and 13 SF. The measured decay times result in a total half-life of (168 ;) ms and
an o-branching of 0.55 was deduced from the number of events. The data point in Fig. 7 was calculated with
these values. From the 14 o-decays alone we get a half-life of (109*° ) ms, and from the 13 SF events it is
(231784 49) ms. The errors are calculated for a confidence level of 68 % according to the procedure given in [121].
The deviating values indicate that probably some of the longer lived SF events do not belong to the decay of
26F], and the a-branching is higher than 0.55. This example demonstrates that a comparison of measured
data with theoretical calculations is not only a useful tool for establishing discovery of a new element, but
can point out also inconsistencies in measured decay properties of known nuclei.

How well systematics can be used for excluding certain assignments will be demonstrated in the follow-
ing example. The first decay chain assigned to a nucleus in the region of spherical SHN was observed in the
reaction “*Ca+2“Pu in [122]. The chain was characterized as candidate for 2*°114 produced in a 3n evapora-
tion channel. Later measurements of excitation functions led to a correction of this assignment. A suggested
possible alternative assignment was the 2n-evaporation channel producing the even-even isotope 2°114. A
comparison with the calculated o-half-lives reveals the decays of potential daughters 2°Cn and 2*?Ds are well
in agreement with the experiment, but the half-lives of the parent °FI and the terminating nucleus ?®Hs are
considerably longer than calculated. Considering in addition the presently known decay properties of the
neighbouring decay chain starting at *°FI and terminating at #’Hs, one can now make a tentative assign-
ment of that first measured chain of a nucleus of a spherical superheavy element to an electron capture
decay branch of #°F1 or the production of *°Nh in a pn evaporation channel. Interestingly, a decay chain with
equally long half-lives was observed again in the reaction “*Ca+%®Cm in 2000. The result was published in
the laboratory report [123]. However, no definite conclusions were drawn.

We present this discussion in more detail here, because it reveals an interesting aspect related to deter-
mining priority of discovery of a new element. If the before given new interpretation turns out to be correct,
an isotope of element 114 would have been produced at the FLNR-DGFRS in an experiment during November
and December 1998. The paper [122] with tentative assignment of the chain to 2*°114 was submitted on March
8, 1999 and published October 8, 1999. An also tentative alternative assignment to ¥°114 was suggested in
[124], submitted on December 1, 2003. On the basis of new experimental data available in 2016 supplement-
ing the systematics the before given tentative interpretation was suggested in [12]. If this turns out to be
correct, the decay of element 113 would have been observed already in 1998 but could have been assigned
only tentatively due to the lack of sufficient information. In any case a definite assignment of this chain of
isotopes with long lifetimes cannot be made now and was even more difficult to perform at the time of the
experiment. With good reason this result could not be accepted as discovery whether of element 114 nor of
element 113.

In subsequent years unambiguous data were measured and assigned to decays of isotopes of elements
113 and 114, which resulted in an assignment of discovery of these elements to research groups at RIKEN and
JINR, respectively. In Sect. 7, ‘Guidelines to Experimentalists and Joint Working Parties’, we will consider this
occurrence and similar events under the aspect of discovery of priority of an element.

6.10 Criteria related to atomic physics

Atomic physics covers an extremely large field of medium, low, and ultra-low energy physics. Consequently,
the amount of information inherent from atomic physics is enormous. It covers systems like hydrogen- and
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helium-like ions of high-Z elements, the arrangement of electrons in the electric field of a nucleus including
the interaction with different properties like spin and deformation of that nucleus, the emission of electro-
magnetic radiation or Auger electrons accompanying the arrangement process of the electrons, the interac-
tion of ions and neutral atoms at rest or in motion with ions or atoms of the same species or with those of
other elements. Vice versa, atoms, ions and their compounds from simple molecules to macroscopic for-
mations can be stimulated by electromagnetic radiation or charged particles. Furthermore, the appearance
of various atomic properties is related to the temperature and properties of the surrounding medium and
electromagnetic fields so that special research fields emerged, from plasma physics at high temperature to,
e.g. superconductivity at low and ultra-low temperatures.

Particularly important phenomena of atomic physics for identification of SHE are the emission of X-rays,
of both K or L X-rays, and/or Auger electrons, the emission of collision induced X-rays, and the aspects of
atomic physics for chemical properties. Due to their importance for identification of SHE, these two subjects
are discussed in the dedicated Sects. 6.8 and 6.11, respectively. In this section recent atomic physics experi-
ments on isotopes of heavy elements are presented. A possible application for identification of new elements
is discussed.

Ionization potentials and atomic excitation schemes are in the center of interest both of experimental
as well as theoretical studies. In the region of heavy and superheavy elements these properties are strongly
influenced by the so called relativistic effects which were presented in Sect. 4.2 in connection with achieve-
ments obtained in chemistry. As in chemistry of SHE, the same theoretical calculations are used also for
predictions of the ionization potentials and atomic levels. However, these calculations are not sufficiently
accurate to be used for identification of new elements. Experimental data on known atoms and ions of SHE
are needed for comparison and adjustment of the model parameters.

A review of recent atomic physics experiments in the region of heavy elements was presented in
[125]. In that review the following methods are presented in detail: single-ion spectroscopy in Paul traps,
laser-induced fluorescence spectroscopy, LIF, radiation-detected optical pumping, RADOP, radioactive
decay-detected resonance ionization spectroscopy, RADRIS, and ion-guide-detected resonance ionization
spectroscopy, IGRIS.

The principal difficulty of all of these methods when applied to isotopes in the region of heavy elements
is the small number of atoms or ions available. For elements above fermium the ions have to be produced
in situ in nuclear fusion reactions. After separation by a recoil separator, the evaporation residues are focused
onto a gas-filled stopping chamber where the ions are collected, extracted, and subsequently guided into an
ion trap. The total efficiency is composed of the efficiency of the separator, 5 to 50 %, and the collection and
extraction efficiency of a gas-filled stopping chamber, 1 to 10 %.

The heaviest isotopes studied to date using atomic physics methods were investigated using RADRIS exper-
iments. These were the isotopes ?*No and »?No which were produced in reactions with a “éCa beam and targets
of 28Pb and 2°°Ph, respectively, at cross-sections of 2 and 0.5 ub [126]. In a two-step laser ionization process the
first step 7s*'S| — 7s7p 'P, resonance of ***No atoms was measured at a wavelength of 333.76 nm. Theoretical pre-
dictions were in the range from 322 to 385 nm [127-129]. The measured resonance had a width of 0.01 nm FWHM.
Several ten thousands of %*No isotopes had to be produced for measuring the resonance curve.

The measured results on atomic levels in 2“No are certainly a great success for the developed experimen-
tal technique. The results are a promising first step into atomic spectroscopy of heavy ions and atoms opening
a door for a multiplicity of investigations mentioned at the beginning of this section. In particular, further
increases of beam intensities and efficiencies may increase sensitivities by factors of 10 to 100 allowing iso-
topes produced with cross-sections of some tens of nanobarns to be studied. However, these cross-sections
are still several orders of magnitude away from the level of picobarns or below, at which SHE are presently
produced or new elements may be produced in the future.

In addition, for an isotope identification using atomic spectroscopy the measured results have to be com-
pared with systematic trends or theoretical calculations. These do not exist or they are too uncertain, respec-
tively, for a reliable use for an identification of a new element. We do not consider atomic spectroscopy as a
tool for assigning priority of discovery of a new element in a foreseeable future.
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6.11 Criteria related to chemistry

Chemistry played an important role in the discovery of all transuranium elements up to nobelium as well
for separation as for identification. All heavier elements were identified by physical means, and the study of
the chemical properties of those elements became the subject of scientific research by its own. At increasing
charge of the atomic nucleus the influence of the so called relativistic effects on chemical properties is the
subject of those studies, see Sect. 4.2. Due to the unknown chemical properties of new elements their direct
identification by chemical means remains unsatisfactory.

In addition, chemical studies of potential new elements are impeded by the low number of produced
atoms. The results of all chemical investigations on restricted amounts of a few atoms require physical meas-
urements of nuclear or atomic properties as, e.g. radioactive decays, mass-measurements or X-ray identifica-
tion. In this respect criteria worked out for discovery of new elements by physical means are also valid when
a sample of produced atoms undergoes a chemical treatment.

As discussed in Sect. 6.8, ‘Criteria related to characteristic X-rays and Auger electrons’, chemistry identi-
fies only the element under investigation. The uncertainty of chemical properties of elements beyond oganes-
son related to the influence of relativistic effects, prevent application of chemical methods alone for directly
identifying new elements.

What remains is the element identification of a decay chain by determining the chemical properties of
a descendant member of that decay chain. This procedure could be a reliable criterion for identification of
a new element if similar conditions can be applied as in the case of X-ray identification discussed before.
Firstly, the chemical treatment has to be unambiguously specific for that element similar as in the case of an
X-ray measurement, and, secondly, the decay chain must be unambiguously traced back to the decay of an
isotope of the new element. Problems related with the identification of unknown decay chains due to xn, pxn,
and oxn evaporation channels and possible electron capture decay of one or more members of a decay chain
were discussed in Sect. 6.8. As outlined there, the identification of a new element is particularly challenging
when production methods different from the established heavy ion fusion reactions, as e.g. multinucleon
transfer reactions, are used.

The chemical identification of one or more potential long living isotopes of a new element in natural
material is also confronted with the problem of unknown chemical properties of the highest Z elements. In
these cases, unambiguous element identification is only possible in combination with other identification
methods like precision mass measurements, X-ray identification or accelerator mass spectroscopy. So far
claims for discovery of new elements in natural samples have either been disproved or were not or could not
be confirmed.

6.12 Criteria related to statistical and experimental uncertainties

Ambiguities in assigning measured characteristics or decay properties of nuclei, atoms or elements often arise
from too large errors. In nuclear physics experiments, errors emerge from the experimental setup used for
the measurement, from the statistical distribution of reactions and decay processes, and from the quantum
mechanical uncertainty principle.

Errors originating from the latter two processes can be influenced only by the number of measured
events. Details of the properties of those errors will be discussed later in this section.

Errors emerging from the experimental equipment are determined by the accuracy of the applied instru-
ments and by the design of the experimental setup. These errors can be minimized using the most advanced
techniques and sophisticated planning of the experiment. In the following we will discuss items which are
most important for establishing criteria related to the discovery of a new element. For judging the value of
published experimental data, these or other items of importance in a particular experiment have to be given
explicitly in a publication. Here we concentrate on experiments using fusion-evaporation or similar reactions
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which most likely will be used for synthesis of further new elements. Similar standards are demanded in
claims of new elements using other identification methods.

Given here are not procedures on how to determine errors in specific cases. Too many parameters can
enter which influence the particular measurement. Instead, given are some recommended principles for pre-
senting errors and probabilities in publications so that the quality of the measurement can be evaluated with
respect to the claim of discovery of a new element. In addition, some examples from previous experiments
are given.

6.12.1 Errors related to cross-sections

For the calculation of the cross-sections and their errors, uncertainties of the measured values of the beam
dose, target thickness, and efficiency contribute. Errors from statistical fluctuation can be larger than those
of the experiment parameters in the case of low numbers of events. Nevertheless, all errors have to be listed
individually in a publication. This is a necessary condition for evaluating the quality of the experiment, for
comparison with competing experiments, and, eventually, for a later formation of mean values of data from
different experiments and of higher statistical relevance.

Particular attention has to be given to the indication of the efficiency. In experiments at recoil separa-
tors, the total efficiency is composed of the angular acceptance of the reaction products, their transmission
through the separator, and the efficiency of the detection system. All three values depend on the type of the
reaction, xn, pxn, oxn evaporation reaction or multinucleon transfer reaction and the design of the separa-
tor. It is essential for the evaluation to know, how the values of the angular acceptance and the transmis-
sion were determined, by calculation, experimentally, by adjusting to literature values of cross-sections from
other experiments or by crude estimation.

6.12.2 Errors related to the measurement of energies, in particular a-energies

Alpha energies and their errors are most important for the comparison of different measurements but also for
data within a given publication. Usually, the energy value is derived from a calibration of the measured signal
with known energies from o-decays of known nuclei. The calibration procedure contributes a systematic
error to the energy of the measured signal or the mean value of signals. A second contribution is due to the
energy resolution of the detector. The value of the resolution as standard deviation has to be given explicitly
together with the corresponding o-energy and the information on the shape of the measured o-lines used for
calibration, if they are, e.g. symmetric or asymmetric.

For the evaluation of the quality of the measurement, the presentation of calibration and resolution is
of importance including a listing of the used calibration lines. In the case of high o-energy values, when
a distant extrapolation becomes necessary, a detailed presentation of the calibration procedure has to be
given. This is also the case for energies and their errors for escaping o-particles which were stopped in the
backward detectors. It has to be indicated how the energy value and its error were derived or if these data are
the result of a crude estimation.

More difficult is the determination of the total kinetic energy of an SF process and its error. If such ener-
gies are used as an argument for assigning an SF event to a certain nucleus or element, a detailed description
of the measuring and calibration procedure has to be given. Also important is what assumptions were made
for the width of the TKE values. The phenomenon of bimodal fission reveals the problem of determining TKE
values from a small number of SF events.

A Gaussian distribution is a good approximation to the line shape of a y-line, similar as in the case of
o-lines. At low number of events the error is dominated by the resolution of the detector, which determines
the line shape. A systematic error can also arise from the calibration procedure.
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6.12.3 Errors related to the measurement of lifetimes

The lifetimes of known SHN are well above 1 us. The measurement of such lifetimes is technically unprob-
lematic. Time periods between, e.g. two subsequent o-decays, are generally measured with accuracy of the
order of 100 ns or less. Uncertainties which can significantly distort the assignment of measurement of life-
times arise from undetected intermediate decays or spurious signals which are erroneously interpreted as
implanted reaction products or radioactive decays. In the first case an optimization of the electronic hard-
ware helps to avoid losses of signals. The reason for the second type of event is too high background. If the
background cannot be reduced, a careful statistical analysis has to be applied for determining the probability
for the occurrence of spurious events. Particularly problematic is the measurement of unusually long life-
times of hours or even days. As discussed before, the measurement of such long lifetimes is technically pos-
sible by a significant reduction of the background.

The dominant uncertainty in the case of only one or a few measured decays arises from the statistical
distribution of the decay process. Up to five events, this uncertainty is larger than the difference between the
lifetime t and half-life T, ,. The lifetime and half-life must be clearly distinguished to ensure that later com-
parisons with different experiments are correct.

6.12.4 Probability of being true or false

One of the most difficult questions to answer is that if an announcement or an observation is true or false.
This problem is not just limited to physical or chemical experiments. The problem range extends from care-
less behaviour to deliberate forgery.

The main reason for false results in physics experiments results from misinterpretation of background
events. The demand to reduce or avoid background is a trivial but most important requirement in the perfor-
mance of an experiment.

Often the origin of the background is unknown. It even can happen that the existence of a background is
unknown. In those cases a correct interpretation of measured data is impossible. This means for the particu-
lar case of the assignment of discovery of an element that the experiment has to be repeated under improved
conditions.

Various attempts were made and are applied in certain experiments to determine probability values if an
observation is correct or false. Two studies which are specifically tailored to results from measurements on
production and decay of atomic nuclei at low statistics were published by Schmidt et al. [121] and Schmidt
[130].

In many experimental studies on SHN the Schmidt prescription is used for calculation of errors and prob-
ability values. If applied correctly, these recipes are extremely useful for ranking the quality of experimental
results and for comparing results from different experiments. Furthermore, as an additional experimental
test for the occurrence of randomly correlated decay chains, the number of such chains should be determined
as function of increasing widths of time, energy, and position windows. Examples should be included in the
publication claiming discovery of a new element.

Related to the information which has to be presented in a claim for discovery of a new element in order
to judge the quality of the work, it is mandatory that sufficient information is presented how a certain prob-
ability value was calculated. This concerns in particular the specific background rate in an assumed energy
window or detector area. See also criteria discussed in Sects. 6.3 and 6.6.

7 Guidelines to experimentalists and Joint Working Parties

The criteria that should be considered for a discovery of a new element to be accepted were outlined in
Sect. 6. The complexity of the research work, experimental difficulties and corresponding results which



1818 —— S.Hofmann etal.: On the discovery of new elements DE GRUYTER

often need completion in further experiments do not always allow for an immediate and safe recognition
for assigning a unique value to the element number Z. The identification must rely upon combinations
of these criteria, and different groups may choose different combinations. The relative importance of the
criteria will vary from case to case depending on the manner in which they are combined. In addition and
for various reasons the presentation of the results in a publication may not always be complete or it may be
even misleading.

In this section we will discuss requirements and guidelines for experimentalists dealing with the infor-
mation which has to be provided in a publication so that the results can be correctly classified and, if neces-
sary, the results of competing research groups can be appropriately assessed. Another issue is related to the
procedure how and to whom claims of a new element should be presented so that the results can be accepted
or rejected by the responsible bodies in a timely manner.

Similarly important are guidelines directed to these bodies responsible for evaluating claims or other
issues related to the discovery of a new element. Since the elaborative work of TWG at the beginning of
the 1990s these bodies are the Joint Working Parties (JWP) which were commonly installed by IUPAC and
TUPAP.

7.1 Guidelines to experimentalists

Authors claiming discovery of a new element or any other issue related to the discovery of a new element
should publish their results in a peer-reviewed scientific journal that maintains high standards of quality
and thereby provides credibility. In exceptional cases other methods of publication as in Archive for Physics
or Archive for Chemistry or by similar means of publication could be accepted. In any case, public access to
the information is mandatory.

Subsequent to the publication or already at the date of acceptance of the paper, a copy has to be sent
to the secretariat of IUPAC and/or IUPAP depending on the used identification method with the request for
consideration as discovery of a new element.

To facilitate JWP validation of a claim or discovery, the claimant paper should clearly specify all
steps taken in the experiment that the authors consider add confidence to their claim. They should state
which specific criteria their particular experiment is addressing, how successful they are in fulfilling
that particular criteria, and which of the criteria they consider is the most important and most accurate
for the discovery. Finally, from the text should follow clearly that the authors are claiming the discovery
of a new element. Publications providing a possible indication for the production of a new element or
announcing a candidate for being an isotope of a new element cannot be considered as discovery. State-
ments of this type are too vague although very important for increasing the efforts aiming to settle those
early results.

The elements produced and discovered since 1981 were solely identified by means of physical methods.
Meanwhile several hundred atoms and decay chains of superheavy isotopes were measured. Based on the
experience how these nuclei were produced and how the information was published, we will present a short
compilation of information in addition to the more detailed requirements presented in the criteria section.
We expect that this or similar informative material will be presented in publications claiming discovery of an
element. Of course, possible are references to previous publications if, e.g. the used experimental methods
were reported in detail earlier.

Having in mind the method of genetic relations to known nuclei, a unique identification of the chains
is essential. A discussion of new results on the basis of mean values cannot be accepted, if the individual
decay chains are not also presented. In specific cases the chronology of the measured events can be of
importance. Therefore, each measured event or decay chain has to be marked by a time stamp or a period
of time when it was registered in the apparatus when an exact time stamp cannot be given. The paper
should also contain the dates of the experiment, including date and time of the observation of the events
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which are important for the discovery. This information could be of value for an unambiguous identifica-
tion of certain events and it could be used as a supporting argument for assigning priority in the case of
unclear claims. Other requirements related to the time of submission and of publication of a paper were
discussed in Sect. 6.2.

A proper and detailed treatment of experimental and statistical uncertainties is essential for assessment
of the data and for comparison in the case of competitive claims. Basic requirements were presented in Sect.
6.12. Many of the measured quantities are composed of an experimental error like resolution, a systematic
error due to the applied calibration procedure, and a statistical error. All three contributions have to be identi-
fied, although, as in the case of a small number of events, the statistical uncertainty could be overwhelming.
The information is needed for data evaluation when over time the number of events increases and statistical
uncertainties decrease.

The evaluation of the probability of an event or of an event chain being real or accidental is an essential
step in the data analysis. The input values of these calculations have to be given in the publication as well
as a reference to the applied statistical analysis method. Other aspects related to this item are discussed in
Sect. 6.12.4.

It is recommended that the experimentalists publish as much of their data as possible. Currently unclear
observations could find an explanation in later experiments. Otherwise, e.g. a later observation could be
characterized as spurious and be questioned with the argument that it was not observed in a previous experi-
ment by another group.

It is obvious that all of the detailed information cannot be included in a relatively short letter. Therefore
and if necessary, a more comprehensive publication should follow in a reasonable time. In addition, as will
be discussed below, an investigating JWP has to be provided with all experimental details on request. In
appropriate form this information should also be available to the public.

The publication of all this information is to facilitate, for the JWP and for other research groups and
scientists, the evaluation of the claim with sufficient detail that an independent scientific test of a specific
experiment could in principle be performed.

7.2 Guidelines to the Joint Working Party, JWP

Previously, a Joint Working Party was installed or an existing one was reactivated by IUPAC and IUPAP when
claims for discovery of a new element had been published and an assessment became necessary. The JWP
then requested from the claiming parties all relevant information published up to an arbitrarily set deadline.
Due to the volume of accumulated claims it could take several years before the JWP could conclude its work.
In the meantime new experimental results could have been published which were not or only partially con-
sidered in the report. In the case of an eventually rejected claim due to insufficient experimental data, the
experimentalists could have lost time for improving the results of their experiment.

In order to accelerate the process of recognition, we suggest that the experimentalists send a copy of their
claimant paper to the Presidents of IUPAC and/or IUPAP for consideration after the paper had been published
or was accepted for publication.

The Presidents of IUPAC and IUPAP will then forward the request to an already existing JWP or will
appoint a new JWP by mutual agreement according to the rules published in [131]. This procedure has the
advantage that the experimentalists receive relatively quickly the information if their work is sufficient or not
for being accepted as a discovery. Additional research work can be provided in the case of rejection.

The future procedure of appointing a Joint IUPAC and IUPAP Working Party is presented in [131]. The
JWP will consist of six members, three nominated by IUPAC and three by IUPAP. Their task is to analyse in
detail the published data of a claimant paper and all other papers that are relevant to the discovery of a new
element. They shall, with the aid of the criteria and guidelines presented in this report, make an assessment
as to the validity of the claim or claims. In the case of results obtained with new methods not discussed here,
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actions for assessing priority have to be performed which are equivalent and in the same deliberate spirit as
discussed here for the known methods.

The main responsibility for a correct decision of the discovery of a new element is at the JWPs. Therefore,
the new rules of IUPAC and IUPAP published in [131] foresee several control steps before the JWP report can
be published, first, as a provisional report in Pure and Applied Chemistry, which becomes final after peer
review.

Before the provisional report can be submitted, the draft report of the JWP will be peer reviewed using
two to four referees. This peer review process will be jointly supervised by two co-editors, one from each
Union. The so reviewed and conceivably revised provisional report will be sent to the editor of Pure and
Applied Chemistry, including the referees’ reports and all related correspondence. It is expected that the
editor of Pure and Applied Chemistry will incorporate this material into the normal review process prior to
publication of the provisional report.

The provisional report, as it is to be published shall be approved by the Presidents of [UPAC and ITUPAP,
on the advice of the Division of Inorganic Chemistry and the Commission for Nuclear Physics, respectively,
and published in Pure and Applied Chemistry.

This provisional report is open for comments for five months. This period of five months presents to the
involved laboratories or any other scientist or institution the possibility to critically comment on the deci-
sions of JWP. No response, in particular from the directly involved laboratory or laboratories, is considered as
agreement to the decisions of the JWP presented in the provisional report.

All comments received at the secretaries of IUPAC and/or IUPAP during the five months period will be
forwarded to the Presidents of the Unions and to the referees. A summary of the comments or in particular
cases also a complete text of one or more comments will be published in Pure and Applied Chemistry. Subse-
quently, the Presidents of [UPAC and IUPAP will, with advice from the Divisions of Inorganic Chemistry and
the Commission for Nuclear Physics, respectively, decide whether to make the report final, or on what other
actions should be taken.

To carry out this task, JWP has to be provided with the claimant paper and relevant references,
in particular those which describe the experimental set-up or other experimental details. Beyond the
access to published information, JWP has a right to receive and the duty to ask for additional informa-
tion from the experimenters if needed. In direct discussion with the experimentalists it may become
crucial to examine the original raw data. Upon request and in the course of complete transparency, it
may become necessary that this additional information including the raw data is also provided to the
public. This can be achieved via reference to a relevant file on the homepage of the institute or the sci-
entists or by any other means.

JWP should clearly specify all the steps that were taken by the experimentalists that they consider add
confidence to the claim, and also all the steps and criteria that they find are not of relevance for the claim. To
facilitate the understanding of their assessment the JWP should be as specific as possible in the report, and
refrain from including irrelevant paragraphs.

They should discuss which criteria were used, and assess what certainty a specific discovery reached.
They should also discuss how successful they believe the experiment was in fulfilling that particular crite-
rion, and they should indicate the importance of the different criteria used in the research work, and which
criterion they consider is the most important for the discovery.

They should, with the help of the statistical method used in the research work and if necessary with
additional investigation check the consistency of all experimental data being reported. In some experiments
the consideration of background which could produce spurious events or event chains could be particularly
important and needs special investigation.

The JWP does not need to restrict their source of information to only published papers. They are encour-
aged to discuss with the authors of the claimant papers, if they encounter problems with understanding the
paper, if they find issues that are unclear, or if there otherwise is some need for clarification. They can also
consult other experts in the field if they find that would be of value.
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In conclusion, the main task of the JWP is to establish a discovery profile by collecting and weighting all
information relevant for the discovery of an element. The more transparent and communicative the evalua-
tion process is, the easer well-founded decisions will be achieved.

7.3 General remarks related to the approval of claims

An item of general importance is the reproducibility of experimental results. The 1991 TWG report [1] pre-
sented the following position:

‘Confirmation demands reproducibility, which is also related to setting up discovery profiles. All scientific data, other than those
relating to unique events such as a supernova, must be susceptible of reproduction. In the case of the new elements the TWG
attaches considerable importance to reproducibility and would indeed like to be able to suggest that no new element should be
recognized officially until the data upon which the claim is based have been reproduced, preferably in another laboratory and
preferably by a different technique. However, it cannot: given the immense labour and the time necessary to detect perhaps even a
single atom of a new element, it would appear unreasonable to apply such a demand of demonstrated reproducibility in all rigid-
ity. We do not believe that recognition of the discovery of a new element should always be held up until the experiment or its equiv-
alent have been repeated, desirable in principle as this may be. However, we would waive this requirement only in cases where the
data are of such a nature that no reasonable doubt is possible (for instance for data with a high degree of internal redundancy
and of the highest quality), and under circumstances where a repetition of the experiment would imply an unreasonable burden.’

The experience gained from the synthesis of new elements since that time reveals that the results of
experiments, which received a positive assessment of discovery, were successfully reproduced, either before
assessment or after priority of discovery had been assigned. Most of the confirmation experiments were per-
formed at independent laboratories. Only in a few cases did these confirmation experiments fail. However,
that results had been retraced before priority of discovery had been assigned. We conclude that by appropri-
ate application of the discovery criteria and careful objective assessment of the experimental work, the deci-
sions of the JWP have been extremely reliable.

The key statements of the 1991 TWG related to the subject of reproducibility are: ‘Confirmation demands
reproducibility’ and ‘we would waive this requirement only in cases where the data are of such a nature that no
reasonable doubt is possible’. All eighteen elements discovered since 1991 and also the three ones discovered
between 1981 and 1984, were produced in heavy ion fusion reactions and identified after separation of evapo-
ration residues by electromagnetic devices. Most of these new elements were identified by genetic relations of
correlated o- or SF-decays. Per se, with each of these experiments the production and identification method
was also corroborated. Thus, the almost identical method used and the basically similar results can, at least
partially be considered as repetition. The systematics of the results gained over years can serve as a relatively
strong argument for assigning priority, when new elements are discovered using those methods. The request
for reproducibility is partially given by the established production and identification method. The request to
exactly repeat a certain experiment or to confirm the results using different techniques can more easily be
waived when well recognized methods are applied.

A different situation occurs when discovery of an element is claimed that was produced and identified
with methods for which no or only limited experience exists for study of heavy nuclei. Such reactions are,
e.g. multinucleon transfer reactions or secondary reactions with radioactive fragments. Another type of pos-
sible production of SHN is in astrophysical processes. Results of search experiments for long living surviving
nuclei were announced from time to time but none of these claims could be confirmed or, as in some cases,
they were even disproved. In some cases repetition was not yet performed.

In these or similar cases where no broad experience on production and identification exists, it is manda-
tory that the result of a claim has to be reproduced, ‘preferably in another laboratory and preferably by a dif-
ferent’ or an improved ‘technique’. Confirmation is particularly called for in cases for which negative results
were already obtained in experiments aiming to confirm the previous claim. This request takes into account
the difficulty to clearly disprove an earlier questionable result.
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We cannot consider here all possible situations with two or more not completely convincing claims
which render a clear assignment but which could result in serious controversies among the claimants. In
such cases it is good scientific habit to try to find a solution among the claimants with the help of the expe-
rienced members of a Joint Working Party. In the case of really equivalent results published simultaneously,
a reasonable solution could be to discuss a shared discovery among the claimants and the members of the
Joint Working Party. Such a solution would also demonstrate that in science the scientific result stands over
particular individual interests.

Finally, we appeal to fairness among all research groups. Keeping scientific standards is the highest good
that we can return to the general public as thanks for the support.

8 Summary and concluding remarks

The intention of this report was to update criteria which were elaborated by a Transfermium Working Group
during the years 1988 to 1991 as a basis for assigning priority of the discovery of new elements having atomic
numbers greater than 100.

Since that time the number of known elements extended up to element 118 which closes the seventh
row in the Periodic Table of the Elements. Physical results revealed two regions of increased stability, one for
deformed superheavy nuclei located at proton number 108 and neutron number 162 and the region of spheri-
cal superheavy nuclei gaining their stability from the closed shells for protons and neutrons at Z=114 and
N=184, respectively. Both regions and the probable decay modes and half-lives of the isotopes were theoreti-
cally predicted in the second half of the 1960s. Problematic remained the optimum method and related yield
for production of these nuclei or elements.

Remarkable experimental efforts were necessary for producing and detecting these nuclei. These devel-
opments served as a basis for the presented update of the 1991 criteria for assigning priority of discovery of
a new element. Therefore, in a first part we set forth the present status of research on superheavy nuclei or
elements. Subsequently we present the knowledge on nuclear and chemical properties achieved from the
produced isotopes of these elements and the methods how they were produced.

Detailed investigation of the experimental data presented as claims for discovery of a new element
revealed that in general the nature of the experimental data is such that an absolutely secure identification
in a first discovery experiment is rarely possible when new regions in the chart of nuclei are explored, as it
was the case with the discovery of spherical superheavy nuclei at the end of the 1990s. However, combining
the information from various irradiations and measurements, the new elements could be safely and relatively
quickly identified. The term ‘discovery profile’ was already coined for this procedure in the 1991 TWG report.

Less problematic is the identification of new elements when the produced isotopes can be genetically
connected to known daughter products via traceable decay chains and using known reactions as, e.g. fusion
evaporation reactions, and established identification methods. In that case only one measured decay chain
could be sufficient for safely assigning priority of discovery.

In this report we discuss various identification methods and point out in particular to the experimental
problems which can arise and which can hamper the interpretation of the measurements. Also considered
are physical properties of the reaction for production and properties of the nuclear decays. All this informa-
tion is meant as hint for experimentalists and members of future Joint Working Parties to be considered. This
report does and cannot present a list of criteria for checking fulfilled and failed criteria where the number of
fulfilled criteria decides on the discovery. It rather reveals that for each criterion its weight and its applicabil-
ity to a certain experimental result have to be carefully considered.

Finally, we suggest a procedure how experimentalists can claim the discovery of a new element. We
present the recommendations for the contents of an experimental paper so that an evaluating group of
experts, the Joint Working Party, is supplied with well founded information on the proposed discovery. Also
provided are recommendations to the members of the Joint Working Parties for consideration in the prepara-
tion of their report.



DE GRUYTER

S. Hofmann et al.: On the discovery of new elements =—— 1823

Abbreviations often used in the article and in the related literature

Laboratories
ANL

FLNR

GANIL

GSI

IMP

JINR

JYFL

LBNL
LLNL
ORNL
RIKEN

Argonne National Laboratory, Argonne near Chicago, Illinois, USA

Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia

Grand Accelerateur National d’Ions Lourds, Accelerator Laboratory, Caen, France
Gesellschaft fiir Schwer-Ionen-Forschung, Accelerator Laboratory, Darmstadt, Germany
Institute of Modern Physics, Lanzhou, China

Joint Institute for Nuclear Research, Dubna, 130 km north from Moscow, Russia
Jyvaskylan Yliopiston Fysiikan Laitos, the Finish words for University of Jyvaskyla,
Department of Physics, Accelerator Laboratory in Jyvaskyld, Finland

Lawrence Berkeley National Laboratory, Berkeley, California, USA

Lawrence Livermore National Laboratory, Livermore, California, USA

Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

Institute of Physical and Chemical Research, Saitama, near Tokyo, Japan

Accelerators and accelerator projects

88-inch cyclotron
ATLAS

DC-280
HILAC
RIA
RILAC
SPIRAL

SPIRAL I
U-400
UNILAC

VERA

Sector focused K =140 cyclotron, LBNL, Berkeley, California, USA

Argonne Tandem Linac Accelerator System, superconducting accelerator, ANL,
Argonne, Illinois, USA

Dubna cyclotron as main part of the SHE factory, K factor=280

Heavy Ion Linear Accelerator, LBNL, Berkeley, California, USA

Rare Isotope Accelerator, accelerator project, USA

RIKEN Heavy-ion Linac, RIKEN, Japan

Systeme de Production d’Tons Radioactifs et d’Accélération en Ligne, an accelerator
complex for the production and acceleration of radioactive ions under construction
at GANIL in Caen, France

Superconducting Linear Accelerator, GANIL, Caen, France

400-cm diameter isochronous cyclotron, FLNR, Dubna, Russia

UNIversal Linear ACcelerator, an accelerator for heavy ions at GSI in Darmstadt,
Germany

Vienna Environmental Research Accelerator, University of Vienna, Vienna, Austria

Ion sources and related items

DECRIS
ECR
CAPRICE

MIVOC
PIG
VENUS ECR

Dubna Electron Cyclotron Resonance Ion Source

Electron Cyclotron Resonance ion source

Compacte A Plusieurs Résonances Ionisantes Cyclotron, special type of ECR ion
source

Metal Ions from Volatile Compounds, e.g. Fe(CSHS)2

Penning Ion Gauge

Versatile ECR ion source for Nuclear Science, superconducting ECR ion source

Separators and detection devices

AMS
FMA
BGS
DGFRS
DGFRS1II
DSSD
GARIS
GARIS I

Accelerator Mass Spectrometry

Fragment Mass Analyser, recoil mass spectrometer at ANL

Berkeley Gas-filled Separator, LBNL, Berkeley, California, USA

Dubna Gas-filled Recoil Separator at U-400, FLNR, Dubna, Russia

Dubna Gas-filled Recoil Separator II at DC-280, FLNR, Dubna, Russia

Double Sided silicon Strip detector

Gas-filled Recoil Ion Separator, RIKEN, Saitama, Japan

Gas-filled Recoil Ion Separator, optimized for hot fusion reactions using actinide
targets, RIKEN, Saitama, Japan
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ICP-SFMS
IGISOL
ISOL
PIPS
MARA

MRToF
NASE

OLGA
RITU
S3
SHELS
SHIP

TASCA

ToF
SHANS

VASSILISSA

Inductively Coupled Plasma Sector Field Mass Spectrometry

Ion Guide Isotope Separator On-Line

Isotope Separator On-Line

Passivated Implanted Planar Silicon detector

Mass Analysing Recoil Apparatus, vacuum-mode recoil mass separator, JYFL,
Jyvaskyld, Finland

Multi Reflection Time-of-Flight mass spectrometers

NAch-SEparator, vacuum or gas-filled post separator at SHIP, now stand alone gas-
filled separator TASCA, GSI, Darmastdt, Germany

On-Line Gas chromatography Apparatus

Recoil Ion Transport Unit, gas-filled separator, JYFL, Jyvaskyld, Finland

Super Separator Spectrometer, GANIL, Caen, France

Separator for Heavy Element Spectroscopy, FLNR, Dubna, Russia

Separator for Heavy Ion reaction Products, velocity filter for fusion reaction products
at GSI, Darmstadt, Germany

Trans Actinide Separator and Chemistry Apparatus, gas-filled separator, former post-
separator NASE at SHIP, GSI, Darmstadt, Germany

Time-of-flight detector device

Spectrometer for Heavy Atom and Nuclear Structure, gas-filled recoil separator at
IMP, Lanzhou

Energy filter, separator for fusion-reaction products named after a fairy in a Russian
fairy tale, FLNR, Dubna, Russia

Organizations, unions, groups, and parties

JWG

IUPAC
IUPAP
JwP

NAO
TWG

Physical quantities
A

Bp

CN

E(X

ER

Fp

m(A,Z)

N

Q,(A,2)

T or Tl/2

Ttot’ Ta’ TB’ TSF
Z

T

Ttot’ Toc’ TB’ ‘[SF

Joint Working Group, established in 2017, elaborates criteria and procedures to be
applied in assigning priority of discovery of new elements beyond Z=118
International Union of Pure and Applied Chemistry

International Union of Pure and Applied Physics

Joint Working Party, several JWPs of independent experts evaluated the claims of
discovery of new elements in the years from 1999 to 2016.

National Adhering Organizations

Transfermium Working Group, evaluated the claims of discovery of element 101 to
109 on the basis of criteria of discovery in the years from 1987 to 1993

Mass number A=Z+N

Magnetic rigidity: effect of a magnetic field on the motion of a charged particle
Compound nucleus

Laboratory energy of o-particle emitted during o-decay

Evaporation residue

Electric rigidity: effect of an electric field on the motion of a charged particle

Mass of the nucleus with mass number A and proton number Z

Number of neutrons

a-decay energy for ground-state to ground-state decays Q_(A,2)=E, _x(m(A-4,Z-2)+m )/
m(A-4,Z-2)=E xA[(A-4)

Reaction cross-section (in barn, symbol b; 1b =102 m?)

Half-life, T, p=TX In2

Total and partial half-life for a-, B-decay, and spontaneous fission
Number of protons

Lifetime, 7=T, 2 /1n2

Total and partial lifetime for o-, B-decay, and spontaneous fission
Decay probability, A =1/t



DE GRUYTER S. Hofmann et al.: On the discovery of new elements =—— 1825

References

[1] A.H.Wapstra. Pure Appl. Chem. 63, 879 (1991).

[2] A. M. Sargeson, J. A. McCleverty, W. H. Koppenol. Pure Appl. Chem. 69, 2471 (1997).
[3] J. Corish, G. M. Rosenblatt. Pure Appl. Chem. 75, 1613 (2003).

[4] ). Corish, G. M. Rosenblatt. Pure Appl. Chem. 76, 2101 (2004).

[5] K. Tatsumi, J. Corish. Pure Appl. Chem. 82, 753 (2010).

[6] L. Ohrstrom, J. Reedijk. Pure Appl. Chem. 88, 1225 (2016).

[7]1 R.D. Loss, J. Corish. Pure Appl. Chem. 84,1669 (2012).

[8] S.Hofmann, G. Miinzenberg. Rev. Mod. Phys. 72, 733 (2000).

[9] A.Sobiczewski, K. Pomorski. Prog. Part. Nucl. Phys. 58, 292 (2007).

[10] Yu.Ts. Oganessian. /. Phys. G: Nucl. Part. Phys. 34, R165 (2007).

[11] J. H. Hamilton, S. Hofmann, Y. T. Oganessian. Annu. Rev. Nucl. Part. Sci. 63, 383 (2013).

[12] S.Hofmann, S. Heinz, R. Mann, ). Maurer, G. Miinzenberg, S. Antalic, W. Barth, H. G. Burkhard, L. Dahl, K. Eberhardt, R.
Grzywacz, ). H. Hamilton, R. A. Henderson, J. M. Kenneally, B. Kindler, I. Kojouharov, R. Lang, B. Lommel, K. Miernik, D. Miller, K. J.
Moody, K. Morita, K. Nishio, A. G. Popeko, J. B. Roberto, J. Runke, K. P. Rykaczewski, S. Saro, C. Scheidenberger, H. ). Schétt, D. A.
Shaughnessy, M. A. Stoyer, P. Thorle-Pospiech, K. Tinschert, N. Trautmann, J. Uusitalo, A. V. Yeremin. Eur. Phys. J. A52, 180 (2016).

[13] Special Issue on Superheavy Elements. Edited by C. E. Diillmann, R.-D. Herzberg, W. Nazarewicz, Y. Oganessian. Nucl. Phys.
944, pp. 1-690 (2015).

[14] R. C.Barber, N. N. Greenwood, A. Z. Hrynkiewicz, Y. P. Jeannin, M. Lefort, M. Sakali, I. Ulehla, A. H. Wapstra, D. H. Wilkinson,
Prog. Part. Nucl. Phys. 29, 453 (1992).

[15] D.H. Wilkinson, A. H. Wapstra, I. Ulehla, R. C. Barber, N. N. Greenwood, A. Hrynkiewicz, Y. P. Jeannin, M. Lefort, M. Sakai.
Pure Appl. Chem. 65, 1757 (1993).

[16] Responses on the Report Discovery of the Transfermium Elements, invited by the IUPAC-IUPAP TRANSFERMIUM WORKING
GROUP (TWG). Pure Appl. Chem. 65, 1815 (1993).

[17] A. M. Sargeson, ). A. McCleverty, W. H. Koppenol, A. ). Arduengo, D. N. Coucovanis, M. W. G. de Bolster, H. D. Kaesz,

A. Salzer. Pure Appl. Chem. 66, 2419 (1994).

[18] P.). Karol, H. Nakahara, B. W. Petley, E. Vogt. Pure Appl. Chem. 73, 959 (2001).

[19] P.). Karol, H. Nakahara, B. W. Petley, E. Vogt. Pure Appl. Chem. 75, 1601 (2003).

[20] R. C. Barber, H. W. Gdggeler, P. ). Karol, H. Nakahara, E. Vardaci, E. Vogt. Pure Appl. Chem. 81, 1331 (2009).

[21] R.C.Barber, P. ). Karol, H. Nakahara, E. Vardaci, E. W. Vogt. Pure Appl. Chem. 83, 1485 (2011).

[22] R. C. Barber, P. ). Karol, H. Nakahara, E. Vardaci, E. W. Vogt. Pure Appl. Chem. 83, 1801 (2011).

[23] P.). Karol, R. C. Barber, B. M. Sherrill, E. Vardaci, T. Yamazaki. Pure Appl. Chem. 88, 139 (2016).

[24] P.). Karol, R. C. Barber, B. M. Sherrill, E. Vardaci, T. Yamazaki, Pure Appl. Chem. 88, 155 (2016).

[25] W. H. Koppenol, Pure Appl. Chem. 74, 787 (2002).

[26] W. H. Koppenol, ). Corish, ). Garcia-Martinez, ). Meija. ). Reedijk. Pure Appl. Chem. 88, 401 (2016).

[27] R.Smolanczuk, A. Sobiczewski. Proceedings of the XV. Nuclear Physics Divisional Conference on Low Energy Nuclear
Dynamics, St. Petersburg, Russia, 1995. Yu. Ts. Oganessian, R. Kalpakchieva, W. von Oertzen (Eds.). World Scientific, Singa-
pore, (1995).

[28] R. Smolanczuk, ). Skalski, A. Sobiczewski, Phys. Rev. C 52, 1871 (1995).

[29] R. Smolanczuk. Phys. Rev. C 56, 812 (1997).

[30] Yu. Ts. Oganessian, Yu. P. Tretyakov, A. S. Iljinov, A. G. Demin, A. A. Pleve, S. P. Tretyakova, V. M. Plotko, M. P. Ivanov,

N. A. Danilov, Yu. S. Korotkin, G. N. Flerov. ZhETF Pis. Red. 20, 580 (1974).

[31] A.Baran, K. Pomorski, S. E. Larsson, P. Méller, S. G. Nilsson, J. Randrup, A. Sobiczewski. Proc. 3rd Int. Conf. on Nuclei far
from Stability, Report CERN 76-13, 537 (1976).

[32] V. M. Strutinsky. Nucl. Phys. A 95, 420 (1967).

[33] A.Sobiczewski, F. A. Gareev, B. N. Kalinkin. Phys. Lett. 22, 500 (1966).

[34] S.G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski, S. Wycech, C. Gustafson, I. L. Lamm, P. Méller, B. Nilsson.

Nucl. Phys. A131, 1(1969).

[35] P. Méller, ). R. Nix, W. D. Myers, W. ). Swiatecki. At. Data Nucl. Data Tables 59, 185 (1995).

[36] P. Méller, J. R. Nix, K. L. Kratz. At. Data Nucl. Data Tables 66, 131 (1997).

[37] 1. Muntian, Z. Patyk, A. Sobiczewski. Acta Phys. Pol. B 32, 691 (2001).

[38] S.Hofmann, S. Heinz, R. Mann, ). Maurer, G. Miinzenberg, S. Antalic, W. Barth, L. Dahl, K. Eberhardt, R. Grzywacz, J. H.
Hamilton, R. A. Henderson, J. M. Kenneally, B. Kindler, I. Kojouharov, R. Lang, B. Lommel, K. Miernik, D. Miller, K. J. Moody,
K. Morita, K. Nishio, A. G. Popeko, J. B. Roberto, J. Runke, K. P. Rykaczewski, C. Scheidenberger, D. A. Shaughnessy, M. A.
Stoyer, P. Thorle-Pospiech, K. Tinschert, N. Trautmann, J. Uusitalo, A. V. Yeremin. Eur. Phys. J. A 52, 116 (2016).

[39] H.W. G&dggeler, D. T. Jost, A. Tiirler, P. Armbruster, W. Briichle, H. Folger, F. P. Hef3berger, S. Hofmann, G. Miinzenberg,

V. Ninov, W. Reisdorf, M. Schadel, K. Siimmerer, J. V. Kratz, U. Scherer, M. E. Leino. Nucl. Phys. A502, 561c (1989).

[40] Yu. Ts. Oganessian, V. K. Utyonkov, F. Sh. Abdullin, S. N. Dmitriev, R. Graeger, R. A. Henderson, M. G. Itkis, Yu. V. Lobanov,

A. N. Mezentsev, K. J. Moody, S. L. Nelson, A. N. Polyakov, M. A. Ryabinin, R. N. Sagaidak, D. A. Shaughnessy,



1826 —— S.Hofmann etal.: On the discovery of new elements DE GRUYTER

I. V. Shirokovsky, M. A. Stoyer, N. J. Stoyer, V. G. Subbotin, K. Subotic, A. M. Sukhov, Yu. S. Tsyganov, A. Tiirler, A. A. Voinov,
G. K. Vostokin, P. A. Wilk, A. Yakushev. Phys. Rev. C 87, 034605 (2013).

[41] P. Frobrich. Phys. Lett. B 215, 36 (1988).

[42] S.Hofmann, F. P. Hef3berger, D. Ackermann, S. Antalic, P. Cagarda, S. Cwiok, B. Kindler, J. Kojouharova, B. Lommel,
R. Mann, G. Miinzenberg, A. G. Popeko, S. Saro, H. ). Schétt, A. V. Yeremin. Eur. Phys. J. A10, 5 (2001).

[43] S. Cwiok, W. Nazarewicz, P. H. Heenen. Phys. Rev. Lett. 83, 1108 (1999).

[44] R. Bass. Nucl. Phys. A 231, 45 (1974).

[45] G.T.Seaborg. C&EN 23, 2190 (1945).

[46] Yu.Ts. Oganessian, V. K. Utyonkov, Yu. V. Lobanov, F. Sh. Abdullin, A. N. Polyakov, R. N. Sagaidak, I. V. Shirokovsky, Yu. S.
Tsyganov, A. A. Voinov, G. G. Gulbekian, S. L. Bogomolov, B. N. Gikal, A. N. Mezentsev, S. Iliev, V. G. Subbotin, A. M. Suk-
hov, K. Subotic, V. I. Zagrebaev, G. K. Vostokin, M. G. Itkis, K. J. Moody, J. B. Patin, D. A. Shaughnessy, M. A. Stoyer,

N. J. Stoyer, P. A. Wilk, J. M. Kenneally, J. H. Landrum, ). F. Wild, R. W. Lougheed, Phys. Rev. C 74, 044602 (2006).

[47] Y. Nagame, ). V. Kratz, M. Schadel. Nucl. Phys. A 944, 614 (2015).

[48] A.Tiirler, R. Eichler, A. Yakushev Nucl. Phys. A 944, 640 (2015).

[49] H.Backe, W. Lauth, M. Block, M. Laatiaoui. Nucl. Phys. A 944, 492 (2015).

[50] E. Eliav, S. Fritzsche, U. Kaldor. Nucl. Phys. A 944, 518 (2015).

[51] P. Schwerdtfeger, L. F. Pasteka, A. Punnett, P. 0. Bowman. Nucl. Phys. A 944, 551 (2015).

[52] V. Pershina. Nucl. Phys. A 944, 578 (2015).

[53] IUPAC - International Union of Pure and Applied Chemistry. [https://iupac.org/what-we-do/periodic-table-of-elements];
(2016).

[54] ). Grumann, U. Mosel, B. Fink, W. Greiner, Z. Phys. 228, 371 (1969).

[55] C.Y.Wong. Ann. Phys. 77, 279 (1973).

[56] K. Dietrich, K. Pomorski. Phys. Rev. Lett. 80, 37 (1998).

[57] ).-F. Berger, L. Bitaud, ). Decharge, M. Girod, K. Dietrich. Nucl. Phys. A 685, 1c (2001).

[58] W. Greiner, Int. J. Mod. Phys. E 17, 2379 (2008).

[59] Yu.Ts. Oganessian, F. Sh. Abdullin, P. D. Bailey, D. E. Benker, M. E. Bennett, S. N. Dmitriev, J. G. Ezold, J. H. Hamilton,

R. A. Henderson, M. G. Itkis, Yu. V. Lobanov, A. N. Mezentsev, K. J. Moody, S. L. Nelson, A. N. Polyakov, C. E. Porter,
A. V. Ramayya, F. D. Riley, J. B. Roberto, M. A. Ryabinin, K. P. Rykaczewski, R. N. Sagaidak, D. A. Shaughnessy,

I. V. Shirokovsky, M. A. Stoyer, V. G. Subbotin, R. Sudowe, A. M. Sukhov, Yu. S. Tsyganov, V. K. Utyonkov, A. A. Voinov,
G. K. Vostokin, P. A. Wilk. Phys. Rev. Lett. 104, 142502 (2010).

[60] Yu. Ts. Oganessian, F. Sh. Abdullin, C. Alexander, J. Binder, R. A. Boll, S. N. Dmitriev, ). Ezold, K. Felker, J. M. Gostic,

R. K. Grzywacz, ). H. Hamilton, R. A. Henderson, M. G. Itkis, K. Miernik, D. Miller, K. J. Moody, A. N. Polyakov, A. V. Ramayya,
J. B. Roberto, M. A. Ryabinin, K. P. Rykaczewski, R. N. Sagaidak, D. A. Shaughnessy, I. V. Shirokovsky, M. V. Shumeiko,

M. A. Stoyer, N. J. Stoyer, V. G. Subbotin, A. M. Sukhov, Yu. S. Tsyganov, V. K. Utyonkov, A. A. Voinov, and G. K. Vostokin.
Phys. Rev. Lett. 109, 162501 (2012).

[61] A. Marinov, C. J. Batty, A. I. Kilvington, G. W. A. Newton, V. J. Robinson, ). H. Hemingway. Nature 229, 464 (1971).

[62] M. Schddel, W. Briichle, H. Gaggeler, ). V. Kratz, K. Simmerer, G. Wirth, G. Herrmann, R. Stakemann, G. Tittel, N. Trautmann,
J. M. Nitschke, E. K. Hulet, R. W. Lougheed, R. L. Hahn, R. L. Ferguson. Phys. Rev. Lett. 48, 852 (1982).

[63] V. Zagrebaev, W. Greiner, Nucl. Phys. A 944, 257 (2015).

[64] Yu. Ts. Oganessian, F. Sh. Abdullin, S. N. Dmitriev, J. M. Gostic, J. H. Hamilton, R. A. Henderson, M. G. Itkis, K. J. Moody,
A. N. Polyakov, A. V. Ramayya, J. B. Roberto, K. P. Rykaczewski, R. N. Sagaidak, D. A. Shaughnessy, I. V. Shirokovsky,

M. A. Stoyer, N. J. Stoyer, V. G. Subbotin, A. M. Sukhov, Yu. S. Tsyganov, V. K. Utyonkov, A. A. Voinov, G. K. Vostokin. Phys.
Rev. C 87, 014302 (2013).

[65] S. Cwiok, ). Dobaczewski, P. H. Heenen, P. Magierski, W. Nazarewicz. Nucl. Phys. A 611, 211 (1996).

[66] K. Rutz, M. Bender, T. Biirvenich, T. Schilling, P. G. Reinhard, ). A. Maruhn, W. Greiner. Phys. Rev. C 56, 238 (1997).

[67] A.T. Kruppa, M. Bender, W. Nazarewicz, P. G. Reinhard, T. Vertse, S. Cwiok. Phys. Rev. C 61, 034313 (2000).

[68] M. Bender, W. Nazarewicz, P. G. Reinhard. Phys. Lett. B 515, 42 (2001).

[69] M. Bender, P. H. Heenen, P. G. Reinhard. Rev. Mod. Phys. 75, 121 (2003).

[70] S.Schramm. Phys. Rev. C 66, 064310 (2002).

[71] P. Méller, A. ). Sierk, R. Bengtsson, H. Sagawa, T. Ichikawa. At. Data Nucl. Data Tables 98, 149 (2012).

[72] M. Kowal, P. Jachimowicz, J. Skalski. arXiv:1203.5013v1[nucl-th] (2012).

[73] A. Marinov, I. Rodushkin, A. Pape, Y. Kashiv, D. Kolb, R. Brandt, R. V. Gentry, H. W. Miller, L. Halicz, I. Segal. Int. J. Mod.
Phys. E18, 621 (2009).

[74] G. M. Ter-Akopian, S. N. Dmitriev, Nucl. Phys. A 944,177 (2015).

[75] K. Miernik. GEM technology for the recoil detectors. Contribution to the 3rd International Symposium on Super-Heavy
Elements, SHE 2017. Kazimierz Dolny, Poland, (2017).

[76] D. Kaji, K. Morita, K. Morimoto, H. Haba, M. Asai, K. Fujita, Z. Gan, H. Geissel, H. Hasebe, S. Hofmann, M. Huang, Y. Komori,
L. Ma, J. Maurer, M. Murakami, M. Takeyama, F. Tokanai, T. Tanaka, Y. Wakabayashi, T. Yamaguchi, S. Yamaki, A. Yoshida.
J. Phys. Soc. Jpn. 86, 034201 (2017).

[77] D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, K. Morita. J. Phys.
Soc. Jpn. 86, 085001 (2017).


https://iupac.org/what-we-do/periodic-table-of-elements]

DE GRUYTER S. Hofmann et al.: On the discovery of new elements =— 1827

[78] Yu.Ts. Oganessian, V. K. Utyonkov. Nucl. Phys. A 944, 62 (2015).

[79] S.Hofmann. Lect. Notes Phys. 764, 203 (2009).

[80] A. Ghiorso, S. Yashita, M. E Leino, L. Frank, J. Kalnins, P. Armbruster, ).-P. Dufour, P. K. Lemmertz. Nucl. Inst. Meth. A 269,
192 (1988).

[81] W. Faust, G. Miinzenberg, S. Hofmann, W. Reisdorf, K. H. Schmidt, P. Armbruster, K. Giittner. Nucl. Instrum. Meth. 166, 397
(1979).

[82] G. Miinzenberg, M. Gupta. Production and Identification of Transactinide Elements. A. Vertes, S. Nagy, Z. Klencsar, R. G.
Lovas, F. Résch (Eds.). Handbook of Nuclear Chemistry. Springer Science + Business Media B.V. 2011, pp. 877-923.

[83] P. Armbruster. Nukleonik 3, 188 (1961).

[84] G. Miinzenberg, H. M. Devaraja, T. Dickel, H. Geissel, M. Gupta, S. Heinz, S. Hofmann, W. R. Plass, C. Scheidenberger, J.
S. Winfield, M. Winkler. SHE Research with Rare-Isotope Beams, Challenges and Perspectives, and the New Generation of
SHE Factories. S. Schramm, M. Schéfer (Eds.). New Horizons in Fundamental Physics. FIAS Interdisciplinary Science Series.
Springer International Publishing Switzerland 2017, pp. 81-90.

[85] R.Anne, A. C. Mueller. Nucl. Inst. Meth. B 70, 276 (1992).

[86] G. Miinzenberg, W. Faust, S. Hofmann, P. Armbruster, K. Giittner, H. Ewald. Nucl. Instrum. Meth. 161, 65 (1979).

[87] A.Yeremin, O. Malyshev, A. Popeko, V. Chepigin, A. Svirikhin, A. Lopez-Martens, K. Hauschild, O. Dorvaux, B. Gall,

J. Gehlot. EPJ Web of Conferences 86, 00065 (2015).

[88] A.V.Yeremin, A. N. Andreyeyv, D. D. Bogdanov, V. I. Chepigin, V. A. Gorshkov, A. I. lvanenko, A. P. Kabachenko,

L. A. Rubinskaya, E. M. Smirnova, S. V. Stepantsov, E. N. Voronkov, G. M. Ter-Akopian. Nucl. Inst. Meth. A 274, 528 (1989).

[89] C.N. Davids, ). D. Larson, Nucl. Inst. Meth. B 40/41, 1224 (1989).

[90] ). Saren. The ion-optical design of the MARA recoil separator and absolute transmission measurements of the RITU gas-
filled recoil separator. [https://www.jyu.fi/static/fysiikka/vaitoskirjat/2011/Saren-Jan-2011.pdf]. PhD Thesis, Jyvdskyla,
Finland (2011).

[91] A. Drouart, ). A. Nolen, H. Savajols. Int. J. Mod. Phys. E 18, 2160 (2009).

[92] V. Ninov, K. E. Gregorich, W. Loveland, A. Ghiorso, D. C. Hoffman, D. M. Lee, H. Nitsche, W. J. Swiatecki, U. W. Kirbach,
C.A. Laue, J. L. Adams, ). B. Patin, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk, Nucl. Phys. A 682, 98c (2001).

[93] Yu. Ts. Oganessian, Yu. A., Lobanov, A. G. Popeko, J. Rigol, F. Sh. Abdullin, V. V. Bechterev, G. G. Gulbekian,

A. A. Ledovskoy, V. N. Melnikov, S. P. Tretyakova, Yu. P. Kharitonov, Yu. S. Tsyganov, V. A. Chugreev. In Proceedings of the
International School-Seminar on Heavy lon Physics, Dubna, 3-12 October, 1989. JINR Report D7-90-142, 44 (1990).

[94] A. G. Popeko in International Symposium “Super Heavy Nuclei”. [http://cyclotron.tamu.edu/she2015/assets/pdfs/pres-
entations/Popeko_SHE_2015_TAMU.pdf]. College Station, Texas, USA, 2015.

[95] K. Morita, K. Morimoto, D. Kaji, H. Haba, E. Ideguchi, R. Kanungo, K. Katori, H. Koura, H. Kudo, T. Ohnishi, A. Ozawa,

T. Suda, K. Sueki, I. Tanihata, H. Xu, A. V. Yeremin, A. Yoneda, A. Yoshida, Y.-L. Zhao, T. Zhen. Eur. Phys. J. A 21, 257 (2004).

[96] D. Kaji, K. Morimoto, N. Sato, A. Yoneda, K. Morita. Nucl. Inst. Meth. B 317, 311 (2013).

[97] M. Leino, ). Aystd, T. Enqvist, P. Heikkinen, A. Jokinen, M. Nurmia, A. Ostrowski, W. H. Trzaska, J. Uusitalo, K. Eskola,

P. Armbruster, V. Ninov. Nucl. Inst. Meth. B 99, 653 (1995).

[98] Z.Y. Zhang, L. Ma, Z. G. Gan, M. H. Huang, T. H. Huang, G. S. Li, X. L. Wu, G. B. Jia, L. Yu, H. Yang, Z. Sun, X. Zhou, H. S. Xu,
W. Zhan. Nucl. Inst. Meth. B 317, 315 (2013).

[99] A. Semchenkov, W. Briichle, E. Jager, E. Schimpf, M. Schadel, C. Miihle, F. Klos, A. Tiirler, A. Yakushev, A. Belov,

T. Belyakova, M. Kaparkova, V. Kukhtin, E. Lamzin, S. Sytchevsky. Nucl. Inst. Meth. B 266, 4153 (2008).

[100] J. Saren, ). Uusitalo, M. Leino, ). Sorri. Nucl. Inst. Meth. A 654, 508 (2011).

[101] M. Block, D. Ackermann, K. Blaum, C. Droese, M. Dworschak, S. Eliseev, T. Fleckenstein, E. Haettner, F. Herfurth,
F. P. He3berger, S. Hofmann, ). Ketelaer, J. Ketter, H.-J. Kluge, G. Marx, M. Mazzocco, Yu. N. Novikov, W. R. Plaf3, A. Popeko,
S. Rahaman, D. Rodriguez, C. Scheidenberger, L. Schweikhard, P. G. Thirolf, G. K. Vorobyev, C. Weber. Nature 463, 785
(2010).

[102] E. Minaya Ramirez, D. Ackermann, K. Blaum, M. Block, C. Droese, Ch. E. Dillmann, M. Dworschak, M. Eibach, S. Eliseev,
E. Haettner, F. Herfurth, F. P. Hef3berger, S. Hofmann, J. Ketelaer, G. Marx, M. Mazzocco, D. Nesterenko, Yu. N. Novikov,
W. R. PlaB, D. Rodriguez, C. Scheidenberger, L. Schweikhard, P. G. Thirolf, C. Weber. Science 337, 1207 (2012).

[103] P.Schury, M. Wada, Y. Ito, D. Kaji, F. Arai, M. MacCormick, I. Murray, H. Haba, S. Jeong, S. Kimura, H. Koura, H. Miyatake, K.
Morimoto, K. Morita, A. Ozawa, M. Rosenbusch, M. Reponen, P.-A. Séderstrom, A. Takamine, T. Tanaka, H. Wollnik. Phys.
Rev. C 95, 011305(R) (2017).

[104] Y. Ito, P. Schury, M. Wada, F. Arai, H. Haba, Y. Hirayama, S. Ishizawa, D. Kaji, S. Kimura, H. Koura, M. MacCormick,
H. Miyatake, J. Y. Moon, K. Morimoto, K. Morita, M. Mukai, I. Murray, T. Niwase, K. Okada, A. Ozawa, M. Rosenbusch, A.
Takamine, T. Tanaka, Y. X. Watanabe, H. Wollnik, S. Yamaki. Phys. Rev. Lett. 120, 152501 (2018).

[105] M. Dworschak, M. Block, D. Ackermann, G. Audi, K. Blaum, C. Droese, S. Eliseev, T. Fleckenstein, E. Haettner, F. Herfurth,
F. P. Hef3berger, S. Hofmann, ). Ketelaer, J. Ketter, H.-J. Kluge, G. Marx, M. Mazzocco, Yu. N. Novikov, W. R. Plaf3, A. Popeko,
S. Rahaman, D. Rodriguez, C. Scheidenberger, L. Schweikhard, P. G. Thirolf, G. K. Vorobyev, M. Wang, C. Weber. Phys. Rev.
C 81, 064312 (2010).

[106] M. Block. Nuclear Physics A 944, 471 (2015).

[107] W.R. PlaB, T. Dickel, S. Purushothaman, P. Dendooven, H. Geissel, J. Ebert, E. Haettner, C. Jesch, M. Ranjan, M. P. Reiter,
H. Weick, F. Amjad, S. Ayet, M. Diwisch, A. Estrade, F. Farinon, F. Greiner, N. Kalantar-Nayestanaki, R. Knobel, ). Kurcewicz,


https://www.jyu.fi/static/fysiikka/vaitoskirjat/2011/Saren-Jan-2011.pdf]
http://cyclotron.tamu.edu/she2015/assets/pdfs/presentations/Popeko_SHE_2015_TAMU.pdf]
http://cyclotron.tamu.edu/she2015/assets/pdfs/presentations/Popeko_SHE_2015_TAMU.pdf]

1828 —— S.Hofmann etal.: On the discovery of new elements DE GRUYTER

J. Lang, I. Moore, |. Mukha, C. Nociforo, M. Petrick, M. Pfiitzner, S. Pietri, A. Prochazka, A.-K. Rink, S. Rinta-Antila, D.
Schiéfer, C. Scheidenberger, M. Takechi, Y. K. Tanaka, ). S. Winfield, M. I. Yavor. Nucl. Inst. Meth. B 317, 457 (2013).

[108] A. Marinov, I. Rodushkin, Y. Kashiv, L. Halicz, I. Segal, A. Pape, R. V. Gentry, H. W. Miller, D. Kolb, R. Brandt, Phys. Rev. C
76, 021303(R) (2007).

[109] G. Korschinek, W. Kutschera. Nucl. Phys. A 944, 190 (2015).

[110] W. Faust, P. Armbruster, S. Hofmann, G. Miinzenberg, H. Ewald, K. Giittner. J. Radioanal. Nucl. Chem. 55, 175 (1980).

[111] F. Bosch, A. El Goresy, W. Krdtschmer, B. Martin, B. Povh, R. Nobiling, K. Traxel, D. Schwalm. Phys. Rev. Lett. 37, 1515
(1976).

[112] M. O. Fregeau, D. Jacquet, M. Morjean, E. Bonnet, A. Chbihi, J. D. Frankland, M. F. Rivet, L. Tassan-Got, F. Dechery,

A. Drouart, L. Nalpas, X. Ledoux, M. Parlog, C. Ciortea, D. Dumitriu, D. Fluerasu, M. Gugiu, F. Gramegna, V. L. Kravchuk,
T. Marchi, D. Fabris, A. Corsi, S. Barlini. Phys. Rev. Lett. 108, 122701 (2012).

[113] D. Rudolph, U. Forsberg, P. Golubey, L. G. Sarmiento, A. Yakusheyv, L.-L. Andersson, A. Di Nitto, Ch. E. Diillmann, J. M.
Gates, K. E. Gregorich, C. . Gross, F. P. HeBberger, R.-D. Herzberg, J. Khuyagbaatar, ). V. Kratz, K. Rykaczewski, M. Schédel,
S. Aberg, D. Ackermann, M. Block, H. Brand, B. G. Carlsson, D. Cox, X. Derkx, K. Eberhardt, ). Even, C. Fahlander, J. Gerl, E.
Jager, B. Kindler, J. Krier, I. Kojouharov, N. Kurz, B. Lommel, A. Mistry, C. Mokry, H. Nitsche, J. P. Omtvedt, P. Papadakis, I.
Ragnarsson, J. Runke, H. Schaffner, B. Schausten, P. Thorle-Pospiech, T. Torres, T. Traut, N. Trautmann, A. Tiirler, A. Ward,
D. E. Ward, N. Wiehl. Phys. Rev. Lett. 111, 112502 (2013).

[114] ). Khuyagbaatar, A. Yakushev, Ch. E. Diillmann, D. Ackermann, L.-L. Andersson, M. Block, H. Brand, J. Even, U. Forsberg, W.
Hartmann, R.-D. Herzberg, F. P. Hef3berger, ). Hoffmann, A. Hiibner, E. Jdger, J. Jeppsson, B. Kindler, J. V. Kratz, ). Krier, N.
Kurz, B. Lommel, M. Maiti, S. Minami, D. Rudolph, J. Runke, L. G. Sarmiento, M. Schadel, B. Schausten, |. Steiner, T. Torres
De Heidenreich, J. Uusitalo, N. Wiehl, V. Yakusheva. EP/ Web of Conferences 131, 03003 (2016).

[115] F. P. Hef3berger, S. Antalic, D. Ackermann, B. Andel, M. Block, Z. Kalaninova, B. Kindler, I. Kojouharov, M. Laatiaoui,

B. Lommel, A. K. Mistry, J. Piot, M. Vostinar. Eur. Phys. J. A52, 328 (2016).

[116] M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, X. Xu. Chinese Phys. C 41, 030003 (2017).

[117] S.Hofmann, S. Heinz, R. Mann, ). Maurer, J. Khuyagbaatar, D. Ackermann, S. Antalic, W. Barth, M. Block, H. G. Burkhard, V.
F. Comas, L. Dahl, K. Eberhardt, J. Gostic, R. A. Henderson, ). A. Heredia, F. P. Hef3berger, J. M. Kenneally, B. Kindler,

I. Kojouharov, J. V. Kratz, R. Lang, M. Leino, B. Lommel, K. J. Moody, G. Miinzenberg, S. L. Nelson, K. Nishio, A. G. Popeko,
J. Runke, S. Saro, D. A. Shaughnessy, M. A. Stoyer, P. Thorle-Pospiech, K. Tinschert, N. Trautmann, J. Uusitalo, P. A. Wilk,
A.V.Yeremin. Eur. Phys. J. A 48, 62 (2012).

[118] E. Roeckl. Alpha decay. In Nuclear Decay Modes. Edited by D. N. Poenaru. Institute of Physics Publishing, Bristol, 1996,
pp. 237-274.

[119] L. Stavsetra, K. E. Gregorich, J. Dvorak, P. A. Ellison, |. Dragojevic, M. A. Garcia, H. Nitsche. Phys. Rev. Lett. 103, 132502
(2009).

[120] P. A. Ellison, K. E. Gregorich, ). S. Berryman, D. L. Bleuel, R. M. Clark, I. Dragojevic, J. Dvorak, P. Fallon, C. Fineman-Soto-
mayor, J. M. Gates, O. R. Gothe, I. Y. Lee, W. D. Loveland, J. P. McLaughlin, S. Paschalis, M. Petri, J. Qian, L. Stavsetra,

M. Wiedeking, H. Nitsche. Phys. Rev. Lett. 105, 182701 (2010).

[121] K. H.Schmidt, C. C. Sahm, K. Pielenz, H. G. Clerc. Z. Phys. A 316, 19 (1984).

[122] Yu. Ts. Oganessian, V. K. Utyonkov, Yu. V. Lobanov, F. Sh. Abdullin, A. N. Polyakov, I. V. Shirokovsky, Yu. S. Tsyganov, G. G.
Gulbekian, S. L. Bogomolov, B. N. Gikal, A. N. Mezentsev, S. lliev, V. G. Subbotin, A. M. Sukhov, G. V. Buklanov, K. Subotic,
M. G. Itkis, K. J. Moody, J. F. Wild, N. J. Stoyer, M. A. Stoyer, R. W. Lougheed. Phys. Rev. Lett. 83, 3154 (1999).

[123] J. B. Patin, K. J. Moody, M. A. Stoyer, J. F. Wild, D. A. Shaughnessy, N. ). Stoyer. Confirmed results of the
248Cm(48Ca,4n)292116 experiment. University of California, Lawrence Livermore National Laboratory, Livermore, CA
94551. UCRL-TR-201037 (2003).

[124] Yu.Ts. Oganessian, V. K. Utyonkov, Yu. V. Lobanov, F. Sh. Abdullin, A. N. Polyakov, I. V. Shirokovsky, Yu. S. Tsyganov,

G. G. Gulbekian, S. L. Bogomolov, A. N. Mezentseyv, S. Iliev, V. G. Subbotin, A. M. Sukhov, A. A. Voinov, G. V. Buklanov,
K. Subotic, V. I. Zagrebaev, M. G. Itkis, . B. Patin, K. J. Moody, J. F. Wild, M. A. Stoyer, N. J. Stoyer, D. A. Shaughnessy, J.
M. Kenneally, R. W. Lougheed. Phys. Rev. C 69, 021601 (2004).

[125] H.Backe, W. Lauth, M. Block, M. Laatiaoui. Nucl. Phys. A 944, 492 (2015).

[126] M. Laatiaoui. EPJ Web of Conferences 131, 05002 (2016).

[127] P.Indelicato, J. P. Santos, S. Boucard, J.-P. Desclaux. Eur. Phys. J. D 45, 155 (2007).

[128] Y. Liu, R. Hutton, Y. Zou. Phys. Rev. A76, 062503 (2007).

[129] A. Borschevsky, E. Eliav, M. ). Vilkas, Y. Ishikawa, U. Kaldor. Phys. Rev. A 75, 042514 (2007).

[130] K. H. Schmidt. Eur. Phys. J. A 8, 141(2000).

[131] IUPAC and IUPAP Procedures for Validating Claims for the Discovery of New Elements and Naming those Elements.
Homepage of IUPAC and IUPAP (2017), reproduced as Attachment 2 hereafter.



DE GRUYTER S. Hofmann et al.: On the discovery of new elements =—— 1829

Attachments

Attachment 1

Terms of Reference for a IUPAC/IUPAP Joint Working Group to Examine the Criteria used to Verify Claims for
the Discovery of New Elements

International Union of Pure and Applied Physics (IUPAP), 9 December 2016 and International Union of
Pure and Applied Chemistry (IUPAC), 19 November 2016

Rationale and purpose

Some twenty-five years have now elapsed since the criteria that are currently used to verify claims for the
discovery of a new element were set down. The recent completion of the naming of the one-hundred and
eighteen elements in the first seven periods of the Periodic Table of the elements provides a natural opportu-
nity for a necessary expert review of these criteria in the light of the experimental and theoretical advances in
the field. It is proposed to set up a IUPAC/IUPAP Joint Working Group (JWG) to examine these criteria under
the terms of reference set out below.

This JWG is set up for the specific task of reviewing and, if necessary, updating these criteria, and is
distinct from the IUPAC/IUPAP Joint Working Parties (JWP) which have and which will evaluate claims to
have discovered new elements. Should the JWG recommend any changes to these criteria it will include in its
report a recommendation on whether a JWP needs to be appointed to re-examine priorities assigned to any of
the recently discovered elements based on these new criteria.

If, and when, new claims for the discovery of new elements appear in the literature, a JWP will also be
appointed; this later JWP should also examine any assignments made for earlier elements that may have been
challenged.

Composition and establishment of the JWG

The JWG will be established following the guidelines below:

1. The Presidents of IUPAC and IUPAP will appoint by mutual agreement a Joint [UPAC/IUPAP Working
Group of six members with relevant expertise in the Discovery of New Elements, three to be nominated
by the President of IUPAC, with advice from the Division of Inorganic Chemistry; three to be nominated
by the President of IUPAP, with advice from the Commission for Nuclear Physics.

2. Appointments are made respecting the importance of continuity and new experience in the process of
discovering new elements.

3. The Joint Working Group will elect a Chair and a Vice Chair, subject to the approval of the Presidents of
TUPAC and IUPAP.

Clearly the restriction excluding the appointment of members from a claimant laboratory which applies to
Joint Working Parties will not apply to this Joint Working Group, which is not evaluating any claims.

Terms of reference

The JWG will review and, if necessary, make recommendations for the revision of the criteria originally set down
for determining the discovery of a new element and given by the Transfermium Working Group in 1991 [Wapstra
et al. “Discovery of the Transfermium Elements” (Pure Appl. Chem., Vol. 63, No. 6, pp. 879-886 (1991)].
The JWG will report using the procedures laid down below:
1. The Joint Working Group shall report within 12 months on the progress of its work to the Presidents of
TUPAC and IUPAP.
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2. The Joint Working Group shall also report to the Presidents of IUPAC and IUPAP when there are new
developments which it feels should be reported, when a report is requested by the President of one of
the Unions.

3. A copy of the draft report as sent for technical review will be provided to Presidents of IUPAC and IUPAP.

4. A copy of the report of the Joint Working Group as submitted for publication will be provided to the Presi-
dents of IUPAC and IUPAP.

The JWG report will be approved following the procedure laid down below:

1. Thereport, as it is to be published shall be approved by the Presidents of IUPAC and IUPAP, on the advice
of the Division of Inorganic Chemistry and the Commission for Nuclear Physics respectively, and pub-
lished as a provisional report in Pure and Applied Chemistry.

2. The provisional report is open for comment for five months. Comments will be forwarded to the Presi-
dents of IUPAC and IUPAP, who will, with advice from the Division of Inorganic Chemistry and the Com-
mission for Nuclear Physics, respectively, decide whether to make the report final, or on what other
action should be taken.

The public release of the findings of this Joint Working Group shall be made jointly in the name of both

Unions, by joint press release or by any other means.

Attachment 2

IUPAC and IUPAP Procedures for Validating Claims for the Discovery of New Elements and Naming those
Elements

International Union of Pure and Applied Physics (IUPAP), 9 October 2017 and International Union of Pure
and Applied Chemistry (IUPAC), 18 September 2017

Introduction

The procedures recently followed for validating claims for the discovery of new elements 113, 115, 117 and 118
and naming those elements had their origin in the IUPAC-IUPAP appointment of the Transfermium Working
Group of IUPAC and IUPAP in 1986. It is now timely to re-establish these co-operative arrangements, both for
the validation of the claims and for the naming of the elements. This process was initiated by IUPAP, also
recognizing that the process of synthesizing or discovering a new element relies heavily on nuclear physics
facilities and techniques, and is a complex process where chemists and physicists are often involved.

The validation of claims has been made by an IUPAC-IUPAP Joint Working Party (JWP). This document
sets out the agreed procedures for the appointment of the Joint Working Party, for its operation, and for the
reporting of its results.

The naming of the elements has been under the oversight of the IUPAC Division of Inorganic Chemistry,
and this document also sets out the agreed procedures for determining and reporting the new names.

IUPAC-IUPAP Joint Working Party for the validation of claims of new elements

1. Guidelines for the Appointment of Members
1.1 In the event of a claim for the discovery of new elements requiring investigation, or of the publica-
tion of results which call into question the results analysed by previous Joint Working Parties, the
Presidents of IUPAC and IUPAP will appoint by mutual agreement a Joint [UPAC-IUPAP Working
Party of six members with relevant expertise to validate claims and resolve disputes for the Discovery
of New Elements,
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— three to be nominated by the President of IUPAC, with advice from the Division of Inorganic
Chemistry
— three to be nominated by the President of [IUPAP, with advice from the Commission for Nuclear
Physics,
such that:
— all six members come from different countries, preferably and if possible not from those who are
claiming new discoveries, or raised a dispute
— appointments are made respecting the importance of both continuity and expertise in the
process of evaluating discoveries of new elements.
The members must not come from a claimant institution, or from an institution whose earlier claims
are questioned, or from an institution questioning those claims.
The Joint Working Party will elect a Chair and a Vice Chair, subject to the approval of the Presidents
of IUPAC and IUPAP.
After the appointment of the Joint Working Party one of the Unions will provide the secretariat which
invites and collects information from claimants and others, relevant to the claims made and passes
that information to the Joint Working Party and to the other Union.
The Joint Working Party will be appointed until it reports on the claims it was set up to validate, or
resolve a dispute. It will be released from its responsibility and disbanded after the naming of ele-
ments is announced and ratified.
Should the Joint Working Party not resolve the claims within two years, the Presidents of IUPAC and
IUPAP will consult to decide whether, and in what form, it should continue to work.
Should additional claims of the discovery of new elements or rebuttals of such claims be received
while the Joint Working Party is in operation, the Presidents of IUPAC and IUPAP will consult on
whether these claims should be referred to the existing Joint Working Party, whether the Joint
Working Party be reconstituted to consider them, or whether a second Joint Working Party should be
appointed to consider them.

Procedure for approval of claims by the Joint Working Party

The Joint Working Party shall evaluate claims against the criteria set out by the Transfermium Joint
Working Group in 1991 (Wapstra et al. (1991) “Discovery of the Transfermium Elements”, Pure Appl.
Chem, Vol. 63, No. 6, pp. 879-886; https://doi.org/10.1351/pac199163060879), and in updates agreed
to by both Unions.

The Joint Working Party shall report annually on the progress of its work to the Presidents of IUPAC
and IUPAP.

The Joint Working Party shall also report to the Presidents of IUPAC and IUPAP
— when there are new developments which it feels should be reported,
— when a report is requested by the President of one the Unions.

A copy of the draft report as sent for technical review will be provided to the Presidents of IUPAC and
IUPAP.

A copy of the report of the Joint Working Party to be submitted for publication will be provided to the
Presidents of IUPAC and IUPAP.

It is intended that the full detailed report will be published in Pure and Applied Chemistry, and that,
to publicise the verification of a new element, a short report be published in a widely read general
scientific journal, such as Science or Nature.

The Presidents of IUPAC and IUPAP in consultation with the President of the IUPAC Division of Inor-
ganic Chemistry and the Chair of the [IUPAP Commission on Nuclear Physics will appoint two co-
editors, one from each Union, who will jointly supervise the peer review of the report of the Joint
Working Group, using at least two and up to four referees, and provide the reviewed and revised
copy for publication to the editor of the journal Pure and Applied Chemistry, including the referees’
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reports and all related correspondence. It is expected that the editor of Pure and Applied Chemistry
will incorporate this material into the normal review process of the publication.

The report, as it is to be published shall be approved by the Presidents of IUPAC and IUPAP, on the
advice of the Division of Inorganic Chemistry and the Commission for Nuclear Physics, respectively,
and published as a provisional report in the journal Pure and Applied Chemistry.

Provisional announcements in the name of both Unions of the findings of the Joint Working Party
shall be made on publication of the approved final report, by joint press release and by any other
means. The announcement shall clearly state that the determination of claims for new elements is
the work of a Joint Working Party of both Unions.

2.10 After publication and announcement of the findings of the Joint Working Party, the provisional

3.1

3.2

report is open for comment for five months. Comments will be forwarded to the Presidents of [UPAC
and IUPAP, who will, with advice from the Division of Inorganic Chemistry and the Commission
for Nuclear Physics, respectively, decide whether to make the report final, or on what other actions
should be taken.

Naming of New Elements

Once the report has been made final the President of the Inorganic Chemistry Division of [UPAC
invites the laboratory or laboratories to which priority for discovery has been assigned to propose a
name and symbol for the element in line with the established guidelines. After names and symbols
have been proposed and the procedures of IUPAC set out in the paper “How to name new chemical
elements (IUPAC Recommendations 2016)”, Koppenol et al. (2016), Pure Appl. Chem., Vol. 88, No. 4,
pp. 401-405; https://doi.org:10.1515/pac-2015-0802) for the approval of those names have been con-
cluded, the provisional recommendation will be approved by the Presidents of both Unions before
publication. The announcements of the provisional recommendation and the names and symbols of
the new elements shall be made by both Unions, by joint press release and by any other means. The
announcement will clearly state that the provisional names and symbols have been recommended
by IUPAC, following the determination of claims for the discovery by a Joint Working Party of both
Unions.

The provisional recommendations are open for public review for a period of five months. At the con-
clusion of this period the President of the Inorganic Chemistry Division forwards the Division’s final
recommendation for the name and atomic symbol of a new element to the Council of the IUPAC for
formal approval by the Union and publication in Pure and Applied Chemistry. At the time the final
recommendation is provided to the Council of IUPAC it will be notified to the President of IUPAP.





