FUSION17

International conference on heavy-ion collisions at near-barrier energies
Hobart, Tasmania, 20-24 February 2017

Fusion and the Discovery of Isotopes

Michael Thoennessen
FRIB/NSCL
Michigan State University

Hobart, Tosmania
24 Februany 2017

U.S. Department of Energy Office of Science
National Science Foundation
Michigan State University




Why search for new isotopes?

» Before you can study them you have to make them!!

» Develop new production, identification and
purification techniques

» As techniques become more routine and beam

Intensities increase, one can start to measure .

nuclear properties: -

> Lifetimes iy P
JOURMEY TO THE EDGE OF SPACE

» Masses

» Structure _
The quest for the unknown is a

driving force for discovery
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Discovery potential

"I Nuclear Chart o
“I 1IN 1966 i
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_ Less than

i 1000 known

New territory to
be explored

A The neutron-rich limit is only
known up to oxygen
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Origin of the term isotope

ROGS FORGAM
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Nature: December 4, 1913

DECEMBER 4, 1913] NATURE 399
' rowing ova by nurse cells, the latter being phago-
LETTERS TO THE EDITOR. gytes w%ich cap%t’ure other cells and stuff them into the

iThﬁ Ed.l i 4 i iI"J e 70 L i A o
opmnl 5o far as 1 personally am concerned, this has re- [odit

can he

e wi sulted in a great clarification of my ideas, and it
this or

wken ¢ May be helpful to others, though no doubt there is
little originality in it. The same algebraic sum of the

1 positive and negative charges in the nucleus, when the rton
ver 6 (o arithmetical sum is different, gives what I call izt
s notl “isotopes™ or “isotopic  elements,” because they {iv
however, | geccupy the same place in the periodic table. They are

point onf chemically id»ntical, and save only as regards the
egns | relatively few physical properties which depend upon

means ne

on reverd atomic mass directly, physically identical also. Unit [deter-

Chemical . - Han b
only show Chﬂﬂg es _of this nuclear Chﬂ! ge, S50 !ﬂgku!!ﬂd E!IEEth!C,-—_lBroef:
the action of the enzyme which caused if, but also (NATURE, November 27, p- 372), is strongly supported

the enzyme instead of producing further hydrolysis | and the periodic law. The successive expulsion of one
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December 4: Isotope Day

éla University | The

of Glasgow | Hunterian Searcn

Home > The Hunterian » Visit = Evenis

The Hunterian

About Us
Isotope Day - 4 December 2013
Learning
Collections Isotopes were introduced to the world in a letter to the journal Nature', published on 4 December 1913 by
Vit TUniversity of Glasgow chemist Frederick Soddy.
i
- Our Venues He realised that a single chemical element could occur as atoms

with different atomic weights, with different nuclear properties,
such as radioactive half-life. He thus reconciled the periodic table

with the newly-discovered phenomena of radioactivity, and atomic

- Opening Hours

- Admission Charges

- Motices transformation. He later received the Nobel Prize in Chemistry for
- Getting Here this work.

- Exhibitions The word 'isotope’ itself had been suggested to him by Margaret

- What's New Todd, a Glasgow GP, during a dinner at 11 University Gardens.

Isotope science was truly born at the University of Glasgow.

- Events

U.S. Department of Energy Office of Science

u?tL?;a' Sence Fotnggtion http://www.gla.ac.uk/hunterian/visit/events/headline 296351 en.html
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Renaissance of the discovery of iIsotopes

“Owing to the rapid advance in research on
disintegration and the theory of nuclear
structure, the existence or non-existence of
rare isotopes has acquired an entirely
unexpected importance and calls for a short
review of their present situation.”

F.W. Aston, Nature 137, 613 (1936)
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Discovery project

Avamic Dats snd Nudeasr Dats Tables 95 (2009) 305-814

» Important to document the history
» Contrary to common perception not easily

Contents lists available &t Sciencelirect

Atomic Data and Nuclear Data Tables

journal hemepage: www.elseviar.com/locate/adt acceSSibIe
» Comprehensive compilation has only recently

Discovery of the cerium isotopes been pOSSib|e
J.Q. Ginepro, . Snyder, M. Thoennessen* Michael Thoennessen
Criteria. The Di
» Clear identification, either through decay-curves and relationships to € DISCovery

other known isotopes, particle or y-ray spectra, or unique mass and of Isotopes

Z_identiﬁca’[ion A Complete Compilation
» Publish in refereed journals

» Not as strict as discovery of elements
» First observation until proven incorrect

ﬁr U.S. Department of Energy Office of Science
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Technological advances drive discoveries
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Radioactive Decay

B Mass Spectroscopy
Light Particles
Fission

B Fusion/Transfer

B Spallation

B Projectile Fragmentation

M. Thoennessen
MSU/NSCL - 2015




Most isotopes have been discovered by fusion evaporation

100 + -
23.8% Fusion evaporation

P i . . . .
g O 18.4% Projectile fragmentation
E
E ol N=184 |
S
o
(=

40 N=126 .

B fusion-evaporation
projectile fragmentation
B other production mechanisms

20 N=82

| |
40 a0 120 160
MNeutron number N
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First acceleration of heavy ions

JULY 15, 1940 PHYSICAL REVIEW VOLUME 58

Proceedings of the American Physical Society

MINUTES OF THE SEATTLE, WASHINGTON, MEETING, JUNE 18-21, 1940

27. High Energy Carbon Nuclei. Luis W. Alvarez,
University of California.—The 37-inch cyclotron chamber
was filled with CH, and a beam of 50 Mev (C'?******jons
was detected with a linear amplifier. To resolve these ions
from alpha-particles, it was necessary to reduce the dee
voltage and to adjust the magnetic field to the low side of
the alpha-particle peak. Under these conditions, about 500
carbon nuclei entered the ionization chamber per minute.

@ <~“ U.S. Department of Energy Office of Science
5(3‘ &‘v National Science Foundation ‘ PhyS Rev. 58 (1940) 192
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Additional efforts at Berkeley

Proceedings of the American Physical Society PfﬂEEEdiﬂgE of the American Physical SDL‘-iEf.'_?
MEETING AT BERKELEY, CaALIFoRNIA, Jury- 11, 1942 MINUTES OF THE MEETING AT BERKELEY,
CaLiForNIA, JULy 12-13, 1946
7. A Cloud-Chamber Study of Heavy Particles B4. Acceleration of Stripped Light Nuclei in the
Accelerated in the Cyclotron. Richard Condit, Cyclotron. Herbert York, Roger Hildebrand, Thomas
Radiation Laboratory, University of California. Putnam, and J. G. Hamilton. Radiation Laboratory,
(Introduced by E. O. Lawrence.)—It has been University of California. — Experiments have been
found possible to produce '°C°®* of energy 85 done to produce accelerated stripped light nuclei
Mev and 08" of energy 113 Mev with the 60“ with the 60" Berkeley cyclotron for use in nuclear
Berkeley cyclotron. Very small beams of these experiments. Two types of sources have been
high speed particles were led from the Investigated: an arc source such as that normally
cyclotron through a thin window into a Wilson used in cyclotrons and a spark source similar to that
cloud chamber of conventional design. used in spectroscopic investigations of highly

lonized atoms. Typical yields from an arc source are
1000 C12+6146-Mev ions per second and 100,000
C12+6135-Mev ions per second...

F ¢ U.S. Department of Energy Office of Science
National Science Foundation Phys. Rev. 62 (1942) 301 Phys. Rev. 70 (1946) 446
ool
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First fusion-evaporation reaction

Acceleration of Stripped C? and C'? Nuclei
in the Cyclotron*

J. F. MiLLER, J. G. HamiLrtoN, T. M. PurNaAM,
H. R. HavymoxnDp, aAND G. B. Rossi
Crocker Laboratory, Divisions of Physics, Medical Physics,
Medicine, and Radiology, University of California,
Berkeley and San Francisco, California

| September 11, 1950 |

HE acceleration of stripped C2 and O'® nuclei in the cyclotron
has been reported.!™¢ The significance of this feat was
limited by the fact that the obtainable intensities were far too

small to produce a sufficient number of nuclear reactions to
permit the detection of radio-isotopes formed by the transmutation
of target nuclei by these heavy ions. The discovery of the trans-

-
- % ¢ U.S. Department of Energy Office of Science

238U(12C’4n)246Cf

Californium Isotopes from Bombardment of
Uranium with Carbon Ions*

A. GHIORSO, S. G. THomPsoN, K. STREET, Jr., AND G. T. SEABORG

Radiation Laboratory and Department of Chemistry, University of
California, Berkeley, California

| November 8, 1950 |

HE recent production and identification! of isotopes of
elements with atomic numbers up to six higher than the
target element through bombardment with approximately 120-
Mev carbon (+6) ions made it seem worth while to apply this

technique to the transuranium region.

First correct identification of a
californium isotope

&m National Science Foundation PhyS Rev. 80 (1950) 486 PhyS Rev. 81 (1951) 154
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Discovery of the element californium

Element 98*

S, G. Tuomesow, K. StreeT, JrR.,, A. GHIORSO, avD G, T. SEABORG

Radiation I.abf}mmry and Department of Chemistry,
University of California, Berkeley, California

| March 15, 1950 |

o | Initial mass assignment of 244
EFINITE identification has been made of an isotope of the i
element with atomic number 98 through the irradiation of was later revised to 245

Cm?2 with 35-Mev helium ions in the Berkeley Crocker Labora-

tory 60-inch cyclotron. The isotope which has been identified has

an observed half-life of about 45 minutes and probablv_has the

mass number 244. The observed mode of decay of the 98" ig _ _ _
through the emission of alpha-particles, with energy about 7.1 Mass Assignment of the 44-Minute Californium-245
Mev, which agrees with predictions, and other considerations and the New Isotope Californium-244f

involving the systematic of radioactivity in this region indicate ALrRED CrETIAM-STRODE, JR., GREGORY R. CHOPPIN, AND BERNARD G. HARVEY
that it should also be unstable toward decay by electron-capture. radiation Laboratory and Department of Chemisiry, University of California, Berkeley, California
| (Received January 16, 1956)

The 44-minute californium alpha emitter previously thought to be Cf*4 has been reassigned to mass
number 245 on the basis of milking experiments, excitation functions, cross bombardments, and decay-

scheme studies. Californium-245 decays by the emission of (7.112£0.02)-Mev alpha particles (~309%;) and
by orbital electron capture (~709). The new isotope Ci** was also identified and found to decay by the
emission of (7.174=0.02)-Mev alpha particles with a half-life of 2543 minutes. The mass assignment of this
isotope was established by its genetic relationship to Cm®? and by the excitation function for its formation
by the (a,4n) reaction on Cm3,

National Science Foundation PhyS Rev. 78 (1950) 298 PhyS Rev. 102 (1956) 147

a U.S. Department of Energy Office of Science
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Discovery of Einsteinium

New Elements Einsteinium and Fermium,

Reactions of U?%8 wi -Produced men
eactions o N ith CIY CIGEQH 0 Atomic Numbers 99 and 100
1t1'0gen ons A. Griorso, S. G. TuompsoN, G. H. HicGINS, AND G. T. SEABORG,
ALBERT GHIORSO, G. BERNARD ROsSI, BERNARD (. HARVEY, Radiation Labamﬁarjf and Department of (.,‘hem?'sh'y,
AND STANLEY G. THC;MPSDH University of California, Berkeley, California
Radiation Laboratory and Department of Chemisiry, M. H. STU.DIER, P. R. FrlT.LDS, S. M.r EFRIED, H, DIAI‘\IDND,
University of California, Berkeley, California J. F. Mzcr, G. L. Pvig, J. R. HLL&ENGA,.A. Hrrscm,
- 5 AND W. M. MANNING, Argonne National
| (Received November 25, i953)| Laboratory, Lemont, Illinois
i 3 14 : o AND
HE H.ECEIEI‘E.LIDII ﬂf N (+6} 101115 w]'th thE BEI:](E]E}T (;I‘DCI{EI' C. I. BrowxEe, H. L. Smita, axp R. W. SpENcE, Los Alamos
Laboratory 60-inch cyclotron! has made it possible to Scientific Laboratory, Los Alamos, New Mexico
study nuclear reactions of these ions with U2, | (Received June 20, 1955)
The following transmutation products have been observed: HIS communication is a description of the results
24 1 .
99241(2), 0928, C, Cf2, pr{?}: C_fmsr ]%k % and other berkelium of experiments performed in December, 1952 and
isotopes not yet identified. The identification of the elements the following months at the University of California

Radiation Laboratory (UCRL), Argonne National
Laboratory (ANL), and Los Alamos Scientific Labora-

238U(14N,6n)246ES tory (LASL), which represent the_discovery of the

elements with the atomic numbers 99 and 100.

4 There is unpublished information relevant to element 99 at the Univer-
sity of California, Argonne National Laboratory, and Los Alamos Scientific
Laboratory. Until this information is published the question of the first
preparation should not be prejudged on the basis of this paper.

m .S. Department of Ener ice of Science
&@ E.j;:stiol_:)nal:l) Stt:iencete FE)Enda%?orC\)ff " PhyS Rev. 93 (1954) 257 PhyS Rev. 99 (1955) 1048
NGCL. FRIB ichigan State University




Competition for the discovery of Einsteinium

Element 100 Produced by Means of
Cyclotron-Accelerated Oxygen Ions

Huco ATTERLING, WILHELM Forsring, LENNArRT W. HoLw,
LARS MELANDER, AND BJorN AsTROM
Nobel Institute of Physics, Stockholm, Sweden

(Received May 18, 1954)

HE beam of high-energy (O')%t ions produced by

the 225-cm cyclotron of this institute! has been

used to bombard uranium targets. An alpha activity

which is ascribed to an isotope of element 100 has been

found among the transmutation products formed in
this way.

National Science Foundation
Michigan State University

NSCL FRIB

g U.S. Department of Energy Office of Science PhyS Rev. 95 (1954) 585




Discovery of "°Rb

Nuclear Physics 2 (1966/67) 593-—618 TRANSMUTATION DU CUIVRE PAR LE CARBONE,
Nuclear Physics 2 (1956/57) 619—623 L’OXYGENE ET LE NEON
Nuclear Physics 2 (1956/67) 624—633 . ATTERLING
Nuclear Physics 2 (1956/567) 634—8639 Tnstitut Nobel de Physique, Stockholm
et
ETUDE DE LA TRANSMUTATION DU CUIVRE J. BEYDON, M. CRUTt et J. OLKOWSKY
PAR L’AZOTE ET L’OXYGENE Centre d’'Etudes Nucléaives de Saclay, Gif-sur-Yvetle
J. BEYDON, R. CHAMINADE, M. CRUT{, COMPARAISON DES REACTIONS #Co+®Ne et %Cu-+160
H. FARAGGI, J. OLKOWSKY et A. PAPINEAU
Centre d'Etudes Nucléaives de Saclay, Gif-sur-Yuvette M. CRUT?, H. FARAGGI et J. OLKOWSKY
Centre d’Etudes Nucléaives de Saclay, Gif-sur-Yvetie
et
MISE EN EVIDENCE D’'UN ISOTOPE LEGER . ATTERLING
DE RUBIDIUM Institut Nobel de Physique, Stockholm
R. CHAMINADE, M. CROS, I. GRATOT et M. LE PAPE
Centre d’Etudes Nucléaives de Saclay, Gif-sur-Yvetie Re:;.u le 28 septembre 1956

National Science Foundation
Michigan State University
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Discovery of 1Se
What is noteworthy about the discovery of "1Se?

PHYSIQUE NUCLEAIRE. — Mise en écidence d’un isotope nouveau de sélénium défi-
cient en neutrons. Note (*) de M"* Jaceuenive Beypon, M Hexrierre Faracer,
Ini:ne Grator et MarcueriTe L Pare, présentée par M. IFrancis Perrin.

Dans la transmutation du cuivre par l'azote, nous avons pu constater la formation

d’un nouvel isotope léger du sélénium, de période 5 == 2 mn, émetteur 3, présentant

. - [ 14 -

une raie y vers 160 keV dont la masse est sans doute 71, la masse 69 n’étant toutefois
pas exclue.

...all authors are female researchers!

ar U.S. Department of Energy Office of Science

National Science Foundation
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Isotopes discovered by women as first authors

In the last 30 years about 20% | B- Karlik, = M.J.G. Borge, - L. Meitner,
of all isotopes discovered have | Vienna 1943 CERN 1986 §, Berlin 1938
been published in papers with
a woman as the first author.

M. Curie,

Paris 1898

0 D.C. Hoffman,
S. Yennello, MSU 1992 Los Alamos,

1964,1980

|. Curie, Paris 1934 .
| M. Bernas, GSI| 1994,1997

A. Lepine-Stily, P D. Guillemaud-Mueller, GANIL 1989

GANIL 2002

A. Spyrou, MSU 2010,2012

ﬁr U.S. Department of Energy Office of Science

National Science Foundation
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Current status

120
120}
Production mechanisms g 100
100} § 80
Q4o # S
_ 80 _,% 40 ’ /\—J\ -
3 3 - AN e,
-g 20 f}rh | |||I 4 1 |I _J|
o L AMASAIL QE
§ 1900 1920 1940 1960 1980 200
* 4ot @ - Light-particle reactions Year
] - Neutron reactions _ _
20 ] - Fusion-evaporation Fusion evaporation
W - Fragmentation/spallation

H - Stable and naturally occurring

0 20 40 60 80 100 radioactive isotopes
Neutron number
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Five-year running average by production mechanism

60
— Total
50 17 Fusion
— Light particles
40 17— Low-energy fission
— Stable spectroscopy
30 -
Neutron reactions
20 -
10 A
0 + e - pan s -
1890 1910 1930 1950 1970 1990 2010
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Known isotopes by production mechanism

800
— Fusion
700 1 Light particles
600 1 — Low-energy fission
— Stable spectroscopy
500 - Neutron reactions
=== Projectile fragmentation
400 - Photo-nuclear reactions
----- Radioactive decay

300 A1 = = Spallation

200 +

100

pr U.S. Department of Energy Office of Science

National Science Foundation
Michigan State University

NSCL FRIB



Known isotopes by location in chart

3000 A - Total
= = (Near)Stable
2500 - = + Proton-Rich
B — Neutron-Rich
% 2000 — ... Heavy Elements
-
Z 1500

.............

pr U.S. Department of Energy Office of Science

National Science Foundation
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Contributions from “small” accelerators

|Stockholm| [Jyvaskyl4]

Manchester
Birmingham IM,

Harwell| {Louvain ||GS| |[Munich

f{tikm Orsay||Saclay ||Grenob|e||ViIIigen |
Rochester BNL
-Berkeley _

Since 1951, the ~750 isotopes discovered by fusion were
observed at 34 different institutions in 16 countries

F i ‘ U.S. Department of Energy Office of Science

‘ National Science Foundation
Michigan State University
NSCL FRIB
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Isotopes discovered by FUSION17 speakers

D. Ackermann 31
P. D. Stevenson 4 S.G.Zhou 3
: D. Jacquet 1 .
K. Hagino 2 W. Mittig 5
—— J. M. Gates 11 _
K. Nishio 13 L. Corradi 2
D. Bazin 141
M. Dasgupta 3 A. E. Stuchbery 1
: M. Block 5 .
Ch. Theisen 2 E. Fioretto 1
D. J. Hinde 3 :
J. Khuyagbaatar 14 S. Szilner 1
M. Caamano 1 —
W. Loveland 7 A.DiPletro 1
: C. E. Dullmann 12 :
Y. Aritomo 1 S. Courtin 1
T. Kawabata 1

Y
s

M
®

< U.S. Department of Energy Office of Science
&@ National Science Foundation

Michigan State University
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How many more nuclides are there?

~7000 bound nuclide should exist -
100 ‘f‘l l
N80} §
@
O
-
S
E 60F .
o B stable isotopes
é_f.'f B radioactive decay chain
40+ B light particles i
B fusion/transfer
B fragmentation
unknown
201 B predicted driplines i
40 80 120 160 200 240 280
Neutron number N
a U‘S.‘Depart[’nent of Energy Office of Science
& w e e Erler et al.,Nature 486 (2012), 509)




How can new nuclides be discovered?

100} -
N 80F -
3
&
S N=184
E 60F -
o)
4= Z=50
g B stable isotopes
40 N=126 M known -
unknown

— fusion-evaporation
—— projectie fragmentation/fission ]|
—— deep inelastic/transfer

]
o

40 80 120 160
Neutfron number N

National Science Foundation

a( U.S. Department of Energy Office of Science
& e e M. Thoennessen, Nucl. Data Sheets 118 (2014) 85

FRIB



Discovery potential with fusion evaporation reactions

protons

W - Stable and naturally occurring
radioactive isotopes

® - Known isotopes
B - Unknown isotopes

® - Isotopes reachable by fusion
with stable beam and targets

0 20 40 60 80 100 120 140
ncutrons

&ﬂ el Sl I R M. Thoennessen, Rep. Prog. Phys. 67 (2004) 1187

Michigan State University

NSCL FRIB



Mid-mass region: 51<Z7<84

Odd-Z: Still unknown isotopes between
proton and B* emitters

AN /

e 158130 131 132133 134 'IEIE‘

|

Bismuth 179)180/181|182| 183 X
Lead 176|177 53 5
Thallium 171[172|173] 174[175 ¥
Mercury 163|170 B3
Gold 166(167(168(160
Platinum 164|165 B8 16
Iridium 161|162)|163 B8 16
Osmium 15a| 160Kl g3 i GE
Rhenium 157(158 B4 165
Tungsten 155|156 B3 164 165
Tantalum 151|152{ 153|154 B3
Hafnium 149|1508151( 152|153 5
Lutetium 147|148(149 Holmium 138|139
Yiterbium 145|1469147| 148 §EE] 150 5 Dysprosium 1as[136]1ah3
Thulium 143 144 Terbium —  [133[134 1:36|137|138
Erbium — |14ﬂ|1411 ILE] 144 14 Gadolinium 130(131|132]133) 134 gE 136
Europium 128129 132133
Samarium 126(127|128 3 5
Promethium 123 124{125|12
Meodymium 121 (1228123124 | 126
Praseocdymium 118[120 122[12
Cerium 117|1184119]120
Lanthanum 114[115|116 118|119
Barium 112|111
Caesium 108110111
Xenon 10710
lodine 105(106)107
Tellurium —— IE 1048107

&

NSCL FRIB

U.S. Department of Energy Office of Science
National Science Foundation
Michigan State University

Published only in a
conference proceeding

Even-Z: A few bound isotopes
are still unknown




No conference proceedings

Physica Scripta. Vol. T8R, 153-156, 2000

Formation and Studies of New Proton Emitters via
Intermediate-Energy Fragmentation of Heavy-Element Beams

G. A. Souliotis*

Institute of Nuclear Physics, [NCSR Demokritos, Athens, Greece. —" NCSR DemOkr|t081 Athens! Greece

Received Octaber 15 1900

Abstract

The possibility of generating and studying new proton-emititing nuclei using
projectile fragmentation of very-heavy beams is investigated in this work.
The charge, mass and velocity distributions of heavy residues from the inter-
action of 30 MeV/nucleon '"7Au projectiles with *’Zr have been measured
with high-resolution using thef]MSU A1200 fragment separator|A broad range
of proton-rich nuclei are produced in this reaction. A number of new p-rich
nuclei (14, of which 6 are expected to pe proton emitters) are observed in
the region Z = 60 — 73. The opportunit§ of studying proton rich nuclei pro-
duced by this approach 1s discussed.

Atomic Number Z

54 €0 D] T0 i) 5 8 Y 95 e 105

MSU A1200 fragment separator | Neutron Number N

National Science Foundation
Michigan State University

ar U.S. Department of Energy Office of Science

NSCL FRIB



Heavy mass region: 83<Z<93

7216 . B . )
o, | U 9 April 2015 | = 222J was discovered with the
3345 + 4989 keV o 7800 | NG 216my .
Iﬁ‘ 5.5 ms ® (LanZhOU) 27600: '2“’217U .’Elgu z|§;mU reaCtlon 186W(40Ar’4n) SO
ol 23 ol 26p, . Pﬂ 217“1}.’:2“ ) .
A 826 kev S S e 220 should be accessible
208 1 03255 ; 72001 ' ”“'”Zﬁl . ';Mpr, | ] 184 40
183 ' 11s RIS ‘ with W( Ar,4n).
A {16002 o #Th
éiM-EEEdkEU S May 2015 6400
" (GSI) T
Parent o0 energy (keV)
A e
Liranium 21 sl 218 17 218 214 220 221 222 33
Protactiniwm 22 213 274 215 218 217 218 219 220 221
Theorium 208 200 210 211 292 213 214 215 218
Actinium 205 208 207 208 200 219 211 212 ——
Radium M 202 203 204 206 206 207 208
Francium 197 188 199 200 201 202 203 204 praceadings only
Rado 193 194 195 196 197 198 199
n Doy erec] aller 20049
Astatine 191 192 193 194 185 Presented at ARIS 2014
Polonium —— RECREREERE-RELRES (RIKEN) Discewered betkre 2010

National Science Foundation

£C US Department of Energy Office of Science L. Ma et al., Phys. Rev. C 91 (2015) 051302(R) ~ R. Hingmann et al., Z. Phys. A 313 (1983) 141
&m Michigan State Universtty H.M. Devaraja et al., Phys. Lett. B 748 (2015) 199 Y. Wakabayashi et al., ARIS-2014, PS1-B037 (2014)
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Transuranium region: 92<Z7<103

2098i(34S ’ 3n)240 ES

Eq,=

7.97-8.19 MeV /
!

_'—’

Mobelium

Mandelevium

Fermium
Einsteinium
Califormium

o

/ EC
! 240
[ Tie=6(2)s i # N ECDF
a .
EC
T12= 2277 s : ¥\ ECDF

by=0.7(1)
bEC=U'3(1)

240Cf
T1f2= 64(9) s

E,=
7.590(10) MeV

236Cm
Ti2= 410(50) s
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» First new isotopes in 2017
» Reach milestone of 300 transuranium isotopes
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Reachable with multi-nucleon transfer reactions

U nknown

® ¢
&

NSCL FRIB

U.S. Department of Energy Office of Science

National Science Foundation
Michigan State University

J. Konki et al., Phys. Lett. B 764 (2017) 265



91
a0
29
a3
87
86
85
a4
83
82

Multi-nucleon transfer reactions
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Superheavy nuclides: Multi nucleon transfer

;:mﬁE 238y, 4 2480 L e Cold fu;ion
= ® Hot fusion
Multi-nucleon transfer
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Superheavy nuclides: Fusion with radioactive beams
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Discovery of superheavy elements
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Discovery of super heavy nuclides
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Summary

The discovery of isotopes is the first necessary step towards their exploration
The quest for new discoveries pushes new technical developments
New accelerators and detection technigues are critical

Fusion evaporation reactions .
continue to be an important — Tota
50 A - = (Near)Stable

reaction mechanism to discover I
proton-rich isotopes 401~ — NeutronRich

... Heavy Elements

» Multi nucleon transfer reactions
can populate new proton- and
maybe neutron-rich isotopes in o |
the transuranium region
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