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WHY PTE: Pauli and Aufbau principles
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Where does the PTE end from an atomic or nuclear point of view?
n Nature Reviews Chemistry volume 4, pages 359-380(2020) o
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Is there a limit in term of the Z number to the existence of elements?
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Bohr’s velocity vq: the velocity of the electron in hydrogen atom (2 19 X 106 m/s)
“ P. Indelicato, A. Karpov, Nature, 498:40 (2013)
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> 19394F, Hahn#AStrassmann& 5% 5 b -F4EE8 /5 5 Sk A iR

> 19394, MeitnerfEIE i MR T1ZIKR . KW TEFZHIEE (Fission)
Liquid Drop Model (LDM) ##& (Gamov. Bohrs) :
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LDMRB, BRERFZNLESEE (Binding Energy, BE) :
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0. Hahn, F. Strassmann, Naturwissenschaften 27, 11 (1939)

nN. Bohr and J. Wheeler, The mechanism of nuclear Fission, Phys. Rev. 56, 426 (1939) U Sk
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BE(Z,A) = a,A— a, A3 — a,2247 3 — a, (E —Z ) A7 +a,6a7:

R=roA"s
] T T T

Volume~R3? Surface~R? Coulomb~R™1 Asymmetry Pairing

When deformed for given A and Z (assuming incompressibility):

» \Volume, Asymmetry and Pairing terms ~ constant Ellipsoidal
deformation ¢

> Surface energy Eg increases from 4mR? to 4mR? (1 - éez)

-1
> Coulomb energy E¢ decreases from R™* to [R (1 - %sz)] a
2 =
AE = —2a 4nR?’(1 - x) HLBE x="°/,;=0.02%"/,

a=R(1+¢)
b=R1+g) /2

5
x>1: BREIHT, x<0.35: WL ERBEE=

n G. Gamov, 1930, Proc. R. Soc. London, Ser. A 126, 632
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Cmpetition between increasing Surface and decreasing Coulomb energies while
Increasing deformation leads to a local maximum in their difference, the Fission Barrier!

1 Surface LDM ground state  saddle point
LDM Fission
> . .
2 o0 Symmetric Mass Split
) X
c Coulomb S22
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‘ @ point 3
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m " § 3 [ ]
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° 16 -0.4 A1 + Az
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O. Hahn, F. Strassmann, Naturwissenschaften 27, 11 (1939) (NS
nN. Bohr and J. A. Wheeler, The mechanism of nuclear Fission, Phys. Rev. 56, 426 (1939) 5 1157 I
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ﬁ%&%lﬁ\ﬁgi
LDM + Microscopic theory Eiotal = Erp + AEpen

Sum of a macroscopic E;p and a quickly
changing microscopic AE gpen; While
changing neutron and proton numbers

AE g0 Calculated by Strutinsky approach
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BETEMBEREHRARABERR
SHE: Super Heavy Element; SHN: Super Heavy Nuclide
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The complete fusion reactions of heavy nuclei, producing excited compound
nuclei coming to the ground state after the emission of neutrons and gamma rays,
are the most promising ones (likely the only way) for the synthesis of SHN
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In principle, various combinations of projectiles
and targets can be used

> RERIRM: Z=92 238y
> ERIFEEMRL: Z=98 249Cf

BKr +232Th — 126 ?
238 + 238 — 184 ?

RPFEBEZZERERFolSYE, TAEESEAHE. pECRE
More and more powerful accelerators were built worldwide, including the cyclotrons at
DUBNA, the HILAC and its upgraded SuperHILAC at Berkeley, the UNILAC at GSI
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89-103 | 104 105 106 12 13 14 15 116 17 118
W& &7 | | B2 BROLOBR | OB | AL | AH | &
Ac-Lr| Rf Db Sg Cn Nh Fl1 Mc Lv Ts Og

RIBERKN:

v/ 262Bh, S4Cr + 209Bj, 1981
v 265Hs, 58Fe + 208Ph, 1984
v 265Mt, S8Fe + 209Bi, 1982

v/ 269Ds, 62N + 203Ph, 1994

v 211Ds, 64Ni +203Ph, 1998

v 212Rg, 4N + 209Bj, 1994

v 2717Cn, 0Zn + 208pPp, 1996
X 113, 114, 1165 HE

Total evaporation residues cross section (pb)

-
o
N

102

cold fusion

100

105

B
N W I
L

110

115 120
Atomic number

Only the one-neutron-evaporation cross
sections are plotted. They are
dominating and the only ones observed
for the heaviest elements beyond
hassium. The cross sections drop very
fast by about one order of magnitude per
two elements from 6 nb for
rutherfordium to 0.5 pb for copernicium

Over 20 years period of synthesis of SHN produced in the cold-fuslon reactions'
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07N + 29Bj — 278113 + n

a,

126s

8.63 % 0.06 MeV

9.39 + 0.06 MeV/
5.26s

10.65 = 0.06 MeV

1026 % 0.07 MeV
444 ms

Aug. 12,2012

11.82 £ 0.06 MeV
0.667

265
50 —
T

0 —+ :

20 - + mpg
o4

0 I'_I_' } ._F'I

6r mRg 1

4L

2L o—-'—ﬂ—}—<

0 + Il

0.4 7Cn
0.2

0 u t
0.06 - 278113
0.04 -
0.02 + |—I—n

0 1 .

5 10 15 20 25
E* (MeV)

48Ca +28Am — 115 — 113, 2003 DUBNA

0.% differential pumping section

primary beam

beam stopper (Ta) gas inlet Mylar foil

elastic scattering

monitor Q1 Q2 D2

T GARIS
Over nine years
Net irradiation time of 575 days
Total beam dose of 1.39 X 10%
Production cross sectlon of 19 fb
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Flerov Laboratory of Nuclear Reactions, JINR
Founded in 1957 |




® IEITURETHMN: DUBNA

89-103 104 106 106 107 108 109 110 111 112 113

WA 97| Bt | BZ | Wi BB | Bk | R | f8 | W | BF

Ac-Lr| Rf Db Sg Bh Hs Mt Ds Rg Cn Nh

RIBERE: e etes

. " 4n (16) 3n (4+2)
Am + 7Ca
‘/ 48Ca+244Pu_)288F|, 1999 - . 4nI (2+1) 3n f3l1-1120+22)
Np + "Ca
v’ 8Ca+242Pu—287F|, 2003 n @
10.31 (5) MaV 10.2&)1 0.58 MaV
48 243 288 37533 ms 16457 ms
‘/ Ca+ Am_> MC’ 2003 10.63(8) MeV 10.23(1) MeV. 9.10-10.11 MeV
\/ 48 243 287 735" ms R 75500 ms R 0910 s
Ca+ Am_) MC, 2003 10.69(8) MeV 10.38(16) MeV_/ 9.09-9.92 MeV
4272 ms 0.00° s 46%%s

v 48Ca+249C 5290, 2002
v 48Ca+2498k_>293,294'|'5, 2009 2241% min 1348 26%h 1541%h
X#: “CaliE. WRE AMFTR; 25 MBZER; 299FZ8%

BEN Phys. scr. 92 (2017) 023003

9.17-10.01 MeV
2| 0.487¢ s/&s

270 9.76(10) MeV[271
Bh Bh

DGFRS

5.93(8) MeV 9.28(7) MeV 8.55-9.15 MeV 873-8.84MeV || e Corn
61729 15558 10955 s 44'3's TASCA
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106 Tl © & ° F - & =~ 71 *F &% & * T ¥ T © 3
1 W%Cy ® (Cold fusion reactions
10° O Hot fusion reactions 3
10* 4
10’3
102_; Actinide ]
;8; | 3 nuclei E
« 10 1 tjg'ii ]
° 10°4 \{l‘; ;
107 5 .
107+ 3

10°

102 104 106 108 110 112 114 116 118 120

Atomic number

u Yu. T. Oganessian, et al., Phys. Scr., 92:023003 (2017); Rep. Prog. Phys., 78:036301(2015)
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RIBERRMN: IERTHENECHZE L (BHogE=EMEd)
,\\\ﬁ*/‘\fi}i‘?: FrERTHRAETARAZEZENBAET, IR 1‘9§.J:'

ﬂ Yu. T. Oganessian, et al., Phys. Scr., 92:023003 (2017); Rep. Prog. Phys., 78:036301(2015)
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® BEBAR

The principal question of super-heavy nuclide research:
Can shell stabilization extend the periodic table towards heavier elements?

...................................
120 |
T ~ 0.69 B
118 | Fusion of2°8 Pb and 299Bj-target nuclei 1127118 b -
16 1 with projectiles A>50 w A ;‘“3: Lo F
R N 153 Jogso o3 Y l
-g 114 Fi [P @ ssose s
g2 T E R R RN B B T
s 12] Cn %8 A b B b |
° i Rg 33 |& s | | 4° [ '2° Fusionreactionsof | | i
S 110 ] Ds [5] [oeodftes] Aots o7 Actinide-target nuclei ! ! i
7 mt (17| A2 o441 20 oz 5 Tas with48Ca projectiles | !
108 | Hs [78]o 23] 20 / 2P 02) A 3. L i
- A el Al i i
106 so [P 2 N Pl | P
Db |12 144 | #'3 "N " S [ Jo-decay | |
Rf 4.7 4.7 1
i s s s m n ! . SF
i E T T T T T T T T 1 H T T T T T T T T T T T T T T T T T T T T : : ¥
150 | | 154 156 158 160 E i 164 166 168 170 172 174 176 178 180 182 E E 186
162 neutron number
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a Yu. T. Oganessian, et al., Phys. Scr., 92:023003 (2017); Rep. Prog. Phys., 78:036301(2015)
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89-103 104 105 106 107 108 109 110 111 112 113 114 115

R &7 | Bt | B2 | Bk | 2R | B | B8R | fC | BT | BR | Bk | B | Ai | B | &
Rf Mt Ds Cn Lv

Ac-Lr Db Sg Bh Hs Rg Nh Fl1 Mc Ts Og

116 117 118

BAFTHAUNRETZ NS TR, EMMBETZIZEF &R NFER
IUPACHIIUPAPHTRIAH 2 T £EE & B BIE T H

I[UPAC: International Union of Pure and Applied Chemistry
IUPAP: International Union of Pure and Applied Physics
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HRAPCagm 7114~ 18R el oo e T el e
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_ _ 254
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terial ichment (% -
materials enrichment (%) . _ B o 12%081?&35
HINp IAR 99.3 NS RL118S L ETTHE?
000

240py JAR/ORNL 99.98 ! 50T + 249Cf 3n exft channel

242py RFNC/ORNL 99,98 4n exit channel

244py ORNL 98.6 -

M3Am TAR / ORNL 99.9 . - 0= 0. 006~0 15pb
245C'm IAR 98.7 L; o . . +<l\31‘:: 1995; FRDM)

25Cm IAR /ORNL 97.4 O
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Very successful epoch of 4Ca induced synthesis of new superheavy elements ls over
m Yu. T. Oganessian, et al., Phys. Scr., 92:023003 (2017); Rep. Prog. Phys., 78:036301(2015) 3
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. New isotopes produced at SHANS
======: Proton drip line (FRDM2012)

187Re(4%Ar, 4n)*>Np (PLB 771, 303 (2017))

187Re(40Ar, 3n)22Np
(PRC 98, 044302 (2018))

176Hf(36Ar, 5n)2°7Th (PRC 105, L051302 (2022))
169Tm(4°Ca, 4n)2%5Ac
22 (PRC 89, 014308 (2014))

189Tm(*°Ca, 5n)>*Ac
(PLB 834, 137484 (2
0

K

"
Pa 211Fe 212F ‘N.il"'ﬂdh 215Fa 216F
206Th 209Th 210Th 2L1Th 212‘!‘- 213Th 214Th

Th

20640 201‘.&4.’20% 209Ae 210Ac 211Ac 212Ac 213Ac

I
- e e

112 114 116 18 122 124

Ac

Ra 201Ra 202Ra 203Rs 204Ra 205Ra 206Ra

I.Sﬂl'r 199Fr 200!':'10!& 202Fr 203Fr

88

197Fr

195Ac 196Ac 197Ac

= 187Re(4°Ar, 5n)??2Np (PRL 125, 032502 (2020))
185Re(4°Ar, 5n)??°Np (PRL 122, 192503 (2019))
- 187Re(35Ar, 4n)'°Np (PLB 777, 212 (2018)) '
180W(*°Ar, 4n)?15U (PRC 91, 051302(R) (2015) Y
180W(4°Ar, 5n)215U (EPJA 51, 88 (2015_)) . L
o4 182W(%6Ar, 4n)*'U (PRL 126, 152502 (2021)) :
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217Fa

216Th
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8 218 218 1 L -
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165 s 40 s 78 us 583 s 47 s missing 4000 - Chain 5 ' s
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214 214 4 3000 | (™ 7
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2000 |- . r—)
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21675 33325 0295 15118 6.51s 2257 1000 | P N f
-10.28 mm -15.46 mm 175 mm 22.96 mm -7.85 mm =11.93 mm 0 [ J |
1 L 1 —
210py 210, 210Fp 210Fr 210Fp 210Fy 200 400 600 00 1000

Time (chan/ 10 ns)

2Np: E, =10016 (33) keV and T1/, = 380%3( ns
The time of flight of the 222Np through SHANS was estimated to be ~1.2 ps
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. 24U; HENE: 25y, 28y

S6Ar+182W —214U+4n @ 184 MeV
WOAr+180W 216U +4n @ 191 MeV
WOAr+182W—-218U+4n @ 190 MeV
40Ca+184W —218U+02n @ 206 MeV

This work Literature data

Isotope E,/keV T;;/ms 5 /keV E,_/keV Ty;;/ms Ref.

MU 8533(18) 0.521977 128138

216 | 8374(17) 225108 1812 8384(30) 472172 [44]
8340(50) 3.8'8% |45
8390(33) 2.6136  [46]

28U 8612(14) 0.65:0% 5317 8600(30) 1.15138  [44]

8612(9) 0.511510 [47.48]
8625(25) 1.55]3  [49]
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214 214
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o
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E.: 7287 keV Missing
202 T7:0.145s 202
Rn] P:-2.1mm Rn
esc. ud od
E,: 705 keV+6082 keV E,: 6643 keV
198 T7:0.673s 198 T:8.71s(sumofa3and a4 decaytimes)
Po | P:-4.7 mm Podl FP:-19.6 mm
E,: 6197 keV
T:50.0s
P:-2.4mm

Cross section: 10 pb!
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The world’s lightest uranium atomreveals
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decay,
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z . New isotopes produced at SHANS
=====:: Proton drip line (FRDM2012)

<) 187Re(*°Ar, 5n)?22Np (PRL 125, 032502 (2020))

187Re(*°Ar, 4n)?ZNp (PLB 771, 303 (2017))

187Re(40Ar, 3n)22Np
(PRC 98, 044302 (2018))

Rt

185Re(*°Ar, 5n)??°Np (PRL 122, 192503 (2019))

187Re(*¢Ar, 4n)2'°Np (PLB 777, 212 (2018))

180W(4%Ar, 4n)2"®U (PRC 91, 051302(R) (2015) Y

180W(4%Ar, 5n)?'°U (EPJA 51, 88 (2015))

94 182W(38Ar, 4n)2'4U (PRL 126, 152502 (2021)) :
178Hf(3¢Ar, 5n)2°’Th (PRC 105, L051302 (2022))
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92 (PRC 89, 014308 (2014)) . U

169Tm(40Ca, 5n)2Ac """a'"u'li.' 22k 2R 204R 2SR 206R| 2075
(PLB 834, 137484 (2
0

JUssssEEmEEEEEEE nand

28U

EEEEEEEEEEEEEEEEEE
208Th 209Th 210'.“ 211'.": 212II| 2L3Th 214Th 216Th

206 EUIM‘EWM 209Ac 210Ac 211Ac 2128c 203Ac 215Ac|

=
=

.

Am o
pu ===

225Np 226Np 227Np

2WU 220U 221U 222U 223U 224U 225U 226U ﬁ..
216Fa 219Fs 220Fw 221Fw 222F 223F 2ME .ﬁ...

216Ac 2174 21BAc 219Ac 220Ac 22lAc Seconds

N Nkl | | | ||
-
T

197Fr 198Fr 199F.

217Th 218Th 219Th 220Th 221Th 222Th 223Th .ﬁ...

10-01
215Ra 216Ra 21iRa 216Ra 219Rs 220Rs -. 10-02
B 10-03

204Fr 215Fr 216Fr 217Fr 218Fr 219Fr 10-04

10-05
213Rn 2M4Rn 215Rn 216Ra 2L7Ra 216Ra .n 10-06
10-07

10-15
H<10-15

Edﬂﬁ&%ﬂ%ﬁh

iﬁ?iﬁ??iﬁ%é%ﬁ*ﬂﬁ%\%#E%x?A&EETEH

&

280




BREEEWR R IER




® ASBEZLP¥ER

MFEREBMEASPEETN: ZPYREASHSEXTRERHR

> MAREMEBEZRERRR: NFEM. R20SBERR. B
TRAYRE/\AY; ERIBSEERRSRRTRELESERNESR,
RETRUEERARENINEY; KRFEPTFEERR"E. 78,
EFXBEAR, RARFBERREDNEITE

> THREMEREXREFEPEEMERE: fIRFiF%EE. FHEPEBRTRER
> BYIRESEH: SRR TFRAISERTFFESTFHNEZIRAS
> FEHBRMRARENA: HERGERRNSR. RRESFREFFEAN




=B NLEBTER RFQE% MEBTES

SR TREMREAMESNEE. 2021F4AEFiREA N, BAIE{TRYF
P4 E R E&IER~6 MeVIUEB TR, AT RIEHIEBELIEN




® 5SRiR
mﬁ%ﬁ$ﬁ%&#ﬁﬁ%ﬁ

ﬁ‘jﬁﬁiﬁiﬁ“ S OAr+19Tm ~ 58%; “OAr+Lu ~47%; ST —HF&E




®  %SBiHRE

HBE TR & AL I A 8 3 R HE
2 ok (5"“5 2022%F 2023%F 20245
PUA) | 1|2|3(4|5|6|7|8|9|10(11(|12[1|2(3|4|5|6|7|8|9|10/11|12/1|2|3|4|5|6|7|8]|9 10{11|12
WER. . FMUEGA 40Ar 1
TR, RN
ARG, RNRG. BIRENARGOMR N3 4 fE
R EE R RARE TR 40Ca 3-5
BifE, 3036 Ak K i 2% it 55Mn 2
Tb. Ho. Tm#ILu$E, R RI#M@ 54Cr 1-2
Bi. ThHIUYE, RE#E, BEHAMR 54Cr 3-5 s
MR R 243AmE T 53R 48Ca. 54Cr| 3-~5 g
48Ca+243Am, 1158 TERIFLY 48Ca 3-5
48Ca+243Am, 113STELFERBER 48Ca 3-5
54Cr+243Am, 1195 TR AMERIR 54Cr 3-5
54Cr+243Am, FEEFRII9STEEMERR 54Cr 5-10




202342
A-3H

202344
B-58

202345
B-68

1H-2R

BRI T{ERH

FFRE54Cr+Th, Ho, Tm, LusE

i, MK ER, MEERIE

FFRE5Cr+Ta. Au. BisLiE, #

B HANI

FFRHMCr+22Th, UL, ik

BERFIFtZR

*U FH 243Am(48Ca’3_4n)287-
288Mcfz Rz 3EIE & AR 115
SMet®, =AR

1135 T & F M BRMR

232Th(54Cr, 3-4n)282283F| —»

Nh278 |
Tams

114
283

L — ERoEE
827/ Bn2iz |
1 1055 th

s |

Nh 282
T3ms

~f Cn281
T30me

e

FE1195TTE: 5Cr + 243Am

238U(54C r, 3_4n)288,289|_v —

rord "%

07,
2
27, 104,20 fo

Ds 279,
029,

Mt278
455

116[116]
288|289}« |

082

h

b

o
Cn 2
ET

1031

s la 181610

287 F1288 F1289

[ 064 195

s 2002 3 s |
Nh 285 Nh!u‘

os7s a2s 958

Jaros01120 husom
Lv 292 v 293
xxxxx |
wen | ‘

-
s

0, (ph)

SACr4232Th — %

54cr+238u -— g

Ou




®  WEHRL RE.

MITRER
> B#r: MEHEER119, 1208 T &
> WF115S T3, “Ca+ 28Am
> FEE119SITE: SCr+23Am (SOTi+249Bk)
> FEEI1205ITE: SMn+23Am (S0Ti+249Cf)
> AITTMEVEAE -

113 EELELEEL i C=F DR
SRmsEE: ~1puA; o~19fb
Z5R: 575 X, 31 EH
c ~ 8fb, RMIBE 5~ 10ppA
PSSR E : E4/100~200K, AT{T!

Nh &&

I
]

B 2Rk

<
=

It

Gg,g (PD)

T T T T
-1 — W -
10" - = ACr+2%Am 1
./ ey ]
10% f
3 e el ..
/ ~e.
. A e ]
10° zf 4 i 3
= |/ o=8~12710!
f i
N ’," —m— Two-step Model |
107 F —e— DNS Model
E - 1 L 1 L 1
20 25 30 35 40 45 50

E* (MeV)

BR iR A s

RERATER

SHANSZ2

(Spectrometer for Heavy Atoms and Nuclear Structure)




® B

> FESOMUERTR. tERRRBEE LA

> FERKEFVHBEREL (ITHNEFEFRERFZEZK) ?

> AR ERNTBERREES LWRER?

> T ARRREEBERENVREML?

> ERPIMEHREBTEBERRTA (REFE, FEIRE) ?
> EBERFRRGEE SR 2 HESRY?

> A EBE T ZNILF RS BB FER?




