Nuclear Collective Excitations and Realistic I\/Idels
gzc;/edn cé/edagae:}/-—cgc/ﬁg%r et al. :
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iThemba LABS NRWDI, Pelendaba NMISA, Pretoria Uni. Johannesberg

Review Article; EPJA5S5 (2019) 15
“Stiff” Deformed Nuclei, Configuration Dependent Pairing and the B and y Degrees of Freedom.
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Examples of collective Classical time-dependent Vibrations
of the Mean-field

A = 2, az,o A = 2; a2,2 A = 3’ a3,0
Quadrupole ;5 vibration Quadrupole y vibration Octupole vibration

web-docs.gsi.de,~wolle/TELEKOLLEG/KERN/index-s.html



However /! Simple pictures can be Misleading

Anatomy of an atomic nucleus

the Heisenberg Uncertainty Principle
tells us that the Nucleon-Nucleon Interaction
is not Strong Enough to Localise the Nucleons

You can only Measure <R>>
for instance with electron scattering (e,e)

An atomic nucleus is a compact bunch charged protons (red) and uncharged
nautrons (biue) The neutrons are the glue that holds the nucleus together, but if there's an
excass of neutrens, the nucleus is unstable and will undergo radioactive decay to a more
stable form. Image: Cam-AnnfWikimedia Commaons
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Assume axially symmetric (m=0) Shape (CLASSICALLY

Expand shape in Legendre Polynomuials USE /-2\
DIMENSIONAL >
ANALYSIS v

R(r,3) = R{1+ axP(cosd) + azP3(cos?) ....} = R{l + Y arPi(cosd)}

Consider the Dimensions supposing that ®? o« y* p¥ R?

®? = frequency- of vibration with dimensions [T]?

v = surface energy/unit area with dimensions [M] [L]? [T]? [L]>
p = density with dimensions [M] [L]7?

R = radius with dimensions [L]

Therefore [T]? = [M]*[T]>* [M]¥[L]>Y [L]*

So that -2 =-2x 1e. x =1

0 =x+y ie. y=-1 0320C'Y/pR3
0=-3y+2z 1e. z=-3

4th June 2020 Warsaw Colloquium
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Classical Vibrations of a Liquid Drop

By considering a superfluid incompressible liquid sphere

Lord Rayleigh (John William Strutt) Proc. Roy. Soc. 29,71 (1879) Appendix II Equ. 40, got:

A-1)A(A+2
2 = A-DAA+2)y
pR>

For a charged spherical nucleus this becomes :

Also See:
S Fliigge, Ann Phys Lpz 431
(1941) 373

www.eng.fsu.edu/~dommelen/quantum/style a/nt ligdrop.html

> (A-1DAA+2) Cs 2(A-1)A

elz?

w

3 R5imA (2A+1) 4meq RzmpA2

Where C; is the SURFACE term in the Weizsicker Binding Energy formula

and the second term has little effect for Z<80.

Warsaw Colloquium




Ex (MeV)

Quantization of the Vibrations of a Liquid Drop

Classical Resonance Energies of a Vibrating Liquid Drop
12

Quantize Using E_ =hw
—&— Quadrupole Vibrations

—®— QOctupole Vibrations and

10 & Pairing Gap 24 b = ()\ — DAA + H_)CS/BRAQHE.A
Where C; ~ 18 MeV and R, = 1.3 fm

6
The Glassical &&uft is that
4 Vibrations are WELL above the
Pairing Gap Pairing Gap
2 =20
0 - 100 150 200 o Pairing Energy A =~ 12/AY2 MeV

From Bohr and Mottelson
Mass Number (A)

4th June 2020 Warsaw Colloquium 6



Moment of Inertia 21 /h

Other Factors Affecting Vibrations

1. Moments—of-Inertia not superfluid - will put vibrational energy UP t

3(-}{) | JF NN N N N D R D A R A D I D O N D RN N N R D DR NN D DN DN D DR D D D N N N N (N NN N D NN R A DN A R RN N N DR N “u
L
'Icrallk . ® o°...’.”.‘...c
¢ Irigia el 36 ' U Pu m
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= Exp Rigid rotation P T )
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.l.l a @ .o L]
100 Dy Er AL i Sy 5 i
L] & = = s ® @ ] » ®
!==.'.". ‘.... .....‘--.::..-:..' @
I Su?erﬂu'd
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‘_“::”:.E':EEEE':?.:EEE:E::'—"—‘.‘.‘:‘.‘,'.:':E:‘;L‘.'_‘:f.ﬁ'_‘.:f-:E.zﬁEi?i?‘ieﬁac.a%asasasaaaa;’ia:a?ﬂE’i;’.;ﬁcﬂ;ﬁﬁﬂaﬁﬁoﬁj
bbb b b A A A A A AR A A AL At ) ) ) AL 222 L L L Lt it
QQQQQQLﬂhLﬂhLELEﬁ;;.;.;.;,.;.;.;ﬂ:::::::555;.—-.»99&.iiﬁ a, o, Q_Scccuuur_:
Fig. 1. Comparison of the different models for moment of inertia with experimental data.
P Tamagno & O Litaize, EPJ] Web of Conf., 193,01004 (2018)
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ENERGY IN UNITS OF h®

2. Shell Corrections # will put vibrational energy UP t

8 180 168 8 \ -8
14
79 140 112 L7
7N O X\ 110
100 — TN, T
6 70 80 -6
8 RN L e
— — ST 60
5- 40 — N L5
44 40
2_ 2 . 2 ° ;‘__ _2
Simple Harmonic : ]
1:2 23 Oscillgtor 32 41 34
14 } } } v {oor
] ] 1 ] | ] ] ] ] | ] ] 1 ] | 1 ]
-1.0 -0.5 0 112+ 1.0

W — 0y

s=—5— | FI & SD

E

Figure 17. Single-particle level energies calculated for an axially symmetric Tharmonic oscillator (from reference 18).

4th June 2020

Warsaw Colloquium

eétmtz'n.ffz'

Fission
Shell Isomers and
Correction Super-
eformatio

Normal
Deformation

Surface
Term

Quadrupole Deformation [



The Bohr and Mottelson Approach

MODES OF NUCLEAR VIBRATION

(15 3383.5 (164) § 33623
5 14* - 29767
13- @ 28335 @
14* 2 2736.3
V=0, p-vibration ¥ =1 rotation 3 . 25256 9
bR o (3 cos’0-1) cos wt bR o« sinB cos @ cos(dp* wt) 11- 2327 1 9+ o 2375.5
- a = Ll
+ i +
12 b3 5 20796 (i N I r 2139.7
P 363 7+ & 8 1945.82
age "} - a [ I 1728.38
10* 2 1666.48 " &
Volume I1 5 sn ! 1559.53
Y=%£2  Y-vibration g P 4 oo | 1371752
BR  sin@ cos (2¢ * wt) - ® - 3t ? L 1233.876
-
04118 - P— 2+ 1085897
= w
) e &l 810.465 yband
. Octupole band 3 T s
—_— 5 ]
: — . g p band
0 3 —
K=0,r=+1 2 2 ——5 o
ﬂp:Z,’\Tﬂ] — K=2 0 - 4 §
np=nyg=l K=0,r=+1 K= 4
[ —_— — ;
5 : np=0,ny= GS band
K=0,r=+ ) 2 52
np=1,ny=0 ——¢ -U- ) 1
. Np=tl.ny szsm
[
K0 ren Figure 3. Ground-state, and B-, y-, and octupole-vibrational bandsTin 152sm.
pehys
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Non-Collective

=2
I
[ =2
H——
i [o]

Non-Collective

The f and y OQuadrupole Degrees of Freedom

Ao,& The Lund
Convention

Y =30

4th June 2020
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E¢yo = (m+%2) ho
Bohr & Mottelson
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UNEXPECTED STRONG PAIR CORRELATIONS IN EXCITED 0* STATES OF ACTINIDE NUCLEI*

J. V. Maher, J. R. Erskine, A. M. Friedman, J. P. Schiffer,t and R, H. Siemssen
Argonne National Laboratory, Argonne, Ilinois 60439
(Received 1 June 1970)

J V Maher et al.
PRL 25 (1970) 302

The (p,) reaction has been studied with 17-MeV protons on targets of Th*¥, y?%%¢.236,238
and Pu®?'?, The results indicate unexpectedly strong I =0 transitions to states at about
900-keV excitation. Their cross sections are approximately 15% of the ground-state
transitions; this percentage does not change appreciably with neutron number. This re-
sult, together with other available evidence, seems to suggest a simple and rather stable
collective mode which has not yet emerged from any theoretical calculations.

VOLUME 25, NUMBER 5

PHYSICAL REVIEW LETTERS 3 Aucust 1970

. s 7 St 02+ L5 o 238U(p,t)236U
2ol 553 - 17 MeV
0 = 30°

-4.0 =3.0 -3.0
Q VALUE (MeV)
FIG. 1. Spectrum of tritons from the reaction U2 (p,t)US. The target was 35 pg/em’ of U evaporated onto a
carbon foil. The peaks are labeled by the excitation energies (keV) and spins of the corresponding states in 2

L=0 L=2

0, NOT a B-vibration
NOR a pairing vibration

o

T &UGI

Arbitrary Units

920 keV

a(8),

0.!

o

of. o

L1l

o
7

b

120°

e.m.
FIG. 2. Angular distributions for the reaction U**(p, ) U,
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data sets are correctly shown. The cross sectio
DWBA curves were calculated with a spherical 3

{0 P R g U |

ST TN eV roTai il

curve. Relative error bars are shown on a few representative points.

80"

~-state t

120°

The relative yields for the various experimental
ansition is 220 +80 ub/sr. The

It

es and 1j5/, for the dashed
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Two Neutron Transfer to >*Gd (N=90)

Shiro Yoshida, Shahabuddin et al; NP A340 (1980) 109
Nucl. Phys. 33, 685 l l E l 264 (1.0) 60
(1962) 0°F S E,=15.0 MeV
Showed that with } =) § S 6,4 = 30°
Monopole Patring | &
3 .- 1l
ALL the TWO A . g
neutron Transter . .- . ]
strength will be  |'0'F | s ¢
Decanted into the SRR } /\ : /\
EKSLQ/MQZ 4//0%”/&/ 100 it = S e T T S Loy
S(J_—ﬁ({—f 0 500 1000 1500
SEE ALSO N.B. Loglo scale Excitation Energy (keV)
R.J. Ascuitto, B. Sorensen, Fig. 1. A sample spectrum of the "**Gd(t, p)' **Gd reaction at £, = 15 MeV and 0, = 30°.
Nucl. Phys. A 190, 297 o ) o
(1972) HENCE Monopole Pairing is NOT Sufficient

4th June 2020 Warsaw Colloquium 12
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What is the ‘ 0,*> Configuration ?

& (tp) & (pt) == |0,5> is2p,-2h,

) this gives J” but nothing on the orbit.

Single particle transfer would give /, but does not
populate | 0,t>.

‘ In { | 0,*> + neutron }, look to see which orbit
does NOT couple to | 0,*>.

14



Configuration Dependent Pairing

R. E. Griffin, A. D. Jackson and A. B. Volkov, Phys. Lett. 36B, 281 (1971).
Suggested that A,,= 4,, >> A,

Jor Actinide Nuclei where 0,* states were observed in (p,t) that were not pairing- or
p-vibrations.

Suppose there are n prolate and n oblate degenerate levels at the Fermi Surface;
Assume that each pairing matrix element is the same for the same type -a
BUT the prolate-oblate matrix elements are very weak —ca
Then if the prolate n*n matrix is A, the oblate matrix is also A
The matrix for the total system is;

A A Oblate
eA A

Then there are (2n-2) states with ZERO energy and 2 states with energie&n_z)

E;,=-(1%¢)na

0,*
I. Ragnarsson and R. A. Broglia, Nucl. Phys. A263, 315 (1976). 0,*
coined the term “pairing isomers” for these 0,* states

4th June ]




PHYSICAL REVIEW C

VOLUME 15, NUMBER 6 JUNE 1977

Analysis of the (p, 1) reaction on *Dyt

4th June 2020

N.B. e Jim Kolata and Mike Oothoudt
Log, "”NM“’O(,M Phys. Rev. C15 (1977) 1947
Scale e e
\ ‘ TEx (Mev) 20 | T 107 T 1 00 |
1000 - 158Dy(p’t)156Dy 2} OE Ground g%tata;
~30 MeV 0 = 10° ol
; ol
+ 2* i !} i
z 2 B b
< } | e
5 5, ! ﬁ ii J : | j
~ i J - |
}(-I-) ‘{ t , * |i'1 (%)4+ = 4g 4 ]
z ! I (ah|if * 9 ool -
= al fh: i C ‘ p
Q il | [ i ,
° ” hh' | ! l i l
| =~ ” h wPH l“ ll” d " Ln llj e st [—
| L { | | I l
200 300 400 500 600 ?OO 800 900

CHANNEL NUMBER

FIG. 1. Typical spectrum for the 158Dy(;b,t)”“Dy re-
action at E, =29.9 MeV and 6 ,,,=10

This is a com-

16



4th June 2020

~

[505]11/2-
“Oblate” “ s

“Flying Fish”

Orbital
trons

0.0 0.1 0.2 0.3 0.4

Prolate Deformation =>

Warsaw Colloquium 17



450

155
64Gd91 e T

i 1400 - g k=152

E — 240 155
. 24 5
. s 147 Kr=15/2" G d 91
B | =2, " +[505] (kev) a2
1000 =
£ S
3113— . 31
B @ - s00 — S
s — L 7 e | e~ ToiaeEp
i 283
B4 1__ 2 245 600
- 0 2?53 I - 1| e
VXY ey BE_Y Y I 23
20 oo 281 23 400
1966 i v 2433 = gSg 8”7_2!45 10, > {a00]1/2°
s 204 P ar 4 L g — —
1607 el | e 466 200 | |532]3/2
1316 7 O im | ja0z]s/2
1007 e s % = o }?ﬁ ' — o [64215/2°
130 1270 R 2'29 5 f! 178 g 10 °- — etz SR
37 :
\ g J & 4o '580?%! % (521]3/2
\ \ | 2 [ e / / ;
\ S W 4 (A 681keV
- § 20
152 ! 16_2 — |02+ S
o ?m_!_wfﬂ ~ 0 0 5 ? ?
_'ﬁ' 8 g ° o o

[505]11/2

What you really need 1s
SPLIT MONOPOLE PAIRING

~ sothat o
_72{' ry — Gp-ppp'fpp * GO-OPOfPO 7 EGP-PP,UO?LPPO

f”ZI‘ 747}7

JFS-S et al. EPJ A47 (2011) 6
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HOW TO MEASURE THE PAIRING ?2?

ﬂa‘e the trankéf 3/7(#[ mzzc[éf ././

€2=0212 e4=-011 A=0.125 A=6.420

A 1660 172) g o e,

010 b N\

-0.15

020 s

-
-
-

-
-
-— -

- —

-—

-

-
-

rotational axis

]
N
=

4th June 2020

0.03

0.04

0.05

0.06

0.07

0.08

Warsaw Colloquium

>

o
symmetry axis

Coriolis term in the Hamiltonian = - j,
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(a) 159Er alignments
18 10
16
14 8
12 6
10
£ g+
—- 6 ot 2
4
2 1]
" 22
20 0.1 0" 03 04 05 06 -
o4 4

hw (MeV)

(b) 1S6Er alignments

hm (MeV)

[IA-]

1,3/, neutron AB

alignments from
N =88 to 98 and
/=621t072

AB neutron crossing frequencies ho,

v505/11/2: % Yo, X Er, XDy || SV bands: 4 Er, 4= Dy |

Even-even nuclei

S S - S

A

Qdd proton nuclei

— WM Hf
AYD
®Lr
+ DY
2Gd
X Sm
OTa
Alu
Olm
©Ho

]

§6

88 90 92 94

neufron number N

96 98

Warsaw Colloquiu

g

Odd neptron
n

+Tb
BHL
AYb
@Fr
@Dy

See:

Jerry Garrett et al.
PL B118 (1982) 297

=" _NDL -
;

0 10—20_ 30 40
ho (MeV)
Cranked Shell Model

Routhians e’
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1800

1600

— — —
b= Lo =
=1 = =
(= = <

800

600

Excitation energy (keV)

400

200 |

0

84 86 88 90 92 94 96 98 100
Neutron Number N

——Nd SV
—-Sm SV
——(Gd SV
—e—Dy SV
—4—FLr SV

-EF Sm

[505]11/2-

-A- Gd

[505]111/2-

-8~ Dy

[505]11/2-

- Er

[505]11/2-
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Excitation Energies of
0,* band-heads and
v[505]11/2- isomers

1400

2 1200

600

400

200

Gamma Phonon Energy (keV)

o

Warsaw Colloquium

1000 -

800

86 88 90 92 94 96 98 100

Neutron Number N

Excitation Energies of

K = 2* y band-heads
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Quantum Number K = I, the spin projection on the y = 0° symmetry axis
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E - 7.71(1+1) MeV

2500

2000

1500

1000

500

148Nd(12C,4n)156Dy
Gammasphere Data

Bands

| | 1 |

15662DYo9
Positive Parity

Siyabonga Majola et al.
PR C91 (2015) 034333

—/— Band 17
—4— S-band
—O— 8V
—O— ground
—{F even-y
—— odd-y
—w— Band 20

—+— Band 12 |

0 5 10 15
Spin (h)
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T T T * T * 1 20 — T - T T T
- | - (a) -
S
o 15 |- Ll
= ]
] S 10
5o T 160 2
= |~ 6sliloy
3 Yrast
b 160 sl *—® ) 1as B
X 6sEToy - a4 Band S
1 | 1 | 1 | 1 | 1 | i 1l
0 10 20 30 40 50 0 : 1 : 1 ,
Spin (%) 0 0.2 (.4 0.6
hw (MeV)

Tracking of y band through i,;,, neutron AB

alignment and h,, ,, proton alignment ab
Ollier et al. PR C83 (2011) 044309

4th June 2020 Warsaw Colloquium



Energy (MeV)

NikSic¢ et al., PRL99 (2007) 092502 W Liet al., PR C79 (2009) 054301

& TEEE '“Nd ........... mNd ./- @W 150 2
WE “'\ N ---"Nd ---"'Nd 7 Sunclionals Nd LY
[l =3 No ydeformatio,-ifz .-', N
8[ "r.'r'_ ¥ '] (935@5/7)
6fF A A A
- % : 'I I' .. -
4 \ i -
T C\Kiey 72 ) o\ A
0.1 0.2 0.3 0.4 0.5 0.6 0.7
06 -04 02 00 02 04 06 B
Of} Oblate ¢um § == Prolate y=0° é %yu cannot ignore the c[éjree (3][‘ ﬁeecﬁvm 44
Y=60°
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@ N

Hope in Shell Models 77

DATA FROM
Majola et al. PRC91 (2015) 034330

TPSM Successes

Predicts y and yy bands
Predicts S,-band and S,+S, -band
Predicts observed y band built on S,-
band
Predicts an S ,-band built on 0,*

Can show components of
Wavefunctions

TPSM Failures
Pairing too crude, No Neutron
Pairing Isomer 0,* too high in
Energy
Signature Splitting not spot on

4th June 2020

156y Triaxial Projected — oo
“— +ve Parity Bands Shell Model — 'jL
~ 4 e, “we. Javid Sheikh etal. |
% Sp+S,+K"=2* What you really need is| €= 0.05 22 [ i
E B SPLIT MONOPOLE PAIRING z 4.5 :
~ —s. -%;Zﬂy— G, PTP + G pr + ngpPpO Ppo ::gé::mm,
+ 2+ h :
P
— S +K™=2*
& P ol o il
4 R P
- /- = e . -
' ol ol ,) T
~ :—'_—"'_‘::j-;"?'..: o _‘+ -9—/0’—,‘_
M / )
K=4 7 Jehangir et al.,
_2:’7/7 T P|RC9|7 (|201|8) 01143|10| | 0y 11yl
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Spin (h)
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The Bohr Hamiltonian
Uses a 5-D Space (0,0,y,[,y) to
Characterize a Macroscopic Nuclear Drop
Rotating and Vibrating in Space

Quantization is achieved by the usual Pauli p

E(a,a)=1Ca?+ L Da?

momentum T =
H=1D"1q2+ 1Ca?

1/2
o= ( E,)
D
quantization [‘71' . (l] = —|f
Bohr & Mottelson Il Ch.6
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E(n)=(n+1)hw

Th¢

o

whi
are
fraj

Dq

H=

with the vibrational Kinetic energy:

f’\"ib - " [l
2. /wr | p*
d |[r
_ﬁ rulll

" l a |r IvB 0
e sln
B sin 3y oy Y2838 ap

la
ﬁy

and rotational kinetic energy:

3 M
I Ji:
12T,
=1

Trot =

[i\/ffﬂg
By w

d
ﬂyay

d
- — sln ?yBﬁﬁa—]]

Avib & 7A‘rot < & vcoll-

Y

d

YV£

Qx

hsic

Li et al., PR C79 (2009) 054301
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Can you calculate V(f,y) and use Bohr-Type
Hamiltonians to calculate the level structure ??

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
S. N. T. Majola et al., Phys. Rev. C100, 044321 (2019)
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2400

~ 1600

E-7.71(1+1) keV

800

2400

1600

800

E-7.71(1+1) keV

Majola et al., PRC100, 044324 (2019) +
Zhi Shi, Zhlpan Li, Shuangquan Zhang et al.

South Africa (Experzments ) — China (. 5-DCHLCDFT)

3£ Band 1 (GSband)
#¥—¥ Band 4 (S-band)
A—A Band 5 (SV band)
G—© Band 6 (Even-y band)
@®—® Band 7 (Odd-y band)

Linda Mdletshe et al.
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EPJA54 (2018) 176

1 I 1 l 1 1
0 5 10 15 20 215

Spin (l)
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0.0 freee
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R
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==+ ybands -Theory |
15264 0 | (k0 1%4Gq 15664 ()
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Spin (1)

Beijing May 2017

Signature Splitting
S(I) ={[E() - E(I-1)] - [E(1-1) - (E(I-2)]}
E(2;%)
Due to BAND MIXING !!

162Yb A 50 'Y(deg)lZO

Etot

0.0
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“Normal”
Monopole
Pairing

jm+jm’=J¢0+

Pairing
Isomer

a

k,tk,, =J#0*

Experiment: Two nucleons outside closed shells

Pairing Gap = 2A

Pairing Gap = 2

Tt -m=J=0"

4th June 2020

k,tk_,=J=0*

g e 2.76
- F——34
Next .exated 6 540 52 o
State in each 4f——on 228
nucleus proton proton
S z
(10%) 1.81 . (87/2)° (85/2)
neutron N 6+ 1.69
) 4 1.58 - st
g* (8] 1.28 '
— L. o
6t 150 2 1.28
! 110 2A = 2.50 MeV
R 2A =2.07 MeV
2A =1.66 MeV
0+ 0 v 0+ 0 v 0+ 0 v
210 134 92
82Pb 128 52Te 82 42M05 0

Pairing Energy A ~ 12/AY2 MeV
From Bohr and Mottelson
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A Experimental Pairing Gap
a5 ' for Semi-Magic Nuclei
3 Sn holding either Z or N
= constant
>, Ca .
= N=82 N=126
8 2 J
S
QO 15
N=28
' Pb
0.5
0
40 60 80 100 120 140 160 180 200 A 220 240

——N constant ===Z7Z constant <+ B&M GAP =24/A"1/2 MeV
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0+ 4+ 6+

3-ph
j ) PRomon Taken from.:
3 qarrett, Wood and Yates,
Physica Scripta 93
, ) o+ 4+ Y P
W 2-phonon i - (2018) 0ez001

They conclude: “....the existence

I-phonon
Ratio of B(E2) |  of low-energy quadrupole
) strengths vibrations in nuclei must be
0" v . . 9
seriously questioned.
o+ 1731
g =y 2+ 1476 N 1473 ot ot 1433
<1680

<79

<40

Fest EX/Jerf'men tal
S /aﬁ erical Vibrators

22 o
cggcent!f}/ ﬂsauf garrett told us:
“These are NOT Vibrations

‘ or Phonons”
12Cd  see Garrett et al. PRL123, 142502 (2019)
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Advanced Monte Carlo  “Type |l shell evolution is a simplest and visible case of

Shell Model “QUANTUM SELF ORGANIZA TION”
TAKAHARU OTSUK &

NuSpin2018 Valencza Atomic nuclei can “organize” their single-particle energies

4 by taking particular configurations of protons and neutrons

optimized for each eigenstate, thanks to orbit-dependences of

: monopole components of nuclear forces (e.g., tensor force).
- an enhancement of Jahn-Teller effect.

Nilsson-type effects can be enhanced by this optimization.

A S PAKARARU
OTSUK & quadrupole force

deformation =

Otsuka et al., PRL123, 222502 (2019) IR . ing force

single-particle energies
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Monte Carlo Shell Model using ', Zr-, Core, 1 Calculates
‘ 54 166
Single Particle Energies (SPE) 625My; and gkroy

123 123 3s
from %5, Teg, and **5,Sng; o
- Effective interaction: 19912
with G-matrix* + V},, 21Ff)1/2
Yusuke Tsunoda 52
* Brown, PRL 85, 5300 (2000) Oiyg/0
Ohg,
Nucleons are excited fully 2P3/5 2P
within this model space 172 _ e _ N =
< Z=N=82
(no truncation) 0Ny Ohyy2
1d3,
097,
We performed Monte Carlo Shell 28112
Model (MCSM) calculations, where 1dgp

Otsuka t al,  thelargest case corresponds to the 0942
PRL123, diagonalization of 3.9 x 10 3! S s
222502 dimension matrix.
(2019) proton neutron
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. . . roton
Effective Single-Particle P
Energies (ESPE) o 07 0%
e 2P3/
1546m S Ty,
. . w28y
0) 1 and O 2 3182;1/2
eigenstates e
T 1ds
—
0*, prolate ow e

0%, triaxial
ESPEs show very
different patterns e

between eigenstates

-6.00

800 —— 09y

+ +
4th June 2020 Warsaw Cloquium

0.00

-2.00

=4.00

-6.00

-B.00

-10.00

-12.00

neutron

0%,

0%,

342
2ds

199/

15 2Py
ONgy2 Oiyg),

© 2D3pp

1 f7/2

Ohyqp

triaxial
shape
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Shape evolution in Sm isotopes (very preliminary)
o amsym B T. Otsuka NuSpin2018 Valencia

400 2 5

14 8m (7 =62,N =82) 0,

500

1485m

400

=
= 300
=
>
<
S

200

100

(Qy) (fm”)

0

200

148m(Zz=62,N =92) 0,

-109.9

154Sm

1159 ) F

X

energy levels
X rexp.

4+

° ()
Monte Carlo Shell N S G
SRR 144 146 148 150 152 154
Model (Qo) (m?) A
9 8 (2 =62,N =92) Sm(Z=62.N=92) 0 | | | | |
x| monopole frozen original Hamltonian quadrupole moment
05 of 2+ state
25\13007 g _1 L
g o
15+ X
—: calc.
2
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400

(Qq}(fm®)
prolatevminimwmiom

144 146 148 150 152 154
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E(MeV)

1.6

1.4

1.2

0.8

0.6

0.4

0.2

5 8m(Z =62,N =92) 2,

-113.8

154Sn—192

— A4+

2+
0+

Calculation

—;

2+
0+

3+
2+ Qo

2+
0+

0 200 400
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600 800 1000

-113.8

-114.8

-115.8

-116.8

-117.8

-118.8
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-122.8

500

400

& 300

(@)

200

100

P Sm(Z =62,N =92) 0,
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Otsuka et al., PRL123, 222502 (2019)
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Summary

Nuclear forces are rich enough to optimize single-particle energies for
each eigenstate (especially in the cases of collective-mode states), as
referred to as quantum self-organization. It produces sizable effects with

(i) two quantum fluids (protons and neutrons),
(i) two major forces : e.g., quadrupole interaction to drive collective mode
monopole interaction to control resistance

This feature fits well the general concept of the self organization.

“The 0*, and 2%, ; may not be members of § or y vibration,
but are triaxially deformed states with stronger fluctuation.”

Effective Single Particle Energies show different patterns to produce such shapes.
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CID)

W/fat, W@ ?z'ﬁratz'on& 77
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