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Outlook  



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

Outlook  

•What happens to fission far from stability, e.g. 
on the extremely proton-rich or neutron-rich 
side (relevant for r-process)?  
 

•Not simple to answer, as to fission these nuclei at 
low excitation energy (E*~Bf) is a very challenging 
task as none of them fissions from g.s. 
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Example: Fission Barrier Calculations for r-process nuclei 
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• 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 



Macroscopic only  

(like a liquid drop) 
Microscopic effects added 

(nuclear shells and pairing) 

Symmetric vs Asymmetric Fission 



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

     - particle induced  

 x  - e.m. –induced E*~11 MeV 187Ir 196A

u 

Z=82 

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

spontaneous fission, fission isomers 

K.-H. Schmidt et al. 

Z=82 Z=82 Z=82 



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

     - particle induced  

 x  - e.m. –induced E*~11 MeV 187Ir 196A

u 

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=82 Z=82 Z=82 

180Hg  

N/Z=1.25 

Region of our interest I: beta-

delayed fission  of A~180-200 

N/Z~1.22-1.3: Tl,Bi, At, Fr 

ISOLDE(CERN) 

Region of our interest II: beta-

delayed fission  of nuclei with  

A~230, N/Z~1.6: Fr, Pa. Ac 



Beta-Delayed Fission (ISOLDE and SHIP) 

•Two step process: b decay followed by fission 
•Low-energy fission (E*~3-12 MeV, limited by QEC) 
            e.g. 180Tl: QEC=10.4 MeV, Bf,calc=9.8 MeV 
•Relatively low angular momentum of the state 
            e.g. 180Tl: I=4 or 5 (some cases:  up to 10) 

A.N. Andreyev, M. Huyse, P. Van Duppen, Reviews of Modern Physics, 85, 1541 (2013) 



HRS Target 

50 g/cm2 

GPS Target 

50 g/cm2 

GPS Magnet 

Control Room 

Experiments 

HRS Magnets 

RILIS 

Example: bdf of 180Tl at ISOLDE (CERN) 
Proton beam  1.4 mA,  

1.4 GeV from PSB  

Hot cells 

180Tl+ 



Detection system for bDF studies at ISOLDE 

Annular Si  Si 

pure 180Tl 30-60 keV  

from RILIS+ISOLDE 

C-foils 

20 mg/cm2 

Si detectors 

beam  from  

ISOLDE 

Si 
Annular Si 

ff 

f

f 

a 

C-foil 

MINIBALL Ge cluster 

A.N. Andreyev et al. PRL 105 (2010) 
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Mass distribution of fission fragments from bDF of 180Tl 

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)  



New Type of Asymmetric Fission in Proton-Rich Nuclei 

E 

80Kr 
100Ru 

90Zr+90Zr 

via bDF of 180Tl 

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

 

QEC(180Tl)-Bf(
180Hg)=0.63 MeV 

PbDF(180Tl)=3.6(7)10-5 

QEC(180Tl)=E*
max=10.44 MeV 



 Two types of asymmetry: what’s the difference? 

180Hg 238U 

 



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

Phys. Rev. C 85, 024306 (2012) 



            ‘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! 



            ‘Self-consistent Scission-Point Model’ 



            Mean-field HFB+Gogny D1S  



From Asymmetry to Symmetry 

     - particle induced  

 x  - e.m. –induced E*~11 MeV 
187Ir 196A

u 

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=82 Z=82 Z=82 

178,180Hg 

ISOLDE 

Lightest Hg isotopes with  

N/Z~1.25:  asymmetric 



Fission of Proton-rich nuclei with A~180-200 
L.Ghys et al., Phys. Rev. C 90, 044305 (2014) 



IS534, 9-14 May 2012:  Mass Distributions Measurements 
of 194,196Po via bDF of 194,196At 
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Energy in Si1 (MeV) 

Energy in Si1 (MeV) 

E
n

e
rg

y
 i
n

 S
i2

 (
M

e
V

) 

E
n

e
rg

y
 i
n

 S
i2

 (
M

e
V

) 

E
n

e
rg

y
 i
n

 S
i2

 (
M

e
V

) 

Energy in Si1 (MeV) 

194At  40 ff/h 

196At 10 ff/h 

Clear difference in energy (thus, mass) distribution between  

2-peaked fission of 180Hg and a broad distribution in  194,196Po  



Bimodal Mass Distributions in bDF of 194,196At and 200,202Fr 
L.Ghys et al., Phys. Rev. C 90, 044305 (2014) 

    

20 ff/h 

40 ff/h 

10 ff/h 

0.2 ff/h 

EURISOL:  
• x103 yield increase(?) 

• Detailed studies 

• FF’s en. distributions  

• FF’s mass distributions 

• TKE(M) 

• n,g –multiplicities 

A problem: “low-energy” 

FF’s -  1 AMeV only,  A and 

Z identification difficult 



bDF in the neutron-rich Fr nuclei at ISOLDE? 

Earlier Gatchina attempts ISOLDE yields (UC, ThC) 

ThC targets? 

~10-8 branching in 1 day now 



Mapping beta-delayed fission:  
from neutron-deficient to neutron-rich nuclei 

Reviews of Modern Physics, 85, 1541 (2013) 

EURISOL for bDF:  
• x103 yield increase(?) 

• Detailed studies 

• FF’s en. distributions  

• FF’s mass distributions 

• TKE(M) 

• n,g –multiplicities 
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16th ASRC JAEA  International Workshop , Courtesy Masami Sako  
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B.B. Back et al.; Nucl. Phys. A165 (1971) 449 
E. Konecny et al.; Phys. Lett. B 45 (1973) 329 

ϭp 

Ϭf (d,pf) 

233U(d,pf) 

Ed=13 MeV 

235U(d,pf) 

Ed=13 MeV 

239Pu(d,pf) 

Ed=13 MeV 

241Pu(d,pf) 

Ed=13 MeV 

http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/index3.html 

Earlier fission barrier studies: fission probability as a function 

of E* :  direct nucleon-transfer, e.g. (d,pf) reactions 
with stable or long-lived targets 
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Ab s t ra c t

(d,p)-t ra n sfe r in du ce d  fis sion  is  pro po s e d  a s  a  t ool t o st u dy low  e n e rgy fis sion  of e xot ic h e a vy n u cle i.  Prim a ry g oa l is  t o

dire ct ly  d e t e rm in e  t h e  fis sion  b a rrie r  h e igh t  of  prot on -rich  fis sile  n u cle i,  pre fe ra bly  u sin g  t h e  ra dio-a ct ive  b e a m s  of
isot ope s  of  o d d  e le m e n t s,  a n d  t h u s  con firm  or  e x clu de  t h e  low  va lu e s  of  fis sion  b a rrie r  h e igh t s,  t ypica lly  e xt ra ct e d

u sin g  st a t ist ica l ca lcu la t ion s  in  t h e  com pou n d  n u cle u s  re a ct ion s  a t  h igh e r  e x cit a t ion  e n e rgie s .   Ca lcu la t e d  fis sion  cro s s

s e ct ion s  in  t ra n sfe r  re a ct ion s  of  t h e  ra dioa ct ive  b e a m s  sh ow  su fficie n t  s e n sit ivit y  t o  fis sion  b a rrie r  h e igh t .  In  t h e

pro ba ble  ca s e  t h a t  fis sion  ra t e s  will b e  h igh  e n ou gh ,  m a s s  a sym m e t ry of fis sion  fra gm e n t s  ca n  b e  d e t e rm in e d.  Re su lt s

will b e  re le va n t  for  n u cle a r  a st roph ysics  a n d  for  produ ct ion  of  su pe r-h e a vy  n u cle i.  Tra n sfe r  in du ce d  fis sion  offe rs  a

p o s sibilit y for sy st e m a t ic st u dy t h e  low  e n e rgy fis sion  of h e a vy e xot ic n u cle i a t  t h e  ISOLDE.

Courtesy M. Veselsky (Slovak Academy of Sciences), Approved IS581 ISOLDE proposal 

IS581:  New method: (d,pf)-transfer induced fission    
of RIBs in inverse kinematics at HIE-ISOLDE 



It is of primary interest to 
observe transfer-induced 

fission of odd elements 
such as Tl, Bi, At or Fr, 
since in this case the 
estimated fission barriers 
will not be influenced by 
uncertainty in estimation 
of the pairing gap in the 
saddle configuration.  
 
Observed fission rates of 
these beams can be used 
to directly determine 

values of the fission 
barrier heights.  

IS581:  New method: (d,pf)-transfer induced fission    
of RIBs in inverse kinematics at HIE-ISOLDE  



Figure  2:  Configuration  of  ACTAR TPC for  the  measurement  of  the
transfer-induced fission events. The two fission fragments are detected in
the forward-placed silicon array; the proton from the transfer  is either
stopped in  the  volume (as shown) or  detected in  the Si-CsI telescope
arrays surrounding the active volume (only partly shown).

ACTAR for fission studies at HIE-ISOLDE 



ACTAR TPC Demonstrator 

 12 × 6 cm2; 2 × 2 mm2 × 2,048 pads 

 Test high-density connection 

 High-density connector (IPNO) 

 Direct insertion to Micromegas 

 Test GET electronics 

 Assembled on Sep. 24, 2012 
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SOFIA@GSI – Studies Of FIssion with Aladin                           
        Courtesy Julie-Fiona Martin and Julien Taieb (CEA) 

See also: J-F.Martin, 16th ASRC JAEA Workshop: 
http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/&Martin.pdf 



At GSI in Darmstadt, Germany 
 
- Primary beam of 238U, 1 A GeV 
 
- Fragmentation reaction : secondary 
beam of fissile ions (from Mercury up 
to Neptunium), sorted through FRS 
 
- Selected secondary beam ions sent 
to Cave C for the fission experiment 
 
- Fission induced in flight by    
  Coulomb excitation (E*~11-13 MeV) 
 
- Both fission fragments identified 
simultaneously, both in mass and in 
charge (now FF’s are at ~400 AMeV!) 

SOFIA – Fission studies at GSI 





~700 AMeV 

RIBs from FRS 

FF’s >100 AMeV 



Some examples (courtesy J.F. Martin)  



Some examples (courtesy J.F. Martin)  
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Fission Barrier Studies of Neutron-Rich 

Nuclei via the proton-knockout (p,2p) 

reactions with ~300 AMeV RIBs with 

SAMURAI@RIKEN 
 

Courtesy  Dennis Mücher and Masami Sako 

 
See also: 16th ASRC JAEA Workshop: 

http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/Program3.html 

http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/&Sako.pdf 

 

http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/Program3.html
http://asrc.jaea.go.jp/soshiki/gr/chiba_gr/workshop3/&Sako.pdf


RIBF and BigRIPS and SAMURAI magnet 

primary beam : 238U@345 AMeV 

production target : Be 

Secondary Beam 

at ~300 AMeV 

large acceptance 

high resolution 



SAMURAI（Superconducting Analyser for MUlti-particle 

from RAdio Isotope beam） magnet 



Method: Inverse kinematics with (p,2p-fission) reaction 

    ( a similar idea with the p,pn-fission reaction, needs to measure also neutrons!) 

Target 
RIB from BigRIPS  

~300 AMeV 

• proton knockout (p,2p) reaction 

– cross section : large 

– high momentum transfer, large acceptance for forward-focused FF’s 

– 2 proton measurement -> low background 

• Excitation energy is directly deduced by  missing mass 
spectroscopy  

missing mass spectroscopy 

220Po 219Bi 

proton 

g 

neutron 

fission fragments 

16th ASRC JAEA  International Workshop 



2014/03/18 16th ASRC International Workshop 
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Experimental Setup 

Charge(Z) and Mass(A) can be separated by Br-⊿E-ToF(E)  



SAMURAI and 

     fragment counters 

2014/03/18 16th ASRC International Workshop 43 



Simulation!  

2014/03/18 16th ASRC International Workshop 
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Next Experiment  

• Beam : 210Bi  ( 300 pps)  
                      213Po ( 270 pps) 

               219At  ( 130 pps)  

                -> Total Beam rate ~ 4*103 pps  by LISE++ 

• Target : Solid H 

 

• Estimation 

• N=1.1 x 107 fragment events per day for 218Po 

• (p,2p) cross section ~ 100 ub/MeV at 1g/cm2 H2 target 

->5*102 events/day・MeV 

2014/03/18 16th ASRC International Workshop 
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Transfer-induced fission in inverse kinematics @ GANIL 

Zp

ApP Zt

AtT

Zt '

At 'T '

Zp'

Ap'P'

Zf 1'

Af 1F1

Zf 2

Af 2F2

• 10 actinides produced 

• E* distribution 

• Full resolution in (Z,A) of fragments 

• TKE 

238U +12C @ 6.1 MeV/u 

F. Farget et al., GANIL 



Transfer-induced fission in inverse kinematics 

SPIDER 

VAMOS 

ΔE-E,θ 

Bρ-ToF-ΔE-E 

S. Pullanhiotan et al., NIM 593 (2008) 343 

M. Rejmund et al., NIMA 646 (2011) 184 

EXOGAM 



Transfer-induced fission in inverse kinematics 

SPIDER 

C. Rodriguez-Tajes et al., PRC (2014) 024614 

ΔE-E,θ 



Transfer-induced fission in inverse kinematics 



Isotopic distribution of fission fragments 

M. Caamaño et al., PRC 88 (2013) 024605 
C. Schmitt et al, NPA430 (1984) A. Bail, PRC84 (2011)  

Excellent control of the spectrometer transmission 



Isotopic distribution of fission fragments 

M. Caamaño et al., PRC 88 (2013) 024605 
C. Schmitt et al, NPA430 (1984) A. Bail, PRC84 (2011)  

Excellent control of the spectrometer transmission 



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

53 

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 



• Beta Delayed Fission (bDF) at ISOLDE  at 60 keV 
•Transfer-induced fission at HIE-ISOLDE at 5 AMeV 
• Coulex-induced fission with SOFIA@GSI at 1 AGeV 
•Transfer-induced fission with SAMURAI@RIKEN at 350 AMeV 
•Transfer-induced fission at VAMOS@GANIL at 6 AMeV 
• Further plans (ELISe@FAIR, SCRIT@RIKEN) 

Conclusions:  
Bright future for fission studies with RIBs 
Access to both proton- and neutron- rich nuclei 
Un-precendented precision in Z,A determination 
  

Thanks to:  

Fanny Farget  for VAMOS@GANIL 

Julie-Fiona Martin and Julien Taieb (CEA)  for  SOFIA@GSI  

Martin Veselsky (Bratislava)  for IS581@ISOLDE 

Dennis Mucher and Masami Sako for SAMURAI@RIKEN 



Some Results (courtesy J.-F. Martin) 



  Mapping ‘Terra Incognita’ in Low-Energy Fission  

A. N. Andreyev, M. Huyse, P. Van Duppen, “Beta-delayed Fission in atomic nuclei”, 

Reviews of Modern Physics,  85, 1541 (2013) 



Known Beta-delayed fission nuclei 


