
Systematics of Band Termination at High-Spin in N~90
Nuclei: How Robust and Pure Are These Special States? 
Mark A. Riley - Florida State University (+ LOTS OF FRIENDS!)



Increasing Angular Momentum and Excitation Energy:   

Excellent way to investigate nuclear structure. Remember these studies are
ultra-sensitive to what the intruder shells are doing! 

NUCLEI AT THE EXTREMES: 
Pushing to the limits in N and Z is always good but looking at excited states in
nuclei is important too, e.g. it allows us to EXTRAPOLATE how things will

change further out. 
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1980’s Band Termination in Heavy Nuclei

§Band termination
occurs when the
valence nucleons
outside 146Gd
core are fully
aligned with the
axis of rotation.

§In these rare-earth
nuclei a prolate
to oblate shape
change occurs.

T.Bengtsson and I.Ragnarsson, Physica Scripta T5 (1983) 165 
I. Ragnarsson, T. Bengtsson, W. Nazarewicz, J. Dudek, and G. A. Leander; PRL 54, (1985) 982
I. Ragnarsson, T. Xing, T. Bengtsson and M.A. Riley, Phys. Scripta 34 (1986) 651.





Er-158 experiment at Daresbury
proposed by John Sharpey-Schafer
1983 (Liverpool + NBI) 
TESSA2 
6 ESS + 50 element BGO ball
Plus a 48Ca beam
8.5x106 g-g coincs!

One of my thesis expts. 
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My grandson: Ben Riley



Augusto One Ups Me …. AGAIN!



1985: Witek and Jerzy fabulous calculations on 158Er
too! 

Original hand drawings for the famous 1985 article 
Phys. Rev. C31 (1985) 298 

 

46+

49-



Titled Fermi Surfaces – beautifully explained in “Fast Nuclear Rotation”  by one of the
“founding fathers of nuclear structure theory”

My favorite book of 1984/85.

Zdzislaw Szymanski ZS with AB in 1967

46+ in 158Er
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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

After another expt at Daresbury with EUROGAM 1

Simpson, Riley, JFSS et al., Phys. Lett. B 327, 187 (1994)



Review Paper on Band Termination States see, Afanasjev, Fossan, Lane
and Ragnarsson, Phys. Rep. 322 (1999) 1

Using the purity of BT states to good effect!



Along the Yrast Line 158Er – circa mid
90’s

After another expt at Daresbury with EUROGAM 1

BUT WHAT LIES ABOVE BAND
TERMINATION?

?



Evolution of Gamma-Ray
Spectroscopy Through the Decades New Detector Systems         New Physics

Riley, Simpson and Paul, Phys. Scr. 91 (2016)

 123002

Focus Issue on Nuclear Structure: Celebrating the 1975 Nobel Prize

http://iopscience.iop.org/journal/1402-4896/page/Focus-on-Nuclear-Structure


Band Termination in N=88, 89, 90,91
Nuclei 

Ø Built up some really nice systematics over the years

Ø See E.S. Paul et al, ACTA PHYSICA POLONICA B,
Vol. 46, 487 (2015), Zakopane Proc.  for nice
summary of mainly N=88&89 

Ø But here I want to tell you about my student, Jon
Baron,  and his BT analysis of N=90  157Ho

Ø Already told all y’all about the ultra-high spin “TSD”
bands in this nucleus! X. Wang et al., JP Conf. Series
381, 012065  (2012) at Rutherford Conference.



EPIC Previous Work on 157Ho (1992)!

157Ho
Chalk River's 8π

detector array

D. Radford, et. al.,
Nuc. Phys. A 545
(1992) 665

71 BGO detectors
20 Compton-suppressed HPGe's
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157Ho Latest Level Scheme (Jon Baron)

New Gammas

Correction

UHS
“TSD”



Current Work: 157Ho

 We did what we
did for 158Er ….
Put a silly amount
of Ang. Mom.
in! ... ThX JFSS


 Use high folds
gamma^7 to select
your channel of
interest.



 157Er has 67 protons.

 Odd proton has a variety
of orbitals to occupy

W. Nazarewicz, M. Riley, J. Garrett,
Nuc. Phys. A 512:1 (1990) 61



Example spectrum for ND band 7 in 157Ho



 157Er has 67 protons.

 Odd proton has a variety
of orbitals to occupy

 Can build rotational
bands atop these
configurations

W. Nazarewicz, M. Riley, J.
Garret, Nuc. Phys. A 512:1
(1990) 61



Sum of quads A/B/B

B

A
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Sum of quads F/G/H

F = {704, 781, 866,
1017}
G = {523, 567, 580,
502, 500, 641, 704,
761, 814, 918, 959,
1017}
H = {1012, 1079,
1092, 1346, 1257,
1342}



We already know how bands
terminate in 158Er...

Bands terminate at

40+ - π[(h11/2)4]16+⨂ ν[(i13/2)2(h9/2)2(f7/2)4]24+

43- - π[(h11/2)4]16+⨂ ν[(i13/2)3(h9/2)2(f7/2)3]27-

46+ - π[(h11/2)4]16+⨂ ν[(i13/2)2(h9/2)3(f7/2)3]3+

49- - π[(h11/2)4]16+⨂ ν[(i13/2)3(h9/2)3(f7/2)2]33-

(J. Simpson, M. Riley, JFSS, et. al., Phys. Lett. B 327 (1994) 187.)



158Er vs 157Ho Proton Impact

27/2-
16+

π[(h11/2)4]16+ π[(h11/2)3]27/2-

158Er 157Ho

-p



Going from Erbium to Holmium we lose a proton, so 
π[(h11/2)4]16+ → π[(h11/2)3]27/2-

(11/2- + 9/2- + 7/2- + 5/2-)  →  (11/2- + 9/2- + 7/2-)

Rigid Rotor plot

In 157Ho termination states  
should happen at

40+ - (5/2-) = 75/2-

43- - (5/2-) = 81/2+

46+ - (5/2-) = 87/2-

49- - (5/2-) = 93/2+





Ingemar Ragnarsson 



Particle Exchange States in 158Er Experiment*
(keV)

States in 157Ho This work
(keV)

ν(h9/2,Ω=5/2)→ν(f7/2,Ω
=-7/2)

Ex(46+)→Ex(40+) 3284 Ex(87/2-)→Ex(75/2-
)

3318

Ex(49-)→Ex(43-) 3127 Ex(93/2+)→Ex(81/2
+)

3222

ν(i13/2,Ω=9/2)→ν(f7/2,Ω
=3/2)

Ex(43-)→Ex(40+) 1905 Ex(81/2+)→Ex(75/2
-)

1880

Ex(49-)→Ex(46+) 1749 Ex(93/2+)→Ex(87/2
-)

1784

30+ 24+
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In 159Er  
Ex(101/2)+ - Ex(89/2)+ =  3169 keV

 So all within <0.5% 
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    In 157Er  Ex(93/2)+ - Ex(87/2)- =  1769 keV
 So all within <1% 

Ex(93/2+)→Ex(87/2-)



Ø Ingemar Ragnarsson wrote to me: His CNS calcs give..

• The energy difference between 87/2- and 75/2-  spin states in
157Ho is 

Ø 55.584-52.719= 2.865 MeV  (cf 3.318 MeV Expt)

Ø and 

Ø The energy difference between 46+ and 40+ in 158Er is 
Ø 51.879-49.006 = 2.873 MeV (cf 3.284 MeV Expt)

Ø Thus, within the uncertainties, these differences are the same. 
Ø I agree with you that there should be no doubt about the

assignments of these two configurations.



Summary

Ø Level scheme of 157Ho extended by up to >20ħ well into
BT region

Ø BT results mirror closely (<~1%)  those in 158Er

Ø N~90 non-collective oblate deformation remarkably
robust!

Ø UHS “Triaxially Strongly Deformed” (TSD) bands found

Ø Observe rich triple shape coexistence in 157Ho

Ø N~90 nuclei continue to fascinate!
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Focus Issue on Nuclear Structure: Celebrating the 1975 Nobel Prize

A MUST
READ
GOOD
PEOPLE!

Section on high-K isomers

http://iopscience.iop.org/journal/1402-4896/page/Focus-on-Nuclear-Structure


Thank You!
To our 

heroes 
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 J(2) = 4 ħ2 / (∆ Eγ MeV)

Dynamic MoI plots

157H
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Particle Exchange States in 158Er Experiment
*
(keV)

States in 157Ho This work
(keV)

ν(h9/2,Ω=5/2)→ν(f7/2,Ω=-
7/2)

Ex(46+)→Ex(40
+)

3284 Ex(87/2-)→Ex(75/2-
)

3318

Ex(49-)→Ex(43-) 3127 Ex(93/2+)→Ex(81/2
+)

3222

ν(i13/2,Ω=9/2)→ν(f7/2,Ω=3/
2)

Ex(43-)→Ex(40+
)

1905 Ex(81/2+)→Ex(75/2
-)

1880

Ex(49-)→Ex(46+
)

1749 Ex(93/2+)→Ex(87/2
-)

1784

Transition energies between these
states match those in 158Er
closely.

Let’s look at Energy Differences





Spectra for new
SD/TSD
candidate bands
in 156/157Ho

Wang et al.,
JP Conf.
Series 381,
012065
(2012)   



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





To be continued at a later date!



Outline of Talk

•Search for Wobbling modes in A~170 Re and W nuclei.

•Expts using Gammasphere at ANL.

•Detailed Spectroscopic Study 168,169,170,171W.

•Backbending in nuclei. A shameful advertisement. Many
people in the room have participated in this great adventure!

•Good for students to know some history. 

•Systematic Examination of Band Crossing Frequencies in the
A≈170 Region. Continuing on from where Jerry Garrett left off.

•The effect of seniority on pairing correlations from band
crossing frequencies and comparisons to moment-of-inertia
results from high-seniority high-K isomer studies. 
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