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Top 125 science questions, Science  1 July 2005 �
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Neptunium(Np,93), Plutonium(Pu,94),… 
1940, McMillan and Abelson, LBNL 
          238U + 1n à 239U (23.5 min) , -β decay 
                            à239Np (2.36 d) , -β decay 
                            à 239Pu (24390 yr) 
1941, Seaborg, Wahl, Kennedy and Segre, LBNL 
         238U + 2d à 2n + 238Np (2.1 d)   
                          à 238Pu (88 yr) 
        239Pu is fissionable with thermal neutrons !!! 
By using 239Pu, collision with α,n, can produce 
Am(Z=95), Cm(Z=96), Bk(Z=97), … 
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       05:28

11.65 MeV  
2.55 ms        
9.0 mm    

13.22 MeV
       8.9 mm

�

207 (188+19) MeV
516.6 ms
9.4 mm

10.71 +- 0.18 MeV
42 ms
15.1+_ 7.3 mm

118
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294
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114
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10.84 MeV
1.0  ms
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116
290

SF
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11.65 MeV   
0.47 ms       10.41 MeV
                      26.6 mm                      2 .  mm7 2

118118
294 297 ∗

114 
286 

116 
290 11.80 + _   0.53 MeV    

0.85 ms        13.66 MeV 
                       17.5 mm 
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294 297 � March 19, 2005 

       07:43 

SF 

112 
282 10.16 MeV 

0.15 s 
16.8 mm 

202 (151+51) MeV 
2.7 ms 
16.9 mm 

10.80 MeV 
0.1 ms 
17.0 mm 

1 α 

α 

α 

2 

3 

48Ca+249Cf→294Og+3n 

294�g�



48Ca+249Cf (51%) +250Cf (13%)+251Cf (36%) 
        →294,295,296Og+ xn 

295�296Og�





RIKEN-Garis: Thickness of target 0.48mg/cm2�Research period 170 days 

278Nh in RIKEN�

preliminary 

278113 

274111 

270Mt 

266Bh 

CN 
11.68 MeV (PSD) 
344>µs 
30.49 mm 

11.15 MeV 
6.149+5.003 (PSD+SSD) 
9.260 ms 
30.40 mm 10.03 MeV  

1.136+8.894(PSD+SSD) 
7.163 ms 
29.79 mm 9.08 MeV (PSD) 

2.469 s 
30.91 mm 

36.75  MeV 
TOF 44.61 ns 
30.33 mm 

23-July-2004 18:55 (JST) 
α

α

α

α

1st chain 

262Db 

204.05 MeV(PSD) 
40.9 s 
30.25 mm 

278113 

274111 

270Mt 

266Bh 

CN 
11.52 MeV (PSD) 
4.93>ms 
30.16 mm 

0.88+10.43=11.31 MeV 
(PSD+SSD) 
34.3 ms 
29.61 mm 2.32 MeV (escape) 

1.63 s 
29.45 mm 

9.77 MeV (PSD) 
1.31 s 
29.65 mm 

36.47  MeV 
TOF 45.69 ns 
30.08 mm 

2-April-2005 2:18 (JST) 

70Zn + 209Bi → 278113 +  n 

α

α

α

α
262Db 

192.32 MeV(PSD) 
0.787 s 
30.47 mm 

2nd chain 

s.f. s.f. 

σ = 78  fb  

J. Phys. Soc. Jpn 73(2004)2593 
From K. Morita’s talk in 2005 



SHE in Lanzhou 271Ds�





The Discovery of Isotopes: A Complete Compilation  
Michael Thoennessen, Springer, 2016 

Up to the end of 2018a33/6 nuclides have been found@Natural nuclides:
 288AStable: 254, unstable: 34Bathe others are man made radioactive isotopes@�



Projectile @ 200 MeV/u 
Fragmentation + Fission�



SPIRAL II (GANIL) 

�

�

Heavy-Ion ECR source
 (A/q=3), 1mA 

Deuteron
 source  

5mA 
�

Superconducting LINAC 
E≤14.5AMeVa1mA for heavy
 Ions A/q=3,E≤ 20 A MeV 3mA

 for deuterons (A/q=2 ions) 
E ≤ 33 MeV for protons 

RFQ 

Production Cave 
C converter +UCx target 
≤ 1014 fissions/s 

CIME Cyclotron  
Acceleration of RI Beams
aE<25 AMeV, 1—8 AMeV for
 FFa≤�1014 fissions/s 

Stable Heavy-Ion
 Exp. Hall 

Existing GANIL
 Accelerators 

Existing GANIL
 Exp. area 
Low energy

 RNB (DESIR) 



jÚ: 500 m 
²Ù�: 34 Tm 
��ºµ 
��ua 
��_Õ 

BRing: Booster ring 

jÚ:180 m 
ÂØ: 17MeV/u(U34+) 

iLinac: Spectrometer linac 

jÚ:240m 
²w�: 13Tm 
«y/Ý�ua  
bTOF� l  
«yá 

SRing: Spectrometer ring 

HIAF ����

SRing-A 

SRing-B 

*"-*"�Merging 
        �U92+� 

("-*")A 
�#C!+� 

BRing 

Ions� Energy� Intensity�
SECR U34+ 14 keV/u 0.05 pmA 

iLinac U34+ 17 MeV/u 0.028 pmA 

BRing U34+ 0.8 GeV/u ~1.0×1011 ppp 



 ���"B'.-�� �	����I�

p, D LINAC, 
20-50 MeV/
u, 5-10 mA!

Target/
Converte

r!

Material!
Radiation!

ISOL, 
1x1013-14 f/

s!

Reactor, n, 
2X1014/cm2/s!

Target/
Source!

Decay!
Material!

ISOL, 
2X1015 f/s!

RFQ/HWR!
LINAC!

10-70MeV/
u!

LINAC!
HWR!

150MeV/u!
91Kr, 

4X1011 pps!

Fusion!
Transfer!

SHE!
Target/

FRS!
78Ni, 250 

pps!

Shell!
r-process!

l  TÑ�bISOL+PF½hatlÀhae�ooÜc�¬����k¯¸�f�

l  wª�bÔÏw��?wÂØkw�fa¢Íms°[�ª¬g³ß��

l  eÄ�b���d·{�sâaÐÄmyäa���¦�ÓfaË��ä�

l  NÆ�bd­]k��¬otvx´zÈ¾p��?�Âkqrv�h¨�

Provided by Prof. Weiping  Liu  �







r-process 

SHE 
Limit of Z and A ?  

heavy elements from  
iron to uranium ? 





�DNS model� 

T DNS  P 

ER  

CN  

SF 

neutrons  

Capture process DNS 
compounded 

Quasi 

fission 

Full fusion 
Evaporate 

nutreons 

�31(.-��4 /.0 2(.-��$ "2(.-�

Adamian, Antonenko, Scheid, and Volkov, NPA 627(1997)361, 
                                                                         NPA 633(1998)409�



A simple test�

W. Reisdorf, Z. Phys. A 300, 227 (1981)�



Comparison of the calculated ER cross sections with 
the experimental data for Z=113-118 



The maximal production cross sections 
for Z=119: 

The maximal production cross sections 
for Z=120: 

pb 

Production cross sections of Z=119 and 120�

L Zhu, WJ Xie, FS Zhang, Physics Review C 89 (2014) 024615�





  superheavy and n-rich nuclei -
 transuranium�
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Many�T,U,ETG/�EF5:V�VTE4U-,T�T,EGVM54U�/EU�F,,4�H54,�H:TM4K�V/,�2EUV�.
U�/
U��
#:G/�EU�+
4T�,-9,�/+�T�(*-D,�)*/B�<MV/�)*/B2+
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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 
……………………….. 
 
 
 
�



Recent Exp by W. Loveland 



L. Zhu et al. JPG 42 (2015)085102 



176
70Yb C238

92U 

Transfer 
7 protons, Eu 
5 protons, Tb 
3 protons, Ho 
0 protons, Yb 
 
For un know n-rich nuclei 
A

63Eu, A=165~168 
 
165

63Eu, N=102, ~     µb 
166

63Eu, N=103, ~0.5 µb 
167

63Eu, N=104, ~10  pb 
168

63Eu, N=105, ~      pb 

For projectile like 70+zYb106+N 



 Argonne  � È¾b FMA + Gammasphere 
�

204Hg+198Ptc��



 GANIL  � È¾bVAMOS++    in¹� Â^b10-2 mb �
�

)08Pb�05,�EV�(:,C	4�

(*-D,�(0/"V��EV�7.9/  =,C	4�
É�b 
w�yÎ¶c�
l©gfy�¬
�àÒxj±Ç
c�aä»4e
Ø¼�



Dubna  � È¾b CORSET (TOF)�
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1. Dinuclear system (DNS) 

2. GRAZING 

3. Complex WKB (CWKB) 

4. Langevin equations  

5. Deep-inelastic transfer (DIT) 

… 

 

1. Time-dependent Hartree-Fock(TDHF) 

2. Quantum molecular dynamics (QMD) 

… 

�



Density distribution of  136Xe+208Pb at 
Ec.m.=450 MeV 

Li, Zhang, Li, Zhu, Tian, Wang, and Zhang, PRC 93, 014618 (2016)�



Energy dissipation between the projectile and target�

 136Xe+198Pt, E=7.98 MeV/A�



For different impact parameters 

Comparison with exp. data 

Li, Zhang, Li, Zhu, Tian, Wang, and Zhang, PRC 93, 014618 (2016)�



Isotope distributions for 136Xe+208Pb at Ec.m. = 450 MeV 

Li, Zhang, Li, Zhu, Tian, Wang, and Zhang, PRC 93, 014618 (2016)�



Comparison  of GRAZING and DNS: formula 

���

Physical mechanisms 
described by these two 
models are mutually 
complementary depending 
on whether capture 
happens. 

 
Ø �H,E2U�<MV/�V/,�4:G2,M�UGEVV,T,H�<MV/�ST5FEFM2MV=��(-"GES  

Ø  quantum transition from one nuclei to another without capture 

Ø �H,E2U�<MV/�V/,�4:G2,M�GESV:T,H�<MV/�ST5FEFM2MV=�"GES 

Ø transfer  or dissipation due to transportation after capture�

�

GRAZING: 

7!#: 



���Wen, Li, Zhu, Lin, and Zhang JPG 44(2017)115101 
136Xe+208Pb Ecm=450 MeV� Fröbrich98, et al, Phys. Rep. 292, 131 (1998) 

Based on Pcap and b: transfer reactions can be 
clearly clarified into four areas by these two models. 



���

 64Ni+238U, Ecm=307 MeV 

Results are also significantly improved by GRAZING+DNS 



Wen, Li, Zhu, Lin, and Zhang, JPG 44(2017)115101 
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Date:   Y. X. Watanabe et al. 
PRL 115, 172503 (2015). 

8G�P�3�-+*�=,C�

(*-D,�(0/"V�


������(-#3"$#�����

Cal:  Zhu, Su, Xie, and Zhang 
        PLB 707, 423 (2017). 





8G�P3+,
�=,C�

 It is favorable to produce n-rich  
nuclei with charge number less  
than targets.�

Cal:  Zhu, Su, Xie, and Zhang 
        PLB 707, 423 (2017). 

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



8G�P�3(�(CM4V�

The circles denote 
the unknown n- 
rich isotopes. 

Cal:   Zhu, Su, Xie, and Zhang 
         PLB 707, 423 (2017). 



Cross sections of nuclei with neutron closed shell N = 126  for reactions 
136Xe, 139Xe, 144Xe, and 132Sn with 208PbaEc.m. = 1.1VCN.  
Open symbols denote unknown isotopes. � Cal:   Zhu, Su, Xie, and Zhang 

         PLB 707, 423 (2017). 



Zhu, Su, Xie, and Zhang, PLB767(2017)417-442 
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Isotope production  cross sections for 199Pt, 203Pt, and 208Pt  
136Xe +198Pt, 7.98 MeV/u 

Li, Zhu, Wen, Zhang, Phys. Lett. B 776 (2018) 278.�



Production of n-rich 209-212Pt isotopes 



Production of n-rich 280-283,290-292Fl isotopes 



Production of n-rich 280-283,290-292Fl isotopes 



Production of n-rich 261-263No isotopes 



α�decay properties of 283-339Og isotopes 



α�decay properties of 280-305Fl isotopes 



Review article: MNT 



W. Loveland, frontiers in Physics���
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International workshop on nuclear dynamics in heavy-ion
 reactions, June 12-18, 2020, Zhuhai 

Thank you for your attention ! 

Welcome to Zhuhai 
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