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Main directions of research

» Synthesis of new superheavy elements

» Synthesis of superheavy nuclei and study of their decay properties

» Spectroscopy of the radioactive decay of heavy and superheavy nuclei
» Measurement of the masses of superheavy nuclei

» Study of the chemical properties of SHE

» Dynamics of heavy-ion nuclear reactions



Superheavy elements: synthesis and properties
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fechochemteal  DE-280  U-400R

aboratory|of class 1 SHE Factory Nuclear reactions RIBs research
(planned)
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workshop exp. hall Applied research




Periodic Table today (since November, 28, 2016)

1 18
1 2
H He
hydrogen helium
1.0080 40026
+0.0002 2 Key: 13 14 15 16 17 +0.0001
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B C N o F Ne
lithium beryllium name boron carbon nitrogen oxygen fluorine neon
694 0122 ahridged standand 1081 120m 14.007 15,999 18.988 20180
+0.06 +0.0001 atomic weight +0.02 +0.002 + 0,001 +0.001 +0.001 + 0001
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chioring argon
o0 | oo 3 4 5 6 7 8 9 10 1 12 soo1 | sooet | soom | so0 soot sot6
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium caldum scandium titanium vanadium chromium manganese iron cobait nickel copper znc gallium germanium arsenic selenium bromine krypton
39,098 40078 44 956 47 867 50042 51,996 54.938 55,845 56,933 58693 63546 65.38 60723 72830 T4.922 TRAT1 79,904 83798
+0.001 +0.004 +0.001 +0.001 + 0001 +0.001 +0.001 +0.002 +0.001 + 0001 +0.002 +002 + 0,001 +0.008 +0.001 +0.008 +0.003 + 0002
37 38 39 40 41 42 43 4 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tec Ru Rh Pd Ag Cd In Sn Sb Te | Xe
rubidium strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium siver cadmium indium tin antimony tellurium iodine xenon
85 488 er.82 82006 91224 92,906 95.95 101.07 10281 10642 107.87 1241 114,82 11871 121.76 127.60 126.90 131.20
+0.001 £001 +0.001 +0.002 + 0001 10.01 197] 10.02 +0.01 001 +0.01 +0.01 10.01 +0.01 +0.01 +0.03 +0.01 0.0
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba |, e | Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium bariurn hafnium tantalum tungsten rhenium osmism iridium platinum gokd mercury thaliium lead bismuth polonium astatine radon
13281 13733 18085 18384 18621 190,23 w222 10508 106,97 200.50 204.38 2072 208.98
+001 +001 +0.01 0. +0.01 +0.03 +0.0 +002 +0M +001 +0.01 411 +0.01 2ig] j2z3]
87 88 105 106 107 108 109 110 111 112 113 114 15 116 17 118
Fr Ra Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
francium radium dubnium seaborgium bohrium hassium meitnerium | darmstadtiom | roentgenium | copernicium | nihonium flarovium moscovium M livermorium i tennessine f| oganesson
[223] [226] ee L] 2 1281 122] [25) [20%) e .
INTERNATIONAL UNION OF
PURE AND APPLIED CHEMISTRY




(2)[2)(&)%)F)(3)(8)(&) Proton number

Synthesis of Superheavy Nuclei (7999-2019)
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Chart of nuclides

239,240,242,244p,,448C 4

249,48, [oo2ss
Cf+ ca 0.69r_ns
11.66
Ts293 | Ts294
24gBk+48ca 22ms | 51 ms
10.60- 10.81-
245.248 48 Lv290 | Lv291 11.50 292 11:37 293
v v v v
’ Cm"’ Ca 83ms|18ms | 13 ms | 51 ms
243 48 _ 10.85| |10.74] [10.63| ]10.53
Mc287 | Mc288 | Mc289 | Mc290
Am+ Ca 37 ms | 164 ms|330 ms|650 ms
0.29- 10.15- 9.78-
10.61 058 10.54 ‘ 1031
F1285 F1287 | F1288 | Fi289
0.15s| 0. 049s | 0.66s| 1.8s
1041] [10.21] N1002] loo3| [9.84

166

168

113/278 Nh282 | Nh283 | Nh284 | Nh285 | Nh286
Gl | 237N p+48Ca 0.07s [0.075s[0.91s [ 425 [ 955
s hoe3l ho23] [io% | [o% | 6%
Cn277 Cn281 1Cn28 Cn 285
s | 238)448Ca| 01 425 28
ik 10.31 9.53 9.19
Rg272 Rg274 Rg278 | Rg279 | Rg280 Rg 282
S fams 4ms | 009sf 465 100
oeo 115 1069| |1038] oo 928 [Ills o2
Ds270 | Ds271 Ds273 Ds 277
6ms |0.1ms|69ms|1.6ms 0.17ms 6 ms
21 I o2 182 ] 1057 9.70 873 174
Mt270 Mt274 | Mt275 | Mt276 Mt278
0488 04s |20ms | 045s 45s
s 10. | |1033] %% oz
Hs269 | Hs270 | Hs271 Hs 273 Hs 275 1 72
e 1AL o 02s 0.19s
b 128 % 959 9.30
Bh267 Bh270 | Bh271 | Bh272 Bh274
s 170
8t

176

178

180

Z=114

182

T2 |

184

A/Z

]
112/285
—28s

9.19
I
E, (MeV)

E

| [REE

160

162

164

Neutron number



SHE research: Main tasks

Experiments at the extremely low (0<100 fb) cross sections:
- Synthesis of new SHE with Z = 119 and 120 in reactions with 5°Ti, 54Cr ...;
- Synthesis of new isotopes of SHE;
- Study of decay properties of SHE;
- Exploring limits the Island of Stability;
- Study of excitation functions.

Experiments requiring high statistics: i =

- Nuclear spectroscopy of SHE; = r«
- Precise mass measurements; Beam of '4803 @ DC-280:
* Intensity: >8 puA

- Study of chemical properties of SHE.

 Energy: 5-8A-MeV
» Efficiency: ~60%
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Chart of nuclides
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Proton number
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Dubna Gas-Filled Recoil Separators
DGFRS-1 @ U400

[ P AL DA e e o ey

- - 4

9 - :

@ 0,35+ | DGFRS-2 —

- a0 r

@ 0,30 - .

- :

x 0254 ]

2 I

; u ‘ £ Q 0,20 factor of 3 .
x 4

; o ;
 DGFRS-2 @ DC280 2 15 _-
i FI" N [ .
\ 5 010 .

5 DGFRS-1 :

5 0,05- | | .

@ d

> " 1

7)1 M (S WSS NSNS PSS, [S— ——— —
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target thickness / mg/cm®



Progress at SHE-Factory

4.0 » designed
o 3.5 —
Luminosity —
(target 30 mg) = 3.0
& N
“ » now at the SHE Factory
S 25— -
~ DC-280 + DGFRS-2
Z
S 20 -
=
=
= 1.5 —
=
]
1.0 —
0.5 -
previous level
U—400+DGFRS—1 0.0 | 1 1 I | | | | L 1 1
2000 o _____ 2020 2021 2022 year

by Yu. Oganessian



SHE research program with existing separators @ SHE Factory

-: r | ’/\ s
- DGFRS-3:
“ launched in 2022

» Spectroscopy of SHE;

* Chemical studies for SH nuclei with half-lives
longer than 1 sec (114 and lighter);

* Precise mass measurements
(new developments are due);

Synthesis of new SHE;

Synthesis of new neutron-deficient isotopes of SHE:
“shaping” of island of stability;

Search for rear decay channels in 48Ca-induced
reactions (EC, pxn, 1-2n): towards island of stability;

Decay modes, excitation functions, etc.



Summary of experiments @ Superheavy Element Factory in 2020-2025

Experiments:
110: 232Th + 48Ca — 280Ds*,
238 4 40Ar _, 278Dg*
112: 238U + 48Ca — 286Cn*
113:23’Np + 48Ca — 285Nh* Chart of nuclides
114: 242Pu + 48Ca — 290F|*
115: 243Am + 48Ca — 291Mc*
116: 238U + 54Cr — 292Lv*
242py + 50Tj —» 292 y*

~250 new events of synthesis of
superheavy nuclides;

Mc 286 [ Mc287 | Mc288
20ms | 37 ms | 195ms|

10.71 10.61 1 58
F1285

0.155s | O
10411 019
Nn282 | Nh283 | Nn2ss | nn2ss | un
0075 [0075s]) 0.89s | 21s | 795
sl |zl % | fh | ]
Ccn231 1Cn2: Cn284 | Cn285
0.1 385 | 98ms| 28s

Decay properties 45 isotopes; = e b e IR

Proton number

4ms | 009s| 39s 2.1min
1069] J1038] foar 928

DS 2rf

New isotopes: 288.289] y, 286)\/c,
280Cn 275,276DS 272HS 26889 264Lr-

1057 969

m276 | mx277 | me27s
059s]| 4ms | 44s
a1
1001
Hs 275 Hs 277
080s 3ms
9 9.30

Bh271 Bh274
15s ; 42s
928 5

New decay modes;

Indication of the 1st excited state in
282Cﬂ;

Test of target stability up to 6.5 puA
of 48Ca;

r
-

=EEEEEE]

Neutron number




Perspectives



Towards 119 and 120

54Cr + 248Cm — 3n +299120

103 T T T [ T T T T [ T T T T3 50Tj + 251Cf — 3n + 298120
9 4aca - SOTi + 2498k — 3n + 296119 =1
102 Z=114115 A 50Ti — =
‘ Ll esacr 3

. j/
1 0 1 t:]\\ 48C2:,$ 3 IjA
’ known

\\ ! #ﬁk# nuclei
F 1

107 54Cr+
10-2E 20fb 1 eyeny100 d |
05

3ozﬁ]

L1 IllIl|]

o
o
T 1 |||||I'|

1 IlIIlI|]

Lol

110 115

—
N> L

0
cross section decreases by ~10 times (°°Ti) and ~150 times (°*Cr) compared to the 48Ca case

/\ J.M. Gates et al., PRL 133 (2024) 172502 A B Yu. Ts. Oganessian, V. K. Utyonkov, et. al, PRC 112 (2025) 014603



proton number

Synthesis of SH nuclei in fusion reactions pxn evaporation channels

Og

®Cat+**Bk > Ts” = Ts+2n (~0.3 pb)

Ts

*Cat+*Bk ™ Ts' =™ Ts+3n (~2 pb)

Lv

288

290

291

293094 48 Ca+2 Am —2' Mc" -2 Mc+3n (~3 pb)

289

290

,,,,,,,, 168 170 172 174 176

Mc
Fl
Nh
Cn
~ Rgi | [
Ds
Mt B H
Hs 4
Bh | | |
Sg
.
158 160 162 164 166

150 152 154 156

neutron number

*CatCm ™ Lv' - Mct+1p+(1-2)n (?)
*Cat*Pu - FI' 5 Nh+1p+(1-2)n (?)



Synthesis of SH nuclei in fusion

reactions accompanied by
emission of protons and a-

particles
107!
[ = p3n
—— pgn f!
el - 5 i B
102}
e C
=
Dg' e
103 L fﬁf %
. "n.,_
! \
WL Y. . ..
20 30 40
Ecn (MeV)

J. Hong, G. Adamian, N. Antonenko, EPJ A (2016)

cross section, mb

exp: Dubna & GSI data

Ll L LLIN

L1 111l

5n

\\192'1 ;
N -

N\
1p1n~60fb =

L 1 L | L 'l ¥ r L | LI

20 25 30 35 40

45 50 55 60 65 70

excitation energy, MeV

N. Kurkova, A. Karpov, Phys. At. Nucl. (2023)



Counts / 20 keV

Presumable a-decay of 236FI on rotational 2*-state of 282Cn

286|:|

I

=)
=

- I9:5I - 1OI\O/ | I1O.f

Energy (MeV)

o 286Fl: decay on 2% rotational state of **>Cn

or through isomeric states

258Fm
262N
266Rf

2708
274Hg

0.274
0.256
0.235
0.242
0.237

deduced for 0*: 82% and 2*: 18%
S, =0.13
E,. =101 keV

“experiment’:
E,, =100 - 200 keV
0*: 82% and 2*: 18%

278Dg 0.197 6
820n 0.160 102
286F| -0

290| y/
2940g
298120

0.078
-0.105
-0.092

431
242
335



Spectroscopy of SH isotopes @ SHE Factory

GRAND (DGFRS-3) separator

planned experiments: Cross section ~ 10 pb;
Target thickness ~ 1.5x10'8 at/cm?;
Beam intensity of 8Ca ~ 3.3x10'3 pps (5 ppA);

~ o/ -
8transmission 50 /°’

48Ca + 242Pu — 287F| + 3n

48Ca + 23Am — 288Mc + 3n

100 days — 250 gamma quanta can be detected.

480 mm
target unit



CHEMISTRY OF SHE

GASSOL - Solenoid-based separator

« Stopping SH atoms in a small volume of 1-2 cm?

» Chemistry of short-lived SHE T,,, 2 30 ms (up to
elements 116-117)

300,00 r

~AH, 4., kI/mol

0,00

200,00 ~

100,00 |

2 | g | it

112  283cp 3.6s
113  284Np 09s
114 287 )

N Fl 0.3s p
115  288|\¢ 0,16 s
116 293y 57 ms
117  2947g 51 ms
118 2%90g 0.6 ms

—4—SHE calc.

-8 hom. calc.
—e—SHE exp.

=~ hom. exp.



Precise mass measurements of SH nuclei @ SHE Factory

Measuring masses of SH isotopes

5 600v8 367) | F1287 | 11.789 Mev with accuracy 107 (30 keV)
0.333557 s
241106 (175 mm)
241105 + Ty, > 100 ms
9.396 MeV 1/2 .
52r428¢ s Cn283  Production rate ~ 1 event/day
« Background rate > 1 event/s
9.677 MeV
(2.684+§993) Ds 279 80733?4'\42\/ F1287 12.911 MeV
2-42??8335 33124 | 33124 (47 mm)

9.321 MeV 9.551 MeV
0.950205s |HS 275 11.008359 s |Cn 283
24 /106 33/24

8.483 MeV 213.343 MeV

3.559528 s |99 271 0.507634 s

24 /106 33/24

192.663 MeV
(144.485+48.178)
32.218 min
241106

M.l. Yavor, Journal of Instrumentation,17 (2022) 11033



Nuclear reactions



Mechanisms of reactions induced by heavy ions at near barrier energies

o B

Deep inelastic collisions, Quasi-fission

Sequentlal fission

Fusion-fission
Fusion OO
@'

\

Fusion-survival



Methods of synthesis of new nuclei

Fusion:
+ any element (question of probability)

- lack of neutrons N° e He

QO
3 ' 184

Fragmentation: o
+ very efficient and universal
- products are lighter than 238U 82

Fission:
+ neutron-rich products
- products are much lighter than 238U

Multinucleon transfer (MNT):

+ a way to unknown regions

- very, very complicated 28;
technically 20

- lack of experimental data



Studying the 238U + 238 reaction




Multinucleon transfer processes in U + U reaction

»
’

238U + 238U
E=7 MeV/u gw
excited products g

o2 : T ub()

proton number

126

neutron number

114

18;\

excited



Studying the 238U + 238 reaction

238UQZ L’O 23817
7=184 C;}
A=476° -

208Pb e -’

e

fission




proton number

»

Multinucleon transfer processes in U + U reaction

w114
s ;\

238U + 238U

E =7 MeV/u excited
final products 8 -

........... . cold
126
50 _
questions:
82

 cross sections for primary heavy products
» cross sections for survived heavy products
« excitation energies

» various correlations of Z, A, 0, E

neutron number
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New experimental hall and ubarade of U-400R

U400R (expected)

Ion Ion energy Output

[MeV/u] intensity
‘He*  [6.4+25 23 ppA **
SHel* [28+144 | (1-5)10°pps
8He 12t | 1.6+ 25 10> pps
16 O 24+ 1.6 =25 5.8 puA
183+ 1.2+ 18 4.4 puA
0Ar+6t 1.1+ 18 S pHA
48 Ca 510+ | 1.6+ 18 2.0 ppA
0T &1 ] 10221 1 ppA
8 Fe 712+ [10=17: 1 ppA
84 Kp 7+ 0.8+35 1.4 ppA
132 Xell-2 | 0.8 = 15 1-0.3 puA
238 [J27-44+ | 1.5 = 15 1- 0.1 ppA

T @ R T %
Completion of the pile field 08.12.2




238U + 238U N
~ 268NO + ~ 208Pb

Nucl. E(MeV) Bp (vac. T'm) | Bp(He.T-m) | Bp (H,. T'm) | V (cm/ns) E/q,.. (MV)
238 1666 1.33 1.63 1.63 3.67 24.4
268No 1596 1.32 1.67 1.67 3.39 22.3

What do we need

STAR

Bp (T*xm) E/q (MV)

(Separator for TransActinide Research)

1.5

25 rotatable

Detector

What do we have?

1.2

"- = ;'3:‘).
2=

Time of
Flight

Magnetic

SHIP GSI 20 (?) ’ Magnetic
SHELS JINR 1.0 10 - Electric
0 Deflector
FMA ANL 1.0 18
MARA JYFL 1.0 14 e B .
S3 GANIL 1.8 12 Target Rl

Wheel Triplet



System for Correlated Investigation of Fragments (SCIF)

Study of mechanisms of fusion-fission and incomplete fusion reactions

Magnetic
separator

SCIF consists of:

 CORSET spectrometer - measuring mass-
energy and angular distributions of reaction

fragments;

' Focal pl
- Bragg chambers - measuring of charge ocal plane

distributions of reaction fragments;

* Magnetic spectrometer providing precise
(A,Z) identification of fragments with
masses up to 200 a.m.u.;

* etc.
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