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Metastable States 
in Superheavy Nuclei

Dieter Ackermann 
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• examples in SHN
• isomers and decay mode competition
• K-isomers 
• low statistics and complexity

• perspectives
• facilities and plans
(for GANIL SPIRAL2/LINAC+S3
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SHE/SHN – einsteinium to oganesson  
198 isotopes (as of 2024)

T1/2 shortest:    longest:
 250No: 4.2 𝝁s    252Es: 472 days

Present SHE searches
Z= 119 RIKEN, Wako, Japan 
  51V+248Cm
 IMP, Lanzhou, China 
  54Cr+243Am
Z= 120 FLNR/JINR, Dubna, Russia
  54Cr+248Cm
 LBNL, Berkeley Cf, USA (?)
  50Ti+249Cf
 (news on 50Ti+244Pu→290Lv+4n)
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element discovery
cumulative numbers Z	≥ 99

        since 1954
(last SHE: Ts 2010)

See also Michael Thoenesssen “The discovery of Isotopes”
https://people.frib.msu.edu/~thoennes/isotopes/

D. Ackermann arXiv:2501.04053

https://people.frib.msu.edu/~thoennes/isotopes/
https://arxiv.org/abs/2501.04053
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See also Michael Thoenesssen “The discovery of Isotopes”
https://people.frib.msu.edu/~thoennes/isotopes/

V. Zagrebaev et al., EPJ Web of Conferences 
86, 00066 (2015

Alternative production scheme:
Multi-Nucleon Transfer(MNT)

D. Ackermann arXiv:2501.04053

https://people.frib.msu.edu/~thoennes/isotopes/
https://arxiv.org/abs/2501.04053
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SHN nuclear structure: beyond the mere discovery – 
Decay modes, stability and quantum mechanics

SHE/SHN research

→ nature rules success chances
→ production probabilities: x-sections

SHE synthesis
• new element/isotope
• basic decay properties

SHN Nuclear structure
• single particle levels and the 

spherical shell gaps at the 
Dieter Ackermann      
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SHE synthesis
• new element/isotope
• basic decay properties

SHN Nuclear structure
• single particle levels and the 

spherical shell gaps at the 
“island of stability”

• isomeric states – K-isomers for 
deformed nuclei

• nuclear stability and decay 
mode (𝛼, SF, …) competition

• deformation …
• …

 … role of the odd 
particle
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SHN nuclear structure: beyond the mere discovery – 
Decay modes, stability and quantum mechanics

Dieter Ackermann      

Fritz  Heßberger

Stano Antalic

Isomers in superheavy nuclei
Eur. Phys. J. Spec. Top. (2024) 233:1017–1036

D. Ackermann 
S. Antalic 
F. P. Heßberger
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SHN nuclear structure: beyond the mere discovery – 
Decay modes, stability and quantum mechanics

SHE synthesis
• new element/isotope
• basic decay properties

SHN Nuclear structure
• single particle levels and the 

spherical shell gaps at the 
“island of stability”

• isomeric states – K-isomers for 
deformed nuclei

• nuclear stability and decay 
mode (𝛼, SF, …) competition

• …

 … role of the odd 
particle
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Dieter Ackermann      

• isomer surviving separation

• g emission after a decay

• CE for highly converted 
transitions 
+ X-ray emission

a emission

g emission

CE emission

g emission

DSAS 
– Decay Spectroscopy After Separation

x-ray emission
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Isomers in SHN – 
- types and decay modes

Dieter Ackermann      

Three types of isomers
• shape isomers
• spin traps
• K-traps

Decay modes
•	𝛽
• internal transitions 
(𝛾, internal conversion)

• spontaneous fission
•	α
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Isomers in heavy nuclei 
             first isomer - one of the heaviest nuclei known in 1936

Dieter Ackermann      

UII
U 234

UII
U 238

UI

Th 234
UX1

Pa 234
UX2/UZ

α

UZ

β-m
T   = 1.159(1) min

β
UX2

β-g.s.
T    = 6.70(5) h 1/2 

1/2 
a) b)

In 1936 Carl Friedrich von Weizsäcker coined the notion of isomers in nuclei: 

”β-labile Kerne... in zwei ’isomeren’ Sorten … ” 
→ β-unstable nuclei... of two ’isomeric’ kinds

“Der erste bekannte Fall ist die von Hahn sehr wahrscheinlich gemachte Isomerie von UX2 und UZ.”
→	“The first known case is the by Hahn most probably produced isomerism of UX2 and UZ 

C.F. Weizsäcker, Naturwissenschaften 24, 813 (1936)

O. Hahn, Naturwissenschaften 9, 84 (1921)s

1921 Otto Hahn observed 

2 β activities produced 
by β decay of 
a substance called UX1

Otto Hahn

Fritz Straßmann Heinz Haber
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Isomers in heavy nuclei 
             first isomer - one of the heaviest nuclei known in 1936

Dieter Ackermann      

UII
U 234

UII
U 238
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Th 234
UX1

Pa 234
UX2/UZ

α

UZ

β-m
T   = 1.159(1) min

β
UX2

β-g.s.
T    = 6.70(5) h 1/2 

1/2 
a) b)

In 1936 Carl Friedrich von Weizsäcker coined the notion of isomers in nuclei: 

”β-labile Kerne... in zwei ’isomeren’ Sorten … ” 
→ β-unstable nuclei... of two ’isomeric’ kinds

“Der erste bekannte Fall ist die von Hahn sehr wahrscheinlich gemachte Isomerie von UX2 und UZ.”
→	“The first known case is the by Hahn most probably produced isomerism of UX2 and UZ 

C.F. Weizsäcker, Naturwissenschaften 24, 813 (1936)

O. Hahn, Naturwissenschaften 9, 84 (1921)s

1921 Otto Hahn observed 

2 β activities produced 
by β decay of 
a substance called UX1

Otto Hahn

Fritz Straßmann Heinz Haber
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247mMd and SF-𝜶 decay competition
- SF barrier dependence on level spin

247Md

1/2-[521] (isomer) SF branching:   0.20(2)

7/2-[514] (g.s.) SF branching:   8.6×10-3(10)

→ SF branching (strongly) depends on SPL structure

7/2-[514]

1/2-[521]

68 keV

S. Ćwiok et al., Nucl. Phys. A 573 (1994) 356

F.P. Heßberger et al., Eur. Phys. J. A 58 (2022) 11

2.5 MeV

SF barrier as a function of deformation 
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158

160

Rf

Db

Sg

Bh

Hs

Mt

Ds

156

Es

Fm

Md

No

Lr

Cm

Bk

Cf

   244
34 ms
1024 keV
6+

1.92 s
1195 keV
8 -

42 sµ
   - 
(6 )+

   256
70 ns
1425 keV
7-

8 ms
   -
   -

   246
   -
1179 keV
8-

148 150 152 154

110 ms
1254 keV
8-

   A
T1/2

E*

Kπ

266 ms   184 sµ

1293 keV  2.5 MeV

8-    

   270
2.9 ms
1.13 MeV
(9 /10 )- -

256

massnumber A
halflife T1/2
excitation energie E*
spin and parity K

π

K-Isomers 
in even Z - even N nuclei 

K-Isomers 
in even Z - odd N nuclei 

K-Isomers 
in odd Z - even N nuclei 

246

   266
74 ms
1.2 MeV

254
247 µs
5 µs

255

750 sµ
1.5 MeV 

110 sµ

255
   1.81 ms

255

257

255254253252

249

248 250

253
660 µs
1.5 MeV

250

251

256

2.4 ms

(19/2)+
>900 keV

2.4 ms
>844keV

7.8 sµ
77 sµ
1.2 sµ

K-Isomers 
in odd Z - odd N nuclei 

266 ms   184 
1293 keV  

1400 keV

27 µs      17 µs 
1120 keV  

 15 µs     37 µs 
>900 keV >1150 keV  1400 keV

   4.1 s      106 µs *

* values for the lowest two of more isomers shown 

248
-
950 keV
>5

Nuclear deformation and metastability
- K-isomers in the region of SHN

14
5
3

high J orbitals in the vicinity of Z = 100 and N = 152
→ high values of K and 

high ∆K between initial and availible final state
→ decay hindrance definition of K

D.Ackermann
S. Antalic
F.P. Heßberger 
Eur. Phys. S.T. 233 (2024) 
1017–1036
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Production:  206Pb(54Cr,1n)259Sg, σ » 1 nb

SF-α competition
• α-decay from both low lying levels - T1/2(, 259Sg) ≈ 411 ms/254 ms
• SF from 1/2+[620] only  - T1/2(SF, 259Sg) ≈ 235 ms

 → SF hindrance by quantum mechanics
 
SF properties
• TKE(SF) of 259Sg >15 MeV higher than for 255Rf 
• change from asymmetric to symmetric fission
SPL systematics
• change of g.s. config. in N = 153 isotones
  → 1/2+[620] to 11/2-[725]
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255Rf structure from 259Sg α-decay
- SF/SPL properties

S. Antalic et al. Eur. Phys. J. A 51, (2015) p. 41
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255Rf direct production
- ER-CE-(CE)-𝜸-SF/α correlations

Production:  207Pb(50Ti,2n)255Rf, σ » 11 nb

255Rf
two high-K isomers
T1/2 15(+6/-4) 𝜇s and 38(+12/-7) 𝜇s

a possible quasi-particle coupling

1/2−[521]π ⊗ 9/2+[624]π ⊗ 9/2−[734]ν →	K = 19/2+ with ∆K = 5

→ K > 17/2

P. Mosat et al. PHYSICAL REVIEW C 101, 034310 (2020)

K > 17/2
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160
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Sg
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Hs

Mt

Ds
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Es

Fm

Md

No

Lr

Cm

Bk

Cf

   244
34 ms
1024 keV
6+

1.92 s
1195 keV
8 -

42 sµ
   - 
(6 )+

   256
70 ns
1425 keV
7-

8 ms
   -
   -

   246
   -
1179 keV
8-

148 150 152 154

110 ms
1254 keV
8-

   A
T1/2

E*

Kπ

266 ms   184 sµ

1293 keV  2.5 MeV

8-    

   270
2.9 ms
1.13 MeV
(9 /10 )- -

256

massnumber A
halflife T1/2
excitation energie E*
spin and parity K

π

K-Isomers 
in even Z - even N nuclei 

K-Isomers 
in even Z - odd N nuclei 

K-Isomers 
in odd Z - even N nuclei 

246

   266
74 ms
1.2 MeV

254
247 µs
5 µs

255

750 sµ
1.5 MeV 

110 sµ

255
   1.81 ms

255

257

255254253252

249

248 250

253
660 µs
1.5 MeV

250

251

256

2.4 ms

(19/2)+
>900 keV

2.4 ms
>844keV

7.8 sµ
77 sµ
1.2 sµ

K-Isomers 
in odd Z - odd N nuclei 

266 ms   184 
1293 keV  

1400 keV

27 µs      17 µs 
1120 keV  

 15 µs     37 µs 
>900 keV >1150 keV  1400 keV

   4.1 s      106 µs *

* values for the lowest two of more isomers shown 

248
-
950 keV
>5

Nuclear deformation and metastability
- K-isomers in the region of SHN

14
5
3

high J orbitals in the vicinity of Z = 100 and N = 152
→ high values of K and 

high ∆K between initial and availible final state
→ decay hindrance definition of K

D.Ackermann
S. Antalic
F.P. Heßberger 
Eur. Phys. S.T. 233 (2024) 
1017–1036
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255No – revisited (ER-𝜸-CE-𝜶/SF correlations)
- CE correlations → observation of 3 new K-isomers

ER- 𝜸-CE coincidence sum energies
839 keV line → E(E𝜸+ECE1)max = 1219 keV

ER- 𝜸-CE coincidence sum energies 
839 keV line → E(E𝜸+ECE)max = 1219 keV
741 keV line → E(E𝜸+ECE)max = 1126 keV
632 keV line → E(E𝜸+ECE)max = 1040 keV
657 keV line → E(E𝜸+ECE)max =   953 keV

A. Bronis al., PHYSICAL REVIEW C 106, (2022) 014602
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255No – revisited (ER-𝜸-CE-𝜶/SF correlations)
- CE correlations → observation of 3 new K-isomers

ER- 𝜸-CE coincidence sum energies
839 keV line → E(E𝜸+ECE1)max = 1219 keV

ER- 𝜸-CE coincidence sum energies 
839 keV line → E(E𝜸+ECE)max = 1219 keV
741 keV line → E(E𝜸+ECE)max = 1126 keV
632 keV line → E(E𝜸+ECE)max = 1040 keV
657 keV line → E(E𝜸+ECE)max =   953 keV

A. Bronis al., PHYSICAL REVIEW C 106, (2022) 014602

scenarii for 255Nom2

Kieran Kessaci, Ph.D. thesis, Strasbourg University
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SHN Nuclear structure 
- isotonic trends close to N=152

Comparison experiment – theory
red: self-consistent models
blue: mic-mac model

A. Bronis al.
PRC 106, 
(2022) 014602

Z.-H. Zhang et al.

N=153

M. Bender et al.

S. Cwiok, et al .

N=151

Z.-H. Zhang et al. M. Bender et al.

M. Asai, A. Lopez-Martens and F.P. Heßberger, NPA 944, (2015) 308–332

A. Parkhomenko
A. Sobiczewski

M. Asai et al.

S. Cwiok, et al .

A. Parkhomenko
A. Sobiczewski

experiment

experiment
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>900 keV >1150 keV  1400 keV

   4.1 s      106 µs *
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950 keV
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Nuclear deformation and metastability
- K-isomers in the region of SHN

14
5
3

high J orbitals in the vicinity of Z = 100 and N = 152
→ high values of K and 

high ∆K between initial and availible final state
→ decay hindrance definition of K

D. Ackermann
S. Antalic
F.P. Heßberger 
Eur. Phys. S.T. 233 (2024) 
1017–1036
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Decay details
- time distributions
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T1/2=1.2ms 11.2 ms

266Hs
K-isomer (1 event)
® Ea = 10.43 MeV – ≈ 200 keV higher than main activity
® T1/2 = 74 ms – ≈ 56 times  slower then main activity

270Ds:
clearly (at least) 2 activities
highly fragmented a spectrum
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270Ds decay
 - α decay and α-𝜸 coincidences

Ea
two groups at 11 MeV and 12 MeV
both fragmented
® several transitions from isomer and g.s.

Ea vs decay time
again two groups:

1. 50 µs to 0.6 ms
2. 1 ms to 20 ms

® different delay factors 
® transition dependent hindrance 
® 𝜸’s for low-E group only

E𝛾 = 1094	𝑘𝑒𝑉

E𝛾 = 741	𝑘𝑒𝑉

E𝛾 = 175	𝑘𝑒𝑉
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Energy Density Functional Calculations 
- Dario Vretenar, Vaia Prassa et al. 

332 kev

Calculations:
HFB: S. Cwiok, et al.
PES: F.R. Xu, et al. PRL 92, 252501 (2004)
TCSM: G.G. Adamian et al., PRC 81, 024320 (2010)
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DD-PC1

270Ds266Hs262Sg258Rf254No250Fm

EDF predictions (DD-PC1 interaction)

• 2-quasi-particle states in 270Ds and 266Hs up to K=9/10
® transitions into analog daughter states spanning E range of 900 keV
® fragmentation of Ea
® timing ruled by transition energy (Geiger-Nuttal)

• initial states with no matching final partner (e.g. 10-)
® Retardation due to ∆K > 0

• K-isomers decaying by a decay
® sensitive probe for detailed 2(4)-quasi-particle structure
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275Ds decay @ FLNR/JINR SHE-factory
 - SF-𝜶 competition, isomers and  courageous decay scheme construction 

Yu.Ts. Oganessian et al., PRC 109, 054307 (2024)

332 kev

Calculations:
HFB: S. Cwiok, et al.
PES: F.R. Xu, et al. PRL 92, 252501 (2004)
TCSM: G.G. Adamian et al., PRC 81, 024320 (2010)
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High-K isomers in trans-actinide nuclei close to N=162
 - Energy Density Functional Calculations, Vaia Prassa et al. 

Vaia Prassa et al. 
PRC 91, 034324 (2015)

selfconsistent constraint triaxial HFB calculations based 
on the DD-PC1 functional (PRC 88, 044324 (2013)
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High-K isomers in trans-actinide nuclei close to N=162
 - Energy Density Functional Calculations, Vaia Prassa et al. 

Vaia Prassa et al. 
PRC 91, 034324 (2015)

selfconsistent constraint triaxial HFB calculations based 
on the DD-PC1 functional (PRC 88, 044324 (2013)

• proton single particle states 
elevated to higher excitation 
energies for N=162

• 270Hs ® 248Cm(26Mg, 4n)
J. Dvorak et al., PRL 97, 242501 (2006)

• 272Ds ® a- daughter  of 
207Pb(70Zn, 1n)276Cn

® HI-LINAC
(e.g. GSI cw-Linac, FLNR SHE-factory , 
SPIRAL2 LINAG, ...)
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Perspectives: GANIL/SPIRAL2
- LINAG+NEWGAIN and S3

NFS

future
extension
(MNT, FF, …)

GANIL
Cyclotron
Facility

SPIRAL2

SC
 LIN

AC

NEWGAIN
injector 2
A/q = 3-7

injector 1
A/q = 1-3
(2 sources)

DESIR
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beam     injector1              (injector2) 
intensities     2023          2028         ≥ 2030

2020 2021 2022 2023 2024 2025 2026 2027 2028

first 
beam

time line

Ions
Intensity (pµA)

Phoenix V3 
RFQ A/Q≤3

Intensity (pµA)
Phoenix V3 
RFQ A/Q≤7

Intensity  (pµA)
SC Ion Source

RFQ A/Q≤7
18O 80 * 375
19F >15 >40 >40
36Ar 16 70 45
40Ar 3.6 70 45
36S 2.3 * *
40Ca 2.9 10 20
48Ca 1.2 10 20
58Ni 1.1 4 8
84Kr 0.1 10 20
139Xe 0.001 7 >10
238U <<0.001 0.1 6

* -> no estimationMeasured Estimated

Study Phase Construction Phase
laboratoire commun CEA/DRF CNRS/IN2P3

SPIRAL2 - NEWGAIN
- floorplan and design intensities
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139Xe 0.001 7 >10
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       White Book
https://www.ganil-spiral2.eu/scientists/ganil-spiral-2-facilities/accelerators/newgain/

Study Phase Construction Phase
laboratoire commun CEA/DRF CNRS/IN2P3

SPIRAL2 - NEWGAIN
- floorplan and design intensities
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Perspectives: GANIL/SPIRAL2
- S3 and its 2 focal plane set-ups

S3-LEB
(Low Energy Branch)

S3-SIRIUS 
(Spectroscopy & Indentification 

of Rare Ions Using S3)

gas-stoping/lasers/MRToF/ Si-
Ge installation
laser spec, mass measurement 
and DSAS 

particle (SI) and photon (Ge) 
detection array 
DSAS and SHE synthesis
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