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Magic Numbers and Shell Model.

Same Magic numbers for neutrons & protons

 => related to Gaps in a quantum system

      ... need right orbital ordering in models

...

Harm. Osc => not good gaps
 => add a l2 term and a  l.s term 
 => new magic numbers (the right ones)



Fill the levels and get a Spherical nuclei ...

Single particle Energies

Fermi levels, Occupancy ...



How to learn more about the   
  properties due to symmetry ?

?



Break 
it

How to learn more about the   
  properties due to symmetry ?



To break the Symmetries we can act on:

Isospin Content ...
time-reversal ...
deformation ...



Nucleonic content ... Isospin ...
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 Rn 86Not only 
Coulomb ... Liquid drop 

asymetry ...

B(N ,Z ) = av .A + as .A
2
3 + ac .

Z 2

A 1
3
+ aa .

N − Z( )2
A

+ δ .A−3
4

av = −15,68MeV; as = 18,56MeV; ac = 0,717MeV;
aa = 28,1MeV; δ = −34PP;0PI ; 34 II{ }MeV



Far far away ...
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study 
as far as 

possible from 
stability line



Self Consistency

If I act on a single nucleon
What is the core reaction ?



Self Consistency



Self Consistency
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Excitations of nucleus

Rotation Vibration

Individual Excitations

Collective Excitations

single particle 
excitations

 

Erot =

2

2ℑ
J(J +1)

 
Evibr = (N + 3

2 )ω

Eind = Δesp + SC



Excitations of nucleus
152Dy case : 
shape coexistence

Collective 
Excitations

Individual 
Excitations

Vibration

Collective 
Excitations

Rotationnal band



Nuclear Rotation

NO ... because it is

Forbidden by Quantum Mechanics ! ...

<=  perfect sphere

What are the symmetry axes ?
Can we see rotation ?



Effect of rotation on esp

Breakes the time-reversal symmetry ...

1/2

5/2

3/2



Theoretical Routhians eqp

keep track of 
the origin of the
orbital throug a
labelling :
- p “particle state” 
- h “hole state”

Due to pairig correlations, each sp level has a given occupancy

You can empty or fill each sp level arround Fermi

Pairing GAP is
reduced by Corriolis
Anti-Pairing effect
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Experimental Routhians

Effect of Rotation
Considered band

 
Erot (ω ) = ω J(J +1) − K 2

 

ω =
dErot

dJ

ω ≈
ΔE
ΔJ

=
E(J + 2) − E(J )
(J + 2) − J

=
Eγ

2

If not constant, shows  that 
the nucleus is not rigid ...

In order to see the effect of 
individual orbitals we need to 
substract a core

Core

 
Routhian : E '(ω ) = E(ω ) − Erot (ω )

 
Substracted Routhian : e ' = E '(ω ) − Eref (ω )



Experimental Routhians

—»   Intensity splitted over several bands

Example :
  Spectroscopy of the odd-even 
  nuclei  193Hg 
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—»   The bands are linked together

—»   Study of Routhains 

Possibility to extract  experimental  
quasi-particle routhians 

 
Substracted Routhian : e ' = E '(ω ) − Eref (ω )

 
Eref (ω ) = a + bω

2 + cω 4



Inertia and Rigid Rotor

corresponds for an even-even to
 

Erot =

2

2ℑ
J(J +1)

Inertia much smaller 
than Rigid rotor

due to superfluidity

 

Eclassical =

2I 2

2ℑ

 

ℑrigid =
2
5
MR2 1+ 0,31β( )

ℑ(1) =

2

2
dE
d(I 2 )

⎛
⎝⎜

⎞
⎠⎟

−1

ℑ(2) = 2
d 2E
dI 2

⎛
⎝⎜

⎞
⎠⎟

−1



Nuclear Pairing dependance on 
Rotation

- Constant Quadrupolar Moment 
- Dynamical Moment of inertia : J(2)

—»   Steady increase

Spectroscopy of 192Hg  and  194Pb SD bands

—»   Saturation at high Frequency...

          Sign of the progressive reduction of 
          Pairing-Correlations Effects with Rotation

—»   Different Saturation for different bands !

          Sign of the single particule content of the
          nuclei especially in “intruder” orbitals



158Er case : Backbendings

Individual 
Excitations

Corriolis force

Backbendings

Rotationnal band

Alignment on rotation 



Nuclear Pairing dependance on 
Rotation

Cranked Hartree-Fock code 
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Nuclear Pairing dependance on 
Rotation

—»   Pure HF almost flat

Cranked Hartree-Fock code 

(S
km

* +
 S

en
io
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y 

co
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ta
nt

 G
)

On the good way ...

—»   HFB Steady Increase but also sharp effects
            ends on the HF solution at high-spin 
            ...due to Pairing dissapearance

          

—»   HFB -LN  approximate particle # projection
 

Signature of the pairing content and

underlying  Single-Particles orbitals  

Behaviour in agreement with experiment  
Need more investigations 



Improvements of the nuclear 
pairing description

SD-Bands in A=150 ...
         ... Nuclear pairing still alive !

- determination of the right intensity

- Behaviour in agreement with experiment

- ID- Bands : Signature of the underlying   
   Single-Particles orbitals (intruders) 

Implementation of a delta Pairing

Active Pairing No more Pairing

C. Rigollet PhD at CRN Strasbourg



A =190 Sd Bands All Identical ?

Experiment-Theory : complemantarity

- Signature of the pairing content and
       underlying  Single-Particles orbitals  

- Behaviour in agreement with experiment  

Complementarity



Orbital crossing

 



Experiment-Theory : complemantarity
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Experiment-Theory : complemantarity



Experiment-Theory : complemantarity
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Simples nuclear shapes 

Parametrisation of the 
nuclear radius :

R(θ,φ) α Yλµ(θ,φ)



Effect of deformation on esp

...



Les VHE ... 
on the road to SHE

Spectroscopy of Z >100 fruitfull but...

     - Very low production cross-sections

     - and low-energy transitions highly-converted ...

What are the SHE gaps ?

Deformed gaps in VHE ...

Common Orbitals ? ...

Contraints on the different theories  

254-256No 256-258RfPrompt Spectroscopy :
 - Moment of inertia
 - g-factor (odd nuclei)
Decay spectroscopy
 - isomers 

C
f.

  D
. A

ck
er

m
an

n’
s 

ta
lk

Need of new developpments



Diagonal cuts ...

Triaxial nucleus

A ~ 100  Neutron-rich Nuclei 
Spectroscopy
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Experimental toolbox ...
                         ... & selected cases

γ1,γ2,γ3
t=0

... + (x,y)Reculs ...+ (x,y)α +γa,γb(foc)

RITU / GREAT /JUROGAM 
(JYFL JYVÄSKYLÄ)

time of flight

 



A ~ 100  Neutron-rich 
Nuclei

Fission-Fragments Spectroscopy

0 0+

443 2+

905 4+

1440 6+

2089 (8+)

2761 (10+)

2200 (7,8)

443.1

461.0

535.5

649.1

671.6

759.7

110.5

PhD Thesis of F. HOELLINGER

138Te correspond to a vibrationnal structure

The spherical to prolate shape 
transition is higher in mass for 
Te’s

138Te is calculated prolate ...



Experiments in Strasbourg

Quadrupole Moment Measurments

The Mo isotopes oscillate between two behaviors  (Sr, Zr) 
and (Ru, Pd) ... Shape transition Région

A.G. SMITH et al. (Manchester University)

A ~ 100  Neutron-rich Nuclei 
Spectroscopy



Diagonal cuts ...

Gamma-soft nucleus

A ~ 100  Neutron-rich Nuclei 
Spectroscopy

F *



Nuclear Pairing dependance on 
Rotation  -  even-even SD Bands 

Spectroscopy of Yrast 192Hg  and  194Pb SD bands

- Quadrupolar moment measurement
—» DSAM 
—» RDM

The deformation stays Constant from 
higher spin of the SD-band up to the 
lower spins of the band ...

Best “lab” to study the influence of 
rotation alone on nuclear pairing.

DSAMRDM

P. Willsau et al. Nucl. Phys A574 (1994)560



A=150 Identical Bands  and 
quadrupole moments

Identical bands correspond to similar quadrupole moments
but to slightly different deformation (see last row) 

Al (50 �g/cm2)
Séparatrice

Cible
124Sn (1 mg/cm2)

Important Influence of 
intruders orbitals

PhD Thesis of H. SAVAJOL & C. RIGOLLET

Experiment Theory

DSAM experiments with same stopper :

Absolute errors due to stopping power 
remains but relative errors are small

HFB-LN (SLy4, pub, 2 cuts) Calculations
Good agreement with experimental 
quadrupolar moments



C4 symmetry ... Staggering...

Very small Phenomenon
60 +/-10 eV @ 20 MeV 
excitation energy ...

(*) [I. Hamamoto, B. Mottelson, Phys. Lett. B333 (1994)]



Octupole Deformation in 223Pa

Gamma gated spectra Tagged by the 2 alpha lines of 223Pa 91
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198
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338
318,2 350

366,8 383

Known lines

New Lines

Gamma-rays spectrum Tagged by the 2 alpha lines of 223Pa 91

PRELIMINARY

RITU RITU + JUROGAM, 8-19 December 2003 JUROGAM, 8-19 December 2003

Reaction : 208Pb(19F,4n)223Pa @  99 MeV,  
v/c = 0.8 %, 
e = 150 - 250 g/cm2, 
I ~ 40 pnA,

 ~ 100 b

PhD Thesis F. HOELLINGER & F. KHALFALLAH
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X • Coulex?

• Transfert ?

• Fusion évaporation
ions lourds?
ions légers?

•Autres ?

156
64Gd92

Réactions possibles:
A=155Gd(n,γ)
D=156Gd(n,n'γ)
E=154Sm(α,2nγ)
F=150Nd(13C,α3nγ)
G=Coulomb Excitation
L=158Gd(p,t)
M= 154Gd(t,p)
?? 7Li transfert massif de 2p

(7Li,p4n)

R=B(E2)in / B(E1)out 

Tetrahedral Fingerprints: 

– Vanishing Q2  (rotational bands without E2 ’s)
 

– Large B(E1;I --> I-1)
-- Branching ratios are spin dependent 
(difference with usual octupole)

Higher order symmetry : 
Tetrahedral Shapes ?



Candidates ?

The tetrahedral  nuclei are predicted around 
the following new shell closures: 

( Zt, Nt) = (32, 40, 56, 64, 70, 90, 136)

Corresponding to the doubly magic nuclei:
64,72,88 

                  Ge (Z=32)

80,96,110 

                     Zr (Z=40)

112,126 

                 Ba (Z=56)

134,154 

                 Gd (Z=64)

160 

       Yb (Z=70)

226 

       Th (Z=90)

Higher order symmetry : 
Tetrahedral Shapes ?



Preliminary considerations

Excitations of the nuclei; case of 
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Effect of Nuclear deformation 

Experimental toolboxes & selected cases

Summary







First Contact
With nuclear
Physics  




