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• Fission in the new” regions of the Nuclear Chart“ –why? 

• Brief (experimental) review on low-energy fission

• Electron- Capture Delayed Fission (ECDF) at ISOLDE (CERN)  at 60 

keV

• d,pf fission with post-accelerated RIBs at Coulomb energies

• Coulex fission at SOFIA@R3B@GSI with relativistic 1 AGeV energies

• ECDF of 180Tl vs ECDF of 234Bk (a challenge for theory) 

• Conclusions
• Fission fragments angular momentum (J. Wilson, theory…)
• Spontaneous fission (SF) in heavy/SHE nuclei
• Fusion-fission/transfer reactions with heavy ions at Coulomb energies (Dubna, 

ANU, India..)
• n_ToF, n-induced fission experiments (ILL,n_ToF, LANSCE,J-PARC….)
• Future techniques: Photofission at ELI-NP with CBS-technique 
• Future techniques: Fission in collision geometry with electrons (SCRIT@RIKEN)?

Mapping Low-Energy Fission with RIBs 
(Nuclear Fission in the 21st Century from an experimentalist point of view )
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What is Fission?

G. Scamps, C.Seminel, Nature 564, 382–385 (2018) 

Time scale for fission from ‘compound nucleus’ to scission  ~20 zs (~20×10-21s)

Time-dependent Hartree-Fock + BCS simulations for 240Pu



What are (typical) observables in fission?

• Half-lives (e.g. for SF – from ms to billions of years)
• Fission fragments mass and charge distributions (symmetric, asymmetric, 

multimodal)
• Kinetic energies of FFs’, & their sum – Total Kinetic Energy(TKE)
• Prompt neutron and γ-ray multiplicities, energies of γ’s and  n’s
• Angular momentum of fission fragments (a derived value, hot topic nowadays) 
• Fission barrier height (a derived value, can’t be measured directly)

NB: Typical FFs energies in SF are ~1 AMeV, difficult to 
measure with sufficient precision (can be overcome in inverse 
kinematics – the modern approach)



•Theory models are (usually) ‘tuned’ along the β stability line

•However, many nuclear properties change far from stability
line (e.g. disappearance of traditional magic numbers,
appearance of new shell gaps, halos, skins…)

Outlook: Why ‘new regions of fission’? 

•What happens to fission e.g. on the extremely neutron-
deficient or neutron-rich sides? (e.g., r-process…)

•Not simple to answer, as most of such nuclei are impossible to
produce (e.g. very neutron-rich)

•Also to fission these nuclei at low excitation energy (E*~Bf)
is a very challenging task (we want to keep shell effects…)

•Need SF, beta-delayed fission, n-induced fission data



r-プロセス元素合成の動画

和南城伸也氏（上智大）

One of the reasons to study ‘exotic’ fission:
r-process fission termination

r-process termination by fission: need to know fission barriers and FFs mass 
distributions for Z>82, N>180 nuclei! (hardly ever achievable in the lab?)

232Th,238U

78Ni

132Sn



Fission re-cycling in r-process: competition between 
spontaneous, neutron-induced and beta-delayed fission
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Example: Fission Barrier Calculations for r-process nuclei

Neutron Number                                                     Neutron Number

B f
[M

eV
]

Full symbols – experimental data
Lines – calculations (LDM,TF, ETFSI)

Po U
A. Mamdouh et al. NPA679 (2001), 337

LDM

TF

ETFSI

LDM

TF

ETFSI

• Good agreement between Bf,cal and Bf,exp for nuclei close to stability
• Large disagreement far of stability (both on n-def. and n-rich sides)
• Need measured fission data far of stability to ‘tune’ fission models



Fission re-cycling in r-process: influence of the 
fission fragments mass distributions modelling 

Recall:  in r-process network calculations, we need fission data for e.g. 274Pu, 
but so far the fission around 239Pu  was studied only

274Pu

SPY,S.Goriely et al, PRL,2013

A=278



Fission and r-process: influence of the 
fission mass distributions modelling 



r-プロセス元素合成の動画

和南城伸也氏（上智大）

So, if we can’t access neutron-rich, what can we 
do instead? Will neutron-deficient help?

R-process termination by fission: need to know fission barriers and FFs mass 
distributions for Z>82, N>180 nuclei! (hardly ever achievable in the lab?)

232Th,238U

78Ni

132Sn



Experimental information on low-energy fission
Nuclei with measured charge/mass split (RIPL-2 + GSI)

- particle induced 
x - e.m. –induced E*~11 MeV187Ir 196Au

Z=82

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers, (bimodal)

A.N. Andreyev, K. Nishio, K.-H. Schmidt, Reports on Progress in Physics, 1 (2018)

Z=82Z=82Z=82



A.N. Andreyev, K. Nishio, K.-H. Schimidt, Reports on Progress in Physics, Invited review, v.1 (2018)

Experimental information on low-energy fission
Nuclei with measured charge/mass split (RIPL-2 + GSI)

- particle induced 
x - e.m. –induced E*~11 MeV187Ir 196Au

Z=82

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers, (bimodal)

Pre-actinides, light  Ir-Th N/Z~1.4-1.5: 
predominantly symmetric, e.g. FRS(GSI)

Z=82Z=82Z=82

180Hg 
N/Z=1.25

Region of our interest: fission  of 
nuclei with  A~180-200,
N/Z~1.22-1.3: Hg,Pb,Po,Rn
JAEA,ISOLDE(CERN), ANU,
Indian groups, R3B(GSI),Dubna



The 
ISOLDE 
facility 
at CERN

IDS

NICOLE

MINIBALL

TAS VITO

MR-ToF WindmillCOLLAPSCRIS

WISARD

collections

HRS Target 1.4 GeV Protons
From PSB

RILIS



RIBs Production Reactions at ISOLDE (CERN)
induced by p(1.4 GeV) with a thick  Uranium Target
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ISOLDE Facility (CERN, Geneva)
(example of a surface-ionization ion source)



ISOLDE Target Unit

Proton beam



Getting clean laser-mass separated beams at 
ISOLDE



1st Study Case: ECDF of 180Tl at ISOLDE-CERN

• Two step process: EC/β+ decay of 180Tl followed by fission of 180Hg*

• Low-energy fission, E*<10.3 MeV, limited by QEC
• QEC(180Tl)-Bf(180Hg)=0.5 MeV (FRDM/FRLDM values used)
• Mostly sub-barrier fission, as most of β−decay feeding to low E*
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Mass distribution of fission fragments from βDF of 180Tl
(recall – it’s daughter 180Hg=2×90Zr, who is actually fissionning!)
ASYMMETRIC energy split! Thus asymmetric mass split: MH=100(4) 
and ML= 80(4)

Eff1-Eff2 coincidences ~330 events

Singles 1111 ff
~20 ff/h

A problem: “low-energy” FF’s - 1 AMeV only,  A and Z identification difficult
The most probable fission fragments are  100Ru (N=56,Z=44) and 80Kr (N=44,Z=36) 



Discovery of Asymmetric Fission in Proton-Rich Nuclei

E

80Kr
100Ru

90Zr+90Zr

via ECDF of 180Tl

Calculations according to 5D fission model, P. MÖller et al., Nature 409, 785 (2001) 

PECDF(180Tl)=3.6(7)×10-5



Two types of asymmetry: what’s the difference?

180Hg 238U

Asymmetry in the U-region is due to strong shell effects of fission fragments around 132Sn
Asymmetry in the neutron-deficient Pb-region – due to shell effects of CN (but, octupoles?)



Brownian Metropolis Shape Motion 
based on J. Randrup and P. Moller, PRL 106, 132503 (2011)

Phys. Rev. C 85, 024306 (2012)

180Hg



‘Improved’ Scission-Point Model

•Inter-fragment distance is not fixed and calculated.
•values of ~0.5-1 fm result (Wilkins – fixed at 1.4 fm)

•Mass symmetry/asymmetry doesn’t change as a function 
of E* (up to E*~60 MeV) – good for future experiments

asymmetric

Symmetric!

180Hg



SPY self-consistent Scission-Point Model



Mean-field HFB+Gogny D1S/SkM* 



Octupole shapes of fission fragments as a culprit for 
mass-asymmetry?

G. Scamps, C.Seminel, Nature 564, 382–385 (2018) 



A.N. Andreyev, K. Nishio, K.-H. Schmidt, Reports on Progress in Fission, 1, (2018)

From Asymmetry to Symmetry

- particle induced 
x - e.m. –induced E*~11 MeV187Ir 198Hg

Z=82

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers

Pre-actinides, light  Ir-Th N/Z~1.4-1.5: 
predominantly symmetric, e.g. FRS(GSI)

Z=82Z=82Z=82

178,180Hg

ISOLDE

Lightest Hg isotopes with 
N/Z~1.25:  asymmetric

180Hg

P. Moller, J. Randrup, PRC91,944316(2015)



From Asymmetry to Symmetry
(what effect is responsible for asymmetry in the lead region?)

180Hg

P. Moller, J. Randrup, PRC91,944316(2015)

JAEA,ANU,Dubna,Delhi,GANIL…
Inside the asymmetry island



Back to classics:  1970’ies - Fission in d,pf
approach with stable/long-lived targets

Modern version – inverse kinematics  
with post-accelerated RIBs  at Coulomb 

energies impinging on a deuterated 
target (e.g. HIE-ISOLDE)



(d,p)

Ϭf/ϭp

B.B. Back et al.; Nucl. Phys. A165 (1971) 449
E. Konecny et al.; Phys. Lett. B 45 (1973) 329

ϭp

Ϭf (d,pf)

Fission probability as a function of E* :  direct nucleon transfer, e.g. 
(d,pf) reactions with stable/long-lived targets. 

1970’ies: Classical fission studies in d,pf approach: 
determination of fission modes and fission barriers

Pfis(E*)=

Bf

d+239Pu → 240Pu*+p → 2FF+p

Allows to deduce e.g. the fission 
barrier height (with some assumptions)

d beam

239Pu
target

240Pu*

p

2 fission fragments in
coincidence with proton

Fission and p 
detectors



Modern approach: the same reaction mechanism, but 
in inverse kinematics, with post-accelerated RIB’s

Example-1: 209Fr (51 s)+d → 210Fr*+ p → 2FF+p

Post-accelerated
209Fr beam (HIE-ISOLDE)
~7.6 AMeV, 106 pps

d target
210Fr*

p

2 fission fragments in
coincidence with proton

Fission and p 
detectors

Main advantages in comparison to ‘old’ direct kinematics
1. Allows to study fission of (“any”) RIB’s, even very short-lived
2. Higher fission fragment energies (easier identification of E, A, Z) 
3. Kinematical focusing due to inverse reaction (easier identification)



210Fr*

p

2 fission fragments in
coincidence with proton

Fission and p 
detectors

HIE-ISOLDE post-accelerated, 
209Fr beam, ~7.6 AMeV, 106 pps

ACTAR – time-projection chamber, filled with d gas

Fission of 210Fr  with ACTAR@HIE-ISOLDE



HIE-ISOLDE post-accelerated, 
209Fr beam, ~7.6 AMeV, 106 pps

Fission of 210Fr with ACTAR@HIE-ISOLDE



Example-2: d,pf transfer-induced fission of post-accelerated RIBs in 
inverse kinematics with ISOLDE Solenoidal Spectrometer  (ISS-

ISOLDE)

US Usual MRI magnet from a hospital (after some refurbishing)



HELIOS@ANL-ISS(ISOLDE) Collaboration
(a proof-of-principles experiment with stable 238U) 

106 pps



What shells (protons? neutrons? both?) are 
responsible for asymmetric fission?



Dominance of proton shell effects in low-energy 
fission?

K. Mahata et al, PLB825, 136859 (2022) – including analysis of existing fusion-
fission data in the lead region (relatively low A, Z resolution, typically a few units).

Z~52,54
Heavy actinides

Z~36
Sub-lead



Low-Energy Fission of Relativistic RIBs 
in inverse kinematics at SOFIA@GSI  
(Coulex-induced and p,2pf reactions)



• Primary beam of 238U, 1 A GeV

• Fragmentation reaction on a light 
target, e.g. Be produces secondary
beam of fissile ions at ~700 AMeV
(from Mercury up to Neptunium), 
sorted through FRS

• Selected secondary ions from
FRS sent to Cave C for the fission 
experiment

• Fission induced in-flight by    
Coulomb excitation on a heavy
secondary Pb target (E*~12 MeV)

• Both fission fragments identified
simultaneously, both in mass and 
in charge (FF’s are at ~600 AMeV!)

Two-step RIBs production at SOFIA@GSI 



~700 AMeV
RIBs from FRS

FF’s >300 AMeV



Some of the main advantages: 
• fission fragments are at much higher energies 

(~200-600 AMeV), thus much easier to identify 
their A and Z

• Emission of neutrons (neutron multiplicity) is 
easier to study (due to their kinematic focusing)

BUT: Needs a much more complex production 
method and detection system (e.g. R3B, SAMURAI)

Two-step production at SOFIA@GSI



Some examples … (note fantastic A and Z 
resolution, hardly achievable by other techniques)

E*~12 MeV



Detailed studies of EM-induced multi-modal fission in Ac-Th 
isotopic chains

89Ac

90Th

91Pa

92U

131 135134133132 136 137

138 139

140 141

142

Black - experiment (Schmidt et al, NPA 665 (2000))
Red - calculations

With the same 
parameter set for 
all nuclei!

asymmetric

A. Chatillon et al. Phys. Rev. Lett. 124, 202502 (2020)
A. Chatillon et al., PHYSICAL REVIEW C 106, 024618 (2022)



Dominance of Z=54 shell in fission of Ac-Pu

A. Chatillon et al., PHYSICAL REVIEW C 106, 024618 (2022)



SOFIA 2025: An asymmetric fission island driven by 
shell effects in light fragments

Nature, 641, 339 (2025)

P. Moller, J. Randrup, PRC91,944316(2015)



ECDF: QEC-Bf systematics for heavy actinides

• Note the strong dependence on the fission barrier model for some isotopic chains!
• Very favorable conditions for the lightest Am and Bk chains with QEC-Bf >>0. 
• QEC,exp(234Bk)=6.5 MeV, Bf,calc(234Cm)~2.5 MeV, with QEC-Bf =4 MeV
• Thus, we looked in the ECDF decay of 234Bk and 230Am at SHANS2

Slide courtesy Z. C. Li, to be submitted to PRC soon  



ECDF of 234Bk at SHANS2(IMP-Lanzhou)

• Low-energy fission, E*<6.5 MeV, limited by QEC
• QEC(234Bk)-Bf(234Cm)=4 MeV (FRDM/FRLDM values used)
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Gas-filled Recoil Separator 
SHANS2@IMP(Lanzhou, China)

40Ar beam

Rotating
197Au target



234Bk decay scheme
(Z. Y. Zhang et al, submitted to PRL, March 2026)

Red values – new data from  SHANS2

The highest ever PECDF values so far!



PECDF systematics: strong sensitivity to 
the fission barrier models!

NβDF - number of beta-delayed 
fission events
Nβ – number of beta decays

PECDF TF vs FRLDM differences
• TF:  no Z-dependence for PECDF, 

but it is present in FRLDM
• TF barriers are, on average, 

lower, than FRLDM
• Due to this, most of cases are 

above barrier in TF, while a half 
of them are subbarrier in 
FRLDM



ECDF of 180Tl vs 234Bk
QEC(180Tl)-Bf(180Hg)=0.5 MeV
PECDF(180Tl)=3.6(7)×10-5

QEC(234Bk)-Bf(234Cm)=4 MeV
PECDF(234Bk)=0.57(11)

Fission is dominantly sub-barrier!
PES/Bf of 180Hg will be more important, 
than the beta strength function, Sβ

Fission is  dominantly above-barrier?
Beta-decay strength function of 234Bk will 
be more important? (NEED THEORY!)
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180Tl example: the use of PECDF to extract Bf
(or,  vice versa)

Need to know: 
• Qβ - ‘easy’, experimental values
• Sβ – beta decay strength function
• Statistical model for decay widths
• Bf – model dependent 

180Tl beta-strength functions, Sβ

BfBf QEC

Bf QEC

Bf QEC

Only a small part of Sβ goes in the [Bf:QEC] window! 
This may explain the smallness of PECDF(180Tl)
Also needed to scale the fission barrier by 15-20%



Recent fully microscopic theory efforts for PECDF 
calculations

ISOLDE βdf data
+ECDF 178,180Tl



Benchmarking with different Sβ and scaling of fission
barriers

Sβ (178,180Tl)

EXP
Theory

Different Sβ

Need scaling of Bf

Failed to reproduce known PECDF(178,180Tl)!
But, all those cases are strongly subbarrier!

That is why, SHANS2’s  234Bk/230Am data, with high 
PECDF, may provide a totally new direction to such 
theory studies!

Bf
(180Hg)

Bf,calc(180Hg)

PECDF,exp(180Tl)



• Beta Delayed Fission (βDF) at ISOLDE  at 60 keV
• Transfer –induced fission  with ACTAR/ISS at HIE-ISOLDE
• Coulex-induced fission with SOFIA@GSI at 1 AGeV
• Fusion-fission with heavy ions at Coulomb energies (Dubna, ANU, India..)
• Transfer-induced fission at Coulomb energies (VAMOS@GANIL, JAEA)
• n_ToF, n-induced fission experiments (ILL,n_ToF, LANSCE,J-PARC….)
• Future techniques: Photofission at ELI-NP with CBS-technique 
• Future techniques: Fission in collision geometry with electrons (SCRIT@RIKEN)?

Fission in 21st Century: Some of the topics covered 

• Bright future for fission studies with RIBs
• Access to both proton- and neutron- rich nuclei
• Un-precedented precision in Z,A determination!
• Control of excitation energy event-by-event!

• However, still the ‘classical’ methods work and allow to 
study both the isospin and excitation dependence of 
fission in the ‘new’ regions of Chart of Nuclides 

Thank You for your Attention!



178Hg* fission in inverse kinematics at VAMOS
124Xe(4.3 AMeV)+54Fe->178Hg*, E*=34 MeV

• Coulomb barrier energies, inverse kinematics: high FF’s energies, 
• allows Z-identification. 
• Confirmed asymmetric mass split of 178Hg, even at a higher E*
• First direct confirmation of importance of Z=36!

bdf of 178Tl, ISOLDE, E*~10 MeV
V. Liberati et al, PRC88,044322 (2013)



Universality of shell effects in low-energy fission



Future(?): Fission via Electron scattering
from unstable nuclei

e.g. electron scattering from unstable nuclei (colliding accelerated 
electrons and low-energy radioactive ions!)
SCRIT at RIKEN (Japan) and ELISe at GSI (Darmstadt, Germany)

SCRIT@RIKEN



Fission studies with CBS brilliant gamma beams at 
ELI-NP

62

 The potential energy landscape

SD HDND

 Fission cross-section

236U

Cadwell et al., 1980

Compton Backscattering



FiFI@ISS

Recoil Detector

Fission-Fragment Detectors for ISS@ISOLDE

SED

BRAGG

FF

Proton

Recoil
~9 MeV/u

•SED MCP for ns FF timing
•Bragg ion chamber for FF 
energy measurement (~1MeV 
Resolution)



Example 2: d,pf transfer-induced fission of post-accelerated RIBs in 
inverse kinematics with ISOLDE Solenoidal Spectrometer  (ISS-

ISOLDE)


