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 Presence at low energy near-degenerate states in 

atomic nucleus characterized by different shape. 

A. Andreyev et al Nature 405:430 (2000) 

 Shape coexistence in atomic nuclei 

186
82Pb104 

K. Heyde and J. L. Wood,  

Review of  Modern Physics (2011) 

  Interplay between two opposing tendencies 

o Stabilizing effect of closed shells (subshells)  

sphericity 

o Residual proton-neutron interaction  deformation 

Shape coexistence at and around  
closed proton and/or neutron 
(sub)shells. 

N=82 

N=126 

186Pb104 

40Ca20 



 Experimental observables: 

 The level scheme 

• low-lying 0+ states. 

 

 E0 transitions, ρ2(E0): 

 

 wave function mixing,  

 difference of the mean-square-charge radii.  

 

 Reduced transition probabilities , B(E2).  

 Quadrupole moments Q. 

𝜌2 (𝐸0)= (𝑍2/𝑅0
4) ∙ 𝛼2∙ β2 [∆⟨𝑟2⟩] 2 

magnitude and  
type of deformation 

0+ 

0+ 



 Shape coexistence around N=104 midshell 
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 The role of complementary data  

 
1. Provide verification of consistency of different sets of data.  

 
2. Provide the simplest method of normalising Coulomb-excitation data. 

 

3.  Provide necessary constraints  higher-order, subtle effects can be 

determined (Qs, relative signs of ME’s)   enable to understand the 

origin of nuclear deformation and nature of  shape coexistence 

phenomena. 

 

 
 

 
 



 Additional spectroscopic data in GOSIA 

 lifetime [ps]: 

f 

T λ electric transition: magnetic transition: 

T λ 

f 

(2) 

 mixing coefficient: E2 [eb],  M1 [μN],  Eγ [MeV] 

 γ-ray branching ratios: 
2+ 

2+ 

0+ 

γ 1 

γ 2 

 internal conversion   will be discussed further 

declare in OP, YIEL in GOSIA 

[ps] 

for mixed transitions, e.g. E2/M1:  
E2 

E2 
∙ (1 + δ-2) 



 The role of complementary data  

 
1. Provide verification of consistency of different sets of data.  

 
 
 
 

2. Provide the simplest method of normalising Coulomb-excitation data. 

 

3.  Provide necessary constraints  higher-order, subtle effects can be 

determined (Qs, relative signs of ME’s)   enable to understand the 

origin of nuclear deformation and nature of  shape coexistence 

phenomena. 

 

 
 

   74,76Kr   

   140Sm 



 Systematics of the neutron-deficient Kr isotopes 

oblate 

prolate 

  Inversion of the ground  
    state shape for 72Kr. 
 
  Coulomb excitation to  
    determine deformation  
    and mixing. 

Courtasy of M. Zielińska 

Maximum mixing of the ground state for 74Kr  (from distortion of the rotational bands) 

E. Bouchez et al., PRL 90, 082502 (2003) 



76Kr 

76Kr 

  highly-segmented clovers in EXOGAM 
  highly-segmented particle detector at forward angles: 16 rings, 16 sectors 

 Coulex of 74,76Kr at Ganil  et al., PRC 75, 054313 (2007)  

76Kr 



 Coulex analysis 

Results inconsistent wit previously  
measured lifetimes. 
S. L. Tabor et al., PRC 41, 2658 (1990) 
J. Roth et al., J. Phys. G: Nucl. Phys. 10, L25 (1984) 

 

74Kr 

74Kr 

E. Clement et al.,  
PRC 75, 054313 (2007)  



 Coulex analysis 

Results inconsistent wit previously  
measured lifetimes. 
S. L. Tabor et al., PRC 41, 2658 (1990) 
J. Roth et al., J. Phys. G: Nucl. Phys. 10, L25 (1984) 

 

New RDM lifetimes measurements: 
 

A. Goergen et al., EPJ A 26, 153 (2005) 
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Courtasy of M. Zielińska 

 Results: shape coexistence in light Kr isotopes 

74Kr 



E. Clement et al.,  PRC 75, 054313 (2007)  



  Coulex of 140Sm 

Prolate 

Oblate 

ground-state deformation 

Gogny HFB 

 N~78 and Z>62:  
region of shape transitions  
and  shape coexistence. 
 
 10+ isomeric states @ 3 MeV. 
 
 Two rotational bands observed on top 
of the 10+  isomers.  
 
 These were interpreted as belonging to  
prolate and oblate configurations.  

http://wwwphynu.cea.fr/science_en_ligne/carte_potentiels_microscopiques/carte_potentiel_nucleaire_eng.htm 

S.Hilaire, M.Girod 

W. Starzecki et al. 

Phys. Lett. B 200, 419 (1988) 

 poor understanding of low-spin structure in 
140Sm   need of B(E2)’s and Q s 

M.A. Cardona et al. 

PRC 44, 891 (1991) 

Difficulties :    delayed feeding from isomers 



  Coulex of 140Sm 

PhD work of M. Klintefjord, University of Oslo 

COULEX 

94Mo target  
2+

1  0+
1  

 459 keV  (0+
2) 2+

1 clearly visible 

  low-lying excited (0+) state at 991 keV ? 

    indication for  shape coexistence ? 

Prolate 

Oblate 

ground-state deformation 

Gogny HFB 

 N~78 and Z>62:  
region of shape transitions  
and  shape coexistence. 
 
Coulex of 140Sm on 94Mo target  
at ISOLDE 
 
 

M. Klintefjord et al., Acta Phys. Pol. B46 (2015) 607 

459 keV 

http://wwwphynu.cea.fr/science_en_ligne/carte_potentiels_microscopiques/carte_potentiel_nucleaire_eng.htm 

S.Hilaire, M.Girod 

140Sm78 62 



R.B. Firestone et. al. 

PRC 43, 1066 (1991) 

 140Sm: γ- γ angular correlation measurements  

γ1 

 γ2 

ϑ 

  decay of 140Gd 140Eu 140Sm 
 
 112Cd(32S, p3n)140Eu 
 

   112Cd(32S, 4n)140Gd 
 

    beam energy of 155 MeV 
 

  HPGe at 5 relative angles:  42o, 70o, 110o, 138o, 180o 

2 + 

(0 +) 

J. Samorajczyk et al., PRC 92 (2015) 044322 

M. Klintefjord et al., Acta Phys. Pol. B46 (2015) 607 
 



R.B. Firestone et. al. 

PRC 43, 1066 (1991) 

 140Sm: γ- γ angular correlation measurements  

γ1 

 γ2 

ϑ 

  decay of 140Gd 140Eu 140Sm 
 
 112Cd(32S, p3n)140Eu 
 

   112Cd(32S, 4n)140Gd 
 

    beam energy of 155 MeV 
 

  HPGe at 5 relative angles:  42o, 70o, 110o, 138o, 180o 

22 4γγ 2 441 P (cos ) P (cos )W A A   

  2+ state at 990 keV mostly pure E2 2+
2 2+

1 
 

 0(+) state at 1599 keV  

J. Samorajczyk et al., PRC 92 (2015) 044322 

M. Klintefjord et al., Acta Phys. Pol. B46 (2015) 607 
 

1068 keV – 531 keV 

459.9 keV – 531 keV 



  140Sm: Doppler-shift lifetime measurements  

124Te(20Ne (82 MeV),4n)140Sm 

0+ 

2+ 

4+ 

0 
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Stopped peak 
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PhD work of F. L. Bello Garrote et al.  Univ. Oslo  
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shifted 

Bucharest Plunger 
C. Mihai et al. 

F. L. Bello Garrote et al., PRC 92, 024317 (2015)   

140Sm  HPGe @ 37o 

 2+
1  0+

1  gated on shifted component of the 4+
1  2+

1  



  140Sm: Doppler-shift lifetime measurements  

124Te(20Ne (82 MeV),4n)140Sm 

τ (2+
1) = 9.1(6) ps 

 

B(E2) = 51(4) W.u. 
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     Quadrupole deformation from the rotational invariant method 

  Nuclear shape is not a direct observable ! 
  The only observables related to  nuclear collectivity and deformation are diagonal  
     and non-diagonal matrix elements      „Quadrupole sum rules and nuclear shapes” lecture of  
                    K.Hadyńska-Klęk 

 
 overall deformation parameter  (analogous  to β Bohr’s parameter) 

 triaxiality parameter (analogous  to γ Bohr’s parameter) 
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     and non-diagonal matrix elements      „Quadrupole sum rules and nuclear shapes” lecture of  
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      Coulex and laser spectroscopy – complementary approaches  

 

 
  Resonant Ionisation Laser Ion Source (RILIS) @ ISOLDE  
      a powerful spectroscopic  device to measure isotope shifts  
      differences in the mean-square-charge radii. 
 
  Often technique of laser spectroscopy can reach further from the  
      valley of stability than methods such as RDDS lifetime measurements or Coulex. 
 
      (Comprehensive review:  B. Marsh et al., 2013 NIM B 317 550-556) 

 

 
  Changes in mean-square-charge radii             along an isotopic chain  
      development of deformation in the ground state. 
 
 

 
 



  Deformation of the ground state of Po isotopes 

  from complementary approaches 

Laser spectroscopy mesurements: 
T. E. Cocolios et al.,   

PRL 106, 052503 (2011) 
 

M.D. Seliverstov et.al.,  
PRC 89, 034323 (2014) 

110    111   112   113   114   115   116   117   118 

       Neutron number 

Po Coulex: 
PhD thesis of N. Kesteloot, KU Leuven 2015 
N. Kesteloot et al., PRC 92 (2015) 054301 

Early onset of deformation at N = 112 

M. D. Seliverstov et al.,  
Physics Letters B 719, 362 (2013). 



  Coulex cross section calculation  matrix elements determined from the γ-ray decay. 

  A competetive to γ-ray emission is another electromagnetic process  internal conversion. 

  Usually electrons are not measured in Coulex run  GOSIA evaluates the loss in conversion. 

  OP, YIEL in GOSIA  Internal Conversion Coeffcients for the Eλ and Mλ transitions. 

  
 

 Conversion electrons in GOSIA  

α = λ e / λ γ  
the ratio of the decay probability arising from γ emision (λ γ) and 
from electron emision (λ e). 

  A nonrelativistic calculation gives the analytic relations for α: 

Depend on : 
  element (Z) 
  the multipolarity 
  γ-ray energy 

The probability decreases rappidly with energy  Z = 80, E2 transitions     α = 136 @ 50 keV 
                = 5.5 @ 100 keV  
                = 2.7 10-2 @ 500 keV 



 A special case: the E0 transition (1/2) 

 Occur between states of the same spin and parity and  
   no momentum is transferred. 
 Cannot occur in the emission of a single photon. 
 Energy is transferred to a high energy atomic electron. 

Transition probability:  

„electronic” (non-nuclear)  
factors  

monopol  
transition strength 

Monopole transition strength: 

nuclear radius 

monopole matrix element 

0+ 

0+ 

T. Kibedi, R.H. Spear  Atomic Data and Nuclear Data Tables 89 (2005) 77–100 
J. L. Wood et al., Nuclear Physics A 651 (1999) 323-368 

The probability to decay through the E0 transition contains nuclear structure information 
that GOSIA cannot estimate. 



  The decay of the 0+
2 , 2

+
2 can occur through  

     a gamma (E2, M1) or an electron (E0). 

  Electrons are not measured in Coulex and  

     the E0 is not included in the de-excitation. 

  In heavy nuclei (e.g. Pb region) low-energy 

     transitions can be strongly converted. 

  For GOSIA, the 2+
2  will decay only through  

      the E2 or  M1 transition. 

Coulex @ISOLDE : 182Hg 

  conversion of E2/M1 γ’s 

  atomic production of K vacancy in 

     ion-atom  collision   
     N. Bree et al., NIM B360 (2015) 97  

  the E0 transitions 0+
2  0+

1 , 2
+

2  2+
1 

          

E  

E0/E2/M1 

E0 

0+
1 

2+
1 

0+
2 

2+
2 

 E0 transition in the GOSIA analysis N. Bree PhD thesis, KU Leuven 2014 



  declare a ≪ virtual ≫ state (e.g. 1+) in the LEVE section; 
 

  declare the M1 matrix elements connecting 1+ states with the 2+  and 0+ states   

     (NOTE  the 1+ state will not be populated in the excitation); 
 

   “fake” M1 transitions simulate E0 -decay of the 2+
2 and 0+

2  states to the 2+
1 and 0+

1,    
      respectively; 

   declare the E0 yields in the yield file  as a 0+
2  1+

2  and 2+
2  1+

1  transitions. 

      
 

 

          

E  

(1+
2) 

(1+
1) 

M1 

M1 

0+
1 

2+
1 

0+
2 

2+
2 

M1 

M1 

 E0 transition in the GOSIA analysis 

E0/E2/M1 

E0 

E0/E2/M1 

E0 



          

E  

(1+
2) 

(1+
1) 

0+
1 

2+
1 

0+
2 

2+
2 

Available spectroscopic data related with the E0 decay,  

e.g. BR (E2; 0+
2 → 2+

1) / (E0; 0+
2 → 2+

1)  can be declared  

in Gosia as additional data point. 

These are expressed through the relevant matrix  elements. 

  

 Spectroscopic data related with the E0 decay 

Recent case for GOSIA: Mo, Kr, Hg, Po, Pb 



Nuclei characterized by coexisting shapes having different 
deformations will exhibit strong 𝜌2 (𝐸0) values if the states 
associated with the coexisting shapes become mixed. 

J. L. Wood et al., Nuclear Physics A 651 (1999) 323-368 



  

|0+
1> = α0 |0+

I> + β0 |0+
II> 

 

|2+
1> = α2 |2+

I> + β2 |2+
II> 

0+
I 

2+
I 

0+
II 

2+
II |0+

2> = β0 |0+
I> -  α0 |0+

II> 

|2+
2> = β2 |2+

I> - α2 |2+
II> 

  Two-state mixing model 

un-mixed 

mixed 

αJ
2  + βJ

2
  = 1 

structure I 
„normal” 

structure II 
„deformed” 

E 

The relative position of the mixed states depends  
on the unperturbed energy difference and on the  

strength of the mixing interaction V 



|0+
1> = α0 |0+

I> + β0 |0+
II> 

 

|2+
1> = α2 |2+

I> + β2 |2+
II> 

0+
I 

2+
I 

0+
II 

2+
II |0+

2> = β0 |0+
I> -  α0 |0+

II> 

|2+
2> = β2 |2+

I> - α2 |2+
II> 

  Two-state mixing model 

un-mixed 

mixed 

Experimental  E2  matrix elements can be expressed by: 
  un-mixed E2 matrix elements 
  mixing amplitudes (α0, α2, β0 , β2) 

<Jπ
I||E2|| Jπ

II > = 0 

αJ
2  + βJ

2
  = 1 

structure I 
„normal” 

structure II 
„deformed” 

E 

 fit to the energy levels (VMI model) 



  Summary 

 Complementary spectroscopic data (BR, τ, δ) needed to provide  
     necessary constraints in the Coulex analysis. 
 
 Provide verification of different data sets. 
 
 Important for future HIE-ISOLDE experiments where more  
    parameters will be extracted due to the enhanced multistep  
    Coulomb excitation. 
 
 Future HIE-ISOLDE Coulex experiments will benefit from the use of 
    electron spectrometer SPEDE (direct way of detecting E0 transitions). 
 
 
 
 
 


