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







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 (104 — 10-° level)

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



*Wheré are the linits apd what hagber

Heavy Elements?

Proton

Drip Line? f

Neutron Drip Line?

[Fission
ILimit?

158F

12 particles

outside 4°Gd @&

' Increasing Angular Momentum and Excitation Energy: A wonderful
way to investigate nuclear structure, especially to see what the
critically important intruder orbitals are doing.
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A NEW ERA BEGINS'

: ~1980.-1982 TESSA

Escape supp

r'essed .dr'r'ay a’r NBI-"

i, Intensity

' Non yrasf bands to spms in mld ZOs

few %

- J Phys.

Efficiency ~O.2%
e 3 Band crossing systematics,
T e blocking, pairing reduction
I [ pa S Quasi-particle configurations
——,_J; wwn 2 Cranked shell model
‘Dv___ﬂ;““_ y 3736 w EL% ° —_g : (13]_§JL._]3030
- 3 John was Peter’s
=y “first” student!
vz‘i&" w g;&aﬂ
8205
mw P A Butler, P D Forsyth, J F Sharpey-Schafer,
J D Garrett, G B Hagemann, B Herskind and L P Ekstrom,

610 (1984) 383



Er' 158 expémmem 01‘ Daresbury Lab
,% “in the UK.in mld 805 e
| (leer'pool + NBI)
“TESSA2'%: |

6 ESS'+ 50 élémen’r BGO ball
Plus a 4860 beam'

.
L3

¥ Tungsten alloy

¥ (heavy metal)
shield
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 TESSAR: The device tha rockedithe Universe!
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158Er expt at Daresbury - Sharpey-Schafer/Riley/Simpson/Mid-80's

Paired nucleons 158 E r '3,,,,./‘.
4000 1 - Vi _Hp??/
Aligned neutrons

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

3000 -

2+

[ G ——— S

2000 1

NUMBER OF COUNTS

; .Slmpson et a/ Phys Rev Lett. (1 984) prolafe ob/afe shape change ety 00 S
_LBL greup, P. 0 Tjom et al., PRL 55 (1985) 2405 - beautiful lifetime measur'emenfs .
5 Bengfssomand I Ragnarsson Physica Scripta s (1983) 165 - . '
Ragriarsson, Xing, Bengtssori and Riley, Phys. ipta 34 (1 986) 651 e g '~'_ :



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

- ] *
Paired nucleoﬁ 158 E r s T:;;’
4000 1 i *»-::?ff//
N Aligned neutrons
- : :
= i The 12 valence particles move in
o 3000 Aligned neutrons  equatorial orbits, driving the
w2 2+ nucleus to an oblate shape!
L
O
o |
L ] — — — —p— -
W 2000
S
>
Z
_ 1000
.nl. LJ JL bd o ihtdl L xL‘J. h} AT i

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

6. .Slmpson et al., Phys Rev Lett. (1 984) prolafe ob/afe shape change LIS B S
_LBL greup, P. 0 Tjom et al., PRL 55 (1985) 2405 - beautiful lifetime measur'emenfs .
ST Bengfssory.and I Ragnarsson Physica Scripta s (1983) 165 *:

- Ragriarsson, Xing, Bengtssori and Riley, Phys. ipta 34 (1 986) 651 o "-'. i



l 158Er expt at Daresbury - Sharpey-Schafer/Riley/Simpson/Mid-80's

T T

Sum of Gates 18-32" |

158 F

utrons

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

Counts /Channel

500

Ey (keV)

FIG. 1. Coincident y-ray spectra from the reaction
1225n(4%Ar, 42 )'°8Er obtained with indicated gates.

2RN Rhﬂ 750
VoLUME 48, NUMBER 8 PHYSICAL REVIEW LETTERS 22 FEBRUARY 1982

Third Discontinuity in the Yrast Levels of 13®Er

J. Burde,'® E. L. Dines,™ S. Shih,'® R. M. Diamond, J. E. Draper,® K. H. Lindenberger,?
C. Schuck,‘® and F. S. Stephens
Nuclear Science Division, Lawvence Bevrkeley Laboralory, Univevrsity of California, Bevrkeley, California 94720
(Received 7 December 1981)

Discrete yrast transitions from states with spins up to 7=38 have been observed in *®Er
via the reaction 22Sn(‘°Ar,4ny). In addition to the pronounced backbend at I =14 and the

yanais o & bty . ReT Y X IS a
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-1985 W|1'ek and J' er'z fabulous calculahons on. 158Er' 1'ool
Or‘nglnal hand dr'awmgs for the famous 1985 article .~ &
~ Phys Rev. C31 (1985) 298
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" N. Rowley, fabulous Nature
- article in 1985 e
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- Along the Yrast Line ~°Er —gcirca mid 90's

158Er agam at-Daresbury but now with EUROGAM (37 ESS)

| | I | I | | I
oL 198 Er 4
35 I oo . . .
= N temiing Beautiful prolate —
>
S | gt T > oblate shape
)] o) c
2 o5 °0® coexistence
: | R
= — li J
= 2.0 alignment \
S 15 Sron *49, '~ Full set of favored
S alignment ' band terminations!
' 10k terminating states
L ground @;
state = o
.| bana valence mﬁ%” Very pure states —
é “adcoe  Joved by theorists
0.0
prolate 'ﬁ> oblate
| | | | | | | |

0 10 20 30 40 50 60 70
Spin I (A)
Simpson, Riley, JFSS et al., Phys. Lett. B327 (1994) 187




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

N
o
—
@)
m_
[Tl
—

3 5 [= oo . .

tﬁ terminating

s € bands
30 I [0} 00 \

© z

a A

(] \@’.\-e
258 x©

N

proton
alignment

E - 0.007 + I (I+1) (MeV)
:
[

1.5 neutron I
alignment band
L terminating states
3.0 ground @; g
state = %
valence o= ac
05l band particles_wc’@
146Gd core
0.0

[proate | =——> [obiare |
| | | |

0 10 20 30 40 50 60
Spin I (k)




BEYOD BATERIVIINATION in 1 158Er]

114Cd(48Ca 4,5n) @ 215Mey
_.-é?.-GS Trlggered on clean fold 7+
i f-5‘5,_:'.'Famous phone call to JFSSI
154 i{FSU + Daresbury+ L|verpool +
LBNL+Lund e
' 158Er has taken tupe to crack 27 g

% But we had wonderful earIy ”‘i Y

- success W|th 157Er BE
| '--;-"r_.A 0. Evansetal., 28
PRL 92, 252502 (2004)
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WhaT about 158Er' above 46"‘>

It had ’raken us 20 years'
No wonder' we. could no’r see |T befor'el |

846" - 1% of 2+ -0- NANER

Gate: tc/1030 | Gate in coinc with 44+
l List ¢ = 805-1058
=
»
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Low intensity feeders!
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.. Alongthe Yrast Line of 1**r, 2005, .

E - 0.007 - I (I+1) (MeV)
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Always keep huntm
neqedle(s) in the haystack




'Thanks to Wlnston We kept searchmg |
and searchmg and searchlngl '
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FmaIIy a breakthrough ema.ll from the UK

from Aled Eddle John and PauII
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The Return of Collectivity beyond Band
Termination in °7-1>8Er

Band 1 in 198Er - Peter Twin, high fold analysis

~100 times weaker than SD band in °2Dy |

150+ Er TSD1: vy
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week ending
PRL 98, 012501 (2007) PHYSICAL REVIEW LETTERS $ JANUARY 2007

— 3 (3’
Return of Collective Rotation in *’Er and *Er at Ultrahigh Spin

E.S. Paul,' P.J. Twin,' A.O. Evans,' A. Pipidis,2 M. A. Riley,2 . Simpson." D.E. Appelbe.3 D.B. Cumpbell.z'*
P.T.W. Choy,' R.M. Clark,* M. Cromaz,* P. Fallon,” A. Gorgen,™' D.T. Joss,”* I Y. Lee,* A. Q. Macchiavelli,*
P.J. Nolan,' D. Ward," and I. Ragnarsson’

'Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, United Kingdom
*Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
SCCLRC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom
*Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
*Department of Mathematical Physics, Lund Institute of Technology, P.O. Box 118, §-22100 Lund, Sweden
(Received 5 September 2006; published 5 January 2007)

A new frontier of discrete-line y-ray spectroscopy at ultrahigh spin has been opened in the rare-earth
nuclei '*"**Er. Four rotational structures, displaying high moments of inertia, have been identified, which
extend up to spin ~65h and bypass the band-terminating states in these nuclei which occur at ~45h.
Cranked Nilsson-Strutinsky calculations suggest that these structures arise from well-deformed triaxial
configurations that lie in a valley of favored shell energy which also includes the triaxial strongly
deformed bands in "*'"~"*’Lu,

Se_'l‘ecte_d"aﬁsf tfhe. first ever “Edi,tovrls_“SUggés'tiori‘"’ in 'rilAucIéér,phyéics,.
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B TRIAXIAL
B 0 Ositive-gammea

‘\
20>
N g NEAR-AXIAL
-~ (Enhanced Deformation,

|4\ TRIAXIAL
' {// | (negative-gamma
= = TSD - rotation
. _about intermediate axis)
04 0.6

e ~rnal~+2N0°)
L CNS (principal axis cranking) calculations by |. Ragnarsson



___What Shape Are the Bands>

. : TSD.’#
200 ;@)
/f\ ‘l" ;‘."u:.l\ .'. '

0 0.2 04 06
=49 e,cos(y+30°)

P

!
R

o 02 02 06
| = 69 e, cos(y+30°)

N O RN IS RStrutinsky calcs: Ingemar Ragnarsson

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
(+20°) 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
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R % Evolutzon»& Measurement
“8Erpand ¥ - . - -(Pauletal, Phys. Rev. Lett. 98, 012501, 2007) -
' S (Wang etal Phys. Lett: B 702, 127 2011)
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SURPRISING Result 5 '_ ‘ i

S ' ' Values in 158Er too Iarge for TSD1 |
(Wang etal Phys Lett, 3702 127 2011) . . ‘

“The CNS caIcuIatlons do not account for the Qt data satlsfactorlly
. What do other theoretlcal approaches predlct7 5

" s y '.‘ "' ~ 2 .. = ‘! ‘-.




UnexpecTed r'esulTs n“58Er|

Calnbra’re Q. Values with: 154 - ex.’f '
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- oo | iy} 7w
1 2 i 5 3
Band ¢ Band
Wang et al., Revill et al,

Phys. Lett. B 702, 127, 2011 Phys. Rev. C 88,
031304(R) (2013)




B The unexpected results in our >’Er work

: motivated further theoretcal studies.

= T e s
week ending

PRL 108, 092501 (2012) PHYSICAL REVIEW LETTERS 2 MARCH 2012

Self-Consistent Tilted-Axis-Cranking Study of Triaxial Strongly Deformed Bands
in S8Er at Ultrahigh Spin

Yue Shi,'*** J. Dobaczewski,> S. Frauendorf,® W. Nazarewicz.** J. C. Pei,”** F.R. Xu,' and N. Nikolov*
'State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
_ “Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
“Physics Division, Oak Ridge National Laboratory, Post Office Box 2008, Oak Ridge, Tennessee 37831, USA
_ *Department of Physics, PO Box 35 (YFL), FI-40014 University of Jyviskyld, Finland
“Institute of Theoretical Physics, Faculty of Physics, University of Warsaw, ul. Hoza 69, PL-00681 Warsaw, Poland
“Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
'Joint Institute for Heavy-lon Research, Oak Ridge, Tennessee 37831, USA
(Received 4 December 2011; published 28 February 2012)

} The new tiled xs cranig (TA) calculations
 reproduced measured Q; +J?, but, the relevant TSD
utiI very high spin ~ 70h.

.

minimum is not yrast



PHYSICAL REVIEW C 86, 014309 (2012)

Interpretation of the large-deformation high-spin bands in select A = 158-168 nuclei

A. Kardan,'* I. Ragnarsson,' H. Miri-Hakimabad, and L. Rafat-Motevali’
' Division of Mathematical Physics, LTH, Lund University, P.O. Box 118, §-22100 Lund, Sweden
XPhysics Department, Faculty of Science, Ferdowsi University of Mashhad, P.O. Box 91775-1436, Mashhad, Iran
(Received 27 August 2011; revised manuscript received 27 May 2012; published 5 July 2012)

OTH E R N EW T H EO RY PAP E RS ! RAPID COMMUNICATIONS

PHYSICAL REVIEW C 86, 031304(R) (2012)

§

Description of "**Er at ultrahigh spin in nuclear density functional theory

A. V. Afanasjev,"” Yue Shi,’ and W. Nazarewicz*>*
' Department of Physics and Astronomy, Mississippi State University, Starkville, Mississippi 39762, USA
2Joint Institute for Heavy-lIon Research, Oak Ridge, Tennessee 37831, USA
3State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
*Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
SInstitute of Theoretical Physics, University of Warsaw, ul. Hoza 69, PL-00-681 Warsaw, Poland
(Received 22 August 2012; published 17 September 2012)



| DESCRIPTION OF "*8Er AT ULTRAHIGH SPININ ... PHYSICAL REVIEW C 86, 031304(R) (2012) -’
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| Afanasjev, Shi, Nazarewicz, PRC 86, 031304 (R) (2012)
BY MOST DETAILED HI-SPIN CALCULATIONS EVER!

M theoretical spin assignments of Fig. 4 turned out to be correct,
& the experimental band 1 in '°®Er would be the the highest spin
structure ever observed. The current study stresses the need &
B for more precise measurements of Q, and reliable estimates |
B of spins in these bands.




A. V. AFANASIEYV, YUE SHI, AND W. NAZAREWICZ
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FIG. 4. (Color online) Similar to Fig. 1 but for experimental band
I assuming different spin assignments (symbols) and for calculated
configurations TSD3(a) and TSD3(c) in CRMF-NL3* and TSD3(b)
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