
abrasion ablation

multi-hole state

Isomer production in fragmentation reactions
Zsolt Podolyák

M. Thoennessen, B.M. Sherril, Nature 473 (2011) 25



M. Thoennessen, B.M. Sherril, Nature 473 (2011) 25

Fragmentation



1.4

Isomer production in fragmentation 
reaction

Zsolt Podolyák
University of Surrey



In flight fragmentation (and fission): separation and identification

Fragment Separator (GSI, Darmstadt, Germany)

Ge

1 GeV/A

Isomers:
-Very sensitive (decays): info about exotic nuclei
-Isomeric beams (in storage rings, in reactions)



In flight fragmentation (and fission): separation and identification

Fragment Separator (GSI, Darmstadt, Germany)

Ge

Relativistic energy fragmentation:   => heavy ions

Isomeric decay spectroscopy:

- decay correlated with the fragment

- very sensitive



Past: RISING

Future: DESPEC 
(DEGAS array)



R. Grzywacz et al., Phys. Lett. B 355 (1995) 439.

W.-D. Schmidt-Ott et al., Z. Phys. A 350 (1994) 215.

Isomers are special



Highest spin from fragmentation: I=(55/2) isomer in 213Rn

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)



M. Bowry et al., Phys. Rev. C 88, 024611 (2013)

Isomeric ratios from 208Pb and 238U fragmentation



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)
238U beam

Isomeric ratio vs spin

Spin



Statistical abrasion-ablasion model
(ABRABLA code)

Excitation energy

~27 MeV/abrated nucleon=

=2 x single particle (holes) energy

Ablated nuclei/abraded nuclei ~2

Good cross sections

Angular momentum

from single particle

states only

M. De Jong, A.V. Ignatyuk and K.-H. Schmidt, Nucl. Phys. A 613 (1997) 435

Is this good enough?

if Aprojectile-Afragment~large
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Spin-cutoff parameter:



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory



Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer / I total

ρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with theory!

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb

270 ns    2.7 MeV 12+



Without structure considerations



Zs. P. , Acta Phys. Pol. B36 (2005) 1269 

OK within a factor of two!

With structure considerations



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory



N. Lalović et al., to be published

Isomeric ratios following fragmentation

208Pb à 206Pb
at E/A=1 GeV
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fragmentation of 238U

Fragments are slower than projectile: momentum shift (friction)

angular momentum produced 
(collective)
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We need to couple: single particle holes I (any direction in 3D)
collective I (2D)

increased high-
spin population 

due

to collective I

single particle only (Analytical) 
formulae; Goldhaber description)single particle + collective



S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164.

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)

No friction

with‘friction’ and ablasion

Other sources of spin?



M. Bowry (2013) 
A.M. Denis Bacelar (2013)
Zs. Podolyák (2006)

Comparison with theory (sharp cut-off approx.)
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Simplified theory (analytical formula)
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=>



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)



E.Simpson et al., Phys. Rev. C 80 (2009) 064608.

Population of isomers by two-proton knockout reaction in 206Hg

Total

10+

5- (with feeding)

Isomeric ratios         fig.

Exp.          Theory

3(1)%          4.7 

22(+1-2)%   18.8



E. Simpson et al., Phys. Rev. C 87 (2010) 037602

Isomeric ratio as function of longitudinal momentum

5- isomer
Fully stripped ions (S2-S4)
H-like ions (S2-S4)

(3.1%=difference between

experiment and theory;

additional feeding?)

Thick target



OR                             ?



Quasi-elastic 
scattering

Δ(1232) resonance 
excitation

D. Bachelier et al., Phys. Lett. 172, 23 (1986) 

Z=10à11
∆0àp+π-

N=10à11
∆+àn+π+

Delta resonance
(shifted in energy)



112Sn beam
at 1 GeV/u
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Role of nucleonic resonances in reactions 
(but not for individual excited states)

experiment theory



Z àZ+1 processes

Projectile

Target

π

π

Projectile

Target
π

π

Projectile

Target

π

Quasi-elastic

Only the ∆ resonance shown

p(n,p)n



56Fe30 à 54Fe28 +           2n

2 neutron states populated

Max spin is 6



T1/2=364(7) ns

10+ isomer in 54Fe

Predominantly
πf-27/2 νf-17/2p3/2



Decay of the Iπ=10+ metastable state in 54Fe
T1/2=364(7) ns

∆p = -750, 
-247 MeV/c  

∆p= -247, 
+247 MeV/c 

∆p= +247, 
+750 MeV/c 

9.8x105 ions

55.8x105 ions

1.64x105 ions

Zs. Podolyák et al., PRL 117, 222302 (2016)



Momentum distribution of 54Fe nuclei

Not symmetric: tail at low momentum
Universal parametrisation: O. Tarasov, NPA 734 (2000) 536



Isomeric ratio of the 10+ isomer

=> the isomer is produced in the low momentum tail



E.C. Simpson et al., Phys. Rev. C 82, 037602 (2010)

Isomeric ratios following fragmentation

Symmetric!
Is

om
er

ic
 ra

tio

208Pb -> 206Hg

Momentum change



N. Lalovic et al, to be published



Population via nucleonic resonances
(∆0àp+π-)



56Fe à 54Fe

If ∆ => kinetic energy/momentum shiftqe=quasi-elastic



56Fe30
gs

54Fe28
10+

28

20

g9/2
p1/2
f5/2
p3/2

f7/2

Dominant configurations

50

?

π ν ν π

0+ 6+



56Fe30
gs

54Fe28
10+

28

20

g9/2
p1/2
f5/2
p3/2

f7/2

Dominant configurations

50

?

π ν π ν π ν

0+ 6+7/2-

prefragment

7/2-

via ∆



Summary
Neutron-rich N~126 and south-east of 208Pb 

Shell-model has high predictive power
(structure calculations)

First-forbidden – allowed β-decay competition?

First-forbidden β-decay calculations?

10+ populated in 54Fe from 56Fe at E/A=500 MeV

Which states are populated in 
high-energy charge-exchange (∆) reactions?



Conclusions
Production of 238U fragments hindered by fission

Fission probability described considering the level density

At high-spins the angular momentum from abraded nuclei are 
not enough: contributions from evaporation, friction, 
excitations

High-spin states are produced with higher probability 

than expected (isomeric beams)

Can this be related to:

the spin distribution of level density?

level density through spin dependence of fission?
Thanks!



Conclusions

Reasonable predictability for isomer production

-factor of two if structure is known (I<15hbar)

High-spin states are produced with higher probability 

than expected (isomeric beams)

At high-spins the angular momentum from abraded nuclei are 
not enough: contributions from evaporation, friction, 
excitations

Isomeric ratios from (one or) two-particle removal understood

Importance of nucleonic excitation (54Fe 10+ isomer)

Thanks!



Collaborators

Thanks!



S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164.

Abrasion  (incl. friction)
(relativistic transport model)
Abrasion+ablation
(+sequential binary decay)

Better agreement



Fragmentation (spallation) reactions at relativistic energies:

abrasion ablation

multi-hole state

σ
(m

b)

To be discussed: Cross section: measures the end product
Spin: info mainly about abrasion 

H. Alvarez-Pol et al., Phys. Rev. C 82, 041602(R) (2110)



Fragmentation (spallation) reactions at relativistic energies:

abrasion ablation

multi-hole state

Ablation competes with fission (238U beam)

Survival probability against fission (production cross section)

depends on level density



Statistical abrasion-ablasion model
(ABRABLA code)

Excitation energy

~27 MeV/abrated nucleon~

=2 x single particle (holes) energy

Ablated nuclei/abraded nuclei ~2

Fission depends on level density

Good cross sections

Angular momentum

from single particle

states only

Is this good enough?

if Aprojectile-Afragment~large (>10)

A.R. Junghans, M. de Jong, H.-G. Clerc, A.V. Ignatyuk, G.A. Kudyaev, K.-H. Schmidt, 

Nucl. Phys. A 629 (1998) 635



238U fragmentation

No fission

With shell effects

Shell effect + collective

No shell effects, 
no collective

A.R. Junghans et al., 
Nucl. Phys. A 629 (1998) 635





Rotational enhancement                                   

Ground-state deformation

Saddle-point def.

Dumping independent 
on deformation

A.R. Junghans et al., 
Nucl. Phys. A 629 (1998) 635



rotational

vibrational

Collective enhancement                         

A.R. Junghans et al., 
Nucl. Phys. A 629 (1998) 635



Damping dependent on def.

Damping independent on def.

+vibrational enhancement

A.R. Junghans et al., 
Nucl. Phys. A 629 (1998) 635

Collective enhancement



Conclusions from cross section measurements 

- No stabilisation against fission near N=126

- Effect of shell stabilisation and collective enhancement 

on fissility cancels out 

- Damping of the collective enhancement in the 

level density is independent of deformation

A.R. Junghans, M. de Jong, H.-G. Clerc, A.V. Ignatyuk, G.A. Kudyaev, K.-H. Schmidt, 
Nucl. Phys. A 629 (1998) 635



Statistical abrasion-ablasion model
(ABRABLA code)

Angular momentum

from single particle states only

M. De Jong, A.V. Ignatyuk and K.-H. Schmidt, Nucl. Phys. A 613 (1997) 435

Is this good enough?

if Aprojectile-Afragment~large (>10)

Spin-cutoff parameter

U –excitation energy from n holes only
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M. De Jong et al., Nucl. Phys. A 613 (1997) 435

(from simplified 

shell model)



In flight fragmentation (and fission): separation and identification

Fragment Separator (GSI, Darmstadt, Germany)

Ge

Relativistic energy fragmentation:   => heavy ions

Isomeric decay spectroscopy:

- gamma decay correlated with the fragment

- very sensitive



Stopped Rising Array @ GSI: 15 x 7 element 
CLUSTERs

εγ =11% at 1.3 MeV, 20% at 550 keV, 35% at 100 keV 
flight time ~300ns



Highest spin from fragmentation: I=(55/2) isomer in 213Rn

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)
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(sharp cut-off approx.)



M. Bowry et al., Phys. Rev. C 88, 024611 (2013)

Isomeric ratios from 208Pb and 238U fragmentation



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)
238U beam

Isomeric ratio vs spin



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory



Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer / I total

ρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with theory!

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb

270 ns    2.7 MeV 12+



Without structure considerations



Zs. P. , Acta Phys. Pol. B36 (2005) 1269 

OK within a factor of two!

With structure considerations



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory
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fragmentation of 238U

Fragments are slower than projectile: momentum shift (friction)

angular momentum produced 
(collective)

shiftprI
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S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164.

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)

No friction

with‘friction’ and ablasion

Other sources of spin?



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Doubled spin-cutoff parameter



In flight fragmentation (and fission): separation and identification
Fragment Separator (GSI, Darmstadt, Germany)

Ge

Relativistic energy fragmentation:   => heavy ions

Decay (internal and β, α) spectroscopy:
- decay correlated with the fragment
- very sensitive (ion beams > 1 ion/hour)



Isomeric states (from fragmentation)

208Hg,209Tl
N. Aldahan et al., 
PRC80, 
061302(R) (2009).

Isomeric state
RISING: isomeric decays

S. Steer et al., Phys. Rev. C 84 (2011) 044313

■

■

*

A. Gottardo et al.
PRL109(2012)162502
210Hg:
PLB 725 (2013)292

M.Reed et al., PRL 105 (2010) 172501, PRC 86 (2012) 054321
(ESR storage ring)

■ ■

■

* *



192W setting

Identification



Production yields at FAIR:

Future: several projects



V. Zagrebaev, W. Greiner, Phys. Rev. Lett. 101, 122701 (2008)

Multinucleon transfer reactions: theory





END



l=5 proton decay

h2
11/2 component ~10-6

Very low!

D. Rudolph et al., Phys. Rev. C78, 021301(R) (2008).

h2
11/2 component of the 10+ isomer?



Isomeric ratio of the 10+ isomer

=> the isomer is produced in the low momentum tail



Conclusions

The 10+ isomer in 54Fe populated from 56Fe at E/A=500 MeV
The 10+ state is a four particle state
10+ populated mainly at low momentum 

=> It is populated via the ∆ resonance

ThanksPRESPEC-AGATA campaign



Fragmentation of 56Fe on H

C. Villagrasa-Canton et al., PRC75, 044603 (2007)





Quasi-elastic 
scattering

Δ(1232) resonance 
excitation

D. Bachelier et al., Phys. Lett. 172, 23 (1986) 

Z=10à11
∆0àp+π-

N=10à11
∆+àn+π+

Delta resonance
(shifted in energy)

p/n

n



A. Kelic et al., Phys. Rev. C 70, 064608 (2004)

Role of nucleonic resonances in reactions 
(but not for individual excited states)

208Pb (1GeV/u)+H

-208Pb+H
--208Pb+Ti -208Pb+H

--208Pb+D

experiment theory

Theory: intranuclear cascade model, e.g. A. Boudard et al., PRC66, 044615 (2002)
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124,136Xe at 1 GeV/u on Pb; D. HENZLOVA et al. PRC78, 44616

Fragmentation of 56Fe
C. Villagrasa-Canton et al., 
PRC75, 044603 (2007)





A. Kelic et al., Phys. Rev. C 70, 064608 (2004)

Quasi-elastic 
scattering

208Pb+H
--208Pb+Ti

Δ(1232) resonance 
excitation

D. Bachelier et al., Phys. Lett. 172, 23 (1986) 

Z=10à11
∆0àp+π-

N=10à11
∆+àn+π+



A. Kelic et al., Phys. Rev. C 70, 064608 (2004)



112Sn beam at 1 GeV/u
J. Benlliure et al., JPS Conf. Proc. 6, 020039 (2015)



92

AGATA detector layout – Status 13-3-2014

X

6	triplets
3	doublets

22	crystals



Z àZ+1 processes

Projectile

Target

π

π

Projectile

Target
π

π

Projectile

Target

π

Quasi-elastic



I. Vidana et al., EPJ Web of Conferences 107, 10003 (2016)





Origins of the nuclear shell model

Phys. Rev. 75, 1766 (1949)   
(also M. Goeppert-Mayer and others)
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MCSM

Example of modern shell model (Zr isotopes)

Protons:   28->70
Neutrons: 40->94



R. Caballero-Folch et al., arXiv:1511.01296

Lifetime measurements

=> For N>126 and Z<82:  t1/2 (exp) > t1/2(theory)



Fragmentation (spallation) reactions at relativistic energies

abrasion ablation

multi-hole state



I. Vidana et al., EPJ Web of Conferences 107, 10003 (2016)







B. Jonson, O.B. Nielsen, J. Zylicz, CERN-81-09 (1981)
(Proc. Int. Conf. Nuclei far from stability, Helsingor, Denmark. Vol.2 p.640 (1981))

207,208Hg beams from molten-lead target at ISOLDE

208Pb(n,2p)207Hg127 ?
or/and

208Pb( ,π+ p)207Hg127 ?

208Pb(t,3p)208Hg128 ?
or/and

208Pb(α,4p)208Hg128 ?
or/and

208Pb(n,π+ p)208Hg128 ?
or/and

208Pb( ,π+ π+)208Hg128 ?
208Hg

(p--> ∆+ --> n + π+)



at ISOLDE

n--> ∆0 --> p + π-



A.I. Morales et al., Phys. Rev. C 88, 014319 (2013)

=> Importance of first-forbidden beta decay
G. Benzoni et al., Phys. Lett. B 715, 293 (2012)

Energy spectrum from shell model, but beta decay branches not calculated



Shell model space

Allowed GT:
νh9/2 -> π h11/2

First-forbidden:
νp1/2->πd3/2
νi13/2 -> π h11/2



208Pb+208Pb deep-inelastic reaction
(thick target experiment)

Gammasphere at Argonne
Spokespersons: Zs. P., B. Fornal. R. Janssens



Collective octupole phonons around 208Pb



208Pb

Spin-parities from: decay pattern, intensity balance, 
angular correlations, angular distributions



207Tl
(Z=81, N=126)

Single particle states

Octupole state

Three-particle states
All breaking the

neutron-core

Five-particle states
(uncertain)

E. Wilson et al., to be published

πh-111/2 



207Pb

E3 from
ang. distrib.

cos2(theta)

C. Shand et al. (preliminary)

a2=0.32

a2=0.15

E2

E3

Octupole state

Three-particle 
states

νi-113/2



πh-111/2    ν i-113/2                                    ν j15/2         πh9/2  



Previously observed 452 

Tl X rays in coincidence with this transition.

All other coincidences (and lack thereof) inconsistent with previous 208Hg beta decay results.

preliminary

differences with previous work
(half-life and states 
from beta decay)

208Tl127: proton-neutron interaction

ISOLDE exp. 2014, 2016 R. Carroll et al., to be published

How was 208Hg produced in p+Pb?



T. Stora, EURISOL town meeting, Oct. 2012

B. Jonson, O.B. Nielsen, J. Zylicz, CERN-81-09 (1981)
(Proc. Int. Conf. Nuclei far from stability, Helsingor, Denmark. Vol.2 p.640 (1981))

207,208Hg beams
at ISOLDE



A. Kelic et al., Phys. Rev. C 70, 064608 (2004)

208Hg from 208Pb target?

Quasi-elastic 
scattering

208Pb+H
--208Pb+Ti

Δ(1232) resonance 
excitation

207Hg cross section measured 
in 208Pb+9Be (from Δ resonance)
A. Morales et al., Phys. Rev. C 84, 011601(2011)

?



B. Fornal et al., Phys. Rev. Lett. 87, 212501 (2001)

206Hg
(Z=80, N=126)

Two-proton hole states

Core breaking states





M. Wada, RIKEN

SlowRI prospects

M. Wada et al., RIKEN Accel. Prog. Rep. 47 (2014) 203
Fist beams in 2015



Conclusions

-recently large amount of new experimental info 
on neutron-rich nuclei around 208Pb

-along Z=82 experimental information till 216Pb (N=134)

-along N=126 experimental info till 203Ir (Z=77)

-so far it was easy; but now more dedicated setups needed

-shell model needs to be sharpened to improve predictive power

-consistent structure and beta decay calculations needed



Shell model space

Kuo-Herling interaction Calculations: H. Grawe



208Pb states
Ex
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t -
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lc
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n

Octupole phonon

Quadrupole phonon

Core-excited states

=> Good description of 208Pb  (Kuo-Herling interaction)
Calc. H. Grawe

t=1 = number of 
core excitations



207Tl states
Ex

pe
rim

en
t -

ca
lc

ul
at

io
n

octupole state

Core-excited states
mainly πh-1

11/2 X core excitation

Shell model: H. Grawe

Yrast states populated in 208Pb+208Pb at Gammasphere

x

=> Shift of ~600 keV

t=1 = number of 
core excitations







207Pb; comparison with shell model

IoP Nuclear Physics Group Conference 2014 – 9th April 2014Slide 12

Shell 
Model

Experiment
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98Cd case
Increasing number of core 
excitations

t=number of core excitations

more core-excitations
Þbetter theoretical description

98Cd is easier for theory, 
as below Z=N=50 only g9/2



Single-proton hole states

Octupole state

Core excitations

νg9/2 p-1
1/2

νg9/2 f-1
5/2

What about low-spin core excited states in 207Tl?



B. Jonson, O.B. Nielsen, J. Zylicz, CERN-81-09 (1981)
(Proc. Int. Conf. Nuclei far from stability, Helsingor, Denmark. Vol.2 p.640 (1981))

Former experiment



208Pb
Core

209Pb

lot

210Pb

lot

211Pb

lot

212Pb
8+ 
isomer

213Pb
From 
beta

214Pb
8+ 
isomer

215Pb 216Pb
8+ 
isomer

207Tl

lot

208Tl
From
beta/α

209Tl 
17/2+ 
isomer

210Tl
From α

211Tl

206Hg
Yrast till 
(13-)

208Hg
8+ 
isomer

210Hg
8+ 
isomer

205Au
yrast

204Pt
yrast

203Ir
yrast

Beyond N=126 and Z<82: what do we know?

Excited states



M. Thoennessen, B.M. Sherril, Nature 473 (2011) 25

Production of exotic nuclei (new isotopes)



In flight fragmentation (and fission): separation and identification
Fragment Separator (GSI, Darmstadt, Germany)

Ge

Relativistic energy fragmentation:   => heavy ions

Decay (internal and β, α) spectroscopy:
- decay correlated with the fragment
- very sensitive (ion beams > 1 ion/hour)



192W setting

Identification



Z. Patel, PhD thesis, Univ. of Surrey, 2015

RIKEN and heavy nuclei



Z. Patel et al., Phys. Rev. Lett. 113, 262502 (2014)
New: 166Gd, 164Sm

166Gd
Higher mass end of fission



P.-A. Soderstrom et al., RIKEN Accel. Prog. Rep 48 (2015), in print

Heaviest isomer in RIKEN: 174Er (Z=68) 



V. Zagrebaev, W. Greiner, Phys. Rev. Lett. 101, 122701 (2008)



206Hg: B. Fornal et al., PRL 87, 212501 (2001)
204Pt: S.J. Steer et al., PRC 78, 061302 (2008)
205Au: Zs. Podolyák et al, PL B 672, 116 (2009)



Effective charges: 1.5e for E2 and 2.0e for E3 (to reproduce 206Hg)

Transition strengths in N=126 nuclei

Þ Good description of N=126 nuclei
after small modifications of TBMEs

203Ir    B(E2:23/2+->19/2+)         0.02(1)b) 3.58  0.013



A.I. Morales et al., Phys. Rev. C84, 011601 (R) (2011)

Fragmentation: 238U or 208Pb?

For N=126:

Below 203Ir:
238U

Above 203Ir:
208Pb

N=126 from 208Pb

N=126 from 238U
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Beyond N=126 and Z<82: what do we know?



Beyond N=126

N. Al-Dahan et al., Phys. Rev. C80, 061302(R) (2009)



A. Gottardo et al., Phys. Lett. B 725, 292 (2013) 

210Hg (N=130)

νg2
9/2

4(2) W.u.



T. Stora, EURISOL town meeting, Oct. 2012

B. Jonson, O.B. Nielsen, J. Zylicz, CERN-81-09 (1981)
(Proc. Int. Conf. Nuclei far from stability, Helsingor, Denmark. Vol.2 p.640 (1981))

207,208Hg beams
at ISOLDE



A.I. Morales et al., Phys. Rev. Lett. 113, 022702 (2014)

Lifetime measurements



M. Thoennessen, B.M. Sherril, Nature 473 (2011) 25

Production of exotic nuclei (new isotopes)



A. Gottardo et al., Phys. Rev. Lett. 109, 162502 (2012)

Along Z=82: neutron-rich lead isotopes

Transition strength explained by
considering 
effective three-body forces

νg2
9/2 8+ isomers

Kuo-Herling interaction



Along N=126:
203Ir126
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Beyond N=126 (N=128)

N. Al-Dahan et al., Phys. Rev. C80, 061302(R) (2009)

νg2
9/2 and     νg2

9/2 πs1/2
isomers



A. Gottardo et al., Phys. Lett. B 725, 292 (2013) 

210Hg (N=130)

νg2
9/2

4(2) W.u.



time

4 particles with 
different m/q

ESR at GSI

Very sensitive: 
1 particle 
is enough

Measures:
half-lives, masses, 

decay modes

Mass of long-lived isomers



Rare RI ring at RIKEN

Precision isochronous field

b1 measurement
From F3 to Start Start

Stop

T0, T1 measurement
From Start to Stop

PID

2000 turns
accumulation
(~0.7ms)

M. Wakasugi, ARIS2014 conference
Commissioning in 2015



M. Wada et al., Hyperfine Int. 199, 269 (2011)

SlowRI project: Slow Radioactive Ions at RIKEN



J.S. Barrett et al., Phys. Rev. C91, 064615 (2015)

Multinucleon transfer reactions: experiment

=> Theory generally  very good, but …



Future: e.g. KEK Isotope Separation System (KISS)
Z, A identification, clean

Y.X. Watanabe et al., Nucl. Instrum. Meth. B 317, 752 (2013)



N. Nishimura, , Zs. Podolyák, D.-L. Fang, T. Suzuki, Phys. Lett. B 756 (2016) 273

Impact of the first-forbidden β decay on the A~195 r-process peak

Astrophysical scenario:
Neutron-star merger



Future: e.g. KEK Isotope Separation System (KISS)

Y.X. Watanabe et al., Nucl. Instrum. Meth. B 317, 752 (2013)

Being tested
E_ext so far 0.2%

Z, A identification, clean

136Xe+198Pt
Being tested
E_ext so far 0.2%



In flight fragmentation: separation and identification
Fragment Separator (GSI, Darmstadt, Germany)

Ge

56Fe beam at E/A=500 MeV.
54Fe secondary beam stopped. 
Isomeric decays detected with AGATA array.



γ-ray spectroscopy at GSI

AGATA	2012-2014



AGATA+HECTOR+LYCCA

LYCCA Hector

AGATA

159
22

AGATA 
Tracking array

3x2+6x3 crystals
R = 12 – 22 cm
ePh =	5	- 9%

DE	=	0.4	– 1.2%



AGATA	demonstrator	at	GSI	(Germany)	~20	crystals


