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The Message 
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We must consider magnetic moments and 
electric monopole transitions along with 
E2 observables to elucidate the nature 

and origin of nuclear collectivity 



orbital 
spin 
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Why magnetic moments: 

•  tell us how the nucleus carries 
its angular momentum 
 
•  are sensitive to single-particle 
aspects of the nuclear 
wavefunction 

•  distinguish between proton 
versus neutron excitations 

sglg sl +=µ

Nucleus ~ 6 × 10-15 m 

Earth  ~ 6 × 106 m 
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g factors 

We measure spin rotation 
 
i.e. gyromagnetic ratio or “g factor” 
 
g = magnetic moment / angular momentum 

I
g µ
=



Electromagnetic observables 
E2 moments & transitions: 

ü  Quantify quadrupole collectivity 
ü  Track evolution of collectivity 
ü  Distinguish alternative models (possibly) 
û  Elucidate nature/origin of collectivity 

M1 observables (g factors): 
ü  Sensitive to microscopic structure 
ü  Window on drivers of emergent collectivity 
ü  How the nucleus carries its angular momentum 

 
E0 transitions: 

ü  Identify and quantify shape co-existence 
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Outline 

6 

•  Microscopic origins of g(2+) trends 

•  g factors and collectivity in Cd isotopes 

•  g factors and collectivity in Te isotopes 
spanning N=82 

•  Monopoles: E0 transitions 



Nuclear Collectivity 
g factor data for first 2+ states  
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Position of high-spin intruder within major shell determines systematics 

Stefan Frauendorf - Cranking model 



 Nature of Cd isotopes 
Nature of nuclear collectivity                             [Garrett & Wood J.Phys.G 37,064028] 

1). Do nuclei vibrate?      2). If not vibrators, then what? (γ soft rotor?) 

Cd isotopes: energies look vibrational but E2 strengths are not  
– intruder configurations 
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Cd controversy & g factors 
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Precise g(4+)/g(2+) a job for the future. 

Alternatively look at the odd-A isotopes: 



Odd-A Cd isotopes: 111,113Cd  

Core excitation 
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What can the odd-A isotopes tell us about the collectivity of their even cores? 



Weak coupling model 

2/1s 0 ν⊗+

2/5d 0 ν⊗+

2/3d 0 ν⊗+

2/1s 2 ν⊗+

1/2+ 

5/2+ 

3/2+ 

5/2+ 

2/1s 2 ν⊗+3/2+ 
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Odd-A Cd isotopes: 111,113Cd  

12 

Transient-field  
g-factor measurements 
and spectroscopy after 

Coulomb excitation. 
 

95 MeV 32S 12.5 pnA 
Natural Cd target cooled 

to 6K 



p-γ spectrum after Coulex  
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Natural Cd target 

Core-coupled states are most strongly Coulomb excited 



Weak coupling model 

2/1s 0 ν⊗+

2/5d 0 ν⊗+

2/3d 0 ν⊗+

2/1s 2 ν⊗+

1/2+ 

5/2+ 

3/2+ 

5/2+ 

2/1s 2 ν⊗+3/2+ 
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WRONG spin! 

Coulex  ⇒ 3/21
+ state must be mixed  



Weak coupling model 

68.2)s 0( 2/1 −=⊗+ νg

54.0)d 0( 2/5 −=⊗+ νg

54.0)d 0( 2/3 +=⊗+ νg

26.0)s 2( 2/1 −=⊗+ νg

g factors ⇒ 1/21
+ and 5/22

+ states must be mixed  

1/2+ 

5/2+ 

3/2+ 

5/2+ 

96.0)s 2( 2/1 +=⊗+ νg
3/2+ 

15 



Particle-vibration model 

Parameter ξ determines coupling 
between odd nucleon and core vibration 

Heyde & Brussard,  
NPA 104, 81 (1967) 
Purrington, 
CPC 58, 211 (1990) Fit to energy levels in 113Cd 

1-3 phonons ⊗ ν s1/2, d3/2, d5/2, g7/2 
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g factors & PV coupling 

g(5/2+) never becomes 
positive 

g(1/2+) insensitive to ξ & 
a factor of 2 too negative 
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Vibration vs Rotation 

Particle + vibration Particle + rotor 

Deformation PV coupling 
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Small deformations 
Big impact. 



Vibration vs Rotation 

Particle + vibration Particle + rotor 

Deformation PV coupling 

19 



PV & PR “start the same”! 
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Particle-vibration coupling strength 

Deformation 



Deformation: correct mixing 

Quadrupole deformation mixes s1/2 and 
d3/2 orbits: 
brings g factors into better agreement 
with experiment. 

1/2[400] 

1/2[411] 
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Further spectroscopy 111Cd 
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5/2+ 

3/2+ 

Wrong energy 

NPA  109 (1968) 529 

This is the Coulomb 
excited state 

Wrong energy 



p-γ spectrum after Coulex  
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Further spectroscopy 111Cd 
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Ben Coombes (ANU Honours Project).  Experiment done June 2016. 

NEW Transient-field g factor and angular correlation measurements 111Cd target 



Further spectroscopy 111Cd 
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Online analysis  
(Small Fraction of  Data) 

620 keV 

5/2+ → 1/2+   E2 

753 keV 

3/2+ → 1/2+ mixed M1/E2 

CONTRAST 

The 753 keV level is 5/2+ 

ENSDF: 



111Cd: 5/21,2,3
+ states 
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Mainly 0↑+ ⊗ 𝑑↓5/2   

Particle-vibration model calculations 
•  Can explain 3 Coulomb-excited 5/2+ states 

Mainly 2↑+ ⊗ 𝑑↓5/2   

Mainly 2↑+ ⊗ 𝑠↓1/2   

Predicted negative g factors 



111Cd: 5/21,2,3
+ states 
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Mainly 0↑+ ⊗ 𝑑↓5/2   

Particle-vibration model calculations 
•  Can explain 3 Coulomb-excited 5/2+ states 

Mainly 2↑+ ⊗ 𝑑↓5/2   

Mainly 2↑+ ⊗ 𝑠↓1/2   

Predicted negative g factors 
 
Preliminary result: 
 
g(5/2+

3) > 0  [≈ +0.46(16)] 



111Cd: 3/21
+ state 
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Mainly 0↑+ ⊗ 𝑑↓3/2   

Particle-vibration model calculations 
•  Predict 2 Coulomb-excited 3/2+ states 



111Cd: No 3/22
+ state? 
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Mainly 2↑+ ⊗ 𝑠↓1/2   

? 

Particle-vibration model calculations 
•  Where is the second  3/2+ state? 

? 



111Cd: No 3/22
+ state? 
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Mainly 2↑+ ⊗ 𝑠↓1/2   

? 

Particle-vibration model calculations 
•  Where is the second  3/2+ state? 

? 
The non-observation 
of this state in Coulex 
is a major puzzle for 
PV models. 



Odd-A Cd & Collectivity 
g factors and the core collectivity: 

ü  Sensitive to the nature of the core collectivity in ways 
E2 rates are not 
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1/2+ 

3/2+ 
5/2+ 

1/2+ 

3/2+ 
5/2+ 

0+ 

2+ 

E2 M1/E2 E2 M1/E2 

core Particle-vibration Particle-rotation 

𝐵(𝐸2: 3∕2→1∕2)  /𝐵(𝐸2: 5∕2→1∕2)    Same for PV and PR cases 



Odd-A Cd & Collectivity 
g factors and the core collectivity: 

ü  Sensitive to the nature of the core collectivity in ways 
E2 rates are not 

ü  Particle-vibration and particle-rotor models reduce to 
same limit for j=1/2 orbits 

ü  Deformation mixes s1/2 with d3/2, particle-vibration 
coupling mixes d5/2 

ü  Must consider M1 observables along with E2 in 
mapping the path to collectivity 
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Emerging nuclear collectivity 
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Shape	coexistence	in	the	even-Hg	isotopes:		
NOTE	characteris8c	parabolic	energy	trend	

M. SCHECK et al. PHYSICAL REVIEW C 81, 014310 (2010)
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FIG. 1. (Color online) (a) Energy systematics of odd-spin yrast
states in even-mass Hg isotopes. Please note the 1 MeV offset of the
y axis. (b) Systematics of low-lying positive parity states in even-mass
Hg isotopes. The level energies of states with an assumed oblate
deformation are shown with full (blue) symbols. Level energies of
states with an assumed prolate shape are shown with open (red)
symbols. The data are taken from the NNDC data base [12].

Ref. [19] or Figs. 1 and 2 in Ref. [20]) point toward a rather
low octupole collectivity in this mass region.

For 178Hg [21] and 180Hg [17] candidates for J π = 3−

octupole excitations are proposed. Previous studies of
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FIG. 2. (Color online) Energy differences for states of the odd-
spin band and the even-spin yrast states with a difference of three
units of angular momentum.

182Hg [22] and 184Hg [23] did not propose candidates for
an octupole excitation. A candidate in 186Hg was found at
1228 keV [24], but a second study [25] assigned a spin
and parity of J π = 4+ to this state. From the level-energy
systematics band 8 in Fig. 1 of Ref. [25] exhibits a similar
behavior to the odd-spin bands under investigation. However,
in 186Hg no decay to an octupole candidate was observed.

In 178,180Hg the respective 3− candidates are populated by
decays stemming from 5− states, which is the bandhead of an
odd-spin band. Due to the decay behavior a firm assignment
of negative parity was given to these bands [17]. Considering
the striking similarity of the odd-spin bands of 180Hg and
182Hg, up to spin J π = 15(−) with almost identical transition
energies (see Fig. 2 in Ref. [17] and Fig. 3 in Ref. [22]), a
negative parity of the odd-spin band in 182Hg is probable. As
shown in Fig. 1(a), the excitation energies of the observed
odd-spin bands of even-even 178−186Hg show a similar pattern
to the even-spin yrast states. The excitation energy of a
state of a given angular momentum J π exhibits a slightly
parabolic behavior for isotopes near the neutron midshell at
N = 104. Figure 2 shows the difference of the excitation
energies of the states of a given angular momentum J (−)

belonging to the odd-spin band and the state with (J − 3)+

of the even-spin yrast band. Up to spin J π = 13(−), constant
energy differences at approximately the excitation energy of
the respective octupole candidate are observed. This supports
the suggestion given in Ref. [17] that the bands are based
on an octupole excitation aligned with the even-spin yrast
band. Above spin-13 the energy differences decrease. The
alignment plots (e.g., Fig. 6 in Ref. [17]) show an alignment
of about three units for the low-spin. The band is then crossed
by a shape-driving two-quasiparticle excitation resulting in
an additional alignment gain of five units. However, the
corresponding odd-spin band in 186Hg does not follow the
systematic behavior of the bands observed in the other isotopes
as the energy difference EJ− − E(J−3)+ remains constant.

So far, apart from the J π = 9− state in 180Hg [8], no
lifetimes for low-spin members of these particular bands in
even-even 178–186Hg are known. The observed lifetime in
180Hg results in a similar quadrupole deformation for the
odd-spin state (|β t

2| = 0.27) as observed for the even-spin
yrast states with J ! 4. Measured lifetimes together with
observed branching ratios will allow the extraction of transition
quadrupole moments |Qt | and the degree of quadrupole de-
formation |β(t)

2 | from the intraband transition matrix elements
⟨#(J−)|E2|#(J + 2−)⟩. Furthermore, the transition dipole
moments |Dt | can be determined from the E1 interband
transitions matrix elements ⟨#(J+)|E1|#(J ± 1−)⟩.

In Sec. II a short overview of the experimental setup and
technique is given, the experimental results are presented in
Sec. III and the experimental findings will be discussed in
Sec. IV.

II. EXPERIMENTAL SETUP AND TECHNIQUE

The data presented in this work were obtained as a by-
product of the work published in Ref. [8]. Therefore, only a

014310-2

80Hg	
mid-shell	

Figure	from	J.	Elseviers	et	al.	
PR	C84	034307		2011	

Slide from John Wood 
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Incomplete EM data 
A: 120 122 124 126 128 130 132 134 
T1/2(6+): ? ? ? 68 ps 0.45 ns 9.8 ns 145 ns 164 ns 

Te isotopes 
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g factors & collectivity 

Nushellx with interactions from Alex Brown – PRC 71, 044317 (2005) 
Data: ANU & ORNL: PRL 94, 192501 (2005); PRC 76, 034306 (2007);  
PRC 76, 034307 (2007); PRC 88, 051304(R) (2013) 

π (g7/2)2 

Questions 
 
Need data! 
 
E0, M1, E2 

e.g. 6+ g factors 
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Emerging nuclear collectivity 
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“Low” B(E2) in 136Te 

Radford et al.  
PRL 88, 222501 (2002) 

21
+ state: predominantly 

a neutron excitation? 

Z=50 + 2 protons 
N=82 + 2 neutrons 



Emerging nuclear collectivity 
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Conflicting theoretical 
predictions for 134,136Te 

Differences stem from: 
 
•  proton-neutron interactions 

•  effective nucleon g factors: gl and gs 

[SM]  G. Jakob et al. PRC 65, 024316 (2002); 
[SM] B. A. Brown et al., PRC 71, 044317 (2005) 
[QRPA] J. Terasaki, et al., PRC 66, 054313 (2002) ;  
[MCSM] N. Shimizu et al., PRC 70, 054313 (2004).  



136Te 
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New B(E2) and g (2+) data for 136Te 

J.M. Allmond, A.E. Stuchbery, 
M. Danchev, C. Baktash, et al 

HRIBF Oak Ridge 

CLARION 

HYBALL 



Results 
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New B(E2) in 136Te 

Radford et al.  
PRL 88, 222501 (2002) 

21
+ state: predominantly 

a neutron excitation? 

Z=50 + 2 protons 
N=82 + 2 neutrons 

Shell Model: Qualified ‘Yes’ 



Emerging nuclear collectivity 
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21
+ state: predominantly 

a neutron excitation? 

Z=50 + 2 protons 
N=82 + 2 neutrons 

Shell Model: Qualified ‘Yes’ 
 
But collective features emerging 

First g factor result in 136Te 



Electron and γ spectroscopy 
Super-e 
 
•  CE 
•  e+e- 

CAESAR 
array 

Si(Li) array of six detectors 
Thickness: 9 mm 

Area: 236 mm2 

FWHM ≈ 2.5 keV 
Semikon GmBh 

E+ 

E- 

Higher 
efficiency 
detectors 
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Also SolenoGam 
Poster – Matt Gerathy 

LaBr3 enhancement 
Poster – Aqeel Akber 
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Sir Fred Hoyle (1915-2001) 

Carbon production 
(0.04%) 

0+ 

2+ 

0+ 

E2 

Hoyle state 

12C 

α	

α	

α	

α-decay 
(99.96%) 

8Be 
E2 E0 

4.44 MeV 

7.65 MeV 

Pair spectroscopy of the Hoyle State 
Triple-α reaction in helium burning stars produces 
carbon in the universe 

Our first 12C pair spectrum 
from the Hoyle state: 

Tibor Kibédi : Talk Nuclear Structure A Friday 



0+ states and E0 in Fe, Ni 

•  Tibor Kibedi, Adam Garnsworthy 
(TRIUMF)  

⇒ Tomas Erikson this session 

•  Electron spectroscopy with 
Super-e: CE and pairs 

•  Gamma spectroscopy with  
CAESAR (δ and γγ) 

•  (p,p’) reaction 

•  Note: Can do angular 
distributions with (p,p’)  - there is 
alignment! (s-wave scattering?) 
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E0 Workshop 
11-12 September 2015 

Ø   new instruments/facilities/results 
Ø   physics opportunities/exotic beams 
Ø   shape co-existence & E0 transitions 
Ø   Auger electrons - the “forgotten” child of IC 

•  Ongoing: E0 working group (Tibor Kibedi, John Wood) 
•  Wiki: https://en.wikiversity.org/wiki/Monopole 
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E0 transition rate 

Measure T(E0): 
•  Ice or Iπ     (e/π spectroscopy) 

•  T1/2           (e or γ timing spectroscopy) 
 
•  δ(E2/M1)  (γ-ray angular correlations) 

Electronic factor Ω(κ): 
•  Atomic physics 

•  Resurrected CATAR program (HC Pauli) 

•  Make Ω(κ) available with BrIcc soon 

http://bricc.anu.edu.au/ 

Monopole transition rate:         
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The Message 
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We must consider magnetic moments and 
electric monopole transitions along with 
E2 observables to elucidate the nature 

and origin of nuclear collectivity 



End 
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