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Neptunium(Np,93), Plutonium(Pu,94),...

1940, McMillan and Abelson, LBNL
238U + In = 2°U (23.5 min) , B decay
—2>2Np (2.36 d) , -B decay
- 2°Pu (24390 yr)
1941, Seaborg, Wahl, Kennedy and Segre, LBNL
238U + 2d = 2n + 238Np (2.1 d)
—> 238Pu (88 yr)
239Pu is fissionable with thermal neutrons !!!

By using **°Pu, collision with o,n, can produce
Am(Z=95), Cm(Z=96), Bk(Z=97), ...
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Synthesis ofede isotopes of elements 118 and 116 in the **Cf and **Cm+**Ca fusion reactions

Yu. Ts. Oganessaan, V. K. Utyonkov, Yu. V. Lobanov, F. Sh. Abdullin, A. N. Polyakov, R. N. Sagadak, [ V. Shirokovsky,
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A. M. Sukhov, K. Subonic, V. L Zagrebaev, G. K. Vostokin, and M. G. IiKis
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299, 29609 BCat+249CT (51%) +250CF (13%)+251Cf (36%)

529429529600+ X

Search for the heaviest atomic nuclei among the products from reactions of mixed-Cf
with a **Ca beam

N. T. Brewer'2-3" v, K. Utyvonkov® | K. P. Rykaczewski® , Yu. Ts. Oganessian® , F. Sh. Abdullin® ,
R. A. Boll?Z, D. J. Dean?, S. N. Dmitriew® | J. G. Ezodd? |, L. K. Felker? , R. K. Grzywacz?? | M. G. Itkis® |,
N. D. Kovrizhnykh* , D. C. McInturfi?, K. Miermik'* |, G. D. Owen® |, A. N. Polyakov® | A. G. Popeko* |
J. B. Roberto? |, A. V. Sabel'nikov® | R. N. Sagaidak® , L. V. Shirokovsky* , M. V. Shumeiko® |
N. L Sims® , E. L. Smith? , V. G. Subbotin® , A. M. Sukhov* , A. L. Svirikhin® , Yu. S. Tsyganov® |
S. M. Van Cleve! | A. A. Voinov® |, G, K. Vastokin® , C. S. White? | J. H. Hamilton® . M. A. Stt.:g.'e-r7
' JINPA, Oak Ridge Natiomal Laboratory.

Oak Radge, TN 37531, USA
2 Oak Ridge National Laboratory,

Oak Ridge. Tennessee 37851, USA
* Department of Physics and Astronomy,

Uraversity of Tenmessec,
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t Joumt Institute for Nuclear Rescasch,

RU-131980 Dwubrez, Russsan Federation
® Facully of Physics, University of Warsase,

PL-02-003 Warsaw, Poland
* Department of Physics and Astromomy,
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(Datod: August 1, 2018)

The search for new decay chains of oganesson isotopes is presentod. The experinsent wutilizeod
the Dubona Gas Filled Recodl Separator and a highly seginenited rocoib-decay detection system. The
signals froon all detoctors were analyzoed in paralled by tal and analog data acquisition systeoms.
For the first time, a target of mixed californium (51% **°Cr, 13% *2Cf and 36% **'Cr) recovered
from decayed 2 Of sources was produced and irradiated with an intense **Ca beam. The observation
of & new docay chain of "™ Og is reported. The prospects for reaching mew Isotopes = - 0 Og arc
discusssad.,
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RIKEN-Garis: Thickness of target 0.48mg/cm?, Research period 170 days

Zn+ 29Bi — 28113 + n

15t chain
23-July-2004 18:55 (JST)

36.75 MeV 36.47 MeV

TOF 44 .61 ns TOF 45.69 ns

0. o

WP BN W EON

11.68 MeV (PSD) 11.52 MeV (PSD)
sy 33449 - sy ‘3"09?6 o

0.88+10.43=11.31 MeV

11.15 MeV
2700\ ¢ 6.149+5.003 (PSD+SSD) 2700\ ¢ (PSD+SSD)
9.260 ms 34.3 ms
10.03 Mev 3040 mm 2.32 MeV (escape}©! mm
266BhL|  1.136+8.894(PSD+SSD) 26BL|  1.63s
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9.08 MeV (PSP3).79 mm 9.77 MeV (PSD) U4 chain
[®DB| 2495 131 s 2-April-2005 2:18 (JST)
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A 204.05 MeV(PSD) A 192.32 MeV(PSD) p relimina ry
S f 409 s S f 0.787 s J. Phys. Soc. Jpn 73(2004)2593
o = 3047 mm From K. Morita’s talk in 2005
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CHIN. PHYS LET] Vol. 20, No. 1(2012) 012502

Observation of the Superheavy Nuclide *7'Ds
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Synthesis of the heaviest elements in **Ca-induced reactions
By Yu. Oganessian™
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The Discovery of Isotopes: A Complete Compilation

Neutron nussber N

C, f nuclides. Stable and primordial nuclides are shown in b
and I hotopuptediceedloahby&lcdd; 12 f‘
p discover new nwclsd b L

Up to the end of 2018, 3386 nuchdes have been found. Natural nuchdes
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What Nuclides Will FRIB Produce?

FRIB will produce more ¥ Y ' 1 ' ' ro— 1

than 1000 NEW PRgPT

isotopes at useful rates 80 — Projectile @ 200 M_eVl_u
(4530 available for Fragmentation + Fission
study)

Theory is key to making €0 -
the nght measurements

Exciting prospects for
study of nuclei along
the dnp line to mass
120 (compared to 24)

Production of most of
the key nuclei for _
astrophysical modeling o

40 ~
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Harvesting of unusual Neutron Number
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range of applications Rates are available at http://groups . nscl.msu.edu/frib/rates/
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Byungsik Hong Nucl. Sci. Tech 26, S20505 (2015)
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TABLE 1. Expected energy ranges and intensities at the experimen-
tal target for some selected radioactive 1on beams at RAON.

Beam nuclide Energy (MeV/u) Intensity (pps)
196Sn 10-250 ~10°
1532Sn 5—-250 ~ 107
140¥e 10-250 ~10%

142Xe 10-250 ~ 107
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Identification of strontium in the merger of
two neutron stars

1038/:41E86-010- %763

Receoived: 8 February 2018

Accepted: 14 August 2019

Pubbisshed onliine: 23 Octobes 2009

Darnch Watson™**, Camilla ). Hansen'* ", Jonatan Selsing™ ™, Andreas Kodh®,
Dardele B. Malesant™**, Anja C. Andersen’, Johan P. U Fynbo'?, Almudena Arcones®”,
Andreas Bauswein™, Stefanco Covino®, Anlello Grado™, Kasper E. Heintz"*™_ Lealle Munt™,
Chirysss Kouvellotou™ ™, Giorgos Lelowudas™”. Andrew 1 Levan™™, Paclio Mazrali™ &
Elans Pran™

Halr of all of the elements In the Universe that are heavier than Iron were created by
rapid neutron capuure. The theory underiying this astrophiysical r-process was worked
out six decades ago, and requires an cnormous neutron ux to make the bulk of the
elements’. Where this happens is still debated. A key plece of evidence would be the
discovery of freshiy synthesized r-process clements In an astrophysical site. Existing
models’ ® and circumstantial evidence® point to newtron-star mergers as a probable
r-process site: the opricalinfrared transient known as a Xilonova that emerges in the
days after 2 mernger Is a likely place to detect the spectral signatures of newly created
neutron-capture slements”™ . The kilonova AT 2017gro—which was found rollowing the
discovery of the neutron-star merger GW170817 by gravitational-wave detectors™—was
the first kilonowva for which detalled specira were recorded. wWhen these spectra were
nrst reported™ P it was argued that they were broadiy consistent with an owutflow of
radiocactive heavy elements; however, there was no robust identification of any one
element. Here we report the identifncation of the neutron-capture element strontium in
2 reanalysis of these spectra The detection of a neutron-Captur e clement associated
with the collision of two extreme-density stars establishes the origin of r-process
edements In Neutron-star mergers. and shows that neutron stars are made of neutron-
richmatter®.



Fusion-Evaporation Reaction (DNS model)
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A simple test
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Comparison of the calculated ER cross sections with

the experlmental data for Z= 1130,,118
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Productlon Cross sectlons of Z=119 and 120
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PHYSICAL REVIEW C 79, 024603 (2009)
Attempt to produce element 120 in the ***Pu 4+ “Fe reaction

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, A. N. Mczentsev, V. G. Subbotin. A. M. Sukhov,
K. Subotic, V. 1. Zagrebaev, and S. N. Dmitriev
Jeovint Institate for Nuclear Rexearch, RU- 41980 Dubina, Russian Federation

R. A. Henderson, K. J. Moody. 1. M. Kenneally, J. H. Landrum. D. A. Shauvghnessy.
M. A. Stoyer, N. 1. Stover. and P. A. Wilk
Lawrence Livermove National Laboratory, Livermore, California 93551, USA
(Received 24 Ocrober 2008; published 5 February 2009)

An experniment aimed at the synthesis of isotopes of ¢lement 120 has been performed using the
2P Fexn )™ 1 120 reaction. No decay chains consistent with fusion-evaporation reaction products were
observed during an irradiation with a beam dose of m’m"ﬁopmjecliles. The sensitivily of
the experniment corresponds 1o a cross section of 0.4 pb for the detection of one decay.

Further attempts to synthesize element 120 in this reaction
would require an increased sensitivity of the experiment. To
enhance the production of element 120, the choice of a more
mass-asymmetric reaction like ***Cm 4+ >*Cr (or even #*7Cf +
S9T1) would be preferable.
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Experimental progress

Many research about transfer reactions has been done during the last 70s-80s.
Such as 0Ar, %Fe, 84Kr, 136Xe, 238U with 2380; 84Ky with 209Bi et al.

fa, Eiemew o a) Produce neutron-rich nuclides

f?)f@hf " : heavy nuclei + light n
TR & ‘ @ cutron-rich

s 1, “OAr+258y 340MeV
= d 7 new isotopes: 54Ti, %V, %8 59Cr, 61Mn, 63 64Fe

B @ 2, 96Fe+2380 465MeV
S 2 new isotopes: °'V and %8V
-5 b) Produce superheavy nuclides
~ Asymmetry transfer
}}‘ }.f \ ‘,\ 3, 238U+248Cm 7. 5MeV/A
> 5 Up to FM and Md have been produced (No SHE)

1, D. Guerrau, et al.,”Z. Phys. A 295, 105(1950)

156 nuclides were produced 2 H. Breuer, et al.,Phys. Rev. C 22, 2454 (1950)
J. V. Kratz, et al.,Phys. Rev. Lett. 33, 502(1974) 3, M. Schdde, et al.,Phys. Rev. Lett. 48, 852 (19




More references (before)

1.Kratz, Norris and Seaborg, Mass-yield distribution in the reaction of
84Kr(605MeV) +238U, PRL33(1974)502, 156 nuclides

2. Otto, Fowlwe, Lee, and Seaborg, Mass yield distribution in the
reaction of 136Xe(1150) +238U, PRL36(1976)135, 131 nuclides

3. Schadel, Kratz, Ahrens, Bruchle, Franz, Gaggeler, Warnecke, and
Wirth, Isotop distributions in the reactoin of 238U (1785)+238U,
PRL41(1978)469, enhancement

4.Kratz, Bruchle, Folger, Gaggeler, Schadel, Summerer, and Wirth,
Search for superheavy elements in damped collisions
238U(7.3MeV/u)+238U, PRC33(1986)504, cross-section limits 10pb

5. Shen, Albinski, Gobbi, Gralla, Hildenbrand, and Herrmann, Fission and quasifission in
U-induced reaction, PRC36(1987)115, mass drift



More references (recently)

1.Souliotis, Veselsky, Galanopoulos et al., Approaching neutron-rich nuclei
toward the r-process path in peripheral heavy-ion collisions at 15
MeV/nucleon, PRC84 (2011)064607, 86Kr(15 MeV/u) +58,64Ni, 112,124Sn

2.Kratz, Loveland, and Moody, Syntheses of trans-U isotops with Z=<103
in multi-nucleon transfer reactions, NPA2015

3.Watanabe et al, Pathways for the production of n-rich isotopes around
N=126 shell closure, 136Xe(8MeV/u) +198Pt, PRL15(2015)172503

4 Vogt et al, Light and heavy transfer products in 136Xe+238U
multinucleon transfer reactions, PRC92(2015)024619, PRISMA+AGATA

5. Barrett, Loveland, et al, The 136Xe(Ecm=450MeV) + 208Pb reaction: A
test of models of multi-nucleon transfer reactions, PRC91(2015)064615,
200 P+ T-like fragments
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SRR RNEICHE
—. EREE:

1. Dinuclear system (DNS)
2. GRAZING

3. Complex WKB (CWKB)
4. Langevin equations

5. Deep-inelastic transfer (DIT)

Z. IRE:
1.Time-dependent Hartree-Fock(TDHF)

2.Quantum molecular dynamics (QMD)



Density distribution of 13¢Xe+208Ppb at

Ec.m.=450 MeV
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Energy dissipation between the projectile and target
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Comparison of GRAZING and DNS: formula

GRAZING: deals with the nuclei scattered with probability (1-Pcap)
quantum transition from one nuclei to another without capture
DNS
deals with the nuclei captured with probability Pcap
transter or dissipation due to transportation after capture
vt oI or 0 B (E O A} Physical mechanisms
Wi .I‘!‘_‘.:'.. g~ ! o | 4

described by these two

W oo e oo A B models are mutually

| S complementary depending
on whether capture
happens.
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64Ni+235U, Ecmn=307 MeV

Cross section (mb)

Results are also significantly improved by GRAZING+DNS
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4. RNB induced MNT

proton stripping proton pick up

136X€‘|‘198Pt

E_ = 643 MeV

Date: Y. X. Watanabe et al.
PRL 115, 172503 (2015).

Cross sections (mb)

Cal: Zhu, Su, Xie, and Zhang
PLB 707,423 (2017).
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TABLE 1. Expected energy ranges and intensities at the experimen-
tal target for some selected radioactive 1on beams at RAON.

Beam nuclide Energy (MeV/u) Intensity (pps)
196Sn 10-250 ~10°
1532Sn 5—-250 ~ 107
140¥e 10-250 ~10%

142Xe 10-250 ~ 107




Cross sections (mb)

g, 200py,
SS 'd4xe.2mpb

Cal: Zhu, Su, Xie, and Zhang

= = "*xe+?"pb (Exp) ==
i o | PLB 707, 423 (2017).
: :
: { It is favorable to produce n-rich
{ nuclei with charge number less
: { than targets.
; |
‘; ; E. =450 MeV
: i
| |
<
]

196‘ 105 200 205 210200 205 210 215 220 225
A A
Date: Y. X. Watanabe et al. PRL 115, 172503 (2015).



The circles denote
the unknown n-
rich 1sotopes.

Ec. m. = 1Vint

Cross sections (mb)

Zhu, Su, Xie, and Zhang
PLB 707, 423 (2017).
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Cross sections of nuclei with neutron closed shell N = 126 for reactions
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Production of n-rich 2Y”-?1°Pt isotopes
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Production of neutron-rich **7?'*Pt isotopes based on a dinuclear system model
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M®  (Received 8 May 2018; published 23 July 2018)

The production cross sections of new neutron-rich nuckel ™™ *'7Py are investigated with multinucicon transfer
reactions by the dinuclear system model. It is found that the 'VSa + *Hg and "“Xe + ™pPb systems are
advantageous 10 prodece the neutron-rich nucked, in which the production Cross sections are much higher than
those produced in projectile fragmentalion reactioas. The optimal incdent energies for these two syslems are
about 1.18 and 1.20 times the Coulomb barmser, respectively. The highest cross sections of unknown sotopes
933y in the "*Xe + "™ Pb reaction are 2.7 nb. 0.4 ab, 8.2 pb, and 2.7 pb, respectively, and those for the
'S + *Hg reaction are 1.7 nb. 0.4 ab, 23.3 pb. and 4.8 pb. respectively.

DO 10.1 103/PhysRevC 98.014613



Production of n-rich 280-263.290-292F] isotopes
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Theoretical study on production of unknown neutron-deficient ™ Fl and neutron-rich **"7F]
isotopes by fusion reactions

Jingjing Li,'? Cheng 1i,'? Gen Zhang,"* Bing Li."? Xinxin Xu,'? Zhong Liu,' Yu. S. Tsyganov.* and Feng-Shou Zhang ' >
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M  (Received 9 Febvuary 2018 revised manescnpt received 20 Jene 2018 published 31 July 2018)

We attemnpt to calculate the production cross sections of unknown “ — Fl and 7 "7 F] isotopes by using hot
fusion reaction mechanism wilthin the dinuciear system model. The prodaction of unkaown nestron.-Jdeficient Fl
isotopes (7 T F) is studied In the reactions *'Ca + 7 Pu and S + "7 Cr with the maximam evaporation residue
cross sections values 0.91 pb, 6.17 pb, 36.16 pb, and 2.02 pb, respectively. The use of neutroa-rich radéoactive
beams ““Ar and “*Ar may belp us produce new neutron-rich Fl isctopes via fusion reaction meochanism oaly if
an exiremely high beam intensaty were o be achieved in the futare. The maximum production Cross sections of
unknown sewtron-rich isotopes (0 “F1) in the reactioas “Ar + **Cm and “Ar + *Cm are predicied 10 be
4.06 pb, 855 ph, and 335 ph, respectively. At present, reaction with radicactive son beams is not a promésing
methaod 1o produce newtron-rich seperbeavy nuches and other reacton mechanisms such as ransfer reaction need
10 be developad.

DO 10,1 10WPhysRevC 9% 013626



Production of n-rich 289-283.2%0-292F] isotopes
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Production of n-rich *°!-23No isotopes

PHYSICAL REVIEW C 95, 054612 (201 7)

Production cross sections of neutron-rich ' ***No isotopes

Jingjing Li,'* Cheng Li,"* Gen Zhang,'” Long Zhu.' Zhong Liu.* and Feng-Shou Zhang'*5-*
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({Recsived 28 February 2017: published 1S May 2017)

The fusion excitation functions of ** **No are stadied by using varioss reaction systems based on the
dinuclear system model. The neutron-rich radioactive beam O is used 10 produce neutron-rich nobelivm isotopes.,
and the new meutron-rich isotopes ' No are symthesized by *“Pu(7 0, 3ny" ' No, Pu(*¥0.4n)y" " No, and
M Pu(P 0, 3r)Y" No reactions, respectively. The corresponding maximum evaporation residue oross sections ane
0628, 4.649, and 1.638 ub, respectively. The effects of the three processes (Caplure, fusion, and survival) in the
complete fusion reaction are also analyzed. From imvestigation, a ncutron.-rich radiocactive beam as the projectile
and peutron-rich actinide as the target could be a new selection of the projectile-target Ccombinalion 1o produce a
neutron-nich heavy muclide.

DOL: 10.1103/PhysRevC 95053612
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Abstract. The a-decay half-lives of synthesized superhbeavy omcke: (SHN) from seaborgium to oganosson are
calculatod by crmaploying the generalizod l»qn-d-drup model (GLIDM), the Rover formsula and the uniiveranl
decay law (UDL) with expennmental a-decay energies Q... For the CLDM, we consider the shell correction.
The agrocinent between the experimsental data and the calculations indicates that all the meoethods we wsed
mnmsﬁﬂtomptoducco—dccay half lives of known SHN. The decay-modes of known nuckes omn the
”‘(’)‘ dntay-cluun are a.lno cnnnm vllls tbo mpcrun-uts Fosr tlu' umknown nnclﬂ !bc n-«lctay balf.
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Effect of shell corrections on the a-decay properties of ** [ isotopes
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' Key Laborarory of Beam Technology of Ministry of Education, Beifing Radiation Center, Beijing 100875, China
*College of Nuclear Science and Technology, Beijing Novmal Universiry, Beljing 100875, China
*College of Phvsics and Information Science, Hunan Normal University, Changsha 410006, Chira
{School of Nuclear Science and Techmology. Lanzhow University, Lanzhou 730000, China
*Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, RU. 141980 Dubwna. Russian Federation
*Center of Theoretical Nuclear Physics, National Laboratory of Heavy lon Accelerator of Lanzhou, Lanzhow 730000, China

M (Reccived 29 July 2018; published 17 Scptember 2018)

The a-decay half-lives of ™ 7 F] isotopes and their decay chains are investigatod by omploying the gener-
alired liguid-drop modcl (GLLDM), the umified fission model. the Royer™s analytical formula,. and the aniversal
decay law. For the GLDM, we take isto accoant the shell correction, The agrecment between the experimental
data and the calculations indicacs that all the methods we usad are sucoessful 1o reproduce a-decay half-lives
of ™ TTEL For the unknown neclcl, the a-docay balf-lives have been predicted by inpetting «-docay cncrgics
(Q, ) extracted from the fnite-range droplet model and the updased chnackakyrmc-l (WS4) madel. It is
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Production cross sections for exotic nuclei with
multinucleon transfer reactions
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The maln progressos in the mahitnucieon trazsior reactions s encegios close o the Coulomb barrier
aro reviewod. Aftor a short presentation of the experimental progress and theocetioal geogresss. tho
predicred prodoction crosms sections for unknoen scurron-sSch heavy mecld and thoe rans araniuss
nucled are poesented.

Royworcdds beavy-los colibdoss, ssuitinucieon trassder rescthons, ozotic saciol, CRAZING ssodaol,
IDNS model, l=OQMD model

PACS numbeors 2570 HL, 25702, 24.10.Cn, 25 60 Je

-
i
-
-
=
-
—
S
=
-
=
S
-
e

Coatents Beavy nocled, the lmitations of fudon-evagoration roace
tioes Bave lod to an explosation of meltl-soclocns traseler
(MNT) reactions betwoen peojoctilio and target at enor-

,ll'?‘p"w progress glos around the Couloan basrior (12230
heosuscal g MNT roactions bappen in gaasi elascic soat tering pro-

Izzrodection 1
2
PO Toses i)
21 Dinucloar systom (DNS) model : cens, deop Inedastic scattering, amd parly quasifissson
8

WK

32 DNS» CRAVZING modael soactions. The mechanians of 1theso reactions are 10-
323 QMDD model

o Sou i 3 10 ﬁdlﬂ-m. Deop Inolsstic scaztoring m«m
Conchasiones

5 and porspoctives :: discovery of quasifiocdon msechanibean, greatly proenotod
Acknow ledgemeonns 12 the development of hoavy oo nuclear reactions. The TOs
References and S of the st contury s one of the rapid devoloo.



’ﬁ'ontiers

in Physics

CFIGENAL RESEARCH
Pelirany TR Mot 2016
o 20 380 Ty 2078 0000

W. Loveland, frontiers in Physics 2

OPEN ACCESS

Etved by

Arguein Borecoorse,

Latth 0 Nacocrwie 3 Favcm Nk,
Somcrwe oF Pl Ry

The Synthesis of New Neutron-Rich
Heavy Nuclei
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Al the known solopes of the dements Fm through Og are neutron-doficiont reiatve 10
p-stabiity. In this contribution, | discuss two methods of producing more n-aich haavy
nucks, Le.. the use of radoactive nuciear bearms (RFNBs) and the use of multi-nuciaon
trarsfer (MNT) reactions. In the former case, | discuss recont studies of the mteracton of
FASK wath "5'Ta and their impications for the synthesis of more n-rich isctopes of Bh
and Hs. In the case of MNT meactions. | discuss recent results for the reaction of '%xg
with 208pp, 20840 5 "Dy and Exe + "Dy | compare measured distritbutions of the
target-le fragrments (TLFs) and projectie-like fragments (PLFs) with current modals of
MNT reactons,
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INTRODUCTION
All known isotopes of the clements Fm through Og are newtron deficient relative to B-stability.
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