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States built on 
g.s. configuration

Shape coexistence, co-existing structures at 
low energies with distinctly different shapes. 
Interplay:
i) stabilizing of closed shells 
ii) residual internation of valence nucleons.

Near shell closures associated with pair 
excitations across shell-gap
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Introduction
Shape coexistence, co-existing structures at 
low energies with distinctly different shapes. 
Interplay:
i) stabilizing of closed shells 
ii) residual internation of valence nucleons.

Near shell closures associated with pair 
excitations across shell-gap

Associated with different shapes

Heyde and Wood, 
Rev. Mod. Phys. 
83, 1467 (2011)

E0 transitions between (J→ J ) states are 
are sensitive to the changes in the 
nuclear charge-squared radii, and their 
degree of mixing (α).

Enhanced conversion between these 
states is a fingerprint of mixed coexisting 
structures with different β

2 
values

Measure E0 strength, assess mixingStates built on 
g.s. configuration

π(np-nh)



Shape coexistence in the neutron-deficient HgPbPo region  
π(2-p 
2-h)

π(4-p 
4-h)

π(0-p 
0-h)

Deformed intruder picture firmly 
established in Hg & Pb isotopes, 
important to extend spectroscopic 
studies to with Z > 82, close to the 
neutron mid-shell 

Famous case (Andreyev et at. 2000)
evidence of 3 different shapes probed with α-decay fine structure. 

Z = 82, spherical ground state π(0p-0h) excite pairs above shell gap 
oblate and prolate shapes with π(2p-2h) & π(4p-4h) 

Recent work (J. Ojala et al 2023), observed band structures built on 
these states directly in 186Pb



Evolution of excited states in Po isotopes

196Po

 α-decay fine structure work (P. Van Duppen, M. 
Huyse (2000)) first revealed excited 0+ state at 
558 keV.

ΔL = 0, Large Hindrance factor ≈ 85 

Significant structural change

More recent laser spectroscopy work
 (T. E, Cocolios 2011) has shown, mean-
square charge radius displays a 
surprisingly large and early departure at 
196Po(N = 112) before mid-shell              
(N =104).

Interpreted as mixing with deformed 
intruder states.

Studies restricted to ground & 
states populated by α decay.

Detailed spectroscopy on excited 
states can give further information 
for interpreting structure of 
neutron-deficient Po isotopes.



Evolution of excited states in Po isotopes

π(2p-0h)
”Spherical”

π(4p-2h)
Oblate 
intruder

Note: additional 
states above 2 MeV 
not shown.

Shape transitions in 
neutron deficient Po 
isotopes first 
predicted May & 
Frauendorf 1976. 

Minima in β
2 
surface 

as a function of A. 
196Po spherical & 
oblate  

Prolate minima 
expected to develop 
towards 188Po

(right) excited states 
in even Po isotopes.

Labelled by shape at 
N = 126 shell 
closure. 
Oblate π(4p-2h) 
intruder states 
comes down.
Highly mixed in the 
middle



Evolution of excited states in Po isotopes

π(2p-0h)
”Spherical”

π(4p-2h)
Oblate 
intruder

Note: additional 
states above 2 MeV 
not shown.

Now onto highlighted 
states in 196Po

Shape transitions in 
neutron deficient Po 
isotopes first 
predicted May & 
Frauendorf 1976. 

Minima in β
2 
surface 

as a function of A. 
196Po spherical & 
oblate  

Prolate minima 
expected to develop 
towards 188Po

(right) excited states 
in even Po isotopes.

Labelled by shape at 
N = 126 shell 
closure. 
Oblate π(4p-2h) 
intruder states 
comes down.
Highly mixed in the 
middle



196Po Motivation 

Primary aims of the experiment:

1. In-beam ɣ-e study to study J→J 
conversion coefficients (assess mixing)

2. Population of 0
2
+ state, measure 

electrons directly first time (not 
through α decay)

3. Identify feeding of 0
2
+, 301 keV ɣ ray.

Partial level-scheme showing the known low-
lying prompt structures in 196Po: 

i) Ground state (yrast) band

ii) Intruder oblate band

iii) negative parity neutron hole states

iv) 0
2
+ (α decay)
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Correlation of fusion products 

MWPC 
(transmission
detection)

DSSD
(implantation 
detector)

Beam
(from
Cyclotron,
35Cl)

Target
(165Ho)

40 cm

≈7 m

Recoil Separator
(MARA)

implanting on junction side 
(X)
300 um thick MICRON 
BB20

Focus to transmission 
detector, position sensitive

TOF

SAGE:
prompt
in-beam
ɣ-rays &
c.e. 

XY position sensitive 
MWPC

Correlate 
implanted fusion 
evaporation 
residues & 
subsequent α 
decays with signals 
measured at target: 
RDT tagging method



SAGE: Simultaneous in-beam-electron- and gamma-ray spectroscopy 

HV 
barrier
(30 kV)

Solenoid
(850 A)

Target wheel

Segmented Si 
detector 1.0 mm 
thick

Ge 
detectors

SAGE: simultaneous in-beam spectroscopy of 
electrons and ɣ rays.

Originally designed for use in superheavy region
(J. Chadderton’s talk earlier today Fm region)

 also finds purpose in study of low-lying 0+ 
states, and J→J transitions in lower mass 
nuclei.

Solenoid system for transport of electrons away 
from target to Si detector. HV barrier to suppress 
δ rays from atomic interaction within target.  
JUROGAM 3 Ge detectors for coincident            
Ɣ rays.
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Experimental info

Due to increased fission probability above Pb, 
and distance from stability, study of exotic Po 
isotopes is increasingly difficult.

Reaction: 165Ho(35Cl, 4n)196Po
Beam energy: 165 MeV
Beam intensity : 3.5 pnA
Target thickness 0.5 ug/cm2

Cross section: ≈ 1-2 mb
Time: ≈ 7 days

196Po α decay very clean tag (MICRON BB20 DSSD 72x192,  
13824 0.45 mm2 pixels )

196Po b⍺ = 98% t
1/2

 = 5.8 s, E
α
= 6522 keV



Results: ɣ ray & electron singles

α-tagged gamma rays (left), populate all 3 structures, “normal” π(2p-0h), “intruder” π(4p-2h) & neutron hole (negative parity) states. 
Main peaks labelled. 

 α-tagged electrons measure in SAGE (right), transitions of labelled origin labelled (mostly K). E0 transitions highlighted in red. ( Note 
enhanced conversion of 2

2
+->2

1
+)

Now walk through what we can learn from this.                     



Results: ɣ ray & electron singles

α-tagged gamma rays (left), populate all 3 structures, “normal” π(2p-0h), “intruder” π(4p-2h) & neutron hole (negative parity) states. 
Main peaks labelled. 

 α-tagged electrons measure in SAGE (right), transitions of labelled origin labelled (mostly K). E0 transitions highlighted in red. ( Note 
enhanced conversion of 2

2
+->2

1
+)

Now walk through what we can learn from this.                         First looking at ɣ-ray feeding of 0
2

+ state



0
2

+ feeding 
Gate 
K558

Gate 
529



0
2

+ feeding: oblate band via 302

Can establish the 0
2

+ 

state as the band 
head of the oblate 
band, fed by 302 keV 
gamma ray

Gate 
K558

Gate 
529

What about the rest of the electron spectrum and 2
2

+->2
1

+?



Conversion coefficients & mixing 

Preliminary

Preliminary

Measure ɣ-ray intensities. Overlay 
deconvolution of calculated 
electron using BRICC and 
efficiencies.

Most of the electron described 
well. E0 transitions (2+→2+) and 
(0+→0+)

Alternatively, can fit electron 
spectrum for conversion 
coefficients. Ongoing to extract 
these, many components..   

  2
2
+-> 2

1
+ α

k 
(E0 + E2)

 
= 0.287(55),         

396 keV ɣ ray R
DCO

=  0.97(17)
BRICC:  E2 3.623E-02                           α

k
(E0) = 0.251(55)

(M1 1.937E-01) 



Conversion coefficients & mixing 
The electric monopole strength for the 2+→2+ transition can be calculate from the E0 
component of α

k
(E0) = 0.251(55)  

 

β
2,i-f 

can be estimated from measured transition strengths, used to calculate mixing

 
β

2,i
= (-)0.18  (130 W.u. N. Kesteloot PRC 2015),       β

2,f
= 0.10  (47 W.u. T. Grahn PRC 2009)

α2 = 0.55(15)     ≈45% spherical – oblate mixing can be expected at low-spin in 196Po 

(N. 
Kesteloot. 
PhD 
Thesis)

𝜏
ɣ 
= 7(1) ps, measured Coulex 

(N. Kesteloot PRC 2015)

48(13) x 10-3
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Conclusions & Future Work

In-beam ɣ-e spectroscopy experiment on 
196Po performed.

i) Population of 0
2

+ state, established as 
the band head of oblate band, via 302 keV 
ɣ ray.

ii) Enhanced conversion of the 2+→2+ 

interpreted as significant E0 strength – 
ρ2= 48(13) x 10-3 (preliminary), large 
amount of mixing.

π(2p-0h)
”Spherical”

π(4p-2h)
Oblate 
intruder

Evidence in support the extension of the 
deformed intruder model above Z = 82. 

Future: tracking intruding 0
2

+ band to 
lighter Po isotopes. Example of 1st 
excited State 0+ (190-194) ? 

0
2

+

0
1

+

2
1

+



  thanks for listening!thanks for listening!
And to my collaborators:

A. D. Briscoe, J. Pakarinen, A. Illana, J. Ojala , A.M. Plaza 

Nuclear Spectroscopy Group JYFL
Nuclear Physics Group University of Liverpool 
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Conversion coefficients & mixing 

Preliminary

Preliminary

Measure ɣ-ray intensities. Overlay 
deconvolution of calculated 
electron using BRICC and 
efficiencies.

Most of the electron described 
well. E0 transitions (2+→2+) and 
(0+→0+)

Alternatively, can fit electron 
spectrum for conversion 
coefficients. Ongoing to extract 
these, many components..   

Work ongoing to extract remaining conversion coefficients. 



R
DCO

389

414

396 497



Nilsson Back up



SAGE: Efficiciency

Energy & Efficiency 
Calibrations with 133Ba 207Bi 
source.



Simulated 196Po, no E0, basic level scheme input



196Po previous studies in beam, conflicting results?

Support 4p-2h interpretation of 
intruding states

Change in levels 196-198, and 
missing intensities 4+

2 
and 2+

2 ,   

Disagree with 4p-2h inpretation of 
intruding states - instead support  
η i

13/2 
orbital, interaction with π h

9/2 

in vibrational picture.

No missing intensity of 4+
2 
and 2+

2 
 
  

 



Experimental techniques and apparatus: Focal-plane detectors   
                                              

At target 
position

Multi-wire proportional counter (MWPC) Micron BB20 DSSD 
72 x 192 strips, 
13,824 0.45 mm2 pixels
300 um thick Si

Ge detectors 
3 BEGe & 1 Clover detectors 
outside chamber 
surrounding DSSD in close 
geometry.

Grid of 20 μm diameter gold-
coated tungsten wires, provides 
(x,y) position of recoils

All signals time stamped by 
a 100 MHz clock, 
read out individually for 
correlation analysis 

Correlations of Ɣ rays 
with implanted recoils or 
decays for around 50 us



Experimental with recoil separators at JYFL   
                                              

MARA RITU

K130 
Cyclotron

Quadrupole  
triplet

Electrostatic  
deflector

  
Q1

Q2 Q3

Fusion-evaporation 
residue

Magnetic  
dipole

Implanted  
into DSSD

(MICRON BB20:  
0.67mm, 192x72 strips)

Flight time = 0.5 sμ

Different 
Masses
(m/q)

EρE =
pv
q

≈
2Ek

q

Bρ =
p
q

√2Ekm
q

≈B

30 MeV Recoil => v/c = 0.02

Fusion-evaporation 
residues transported to 
focal plane for 
spectroscopy1
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