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Selected	  Exo8c	  Phenomena	  in	  Nuclei:	  
•  I	  will	  outline	  selected	  physics	  highlights	  from	  of	  the	  
glorious	  past….	  With	  a	  UK	  emphasis	  of	  course!	  

•  In	  order	  to	  move	  forward	  with	  new	  facili8es	  etc	  it	  
is	  important	  to	  understand	  what	  has	  gone	  
before…“The	  further	  back	  you	  can	  look,	  the	  further	  
forward	  you	  are	  likely	  to	  see.”	  (W.	  Churchill)	  

•  Nature	  holds	  many	  fascina8ng	  secrets!	  



The nucleus is always full of surprises! 

Exptal + Theoretical advances  ⇔ New Science 
What a time we have had! And the fun continues….. 



Linus Pauling  
“Satisfaction of one's curiosity is one of the 
greatest sources of happiness in life.” 
  
  
 
 
 
Albert Einstein 
“Learn from yesterday, live for today, hope 
for tomorrow. The important thing is not to 
stop questioning.” 
 



Increasing Angular Momentum and Excitation Energy:    
A most excellent way to investigate nuclear structure, especially to see what 

the intruder orbitals are doing.   

Pushing to the limits allows us also to look in more detail at excited 

states in nuclei in from the experimental edge … it is all important!  



Importance	  of	  Intruder	  Orbitals	  



Eddie	  Paul’s	  Lecture	  Notes:	  	  
A	  Must	  Download	  

•  Liverpool:	  Nuclear	  Structure	  -‐	  Nuclear	  Physics	  
•  ns.ph.liv.ac.uk/PHYS490/Phys490_revision.pdf	  
•  File	  Format:	  PDF/Adobe	  Acrobat	  -‐	  Quick	  View	  
10/05/2010.	  E.S.	  Paul:	  PHYS490	  Advanced	  
Nuclear	  Physics	  Revision.	  1.	  Revision:	  
PHYS490.	  Advanced	  Nuclear	  Physics	  ...	  



Deforma8on	  Systema8cs	  

Theory	  

Doubly	  Magic:	  Spherical	  

Midshell:	  Deformed	  



Deforma8on	  allows	  Rota8on!	  
Rota8on	  can	  reveal	  informa8on	  about	  

the	  internal	  structure!	  
•  Hard	  boiled	  and	  so^	  boiled	  egg	  experiment.	  

	  



Spinning	  objects	  are	  fun!	  
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Large	  Rota2ng	  Body	  



Dark Matter in a Spiral Galaxy	  	  



Quan8zed	  angular	  momentum	  and	  
rota8ons	  in	  nuclei	  	  



Mathematisk-fysiske Meddelelser XIV, 10 1937 



Physical Review 90 (1953) 717 - Letters to Editor 

Physical Review online PROLA system is now complete back to 1893 
with linked references. Fantastic step forward. Thanks APS! 

Bohr and Mottelson (with Rainwater) were awarded the 1975 
Nobel Prize for connecting the single-particle and collective 
aspects of nuclear behavior into a consistent framework. 





The Angular Momentum World of the Nucleus according to  

 Bohr & Mottelson circa mid-70’s 



Evolution of γ-ray detector 
technology 

The calculated resolving power is a measure of the ability to 
observe faint emissions from rare and exotic nuclear states.  
 
 



vibrations 



Other mesoscopic systems have benefited also! 

Lessons learned in nuclei being used to understand BECs 



I 

Increasing Angular Momentum and Excitation Energy:  An excellent 
way to investigate nuclear structure, especially to see what the 
critically important intruder orbitals are doing. 

Rare-earth 
region 

 

Where are the limits and what happens on the way?  



- Need to catch as many of 
the γ rays in each cascade 
as possible. 
 
- Need efficient detector 
systems! 
 



Backbending	  





Glendenning, Pei & Weber PRL 79 (1997) 1603 

>700 backbends 
now observed. 
Lots of important 
theory work,  

eg, Lund, 
Warsaw + many 
others 



HISTORIC SPECTRUM! 

Rigid Rotor 

WOW!! 





Backbend! 

Energy vs Spin plot 

CORIOLIS EFFECTS IN THE 
YRAST STATES 

Stephens and Simon  

Nuc. Phys. A183 (72) 257 
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Gamma	  Ray	  Energies	  and	  Rota8onal	  
Frequency	  

•  The	  energy	  of	  a	  rota8onal	  band	  for	  K	  =	  0	  is:	  	  
	  	  	  	  	  	  	  	  E	  =	  E0	  +	  (ħ2/2ℑ)	  I(I	  +	  1)	  ,	  	  	  I	  =	  0,	  2,	  4…	  	  
•  The	  energy	  difference	  between	  consecu8ve	  levels	  ΔE	  
represents	  the	  gamma-‐ray	  energy	  Eγ 

•  The	  spin	  difference	  between	  consecu8ve	  levels	  is	  Δ	  I	  =	  
2	  

•  The	  rota8onal	  frequency	  ω	  is	  defined	  as:	  	  
	  	  	  	  	  	  	  ωħ	  =	  dE/dI	  =	  ΔE/ΔI	  =	  Eγ/2	  	  	  
	  	  	  	  i.e.	  the	  frequency	  is	  just	  half	  the	  gamma-‐ray	  	  	  
	  	  	  	  energy	  
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Kinema8c	  and	  Dynamic	  MoI’s	  
•  Assuming	  maximum	  alignment	  on	  

the	  x-‐axis	  (Ix	  ~	  I),	  the	  kinema8c	  
moment	  of	  iner8a	  is	  defined:	  	  

	  	  	  	  	  	  ℑ(1)	  =	  [(2/ħ2)	  dE(I)/d(I2)]-‐1	  	  
	  	  	  	  	  	  	  	  	  	  	  	  =	  ħ	  I/ω	  
•  The	  dynamic	  moment	  of	  iner8a	  

(response	  of	  the	  system	  to	  a	  force)	  
is:	  

	  	  	  	  	  	  ℑ(2)	  =	  [(1/ħ2)	  d2E(I)/dI2]-‐1	  	  
	  	  	  	  	  	  	  	  	  	  	  	  =	  ħ	  dI/dω	  
•  And	  ℑ(2)	  =	  ℑ(1)	  +	  ω	  dℑ(1)/dω	  

Rigid body: ℑ(1) = ℑ(2) 

High spin:   ℑ(1) ≈ ℑ(2) 



Yrast	  

•  Yrast	  band	  
	  in	  158Er	  
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Backbending	  

•  The	  moment	  of	  iner8a	  
increases	  with	  increasing	  
rota8onal	  frequency	  

•  Around	  spin	  10ħ	  a	  drama8c	  
rise	  occurs	  

•  The	  characteris8c	  ‘S’	  shape	  is	  
called	  a	  backbend	  (158Er)	  

•  A	  more	  gradual	  increase	  is	  
called	  an	  upbend	  (174Hf)	  
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Crossing	  Bands	  
•  A	  backbend	  corresponds	  to	  the	  

crossing	  of	  two	  bands	  (‘g’	  and	  
‘s’	  configura8ons)	  

•  The	  states	  we	  observe	  are	  
called	  yrast	  states	  (thick	  line)	  
which	  have	  the	  lowest	  energy	  
for	  a	  given	  spin	  

•  The	  s-‐band,	  where	  s	  stands	  for	  
‘Stockholm’	  or	  ‘super’,	  arises	  
from	  the	  breaking	  of	  a	  pair	  of	  
nucleons.	  Their	  angular	  
momenta	  j1	  and	  j2	  align	  with	  
the	  rota8on	  axis	  

Yrast and yrare states: 
dizziest and dizzier in 
the Swedish language 

yrast 

yrare 
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Pair	  Breaking	  
•  For	  the	  ground	  state	  band:	  	  
	  	  	  	  	  	  	  Eg	  =	  (ħ2/2ℑg)	  I(I	  +	  1)	  
•  For	  the	  s-‐band:	  	  
	  	  	  	  	  	  	  Es	  =	  (ħ2/2ℑs)	  (I	  –	  J	  )2	  +	  EJ	  
	  	  	  	  where	  	  J	  =	  j1	  +	  j2	  and	  EJ	  is	  the	  energy	  

required	  to	  break	  a	  pair	  of	  
nucleons:	  	  

	  	  	  	  	  	  	  EJ	  ~	  2Δ	  ~	  24	  A-‐1/2	  MeV	  
•  The	  aligned	  angular	  momentum	  of	  

the	  s-‐band	  increases	  by	  
approximately:	  	  

	  	  	  	  	  	  	  j1	  +	  j2	  –	  1	  	  (~	  12ħ	  for	  158Er)	  





To Variable 
Speed Motor

+j -jR

Pairing 
 

Force 
(Rare-Earth Magnets)
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(Nucleus)
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Collective 
Rotation
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Riley 15 25GM

Much longer and more detailed video available. Email me for it. 



SHOW	  MOVIE	  



Backbending	  today	  

•  What	  was	  once	  a	  surprise	  and	  a	  mystery	  is	  
now	  a	  beau8ful	  diagnos8c	  instrument!	  	  

•  Very	  sensi8ve	  to	  changes	  in	  pairing,	  
deforma8on	  and	  what	  the	  intruder	  orbitals	  
are	  doing.	  

•  We	  have	  super	  systema8cs	  on	  the	  p-‐rich	  side	  
and	  a	  good	  understanding	  …..	  Or	  so	  we	  think.	  

•  Is	  the	  n-‐rich	  side	  the	  same	  where	  pairing	  may	  
be	  very	  different?	  	  





Superdeforma8on	  



Shell	  Structure  
Nuclear Superdeformation 

Harmonic oscillator 



The Nucleus at Extreme Deformation 

Second minimum in the nuclear potential energy! 

Extremely deformed nucleus - 2:1 prolate (football shaped) 

Can we create such states to investigate this new world? 

Second minimum! 



Stability of Superdeformation 

ç Effect of Coulomb force 
• Reduction of fission barrier 
• Lower the 2nd minimum 
• SD exist at I=0  

ç Effect of rotation 
• Raise the potential more  
     at low spin 
• SD exist at high spin 



Most	  Famous	  Rota8onal	  Structure	  EVER!	  

Superdeformed	  Band	  in	  152Dy:	  (Twin,	  Nyako,	  JFSS	  et	  al)	  	  
Exptal data: Note the diagonal “ridge” 
structure expected for a highly collective 
rotor, Nyako et al. PRL (1984)  
Then 2 years later (after detector upgrade)  
the first discrete high-spin SD band revealed 
itself to the human race! 

 



The first case of a high spin 
superdeformed band 

Gamma-ray emission spectrum for the superdeformed band in Dy-152 
(Twin 1986). Such regularity was previously unknown in nuclear 
physics. Superdeformed nuclei have been found to display remarkable 
and unexpected  properties. 

 



Paul Fallon 



Paul Fallon 



Paul Fallon 



Intruder states at the 
Fermi surface in SD nuclei 
are from 2 shells up! 

Nazarewicz 



Known Regions of 
Superdeformation  

Each region has been 
found to posses 
special characteristics. 
Amazingly rich 
spectroscopy! 



The nucleus that changed the world! 



Superdeformation: 
Extreme nuclear behavior! 
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Decay out of superdeformed 
states? 



1990: Identical Superdeformed Bands in Different Nuclei! 
 
152Dy : 151Tb* 
693 692 
738 738 
784 783 
829 828 
876 876 
923 922 
970 970 
1017 1016 
1064 1063 
1112 1112 
1161 1160 
1209 1207 
1256 1256 
1305 1305 
1353 1353 
 

 
192Hg:194Hg*:194Pb 
258 262 256 
300 303 298 
341 343 340 
381 382 380 
421 420 420 
459 458 458 
496 495 496 
532 532 532 
568 567 568 
602 601 603 

35 yr veteran of nuclear physics, 
“most amazing set of numbers he 
had ever seen.” 

Heroic? New insight? Pseudo-spin alignment  or  

Non-Heroic? : Chance cancellations between 
pairing & deformation effects? 

At first many thought it was a 
case of mistaken identity. 
Faulty experimental work! 
Many new cases followed. 

Back to back PRL’s,Bryski et al 
PRL 64(90) 1650 & 
Nazarewicz et al PRL 64 (90) 
1654 



•  Iden2cal	  Bands:	  Does	  “Seeing	  Double”	  Mean	  
We	  Learn	  Twice	  as	  Much?	  

•  Paul	  Fallon	  and	  David	  Ward	  review	  ar8cle,	  
Advances	  in	  Nuclear	  Physics,	  Vol	  24,	  1999.	  



Direct links between high spin 
superdeformed and normal  

energy minima finally observed 

Khoo et al, PRL 76(96)1583 





Then	  things	  became	  even	  more	  
strange!	  



Flibotte et al, PRL 71 
(93) 4299 
Haslip et al., PRL 78, 
3447 (1997).  
Haslip et al., PRC 
58 (98) R2649 



Super	  Heavy	  Nuclei	  



Extremes	  of	  Mass	  and	  Charge	  
•  Inves8ga8ons	  of	  the	  heaviest	  

nuclei	  probe	  the	  role	  of	  the	  
Coulomb	  force	  and	  its	  interplay	  
with	  quantal	  shell	  effects	  in	  
determining	  the	  nuclear	  
landscape	  

•  Without	  shell	  effects	  nuclei	  
with	  more	  than	  100	  protons	  
would	  fission	  instantaneously	  

•  However,	  ‘superheavies’	  with	  Z	  
up	  to	  118	  have	  been	  iden8fied	  !	  

•  Experts	  in	  the	  audience…	  
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Forging the Heaviest Elements :  	

Surprises in the survival of the species. (Reiter et al., PRL 84 (2000) 3542) 	


The spectrum of rotational 
transitions in 254No	


Current chart of nuclides for Z>99. 	

yellow - α decay, 	

green - spontaneous fission, 	

red - β decay.	


Entry 
distribution in 
spin and 
excitation 
energy for 
254No	


GS+FMA 

Janssens 



Superheavies	  at	  High	  Spin	  
•  The	  ground-‐state	  

rota8onal	  band	  of	  254No	  
(Z=102)	  has	  been	  
iden8fied	  up	  to	  spin	  20+	  
(at	  least!)	  

•  The	  energy	  spacing	  	  of	  
the	  levels	  is	  consistent	  
with	  a	  sizeable	  prolate	  
deforma8on	  with	  an	  axis	  
ra8o	  4:3	  

•  Isomers	  are	  giving	  
wonderful	  configura8on	  
info	  too!	  	  





HOMEWORK!! 

















Superheavy	  Spectroscopy	  

•  Very	  exci8ng	  indeed!	  Lots	  of	  ongoing	  work	  
both	  in	  the	  US	  and	  in	  Europe	  (Jyvaskla).	  





END EPISODE 2 



Nilsson	  Diagram	  (Energy	  vs.	  def)	  	  

oblate prolate 



Nilsson	  Single-‐Par8cle	  Diagrams	  

Z	  

N	  

If this is complicated wait until you put rotations, pairing, higher def terms in! 





Quasipar8cle	  levels	  and	  rota8on	  





Magne8c	  Rota8on:	  Another	  Surprise!	  



The Shears Mechanism 
R.M.Clark,	  A.O.Macchiavelli	  et	  al.	  

–  Experimental Proof 

–  Semi-classical Interpretation 



Shears Bands (The puzzle) 

Characteristics 
  
 “rotational-like” 
E-E0 ~ (I-I0)2 

 strong M1’s  
 large B(M1) 
 

 weak E2’s 
low B(E2)  
 

 near spherical 
nucleus 

 

199Pb 152Dy E2 M1 



The Shears Mechanism  
(Tilted Axis Cranking) 

S. Frauendorf  NPA 557 (1993) 259c 

Angular momentum comes from 
a few valence neutron holes and 
proton particles 
 
 Lowest energy corresponds to 
spin vectors at 90o 

 
 Increasing spin generated by 
closing the  angle between the spin 
vectors 

I 

I 

I 




