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_ College “Football” at FSUl” '
National Champs 1993, 1999, 2013 -

What they will say*about ", 1 How'Wwe got Difac to" -
e FSU.... “Shakespere of
Tallahasse€'in 1000 years! * . - Physics™ :

Graham’s US book
launch at FSU etc:

L)
Seealso:

GRAHAM
FARMELOD

Outline of Talk >

Introduction to various aspects of nuclear structure
and gamma-ray spectroscopy.

The surprise of Backbending and what it can tell us
about pairing and Pauli blocking etc.

An example of a classic textbook nucleus, 158Er,
through recent decades along with the many surprises
in the adventure to trace its evolution as a function of

spin and energy.

The Future! Gamma-ray tracking and Radioactive P W

—— Pushing atomic nuclei to new extremes is what we
are about!



http://www.youtube.com/watch?v=fWo010EsiYk&feature=related
http://www.physics.fsu.edu/awards/nobel/dirac/RememberingDirac/
http://www.youtube.com/watch?v=YfYon2WdR40&feature=related
http://www.youtube.com/watch?v=YfYon2WdR40&feature=related

NUCLEI AT THE EXTREMES:

Pushing to the limits in N-and Z is always good but looking at excited
states in nuclei is important tqQo, e.g. it allows us to EXTRAPOLATE
how things will change further out. g

The Chart of the N"tgL:lilcli

Fission

Limat?

Proton

Drip Line? ’ 158Er
: Rare- .

Earth
region

. Increasing Angular Moméntum and Excitation Energy:

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

Moller Chart of Nuclides 2000
Quadrupole Deformation

Theory

Doubly Magic: Spherical

<l:matiQblate (Door knob)
Ot .
Doowor Spherical

H oo

B 2" Prolate (US football)
= e

Midshell: Deformed
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Evolution of Gamma-Ray Spectroscopy
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Novel instrumentation always forms an explosive “discovery”
mixture!
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When you have deformation you can
have rotation!
Rotation can reveal much information
about the internal structure!

ON THE
TRANSMUTATION OF ATOMIC NUCLE!
BY IMPACT OF NATERIAL PARTICLES

1. GENERAL THEORETICAL REMARKS const

Mathematisk-fysiske Meddelelser XIV, 10 1937

N.BOHR

Celebrating the 40 year anniversary-of the 19¢5 Nobel Prize to Bohr,
Mottelson and Rainwater 2

PHYSICA SCRIPTA 2016:

» Invited Comment
Focus issue to celebrate thé 40 X )
year anniversary of the 1975 High resolution gamma-ray spectroscopy
Nobel Prize to Aage*Niels Bohr, and the fascinating angular momentum

| f the atomi I
Ben Roy Mottelson and Leo Touim of the:aomic Ticious
James Rainwater

WA Ry, 2 Smpuon’ and € 5 Pudt OPEN ACCESS!
Guest Editor: Jerzy Dudek e e e e

FREE TO THE
WORLD! @0000

Downloaded over
imes!
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It is fun-to Iook:.at rotating objects!

W ‘I»
\

Physical Review 90 (1953) 717 - Letters to Editor

Rotational States in Even-Even Nuclei

AAGE BOHR AND BeEN R. MorTrrson*
Institute for Theorelical Physics, Copenhagen, Denmark

)‘1
15,:%1(1+1), 1=0,2,4,6,
s even parity

VR

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. -

L)

So many epic gatherings at the NBI!

- 2 ; ‘



https://iopscience.iop.org/article/10.1088/0031-8949/91/12/123002

How to Make High Spin Nuclei
Number
%y s0spg Time of
© Scale  Rotations
1. Proformaion — e <08 0
Beam
Target
P, wgy OP
N
3. Particle 10'% 10-100
Emission 2 . '
[
4 +Need to catch as many-of
T s P the y rays in each cascade.
pm 2 .
N as possible.
4 yray Al P 1017109 1051010 v
Emission el
; A - Need efficient detector
\ systems!
5. Ground State 1%pm 10% 01

Real Energy Level Schemgs and the Tetal y—Rﬁy Spectrum

100’s & 100’s,0f y 's Many.open channels High Spins (60 h) 1
: High Excitations (30 MeV) .

Level Schemes
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How to Make High Spin Nuclei
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Real Energy Level Schemes and the Tetal y—Ray Spectrum
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Momentum World of the Nucleus

complete

spectroscopy,
rotational

continuum,

magnetic
\\\ rotation
NG identical ) EY
=y bands |
> < Al=4
bifurcation

o ‘\\‘“
palrgap o 5\\‘\\ reduced
o moments
£ of inertin

Riley, Simpson & Paul, Phys. Scr. 91 (2016) 123002

—_— e
OPENACCESS!! © © ©




3/28/21

complete complete

spectroscopy, collapse? flssion ~. spectroscopy,
> —1 rotational L8 B @ rotational
¥ continuum, 1 0 | continuum,
v chaos )

By,

"y WiHg ]
magnetic W
. rotation

identical Ey identical Ey
bands | bands |
OB Al=4 . Al=4
RS bifurcation RS = bifurcation
pair g o Sreduced — pairgap o Freduced 7=
Y 5y
= momcnts OPENACCESS!! © © © T L MOURERCY OPENACCESS!! © © ©

of inertia of inertia

Riley, Simpson & Paul, Phys. Scr. 91 (2016) 123002

Riley, Simpson & Paul, Phys. Scr. 91 (2016) 123002

Nuclear Supertluidity and Rotation

nucleonic Cooper pairs In the 1970's it was thought that this "phase transition” had been discovered with

the observation of "backbending”.

of the nucleus is found to disploy superfluid propertics.

700 backbends

The unique labor

P " 150+
i — P ¢ v B now observed.
» R > .
3 A A Lots of important
: = a theory work,
5 so

000 005 0.0
Fo? (MeV?)

The superfluid condensate arises  But collective rotation of the nucleus trics

from nuclco ming up in time- o break th

od fermions apart

sairn and (The Mottelson-Valatin Effect). s 2
oty o But this turned out not to be the case. Backbending is now understood as the
o ) 4 otational alignment of a specific pair of high-j nucleons.
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"Backbending" Demonstration Schematic

Backbepder Movie

Available for download at

www4eh¥5ics.fsu4edu/The
BackBender

Or via Open Access
journal:

Riley, Simpson & Paul,
Phys. Scr. 91 (2016)
123002



http://www.physics.fsu.edu/TheBackBender

The Backbender in’ Stockholm in 2017 W|th
Arne*Johnson

"Backbending" Demonstration Schematic

Start ofe Revolution: Late 70’s early 86 S .
First Escape Suppressed Spectrometer at leerpool

John FranC|s Sharpey hafer helped change everythmg'

-—m- r—~1980 1982 TESSA (5 ESS) <
~":Escdpe suppressed array:at NBI

(Liverpool - NBI - Manchester)

Side bands to spins in
mid 20's

Band crossing,
systematics,
blocking, - pairing
reduction,

Quasi-particle
§ configurations

g Cranked shell model,

J.Simpson et al., J.Phys. 610 (1984) 383
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- Backbending:, Textbook Covet!

Fifty Years . e
Nu%lear BCS Bob Schrieffer and
S Nehore “The Backbender’!

Compton Suppression - imprpving the peak
_ to background ratio

Liverpool+Manchester+Niels
Bohr Inst put first array
together ... TESSA at NBI ©
5ESS’s

Cranked Shell Model Quasi-particle diagram or Spagetti plot!

See

Bengtsson,
Frauendorf, May,

At. Data and Nuc.
Data Tables

Vol 35, 15-122, 1986

And references
therein

10 .20 .30 .40

ho (MeV)




Simplified Band Crossing Frequency in Even-N

A

Routhian:
Energy in
rotating
frame

ground band

Classjc Paper!

4

Vorums 47, Nusenex 2

PHYSICAL REVIEW LETTERS 13 Jury 1981

Evidence for Decreased Pairing Energies in Odd-N Nuclei from Band-Crossing Frequencies

J. D, Garrett, O. Andersen, J. J. Gaardhdje, G. B. Hagemann, B, Herskind,
J. Kownacki,™ J. C. Lisle,® and L. L. Riedinger‘?

Niels Bohy Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

and

W. Walds,"’ N. Roy, S. Jénsson, and H. Ryde
Department of Physics, Unfversity of Lund, S-223 Lund, Sweden
and

M. Guttormsen and P, O, Tjgm
Institute of Physics, University of Oslo, N-1000 Oslo, Novway
ived 23 March 19

the first pair of
plained by a re-

ms as compared

See

Bengtsson,
Frauendorf, May,

At. Data and Nuc.
Data Tables

Vol 35, 15-122, 1986

And references
therein

10 .20 .30

ho (MeV)
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Simplified Band Crossing Frequency in Odd-N

Routhian:
Energy in
rotating
frame
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(3 "
necessary

to reproduce the Kw.'s in CSM calculations. The error

~ Present: Lboking at systemat“icg, of-:
‘Higher seniority crossings

Scott Miller
FSU Grad Student

Have somé fun-looking at
backbending properties ©

Kalisa Villafana
FSU Grad Student -

L



Alignment(h)

IS TS R TV N (AN M AT T M SR Y |

Trend obsegved by Garret et. al. for the AB cfoss| Phys. Rev. Lett-47:75 (1981)
Trend observed bv Miller et. Al.’for the crossina: Phvs. Rev. € 100. 014302 (2019)

‘S'e‘niority labels for band crossings - *

.

e U>2 quasiparticles =Sy,
>3 quas'i'particles, = 5131
® 2>4 quasiparticles.= Sy,

¢ Higher Sen‘i'o,rfty => Highe’r reduction in pairing
due to Pauli-Blocking .

. @ Lower pairing => Lower crossing frequency -

. 2 ; ) .
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i Higher Frég Crbssing: BC °

Nilsson Diagram for Neutrons showin’g N=98 deformed.~

Crossing Frequency (keV)

gap:Thanks Filip ©
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50 keV drop in
crossing frequency
~25% drop in
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e AB
e BC

50 keV drop in
Avaccin~ framiianaag P
Deduced reduction in A per excited quasiparticle
Garrett et al (AB) ~ 130 keV
Miller et al (BC) ~ 140 keV
Dracoulis et al (isomers) ~ 100 keV

pairing
collapse,

Crossing Frequency (keV)

A /

100 120

Percent of A

Possible quenching of static neutron pairing near the N = 08 deformed shell gap:
Rotational structures in "''Gd

* M. A. Rikey,” R. V. F. Janssens,** K. Auranen,?
1.5 M. P. Carpenter, 1, A. Clark,* J. P. Greene
£ J. Li** D. Little! E. S. Paul® G. Savard *

") Wu’ S, Zim wd S, Frauendorf”
1402, USA
2306, USA
US4

tic neutron pairing

3 was extonded from 11

1 March 2021 issue of Physical Review C (Vol. 103,No. 3):
o /10.1103/PhvsRevG 103.034302

B

3/28/21

ackbending, Seniority, and Pauli Blocking of Pairing Correlations at High Rotational
Frequency in Rapidly Rotating Nuclei

assee, Florda
R WAJ JAD,
lis, M.

Possible quenching of static neutron pairing near the N = 08 deformed shell gap:

Rotational structures in "'1Gd

v, K. Villafana.? * F. G. Kondev,® M. A. Riley,” R. V. F. Janssens,* * K. Auranen,*

cakan,' 1 1. S, Baron,? A. J. Boston,® M. P, Carpenter,® J. A, Clark* J. P.

R. Hoffman? P. Jackson! T. Lauritsen.® J. Li** D. Little,* E. S. Paul® G. Sava
J. Siw n,” S, Stolze* G, L. Wilson,® J. Wu* S, Zha, and S, Frauendorf

Deep-inelastic reaction - a new tool for nuclear spectroscopy
*Fornal, B.; Broda, R.; Krolas, W. "

J Phygea O

High-Spin State Studies g s 'y )
with d , h USA
Deep-inelastic Heavy lon Reactions e

Rafal Broda

Niewodniczanskl Institute of Nuclear Physics PAN

R. Broda et al. , Phys. Lett. B 251, 245 (1990)

samo unusual alignment behavior

1 March 2021 issue of Physical Review C (Vol. 103,No. 3):

Er-158 experiment at* Dareébqry Lab ,
in the UK inmid-80's
(Liverpool-+ NBI)

6 ESS + 50 element BGO ball
Plus a 48Ca beam!

11


https://link.aps.org/doi/10.1103/PhysRevC.103.034322
https://link.aps.org/doi/10.1103/PhysRevC.103.034322
https://inis.iaea.org/search/search.aspx?orig_q=author:%22Fornal,%20B.%22
https://inis.iaea.org/search/search.aspx?orig_q=author:%22Broda,%20R.%22
https://inis.iaea.org/search/search.aspx?orig_q=author:%22Krolas,%20W.%22
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1%8Epr expt at Daresbury - Sharpey-Schafer/Riley/Simpson/Mid-80's I 1%8Er expt at Daresbury - Sharpey-Schafer/Riley/Simpson/Mid-80's
. »
158E ' i B f 158E ‘ i B
)00 s | \f ¢ -
" o o\ 2 The 12 valence particles move in Z Patd i 1 < The 12 valence particles move in
g om 4 ) = equatorial orbits, driving the VO o M\ i, e ] " 4 equatorial orbits, driving the

‘-—-—-\ nucleus to an oblate shape! nucleus to an oblate shape!

(Kev' L (keV) sl

*Simpson et al,, Phys. Rev. Lett. (1984) - Ylate-oblate shope cha ! é o, *Simpson et al,, Phys. Rev. Lett. (1984) - prolate-oblate shape ch
L8 aroup, £.0.Tjom et o, PRL 55 (1988) am‘/fu l/ferm,ge measurements . ig# vl 18 aroup, £.O. 7:’,%'5". of dl.. PRL 95 (1985) 9405 bemmfu //ferlafr'gemeaswemnrs

L Bengtssomand T Ragnarsson, Physica scrip 983) 1 ’ T. Bengtssomand I.Ragnarsson, Physica Scripf 983) 1
Ragnatsson, Xing, Bengrason and By, ﬁm 34 (1955) 651 - | Ragrarsson, Xing, Bengtsson and Riley, Phys. ﬂm 34(195,5) 651

Band Termination in Heavy Nuclei

IS%Er: Filled orbitals relative

Band terrnination 146
occurs:-when the o i to Gd core.
valence nucleens are

falilllg/(?ljlr‘g()qgg(mth i w ) *00 UGS *s Protons, Z=68 Neutrons, N=9%)
In these erbium nuclei

a prolate'to oblate

shape change oceurs. «

This was the first time

this effect had been#

seen in such a heavy ’

nucleus.

prolate — triaxial —= oblate
» |

1y =40 = 501

T.Bengtsson and |.Ragnarsson Physica Scripta T5 (1983) 165 1 =y +my S+
Ragnarsson, Xing, Bengtsson and Riley, Phys. Scripta. 34 (1986) 651
— .

Most Famous Rotational Structure EVER! Most Famous Rotational Structure EVER!

Superdeformed Band in 1>2Dy: (Twin, Nyako, JFSS et al) Superdeformed Band in 1>2Dy: (Twin, Nyako, JFSS et al)

Exptal data: Note the diagonal “ridge”". i ) Exptal data: Note the diagonal :‘r'i(lgt) =
Stricture expettee 1 highly collective
rotor, Nyako et al. PRL (1984)

Then 2 years later (after detector upgrade) z i Then 2 years later (after detector upgrade)
the first-discrete.high-spin SD band revealed o it the first-discrete.high-spin SD band revealed
_ ltselfto the human race!l ST _ltselfto the human race!.

Gamma-ray Facrgy (MeV)

12



The Nucleus

Deformation

Second minimum in the nuclear potential energy!

3 Extremely deforméd nucleus - 2t1.prolate (football shaped)

Can we create such statés to investigate thisnew world? =~
.

Increase the detection.e;ficiency :

Use more Ge detectors .' '
Use large. Ge detectors 709 - 80%

(.Domposite Ge detactors (Clovers., Cll'Jsters)
GaSp, Legnaro Italy 40 detectors

Eurogam 1 Daresbury UK/France 45 detectors

Euroball Strasbourg, Legnaro g
" >

10 years later (1994)

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

40} 158Er

sl
8 minating
bands

&

vaonce , s
particles

] 10 P w
Spin 1 (%)

- 138Er again at Daresbury but now with EUROGAM (37 ESS)

bans
terminating states

“odes  Joved by theorists

colate |

%0

i gy FUL set of favored

Beautiful prolate —
oblate shape
coexistence

terminations!

Very pure states —

[ £
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Large array of escape—suppressed spectrometersledtoa
revolution i gamma-ray specfroscopy —A frenzy of activity and new phyS|cs| i

-+ ~1990

Many array world wide
10-20 ESS

TESSA, Nordball, Chateau de Crlstal HERA, OR[RIS MIPAD, 8r, ANL,..

Efficiency ~ 0.5% - 1.5%

Structure features ~1% of total nucleér intensity

* +Superdeformation”
*Shape Changes . .
+Alignments
*N=Z nucleide Mo
*Damping

*Fission fragment spectroscopy

+Pairing.collapse
*Octupole shapes

Physics programme fequired amuch more efficiency array with
high.resolving power to lower-the intensity Jimit by orders of magnitutie * =
. :

10 years later (1994)

: 5
Terminating states in the side bands too

Now see BT stétes at 46 *,‘48' and.49" and

sifigle particle states at 40* and 43-

Special BT states were used to help set

theoretical parameters.

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

Exptal Rigid Rotor
Plot

E - 0.007 I{l+1) MoV

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

1
X

ol

-
Iy

-

A
L ¢
prolate |

o 10 2

12 well
) o !
& ¥
terminating states
e
-

4604 core

colate |

]
Spin 1 (#)

13
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The GAMMASPHERE Spéctrometer at -

Berkeley National Laboratory
- |

~100 instifations,.~25 nations

BIG BANG THEORY TV SHOW!
s the ATLA,

Universal Pictures presents The Hulk, directed by Ang Lee,
opening June 20, 3.
Credit: ILM/Universal

¥ L)

Arggn_ngf) RTAS So 10 yearslater: GS =97 ESS’s! EYOND
“Y'Tevawvve /ra.."wot\a‘ fa:n:lr, for nuciear structure research BAN D TERM I NATI ON in 157,158 Erl

14¢d(*3Ca,4,5n) @ 215MeV
TGS Triggered on clean fold 7+

FSU + Daresbury + Liverpool +

LBNL+ Lund :

138Er has taken time to crack!
See below.

But we'had wonderful early
success with 17Er:

.A.O. Evans et al.,
PRL 92, 252502 (2004)

i 9

14



-What about 158Er above 46*?

No.wonder‘we could not see it beforel

Gammasphere to the rescue!

46" = 1% of 2°p-0"

Gate: tc/1030 |Ga1-e in coinc with 44+ |
List ¢ = 805-1058

& "Er Yrast |

12000
10000+
8000
6000

“1017

959
— 971 =
——1058

Counts

|Low intensity feeders! |

40004

A
2000l oue e o . . . N
R PIL BT AT, T

— 937

1000 1200 1400 1600 1800 2000
Energy (keV)

..

new triaxial .
w_=- high moment __ str 1

strongly
SETRAEG of inertia deformed?
bands band
S = .
R

I / neutron 97 core-breaking
5 P alignment be excitations  hole™
;10 ( terminating states )
101 ground # - 9 Lo
state 2 < @
and valence s g
05} Da"';“ particies ™ <
v 14864 core
oo o o |
[(protate | < 3> [(oblate | ===;>>[ triaxial |
Lt L L L L L : 1
0 10 20 30 40 50 60 70

Spin I (A)
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_ Alongthe Yrast Line of 15¢Er, 2005

New states!

BUT what lies above?

E - 0.007 * 1 (1+1) (MeV)

Spin 1 (h)

First of several ultra-high spin rofat.iona'l. 1

-bands in 1*2Er discovered 7
~50-100 times weaker than Superdeformed band in *>2Dy!

Counts

McGRAW-HILL

YEARBOOK OF

SCIENCE &

TECHNOLOGY

AOE

- > . LGGY
Stlected as the first ever “Editors Suggestion” in nuclear physics.

. - ‘ ‘ 3 16

15
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»

Gamma- Ray Detectlon Evolutlon

Potential Energy Surfaces. 3 s & ;
Evolution with spin calcs: Ingemar Ragharsson

B | ~25 -
OBLATE " ) TRIAXIAL | ; B
= ° : Q | = S ; .
Y 60 ~ 0.3 N\ [.__] Shallow

|

] : R :.“ l‘
0.1 ¢ v i\
@K \ | | ; Deep

00 01 02 03 04 05 0.6
X = Beos(y+30)

“Er (+,0)

We measured the quadrupole moment of the band using
Doppler Shift Attenuation Method...... Long story .. (Wang
et al., Phys. Lett. B 702,127, 2011) .. but result was NOT
what was expected!!! ... motivated SOTA theoretical
studies.

Sell-Consistent Tilied -Axis-Cranking Study of Triaxial Strongly Deformed Bands
in "MEr at Ultrahigh Spin

North America,
FSU: X. Wang,:M. A. Rlley C. Teal

ANL: M. P. Carpenter, C. J. Chiara, R V. F. Janssens, F. G. Kondey, T. Laurltsen,S Zhu
:D. J. Hartley; UTK: Riedinger;
.ND: A. D. Ayangeakaa, U. Gaﬁ; J. Matta; LBNE: P. Fallon, M. K: Petri

Europe, :
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The new tilted axis cranking (TAC) calculations
reproduced measured Q¢, but, the relevant TSD
minimum is not yrast until very high spin ~ 70h.
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§ MOST DETAILED CALCULATIONS EVER!
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
for more precise measurements of Q, and reliable estimates

of spins in these bands. Rem: Band is “floating”!
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What Next?
GAMMA-RAY. TRACKING! 11"
US community (and European friends)
has been working on this revolutionary

technology since mid-late-90’s ...’

Compare GRETA with Gammasphere

GRETA
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THE.FUTURE OF HIGH RESOLUTIQN NUCLEAR
SPECTROSCOPY LOOKS VERY BRIGHT INDEED!!} ©

¥

Path to GRETA

M 2002 NSAC LRP “The detection of y-ray
emissions from excited nuclei plays a vital
and ubiquitous role in nuclear science ..”

The Gémma-Ray Enargy Tracking Array -GRETA

Y

|

2007 NSAC LRP “Construction of GRETA y o®
should begin immediately upon successful
completion of the GRETINA array”

concept endorsed — GRETA identified as a key instrument for FRIB

W Nazarewicz

- Why do we need more efficiency? - WorIdW|de Rare Isotope Facilities

Low intensity

FAIR High background 7 I SOKW [ /RIKEN TRIUMF 50 kw L Férs
SPIRAL2 d : |IBF  ISACland Il 4/ 00kW

Large Doppler broadening LA (‘1;‘,\ kw ARIEL_"c;«Afaqp
SPES . - / RIS

aka RIB

High ti t JSARAF W m q; '\
HIE-ISOLDE : fgh counting rates _ MH% Lanr
FRIB \ High gamma-ray multiplicities CaluiaVECC
. LISE SPIRA‘

SPIRA REX nsoms

Harsh conditions g High efficiency ; : m”’“”’/%.ﬂﬁ'w“

Need instrumentation with High sensitivity
“® High throughput e b e
Ancillary detectors ! - Blac. o (S0L) proccton
" " N » Vibrant field with two facilify classes: Large scale and targeted. The large facilities
Conventional arrays will not suffice! could dc.J everything, but targeted programs yield faster overall progress, more

d
innovation, and are more econon&al

W. Nazarewicz

Facility Timelines

HEJSOLDE ) : New faCi“tieS + new detectors!!!
SPIRAL > : Their discovery potential is phenomena]!!!

ISOL

SPIRAL2 Phasa Il Great time for nuclear physics!!!
SPES .= —_— “ 3

TRIUMF ISAC ,-" ) EEEN

TRIUMF ARIEL
o GAMMA-RAY SPECTROSCOPY cqmmugﬁg RLAY A
CENTRA’L AND Vl;[

In-Flight
NSCL
RIKEN
FAIR 3§

FRIB )
Korea RISP —
2008 2016 2020

The start dates of some fai:“ties'(SPlRALZ,‘ARIEL, FAIR, RISP) are not yet firm
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+ < i _Exploration ‘of the Mld-SheII Neutron:-Rich, Rare-Earth
; P * Region :
THAN K YOU ! ; ) “. Via Deep-l.nelastlc Collisions 209
LI D.J. Hartley (US Naval Academy), KA. Villafana, M.A. Riley
% A ; o (FSU), F. Kondey, M.P. Carpenter, S. Zhu (ANL), R\V.F.
R ” Janssens (UNC), J. Simpson+«(Daresbury), E.S. Paul (Liverpool)

Use deep- melastlc coII|S|ons to populate excned states in
neutron-rich - nuclel and observe sequences up to-medium
5 .

pin.
Beam and target in?eract, and exchange particles that can
create neutron-rich species at medium spins.

Recent theoretical study suggested189Gd + 154Sm reaction may
, produce more than 40 neutron-rich nuclei.
- ‘Wang & Guo, PLB 760, 236 (2016),
: F /8 /

_Exploration ‘of the Mld-SheII Neutron-Rich, Rare-Earth i D ee p | N e | OS-I-I C expeﬁ me n

* Region p
: Via Deep-Inelastic Collisions 210
D.J. Hartley (US Naval A(.:ademy), KA. Villafana, M.A. Rifey deT@IlS
(FSU), F. Kondey, M.P. Carpenter, S. Zhu (ANL), R\V.F.

Janssens (UNC), J. Simpson-(Daresbury), E.S. Paul (Liverpool). - + ATLAS + GAMMASPHERE
“ A » + Used 'Gd beam with E = 1000 MeV 4
« Directed beam onto '%Sm and '¢Dy targets (>200 mg/cm?)

- e
-

d states in i
tomedium -Is GAMMASPHERE double-
- 1 peaking?
. -No — both beam and target
-Coulex peaks dominate
s that can spectra
-Complex analysis

""'"“',‘"“"“"“'“‘
LI

ARTCEIEIEc action may

- 160Gd.+ 16‘iDy reaction

199Gd +1%4Sm reaction Nuclei Produced

Nuclei Produced

154Sm Target

3/28/21
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Ground-State Band

P

-

Somethlng ; e : Why is g‘ain in aiignmént so constant K=4 Band? «

un',usual N - . : Frauendorf suggests this may be due.to”-
5 s ‘ A\ “lack of paifing. 3
alignment...
» Alighment: Angular Momentum
generated by unpaired particles.
» GSB and K™ = 2* band exhibit
alignment jumps.

Neutron pairing already small, then block
_ two.orbitals near N=98 gap. .

Alignment (/1)

ibi : SN > | 2ck of Rairing similar to 171173 Yh:
» K™ = 4* band should,exhibit : N @ ./ o I
same behavior - but fhas a ' \ = | "SVenkova .et al.f, EPJdA 26, 19 (2'0033.
remarkably constant gain. - / AN ¥ uppres§|on o gn ACFOSSIHQ in the
: \ ‘il neutran-rich nuclei 72173Yb due to the
o (vey) ol 2N Jall absence of a static pair field”

B(M1)/B(E2) Ra
’ Donau and Frauendort's Geometrical
1
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Deep Inelastic collaboration
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