
Spin 60 and beyond: Exotic behavior at the limits of angular momentum. 
Mark A. Riley - Florida State University (+ LOTS OF FRIENDS!) 



Last night at the reception:  
Peter with a few of his students.. 



Outline of Talk 

•  The example of 158Er through 4 decades!  
•  Good for students to know some history. 
•  Charting out the competing shapes and modes 

of excitation in its evolution as a function of 
spin and energy. 

•  Many people in the room have participated in 
this great adventure! 

•  New era of spectroscopy at ultra-high spin 
(>60) and ultra-low intensities (10-4 – 10-5 level) 

•  Results on neighbouring N=90 nuclei and plans 
for the future. 



I 

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

critically important intruder orbitals are doing. 

158Er 
12 particles  
outside 146Gd 

 

Where are the limits and what happens on the way?  
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Landmark Moment! 
JFSS introduces the Escape 

Suppressed Spectrometer to Liverpool 
and the UK 



A NEW ERA BEGINS!  
~1980 yrast states to spin ~30, naked Ge arrays ~1980-1982 TESSA 

Escape suppressed array at NBI 
5 ESS’s 

Non-yrast bands to spins in mid 20’s 
Intensity few % 
Efficiency ~0.2% 
Band crossing systematics,  
blocking, pairing reduction 
Quasi-particle configurations 
Cranked shell model 

J Simpson, P A Butler, P D Forsyth, J F Sharpey-Schafer,  
J D Garrett, G B Hagemann, B Herskind and L P Ekstrom, 
 J.Phys. G10 (1984) 383  

John was Peter’s 
“first” student! 



Er-158 experiment at Daresbury Lab 
in the UK in mid-80’s 
(Liverpool + NBI)  
TESSA2  
6 ESS + 50 element BGO ball 
Plus a 48Ca beam! 

One of my thesis expts. 



TESSA3: The device that rocked the Universe!  



The 12 valence particles move in 
equatorial orbits, driving the 
nucleus to an oblate shape! 

158Er expt at Daresbury – Sharpey-Schafer/Riley/Simpson/Mid-80’s 

Simpson et al., Phys. Rev. Lett. (1984) – prolate-oblate shape change 
LBL group, P.O.Tjom et al., PRL 55 (1985) 2405 – beautiful lifetime measurements          
T.Bengtsson and I.Ragnarsson, Physica Scripta T5 (1983) 165  
Ragnarsson, Xing, Bengtsson and Riley, Phys. Scripta 34 (1986) 651 

(keV) 



The 12 valence particles move in 
equatorial orbits, driving the 
nucleus to an oblate shape! 

158Er expt at Daresbury – Sharpey-Schafer/Riley/Simpson/Mid-80’s 

Simpson et al., Phys. Rev. Lett. (1984) – prolate-oblate shape change 
LBL group, P.O.Tjom et al., PRL 55 (1985) 2405 – beautiful lifetime measurements          
T.Bengtsson and I.Ragnarsson, Physica Scripta T5 (1983) 165  
Ragnarsson, Xing, Bengtsson and Riley, Phys. Scripta 34 (1986) 651 

(keV) 

Fabulous prolate to oblate 
work on 154Dy at ANL too! 



The 12 valence particles move in 
equatorial orbits, driving the 
nucleus to an oblate shape! 

158Er expt at Daresbury – Sharpey-Schafer/Riley/Simpson/Mid-80’s 

Simpson et al., Phys. Rev. Lett. (1984) – prolate-oblate shape change 
LBL group, P.O.Tjom et al., PRL 55 (1985) 2405 – beautiful lifetime measurements          
T.Bengtsson and I.Ragnarsson, Physica Scripta T5 (1983) 165  
Ragnarsson, Xing, Bengtsson and Riley, Phys. Scripta 34 (1986) 651 

(keV) 

State-of-the-art prior to escape-suppression. 



1984	
  -­‐	
  Liverpool	
  to	
  Lund/Copenhagen	
  
leFers	
  to/from	
  Sven	
  &	
  Ingemar	
  on	
  158Er!	
  



Sweden 2012 



1985: Witek and Jerzy fabulous calculations on 158Er too!  
Original hand drawings for the famous 1985 article  

Phys. Rev. C31 (1985) 298  
	
  	
  

46+ 

49- 



Lund 1985 
Serious Stuff! 



       LOW    INTERMED HIGH spin 

N. Rowley, fabulous Nature 
article  in 1985 

PROLATE      TRIAXIAL        OBLATE 



Beautiful prolate – 
oblate shape 
coexistence 

Full set of favored 
terminations! 

Very pure states – 
loved by theorists 

Along	
  the	
  Yrast	
  Line	
  158Er	
  –	
  circa	
  mid	
  90’s	
  
158Er	
  again	
  at	
  Daresbury	
  but	
  now	
  with	
  EUROGAM	
  (37	
  ESS)	
  

	
  

Simpson, Riley, JFSS et al., Phys. Lett. B327 (1994) 187 



In 00’s…WHAT LIES ABOVE BAND 
TERMINATION? … Gammasphere at LBL! 

? 



In	
  the	
  00’s:	
  GS	
  =	
  97	
  ESS’s!	
  	
  
BEYOND	
  BAND	
  TERMINATION	
  in	
  157,158Er!	
  
•  114Cd(48Ca,4,5n)	
  @	
  215MeV	
  	
  
•  GS	
  Triggered	
  on	
  clean	
  fold	
  7+	
  	
  
•  Famous	
  phone	
  call	
  to	
  JFSS!	
  
•  FSU	
  +	
  Daresbury	
  +	
  Liverpool	
  +	
  
LBNL	
  +	
  Lund	
  

•  	
  158Er	
  has	
  taken	
  &me	
  to	
  crack	
  
•  But	
  we	
  had	
  wonderful	
  early	
  
success	
  with	
  157Er:	
  	
  
	
  A.O.	
  Evans	
  et	
  al.,	
   	
   	
  

	
  PRL	
  	
  92,	
  252502	
  (2004)	
  	
  



What about 158Er above 46+?  
It had taken us 20 years!  

No wonder we could not see it before! 

Gate in coinc with 44+ 

Low intensity feeders! 

42+ 

46+ = 1% of 2+   0+ 



Along	
  the	
  Yrast	
  Line	
  of	
  158Er,	
  2005	
  	
  

New states!      

BUT what lies above? 



Always	
  keep	
  hun&ng	
  for	
  the	
  
needle(s)	
  in	
  the	
  haystack!	
  



Thanks	
  to	
  Winston	
  …we	
  kept	
  searching	
  
and	
  searching	
  and	
  searching!	
  



Finally…	
  a	
  breakthrough	
  email	
  from	
  the	
  UK	
  
from	
  Aled,	
  Eddie,	
  John	
  and	
  Paul!	
  	
  

(very weak signal ~few 10-4)	
  



Band 1 in 158Er – Peter Twin, high fold analysis 

7 

~100 times weaker than SD band in 152Dy ! 

Spin range 25 - 65ħ 

The Return of Collectivity beyond Band 
Termination in 157,158Er 



Where to place the bands in spin? Decay out is 
fragmented to several near yrast bands…… hint 
hint        

Band 1 in 158Er… spin range = 25-65!  



Along	
  the	
  Yrast	
  Line	
  158Er	
  



29	
  

Selected as the first ever “Editors Suggestion” in nuclear physics. 
 



The	
  Erbium	
  family!	
  







TRIAXIAL 
(negative-gamma 

TSD – rotation  
about intermediate axis) 

NEAR-AXIAL 
(Enhanced Deformation) 

TRIAXIAL 
(positive-gamma 

TSD) 

Theoretically favoured ! 

CNS (principal axis  cranking) calculations by I. Ragnarsson 

158Er 



What Shape Are the Bands? 
•  A variety of possible shapes 

are predicted, both axially 
symmetric (ED, SD) and  
triaxial (TSD1, TSD2, TSD3) 

•  The TSD1 minimum, with a 
positive gamma deformation 
(+20º) was originally assigned 
to the new bands. 

•  Quadrupole moment 
measurements needed? 

•  NO NEED – we know what 
they are from theory! 

•  bands too weak? 
•  Gammasphere at ANL 
•  2 weeks beam time 

Cranked	
  Nilsson	
  Stru&nsky	
  calcs:	
  Ingemar	
  Ragnarsson	
  
I = 69 

I = 49 



For more than a month we could not see 
the signal in the thick target data!! … the 
weak signal was now spread over many 
angles with unknown Doppler shifts! 
 
But Xiaofeng kept at it ….. Refining 
everything looking for those beautiful 
needles in the  
haystack! 





Evolution & Measurement 
(Paul et al., Phys. Rev. Lett. 98, 012501, 2007) 

(Wang et al., Phys. Lett. B 702, 127, 2011) 

(Thin target) 

(DSAM FW) 

(DSAM BW) 

158Er band 1 



(Wang et al., Phys. Lett. B 702, 127, 2011) 

158Er 

•  “The CNS calculations do not account for the Qt data satisfactorily.  
•  What do other theoretical approaches predict? 

SURPRISING Result!! 

Values in 158Er too large for TSD1! 



Unexpected results in 158Er! … 
‘Calibrate’ Qt Values with  154Er expt 

Revill et al,  
Phys. Rev. C 88, 
031304(R) (2013) 
  

Wang et al.,  
Phys. Lett. B 702, 127, 2011 



The unexpected results in our 158Er work 
motivated further theoretical studies. 

The new tilted axis cranking (TAC) calculations 
reproduced measured Qt +J2, but, the relevant TSD 
minimum is not yrast until very high spin ~ 70h. 



OTHER NEW THEORY PAPERS! 



MOST DETAILED HI-SPIN CALCULATIONS EVER! 
          Afanasjev, Shi, Nazarewicz, PRC 86, 031304 (R) (2012) 



          Afanasjev, Shi, Nazarewicz, PRC 86, 
031304 (R) (2012) 



 New results in neighboring nuclei are making it all 
even more interesting!  

 
Fascinating spectroscopy in the ultra-high spin 

TSD minimum is beginning to unravel ….. 
 



Spectra for 
new SD/TSD 
candidate 
bands in 
156/157Ho 
Wang et al,  to 
be published 



Moment of inertia J(2) of TSD bands: 157Ho vs. 158Er 



Bridging the Dy-Gd SD and Lu-Ta TSD regions:  
 

A new class of strongly deformed structures at ultrahigh spin 
which are proving to be rather interesting 



Next step: 
 
Approved 
expt at 
ATLAS 
with DGS 



• Ultra-high spin TSD in 158Er compared to lower spin TSD in 161Lu. 
• Can we discover ultra-high spin bands in Lu that decay into the 
low-spin TSD minimum and hence obtain their highly sought after 
spin and energy  values?   
• ANL PAC gave us beamtime to go look with DGS this fall! J 
 



Evolu&on	
  of	
  Gamma-­‐Ray	
  Spectroscopy	
  	
  
	
  •  New	
  Detector	
  Systems	
  =	
  New	
  Physics	
  

•  Let	
  the	
  Quest	
  Con&nue!	
  



Collaborators	
  on	
  157,158Er	
  GS	
  expt	
  –	
  mid	
  00’s	
  

University	
  of	
  Liverpool	
  A.	
  Evans,	
  E.S.	
  Paul,	
  P.J.	
  Nolan,	
  P.T.W	
  Choy	
  
Daresbury	
  Laboratory	
  J.	
  Simpson,	
  D.E.	
  Appelbe,	
  D.T.	
  Joss	
  

Florida	
  State	
  University	
  A.	
  Pipidis,	
  M.A.	
  Riley,	
  D.B.	
  Campbell	
  
LBNL	
  P.Fallon,	
  D.Ward,	
  A.O.Macchiavelli,	
  R.M.Clark,	
  M.Cromaz,	
  A.Görgen,	
  I.Y.	
  Lee	
  

Lund	
  Ins&tute	
  of	
  Technology	
  I.	
  Ragnarsson,	
  F.	
  Saric	
  

We phoned JFSS from the control room so he 
was with us too! 

 



North America 
FSU: X. Wang, M. A. Riley, S. M. Miller, J. S. Baron;   
ANL: M. P. Carpenter, C. J. Chiara, R. V. F. Janssens, F. G. Kondev, T. 
Lauritsen, S. Zhu;   USNA: D. J. Hartley;   UTK: L. L. Riedinger; 
ND: U. Garg, J. Matta, A. D. Ayangeakaa; ORNL: D. C. Radford; 
ARL: J. J. Carroll, J. Gaison;   LBNL: P. Fallon, M. K. Petri 
 
Europe 
Liverpool: E. S. Paul, A. J. Boston, H. C. Boston, P. Hampson, D. 
Judson, P. J. Nolan, J. Rees, J. Revill, S. V. Rigby, C. Unsworth; 
Daresbury: J. Simpson, J. Ollier;    
Lund: I. Ragnarsson 

ATLAS EXPTS: MORE ACKNOWLEDGEMENTS 



Evolu&on	
  of	
  Gamma-­‐Ray	
  	
  
Spectroscopy	
  
and	
  158Er	
  	
  

(NRC/Nat.	
  Acad.	
  Sci.	
  Decadal	
  Report	
  June	
  2012,	
  p	
  49	
  	
  
Nuclear	
  Physics:	
  The	
  Heart	
  of	
  MaFer)	
  



“The	
  Fascina&ng	
  Nuclear	
  Structure	
  
World	
  of	
  Erbium-­‐158”	
  

Wang,	
  Riley,	
  Simpson	
  and	
  Paul	
  



	
  THANK	
  YOU	
  Liverpool!	
  	
  
THANK	
  YOU	
  Peter!	
  	
  J	
  


