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SM-CI approaches through the nuclear chart
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Diagonalization versus Variational Methods

Shell Model Exact Diagonalization

o Exponential growth of basis dimensions :

-(5) (%)
P n
In pf shell :
48cr 1,963,461
56Ni  1,087,455,228
In pf-sdg space :
78Ni  210,046,691,518

ANTOINE CODE (1989)

o Actual limits in giant diagonalizations :
~10"2, ~10"5 = 0 matrix elements

o Some of the largest diagonalizations ever are
performed in Strasbourg with relatively modest
computationnal ressources :

E. Caurier et al., Rev. Mod. Phys. 77 (2005) 427
ANTOINE code

e m-scheme
BIGSTICK
KSHELL

e coupled scheme  NATHAN code

Variational Approximation

all

Balloon WM 7 [
c 7 (30Kkm) M _

(Vv

He| WMy = EV WMy — 5 0

CD stack with

1 year LHC data!

(-~ 20 Km) .

e Mixing of shapes : . ®
Q2

= 5
|‘I/ef¥> '+‘+. . . L gy

S
/‘ e Restoration of the rotational
Concorde symmetry
(15 Km) @
e Degree of freedom "
e Multipole: 3,v, Qao, ...
o Cranking: Jx,Jz
Mt. Blanc o Pairing constraints

ekm) o Variation-After-Projection

o Different implementations
o MCSM Tokyo group

(o DNO-SM  Strasbourg group J
¢ PGCM

Madrid group 48



Discrete Non-Orthogonal Shell Model (DNO-SM)

o Generator coordinate method :
@ Deformed Hartree-Fock Slater determinants

@ Contribution of g = (8,~) in the correlated state J,

1 vAntAratian ’/ \\\
| ﬁ o7

PHYSICAL REVIEW C 105, 054314 (2022)
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Nuclear structure within a discrete nonorthogonal shell model approach: New frontiers

D. D. Dao® and F. Nowacki®
Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France
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@ Contribution of K-components in the correlated state J.
|K-decompasition|
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Discrete Non-Orthogonal Shell Model (DNO-SM)

© Generator coordinate method :
@ Deformed Hartree-Fock Slater determinants
@ Contribution of g = (8,~) in the correlated state J,
@ Rotational symmetry restoration

ver)- @)+ @ @

P (q) = Z| Mg, K)]2 0
10 @ D
o T
°B

o K-mixing contents of the wave functions in the instrinsic frame
@ K : Projection of total angular momentum J onto the intrinsic axis

60

(D.D. Dao and F. Nowacki, PRC 105, 054314 (2022)

@ Contribution of K-components in the correlated state J.

10 98.95% 93.5%
E 5%
(J) _ (J) 2 o5 77.6
Pa (K) - |M°‘ (q’ K)| = o 4 6F
s, 1 1 T
i € Intrinsic
" Axis
0.58%[0.47% 3.2% [ 2.6% _ _65.% 6..2%_
20 2 42024 6420246
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Discrete Non-Orthogonal Shell Model (DNO-SM)

o Generator Coordinate Method :
e Deformed Hartree-Fock Slater determinants
e Contribution of g = (8,~)

e Rotational symmetry restoration

ver)-@)+ @ @

() = 3 M (g, k)2
K

(D.D. Dao and F. Nowacki, PRC 105, 054314 (2022))

© K-mixing contents of the wave
functions in the instrinsic frame

e K : Intrinsic quantum number

e Contribution of K-mixing

PK) =3 MY (g, K)P
q

202

< Problems :
@ Underbinding energies
@ Compressed spectra, large BE2

@ Missing correlations

LNPS effective interaction

82Cr DNO-SM(3,7)  SM
E(0]) (MeV) —212426 214138
B(E2,2f — 07) 458 362

(e?fm*)

o

O=MNWHAUOION®OO© =
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Variation After Projection = Incorporation of Np/Nh

excitations

o Trial symmetry-projected Slater determinants :
M ) |y M (WM [ Her W) _ My N~ (19 (g k)P [
Herr| VL") = Ea7|VS") = 6W =0, [V.')= Z [a (a, )]PMKﬂ (@)

a.K

el 7
Double variation AFTER Angular Momentum Projection : Mixing coefficient Slater state
o DNO-SM(VAP) o DNO-SM(PAV) : (8,~) + NpNh
@ g=1,23, ...
@ J,=04,...

@ Best energy-favoring Slater states
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Variation After Projection = Incorporation of Np/Nh

excitations
o Trial symmetry-projected Slater determinants :

nedMiag aedMy
ik |0(a))
Exact solutions of the nuclear shell-model secular problem: Discrete Non-Orthogonal [MK
Shell Model within a Variation After Projection approach A

Do ter state
Duy-Duc Dao®, Frédéric Nowacki®

“Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

Dt
q arXiv :2507.09073

P

@ J,=04,...
@ Best energy-favoring Slater states
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Coexistence in "®Ni

-362

78Ni
(10p10h)

SM diagonalization |

(D.D. Dao, F. Nowacki, in preparation)

PFSDG-U effective interaction
Ground State Energy in MeV

-362
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T v @ pshell : 160
o ( 2 ° %17 —@—— spherical/doubly |zBMf1
2 1y —@—— 1dyy ——@— magic
£ PRL 21 (1968) 39

2| pp[—=O0—=0—=] 1pp[—0O—C—
2 @ sdshell : 40Ca
g1 Moz =00 0fs/2) —O—O— 282r40 spherical/doubly magic | ZBM2
2| 1o 1pse PLB 522 (2001) 240
="
ANNNRRNNTRNNNNNNN @ pf shell : 8Zr deformed
ggNi% nucleus

@ Low-lying states in H.O. N=Z=8 : CS , 4p4h, 8p8h
@ Low-lying states in H.O. N=Z=20 : CS , 4p4h,8p8h
@ Low-lying states in H.O. N=Z=40 : 4p4h? 8p8h ? 12p12h ?
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Island of Inversion at the N=Z line

o Strongly deformed states at N =2 :

Configuration mixing in 72Kr
Most deformed cases for "6Sr, 80zr

New spectroscopy for Mo and %Mo
NSCL/GRETINA Experiment

™ v
g2 —O@= B —@——
@
K lds, —@——  ldsp ——@—
5| 0 —@—@— 002 —@—@— z/N-10
s e [—0—0—] e [—C—0—
%
81 Vo[ —=O=O—|  0fs2| =O—O—
H
°.S" 1paja 1pasa

R.D.O. Llewellyn et al, PRL 124, 152501 (2020)

3000 — @ ZBM3 valence space :
2500 80, .
S T b ; Zr extension of JUN45
2500 & .
% 1500 i 765% 80, to pseudo-SU3 + Quasi-SU3
= = \
<2 2000 & 1000 “Ge 1%kr ] / Y %—
N«E = s00p§ ‘-’683 P /
< so0k C ! NS @ New effective interactions :
3 64 68 72 76A80 84 88 92 ll s L. . X Y
g 7 g - Realistic TBME + Monopole “3N” constraints
=g L Kr . - 4 B . .
= 1000 Koo 78 - ab-initio N3LO (2N) interaction
64 . -
sol  Ge Bse  / Rb i - ongoing ab-initio N3LO (2N) + 3N (Inl)
] ./ . )
oy interaction
O T T T T B‘I' T T T T
62 64 66 68 70 72 74 76 18 80
A
@ SM + DNO-SM for most deformed cases
FIG. 3. Schematics of the B(E2] ) values for the N = Z nuclei
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Island of Inversion at the N=Z line

o Strongly deformed states at N = Z

@ Configuration mixing in 2Kr 0 v
@ Most deformed cases for 7®Sr, &zr gl —O— i —@——
wn
2, —e—— 1, —@—
@ New spectroscopy for Mo and ®Mo 5 "
. | 0900 —@—@— 0g9/2 —@—@— 7/N=40
NSCL/GRETINA Experiment !
2 p1ye [—O—O— 1p1 o [—O—O—
q rols Q o w
s. p. energy levels s. p. quadrupole moments '§ 0fs/2 | —O—O— 0fs 2| —O—O—
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21/ — G—— s K =5/2 =
il
=3
7l o \\\\\\\\\\_\\\\\\\
% K =3/2 28N128
092 —@@@— +6.83
K=1/2
B(E2)(e2.fm*)
nucleus  Np-Nh*  ZRP  PHF Exp. DNO-SM*  SM
s. p. energy levels s. p. quadrupole moments
a7 25T 260 8 4p-4h 104 1198 054500 1512 -
| —ee— | ** K= 5/ Mo 8p-8h 1891 1732 430
=]
E 0. —@OO— | 1! _+.1._-08/ 0p-0h 542 196
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Bt 6p-6h 1858 1655
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Island of Inversion at the N=Z line

o Strongly deformed states at N = Z

@ Configuration mixing in 2Kr 0 v
@ Most deformed cases for 7®Sr, &zr gl —O— i —@——
wn
i) 1dyy ——— 1dyy —@—
@ New spectroscopy for Mo and ®Mo 5 "
. | 0900 —@—@— 0g9/2 —@—@— 7/N=40
NSCL/GRETINA Experiment !
8| i [—O0—0=] i [—O—O—
s. p. energy levels s. p. quadrupole moments g 0fs/2 | —O—O— 0fs 2| —O—O—
+1.61 1142 21 1ps2 1py)s
21/, ———— had K =5/2 A -
il
=3
A P \\\\\\\5?\\_\\\\\\\
E K =3/2 28N128
Tl —o00— |
K=1/2
B(E2)(e?.fm*)
nucleus  Np-Nh* ZRP  PHF Exp. DNO-SM*  SM
s. p. energy levels s. p. quadrupole moments
Ly 25T 26l o 4p-4h 1104 1193 I 1740+5% 1512 I
| —ee— | = K= 5/ Mo 8p-8h 1891 1732 430 5
=]
E 0. —@OO— | 1! _+.1._-08/ 0p-0h 542 196
K =3/2 -
b %Mo 2p-2n 1030 671 707(71) 893 731
B i, —000— +5.06 4p-4h 1416 1179
2% 6p-6h 1858 1655

192/38



Island of Inversion at the N=Z line

o Strongly deformed states at N = Z

@ Configuration mixing in 2Kr 0 v
@ Most deformed cases for 7®Sr, &zr gl —O— i —@——
wn
i) 1dyy ——— 1dyy —@—
@ New spectroscopy for Mo and ®Mo 5 "
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Island of Inversion at the N=Z line

o Strongly deformed states at N = Z
@ Configuration mixing in 2Kr
@ Most deformed cases for 7®Sr, &zr

@ New spectroscopy for Mo and ®Mo
NSCL/GRETINA Experiment

2500F ® N=Z, literature 1 2676
. o N=Z+2, literature 8 4 i 365
"E [ ] Z, present work . MO a0 8
& 2000r o N=Z+2, present work ] T . 8069 g
2 8 26 8 )
~
& 15000 ] i 2586
N e “ + 2006
& 1000¢ ] Lo ass2 4 S 61
) 6 T 6/ e
- G
A 500F g Mo 1 ' st 2439
3160 117+
o , 930 4 4
0 o b8 4f 854 i
32 34 36 38 40 42 7 . st
3 2735 2589 oF . e
Proton number %o e b PT L — '23247 A v
21r 1862 - 1005 1512 o .
07 K7 =0 K™ =0*
DNO-SM(3,7) DNO-SM(8,7)  DNO-SM(VAP) EXP
(12 HF states) (239 HF states) (30 VAP states)
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Island of Inversion at the N=Z line

o Strongly deformed states at N = Z
@ Configuration mixing in 2Kr
@ Most deformed cases for 7®Sr, &zr

@ New spectroscopy for Mo and ®Mo
NSCL/GRETINA Experiment

2500F ™ N=Z, literature

— o N=Z+2, literature
N m N=Z, present work
:.E 2000F o N=Z+2, present work B(E2)(e?.fm*)

2 nucleus Np-Nh* ZRP PHF Exp. DNO-SM* SM
& 1500F

1 o 4p-4h 1104 1198 oiee

B 1512 -
tg} 1000F Mo 8p-8h 1891 1732 —4s0
m
& 500f 0p-0h 542 196

0 Mo ig’i: :2?’2 1?;; I 707(71) 893 731 I
32 34 36 38 40 42
6p-6h 1858 1655

Proton number
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3N forces in light nuclei

v =25° I 84M0
BSMO_
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3N forces in light nuclei

v =25° I 84M0
6 x 86Mo ——

4 - Dramatic change between
8Mo and Mo structures J
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N3LO NN calculations

807,

05 60 MeV
16
14
(deg) |1 12
10
8
6
10 4
2 [1 23453
|3 0
01 02 03 04 05
B(E2)(e2.fm*) re—
nucleus  NpNh* ZRP  PHF Exp. DNO-SM J| N3LO
4p-4h 587 637
807y 8p-8h 1713 1509 1910(180) 2325 0.03
12p-12h 2663 2396
4p-4h 1104 1193 S50
84 1740*
Mo 8p-8h 1891 1732 00 a0 Lt

MeV

16
14

112

10

oN MO
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N3LO NN calculations

2N

1g9/2 X 1g9/2

2d5 /2 2d5 /2

3s1/2 3512

1fs/2 1f5/2

2171/2 2171/2

2ps/2 2ps/2
T 1%

Three body forces and persistence of spin-orbit shell gaps in medium-mass nuclei : Towards the doubly magic "2Ni,

K. Sieja, F. Nowacki
Phys. Rev. C85, 051301(R) (2012)

351/
2ds 5

1g9/2
2py /2
1f5/2

2p3/2

2N + 3N

v 1%

3s1/2
2ds/2

1g9/2
2p1 /2
1f5/2

2p3 /2

80 Zr

84Mo

4p-4h
8p-8h
12p-12h

4p-4h
8p-8h

587
1713
2663

1104
1891

637
1509
2396

1193
1732

1910(180) 2325

1740755 1740

174
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Isospin Symmetric Island of Inversion

N =2Zline
Mo
'('{"“' ((L gglzdslz 172 84Mo i i i i o &
RO IO o B AU . P 5
40 - v a1z o2 - F 807y =
N - T
g i T
£ 28 e wa ISEERSRRRASS
2 < B
S 20 Gl wn L 4
S i .
o a8 __:’_,:‘ i __'# 42G;j 64Cr
8 +#____‘i32Mg§ z’{""" 99205280
HHE o200
EmBeT_# S ~imimim PPy o
8 20 28 40 50
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Isospin Symmetric Island of Inversion

Abrupt Structural Transition in
Exotic Molybdenum Isotopes
4 unveils an Isospin-Symmetric
[sland of Inversion

J. Hal»234 F. Recchia®3", S. M. Lenzi??, H. Iwasaki®®, D. D. Dao”, F.
2 Nowacki”, A. Revel®S, P. Aguilera®?, G. de Angelis®, J. Ash®%, D.
Bazin®®, M. A. Bentley?, S. Biswas®, S. Carollo?, M. L. Cortes®, R.
Elder®®, R. Escudeiro®®1% P. Farris®®, A. Gade®%, T. Ginter®, M.
Grinder®®, J. Li%, D. R. Napoli®, S. Noji®, J. Pereira®, S.
2 Pigliapoco®?, A. Pompermaier?, A. Poves'!, K. Rezynkina®?, A.
Sanchez®9, R. Wadsworth? and D. Weisshaar®

Proton number Z

J. Ha et al.,Nature Communications accepted

8 202 T T 929l /
E1zBeT_f%"ZOC Kgg_ PaPye s

8 20 28 40 50
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Landscape of superheavy nuclei

CHART OF THE NUCLIDES 19
4 ]
170
7=100 E-
z' 7 In-beam, K-isomers, a-decay, a-decay fine -
=7 structure, fission near the deformed Z=100,
T N=152 shell gaps
N=152

(From Seweryniak (SSNET 2024)
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Applications to superheavy nuclei

Kuo-Herling interaction :

o 2%8Ph,, core, realistic TBMEs

e 82 < Z < 126 shells for proton and
126 < N < 184 for neutrons

e monopole corrections (3N force)

E. Caurier and F. Nowacki,

PRL 87 (2001),072511

3pl/2

3p3/2
25/2 ————

4
1i13/2 ——

27/2

1h9/2

@

“ TN
(114)

3d3/2
27/2

4s1/2

3d5/2
1515/2

1il1/2

289/2

®

208
g5 Pbiag

Calculations : NATHAN & CARINA codes

< Diagonalization within the seniority scheme
along the chains of N =126 and N = 184

o Variation After Projection calculations :
253,254,255 ¢ 249,251,253 253,254\ 256 Fm

< Comparison of spectra and electromagnetic

moments
ST —— 11
; Kuo-Herling - - = - - ]
é’ ol N=184
—3F oFf » g
> =1 ]
R S
E o..'..' .‘l.'...' Y ]
d=.> 1 :1.-' natag]
m O :\ P IR VS SRS NS S MR
Z=88 96 104 112 120
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Yrast systematics : odd-even 53'Cf;s3

First complete description of low-lying spectroscopy in ?**No

of Yrast bands

251y

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

o Systematic comparison arXiv :2409.08210

/21 802

21/27,

256y,
06

8 —305
19/2*)428
17/2;
(17/27) 332 o+
13/27 —31 996 (139 5/21 943 67 —295 ¥
2B’ (11/2* (15/2 990
11/2f ;}9:{ 13/20 16 9F—213 .
9/2f —16 137 9/2+ (13/27)4 —LTl(9+) 4 141 —160 4+
+ G - _ 100
A 1 72 /21 74 (11/27), 8% 80 (g1
5/2] 56 48 5/2t _ _ PR R— R
3/21 9 25 372t 19/27 (9/27)
L 12+ 7t (™) of 0+
1/27 K™ = 1/2+ K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP
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Yrast systematics : odd-even 753No1s;

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

© Systematic compa# arXiv :2409.08210

of Yrast bands

251y

256y,
-
8;r _ 505

332 o+
13/27 —31 996 (139 5/21 55 6+ 295 6
28 (11/2+
wzr e (e 13/20 o/ of—213
9/2f —161 147 o/2+ 116 (13/27)13 —1TL(g+) I 141 — 160 4+
+ 106 - . 100 1
;g; 6 7/? /20 4 (1727, |87 B0y
L ¥y §/2+ 9/27 (9/27) 20 42 A8 oy
3/2 9 25 / 1
/20 12+ 7t (™) of 0+
1/27 K™ = 1/2+ K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP

721/38



Yrast systematics : odd-odd 53*Esiss

First complete description of low-lying spectroscopy in ?**No

o Systematic comparison

of Yrast

251y

13/2¢ 315

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210

bands

206 (13/2%) 5/27 63

. 288 (11/2%)
1/2f 193 13/27
9/2f ——161 147 9/2+ 16 (13/27) 4
7/2i 75 0E——17/2+ 1/27 o,
5/2 56 48 _5/2 _
3/2% 0 25 Y3 o (9/27)
l/erm =1/2" /2t K™ =9/2"

DNO-SM(VAP) EXP DNO-SM(VAP)

(1/27),

EXP

256y,

=
8+ — 505
1
332 g4
6F —295
1
QTJB
171 g+
(91) " 141 —160 4+
8} J(gﬂ
2+J — 48 ot
+ o+ +
711\'W=7+ ) oi K™ =0+% 0

DNO-SM(VAP) EXP

DNO-SM(VAP) EXP
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Yrast systematics : even-even 255Fmjsg

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

o Systematic comparison arXiv :2409.08210

/21 802

of Yrast bands

256y,

21y 2 . (52/2’) 563 g

8+ — 505
1

(17/27) 332 44

13/2f —315 996 (1301 5/21 943 67 —295 ¥
9 " 15/2
Lt w2 (15/2 )220 1213
I —a 13/2114 - ! —171(g+) 160
9/2f —— 47 g/2+ B (13/2 )13 4;r 4 4+
7/2f o 106 7/9+ 11/27 74 <11/27>64 8TJO 80 84
5/2] 56 48 5/2t _ _ PR R— R
3/21 9 25 f/%i 9/2; (9/27) 7 ) fo+ o+
1/27 K™ = 1/2+ / K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP
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Applications to superheavy nuclei :

Electromagnetic moments

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowacki®
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210
o Comparison of magnetic and quadrupole moments

Effective charges : e, = 1.72, e, = 0.75

Jgs E (MeV) m(pn) Qs (eb)

PHF VAP PHF VAP EXP PHF | VAP EXP
28No 9/2- -241.818 -242.816 +0.591 | —0.493 —0.527(33)(75) -35 | +72 +5.9(1.4)(0.9)
258cf  7/2t -253.402 -253.818 —0.677 | -0.556  —0.731(35) +5.77| +5.78  +5.53(51)
A1cf 12t —241.321 —241.724 0727 | -0.610  —0.571(24) - - -
249¢Cf  9/2- -229.021 -229.381 —0.480 | -0.461  —0.395(17) +6.62| +6.63  +6.27(33)
25 7/2+ 263512 -264.695 -1.10 | +3.94 +4.14(10) +6.0 | +5.8 +5.1(1.7)
24Es 7T 257492 —258.441 +0.778 | +3.36 +3.42(7) +1.8 ] +84 +9.6(1.2)
%gg  7/2+  -251.837 -252.280 +3.63 | +3.93 +4.10(7) +5.87( +5.9 +6.7(8)
26Fm 0+  -268.999 -269.717 +0.87 +0.89 - -357 -3.60 -

2%No 0t —249.568 —250.187 +0.87  +0.91 - -3.78 -3.75 -
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Applications to superheavy nuclei : 23INo;s,

-Known spectrospcopy :
@ Axially well-deformed nucleus
@ Ground-state rotational band

@ Several isomeric states (87,3%,10%)

-Calculations :
@ Deformed Axial Minimum at 8 = 0.25

@ Mixing of triaxial configurations (8, ~)
(PAV(15))

@ VAP calculations for band-head structures

E (MeV)

245

-246

-247

-249

-250

-251

-249 T

[PAV(1)

PAV(15)

vAP(1) |

!

10 20

30

Number of basis states

40

25/38



Reproduction of spectra : Yrast rotational band

_2711 254 s
N
u ] NO 2620 (140
13+ —2062
2450
187 ——2403| 150 2401 (s*)
o 15~ —2342 18+ ——2327 (157) —23H— 2203 (19
1of —2121 14- —2160 (14-) —2132 — 2148 (11+)
K™ =10" 13- —L986 (13—) —1964_ (109
167 ——1925 ) ! 16+ 1882
12~ —1820 - (127) —1807_
11- —1677 (11-) — 1662
" o7 10- —1542 " " (10-) —1520
. g~ —1415 - —1406
5 1315 85 weakdlde | + g =l
R e W T
19+ — 1119 K™ =4 2 w37 . 04 6+ 1ot
1 o _ 5] 1051 s
2 995 45 1007 3+ ]9%§
25 900 35 +944 (T 888
107 —— 4| of 859 K=, 10+ ——150
8 —522 - g+ ——519
67 —306 | 4 ) ¢+ —305
4 146 ’ 4146
prg—y ) S pA—
0 fem — o+ 0*
NO-SM(VAP) (32 Slater states) EXP
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Isomeric 8 (K = 8) band

15+ —2879 .
—29_ (15%)
e 2L 254
0] —2620 (14+)
13+ —2002
18— 2403 o0 _ 2401 —2- (131
N e (i =N
10§ —2121 14- —2160 (14-) —2132 — 2148 (11+)
T 10t 2015
ET=10" .0 1086 ) (13-) —1964 (10%)
167 ——1925 32
1 16+ —18
19~ —1827 \( (127) — 1807
_ 1671 ,
11 (11-) —1662
- 1542 ) - 1529
10 10
14 1497 . 14+ 1470 ( 9_)
5+
5; 1310 8 mmdllie - L2
4 U5 R ) (57) ABSmmp 7+ 1243
i) Km=3 | 1206 i D05 g 1161
1091

82_ Calc. EXP. ~ Two-neutron excitations
E* (keV) 1305 12952 V1520 1g9)2

(? M. Forge et al., Physical Review, under review)

Single-particle configurations :

-
o 44 /\ ot 44
S — ! 0+

— ot~
DNO-SM(VAP) (32 Slater states) EXP
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Isomeric 37(K = 3) band

2799 (15%)
S 254N
+ 2552 O (14%)
13
I8} ——2408 —2430- (137)
18+ ——2327 (157) —2311 2293 (12+)
(14-) —2182 2148 (1)
196 2015 (10p+
167 16+ — 1882 (137 e
(127) 1807
(1) —L662_
-y 1529
147 1470 (107)
! 4% o 1406
-~ l200
1) —8—T% 7+ 1243
. o4 4 1203 6+ 1161
12 + 11
1 : g
[ 888
107 10+ ——1I86
gt 522 g+ 519
67 6+ ——305
4 146 4t 146
2f 44 ot 44
[ 0+
EXP

78/38



Isomeric 37(K = 3) band : Gallagher-Moszkowski

partner 47 (K = 4)

(15%)
K=|Q,+Q
254N Calc. EXP [0 £ | & i
K = 3 (spin-aligned) b150 (1t
a (13%)
E*(3+) (keV) 944 987 lies lower than 0203 19+
E*(4+) (keV) 1250 12032 K = 4 (spin-anti-aligned) pis 4
2 POLS (10+)
AEgy = Ey — By 306 216
(@ M. Forge et al., Physical Review, under review)
N — 1415
55 1315 4= —1303
45 1250 % per — g 7+ 1243
12f — g K= N N 1001
1 995 H i
25 900
10; ——D4 o] %
8§ ——022 "
67 ——06
4f 146
b — )
gy 0+
DNO-SM(VAP) (32 Slater states) EXP
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Single-particle Occupations : 37(K = 3), 4" (K = 4)

Ground- and excited-states occupations

Proton orbits  Ohgj2 Oz 1f2  1f52 2p32 2pi)2
C o7 6.03 7.75 343 149 0.77 052)

Y 3?-741- - similar structure 0F 7.08 791 323 0.89 069 0.21
ST(K =3) 647 798 334 115 0.72 034
involving a wh9/2 4f(K=4) 650 7.83 341 118 072 036
recoupled with others orbitals 8, (K = 8) 6.48 790 336 119 070 037
102{(K =10) 655 7.03 348 156 0.79 0.58

Neutron orbits  Of1;2 Ofisj2 19972 1972 2052 2032 3Sy.2

O;r 7.30 991 543 1.00 1.09 084 043

03' 736 995 545 096 1.05 080 042

ST(K =3) 732 994 546 097 1.07 081 0.42

4I(K =4) 734 979 548 1.03 111 081 044

8, (K =28) 742 900 630 098 1.06 081 043

10;(K =10) 723 889 572 140 134 097 045
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Branching Ratio : 3" (K = 3) band

- 251 )
.

14¢ 2552 NO —2620 (14+)
K = Q5 £ Qp| i (13%)
= —E lc. EXP. (12
AEGM EN l el K = 3 (spin-aligned) 148 (11+)
AEgy (keV) 306 2162  lies lower FAE- (10%)

(@ M. Forge et al., Physical Review, under review) K = 4 (spin-anti-aligned)

Lo 10— N im0 (10-) 1222
254N B(E2,7{ »51) BM1,7f »67) |
23971 e?fm* 0.228 43, v
Branching Ratio Calc. EXP2
0.94 1.1(4)
(' S. K. Tandel et al., Phys. Rev. Lett. 97, 082502 (2006))

DNO-SM(VAP) (32 Slater states) EXP
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Low-lying excited 0] state

15+ —=2879

254 "
Lyt 2111 N
2332 9 —220 (14)
.
Structure : (150
i . . - (129
03 Cale. EXP.  |hvoiving essentially proton excitations a1
10*
E* (keV) 859 8882 S
(4 M. Forge et al., Physical Review, under review)
T ——= - o s Py p— 7
52 1315 87 w0 - 205
4 250 g T 1206 G —8 s 7+ 1243
1o+ 1119 K™ =4+ (:',ﬁ,r 1137 " 04 1203 6+ 1161
1 - 5 1051 12 b 1093
43 995 & 1007 Ea WP
25 900 35t 44 (0F) wseneereeeeees 388
107 —— oy 859 e 10+ ——86
8F 522 - g+ —— 519
6 ——306 ¢+ —305
4 146 4r 146
o m o a4
I — o+
IR =t

DNO-SM(VAP) (32 Slater states)

EXP
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Isomeric 107(K = 10) band

< (
+ 1925 7‘ (137) 1964
167 . 807 - 16+ ——1882 o)
1~ —L6r (11-) —1662
14f — 1497 12:—15-42— " 0 (10; 1520
55 5o i, ) - —1406
L STl Y =R e
1091
Jise
10T Calc. EXP. a3, G. Wahid et al.,
E* (keV) 2127 20152  Phys. Rev.C 111, 034320 (2025)

1
i | @
of 44

f y

— ot~
DNO-SM(VAP) (32 Slater states)

4t 146
P —
0+

EXP
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Dipole excitations in 32Pu4g

-Known spectrospcopy : 15— 200

@ Axially well-deformed nucleus

157 1863
@ Ground-state rotational band
@ Several side bands :

17(K=0),37(K=3),7~

11— — 1467
-Calculations : 11y 1337 242py

137 1582

@ Deformed Axial Minimum at 3 = 0.24 g- 1283
07 __1129
@ VAP calculations for band-head structures ! 7- 1071
e 959 5= 927
5T __ 829 3- 832
31 739 10+ —I78  1- 180
107 _ 692 L 689
10 1 1y
I K — 0~
S| 8 ]+ ___ 518
[0} + 459
= 8
56 306
=] 6+ 270 67 —=
o4 !
fim} 4+ 129 g4+ 147
5 21 B(E2,2{ — 07) + a4 B(E22f —0)
it = 23042 ' 2T = 26800 e’
1K™=0"
0
DNO-SM(VAP) EXP

(27 Slater states)
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Dipole excitations in 32Pu4g

© Strength function description of M1, E1

@ Scissors mode in deformed nuclei

@ DNO-SM(VAP) : capture correlations

5

10

15

E, [MeV]

>

OCTUPOLE
COUPLING

Strength (au.)

Strength (a.u.)

@

PYGMY

SCISSORS MODE

=)

L

GDR

GAMOW

TELLER

o

El

M1

5

10

15

E, [McV]

o

Budker et al., Ann. Phys. 2022, 534, 2100284.

© Open problems :

Generate easily structure function
for many final states

E1 transitions forbidden
in the natural valence space

— add QSUS3 higher orbitals

STRENGTH

HEAVY NUCLEI
Lt (12> (j)e-12
[REPULSIVE|
«OT>
-2A-| ‘
| Hll L I il
0 a5~ 5 — 15 20 EgMev)
[ORBITAL [SPIN] GIANT
*g QUADRUPOLE
v

K. Heyde et al, Rev. Mod. Phys. 104, 045801 (2021).
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Dipole excitations in 32Pu4g

© Strength function description of M1, E1

@ Scissors mode in deformed nuclei

@ DNO-SM(VAP) : capture correlations
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Budker et al., Ann. Phys. 2022, 534, 2100284.

o Open questions :

Generate easily structure function
for many final states

E1 transitions forbidden
in the natural valence space

— add QSUS3 higher orbitals

STRENGTH

HEAVY NUCLEI
Lt (12> (j)e-12
[REPULSIVE|
«OT>
-2A-| ‘
| Hll L I il
0 a5~ 5 — 15 20 EgMev)
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*g QUADRUPOLE
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K. Heyde et al, Rev. Mod. Phys. 104, 045801 (2021).
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@ Non-Orthogonal Multi-Slater Determinants give an exact representation of shell-model
wave functions

@ Pairing correlations are fully captured by the variation after projection where the
rotational symmetry is consistently restored

@ Isospin symmetric Island of Inversion around A~ 80

@ First shell-model description of superheavy nuclei : 253:254,255gg 249,251,253
253,25475 256Fm
;

@ Complete reproduction of known spectroscopy of 2%4No : yrast and excited isomeric
structures

@ Ongoing study of dipole excitations in 242Pu
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Special thanks to :
@ G. Martinez-Pinedo, A. Poves, S. Lenzi

@ A. Gade, O. Sorlin, A. Obertelli
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Discrete Non-Orthogonal Shell Model (DNO-SM)
® ©

@ Broeckhove-Deumens Theorem : Z. Phys. A292, 243

5/2 £5/2
(1979) pl1/2 pl/2
Given a separable Hilbert space # spanned by a conti- p3/2 p3/2
nuous family of states ' = {¢(a)la € R}, there exists a
‘ . —e00e- {72
countable subset Iy = {¢(c;)|i € N} C I' with the property

= spanly, i.e. [y is a skew or non-orthogonal basis in \\\\\\\\\

‘I:> T=C1d1 F Cadpa F -+ Cihj +

IMPLICATIONS :
@ Non-Orthogonal Slater Determinants spans the full shell-model space
@ The number of Slater Determinants is FINITE

@ “Labels” for eigenstates : |a, J™M, TT;)
e symmetries : (J,,...)
e intrinsic label : « related to the dynamics of the Hamiltonian

@ VARIATIONAL PROJECTED SLATER DETERMINANT
SOLVES THE SHELL-MODEL DIAGONALIZATION PROBLEM
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Variation After Projection : DNO-SM(VAP)

o Trial symmetry-projected Slater determinants :

(W [HerW2") _

HarV2) = EV W) — s eppe =0, vty = SO (q. K)Phe[0(@))

q,K
” 7
Double variation AFTER Angular Momentum Projection : Mixing coefficient Slater state
o DNO-SM(VAP) o Energy Minimization :
i
@ g—1,23,.. D) = X Zi% % |dy)
@ J,=04,...
@ Best energy-favoring Slater states
Q
O
& 9EW HEV
R 55 |®) = [Po) + 1G5
N
o
N

(M) — BN = 0, B, jwi))
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Monopole-corrected effective interactions

A\ V-low k derived from NN interactions

a K (1)

2 3 H
o | 4 ,
1
0s
2 (im)
0
3
-05
4
5

r[fm]
(S.K. Bogner et al., Prog. Part. Nucl. Phys. 65, 1 (2010) 94-147)

s, deuteron probability density

—— Argomev,, |
A=a0im’
< A=30Mm"
“- A=20fm"]

K (fm)

A Valence-space MBPT renormalization

core
e
[0) (i) (i)

(H.-W. Hammer et al. RMP 85, 197 (2013))

A Multipole decomposition

H= Hmonopo/e + Hmultipo/e
(M. Dufour, A. P. Zuker, Phys. Rev. C 54, 1641 (1996))

lim'>

O

52 9 £5/2
p12 —_ pl2
p32 P2
lj-m'>
1772 2) _oove_ (72 I
ANN N NN NN\

Hmonopole: Spherical mean-field

srresponsible for the global saturation properties and for the
evolution of the spherical single particle levels.

Huttipole® correlator

wr pairing, quadrupole, octupole...

(M. Hjorth-Jensen et al. Phys. Rep. 261 (1995) 125-270)
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3N forces in light nuclei

PRL 105, 032501 (2010)

PHYSICAL REVIEW LETTERS week ending

16 JULY 2010

Three-Body Forces and the Limit of Oxygen Isotopes

Takaharu Olsuka,l'2‘3 Toshio Suzuki,4 Jason D. Holt,5 Achim Schwenk,5 and Yoshinori Akaishi®

0 T T T
(a) Energies calculated (b) Energies calculated (c) Energies calculated (d) Schematic picture of two-
from phenomenological from G-matrix NN from Vo, NN valence-neutron interaction
S forces + 3N (A) forces + 3N (ANLO) forces induced from 3N force
-20
(5}
S
>
g 40
| - + Exp. * Exp. + Exp. ‘\\ %0 core| @
—— SDPE-M NN et NN+ 3N (NLO) S=—=a, e
— USD-B NN = NN + 3N (4)
-60 L L T L L L I I T L SO L L L
8 14 16 20 14 16 20 14 16 20
Neutron Number (N) Neutron Number (N) Neutron Number (N)

FIG. 4 (color online).

Ground-state energies of oxygen isotopes measured from '°0, including experimental values of the bound 16—
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14]. (b) a G matrix and including FM 3N forces
due to A excitations, and (c) from low-momentum interactions Vy,,, ; and including chiral EFT 3N interactions at N2LO as well as only
due to A excitations [25]. The changes due to 3N forces based on A excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the '°O core.
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3N forces in light nuclei

week ending

PRL 109, 032502 (2012) PHYSICAL REVIEW LETTERS 20 JULY 2012

Evolution of Shell Structure in Neutron-Rich Calcium Isotopes

G. Hagsn,l’2 M. Hjort]rJe:nsen,l4 G.R. Jansen,’ R. Machleidt,” and T. Pape:nbmckl'2
' Physics Division, Oak Ridge National Lab Y, Oak Ridge, Te 37831, USA
2Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
3Depar.rmenl of Physics and Center of Mathematics for Applications, University of Oslo, N-0316 Oslo, Norway
“*National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,
Michigan State University, East Lansing, Michigan 48824, USA
SDepanmem of Physics, University of ldaho, Moscow, ldaho 83844, USA
(Received 16 April 2012; published 17 July 2012)

E, (MeV)

FIG. 2 (color online). (Excitation energies of J™ = 2" states
in the isotopes 424850525456 (experiment: black circles. 43/38



3N forces in light nuclei

PHYSICAL REVIEW C 100, 034324 (2019)

Contribution of chiral three-body forces to the monopole component
of the effective shell-model Hamiltonian

Y. Z. Ma,' L. Coraggio,” L. De Angelis,” T. Fukui,” A. Gargano,” N. Itaco,> and F. R. Xu'

-
T

N=28 yrast =2

Excitation energy (MeV)
w
T

S 50
0_

8 20 22 ; 2426 28

FIG. 22. Experimental and calculated excitation energies of the
yrast J© = 2" states and B(E2;2{ — 0]) transition rates for the
N =28 isotones. See text for details.
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Shell closures and 2N forces only

PHYSICAL REVIEW C 74, 061302(R) (2006)
Shell-model phenomenology of low-momentum interactions

Achim Schwenk!-" and Andrés P. Zuker>!
!Nuclear Theory Center, Indiana University, 2401 Milo B. Sampson Lane, Bloomington, Indiana 47408, USA
2Institut de Recherches Subatomiques, IN2P3-CNRS, Université Louis Pasteur, F-67037 Strasbourg, France
(Received 14 January 2005; revised manuscript received 20 September 2006; published 12 December 2006)

12 \ \ T g0 foretay, T g TR
T ho=12 MeV, A<L6 fin 2 a0, 8- -
_l0F e hip=12 MeV, A=1.9 fm” 15[ oo oo ldy,
E A hip=12 MeV, A=2.1 fm” e
! e Ofyy

= *—*ho=8 MeV, A=1.9 fm 0F, sip,  Cado+n [
% ngz 3 5 [ e v/."""’ - .
g g . .
- 5 N e
3 5 ofFe et [,
T H L Lol L Lifil L Lol Lofnl
s 20 feepy, * [aalfy, %_S: L
s £ feaod,

5 2 sp 3 g 1
2 0% cado-n Cadg-n [ Cads-p |
g, 25, pfhshell ] :

s 28, pthshel sE" = = 3
. | . - = . £ e aea
R A Er Ll Bt

@ no Spin-orbite shell closures in '2C, 220, 48Ca, %Ni
@ too strong H. O. shell closures 0, 4°Ca, ... and 89Zr Il
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Yrast systematics : odd-even 53'Cf;s3

First complete description of low-lying spectroscopy in ?**No

of Yrast bands

251y

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

o Systematic comparison arXiv :2409.08210

/21 802

21/27,

256y,
06

8 —305
19/2*)428
17/2;
(17/27) 332 o+
13/27 —31 996 (139 5/21 943 67 —295 ¥
2B’ (11/2* (15/2 990
11/2f ;}9:{ 13/20 16 9F—213 .
9/2f —16 137 9/2+ (13/27)4 —LTl(9+) 4 141 —160 4+
+ G - _ 100
A 1 72 /21 74 (11/27), 8% 80 (g1
5/2] 56 48 5/2t _ _ PR R— R
3/21 9 25 372t 19/27 (9/27)
L 12+ 7t (™) of 0+
1/27 K™ = 1/2+ K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP
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Yrast systematics : odd-even 753No1s;

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

© Systematic compa# arXiv :2409.08210

of Yrast bands

251y

256y,
-
8;r _ 505

332 o+
13/27 —31 996 (139 5/21 55 6+ 295 6
28 (11/2+
wzr e (e 13/20 o/ of—213
9/2f —161 147 o/2+ 116 (13/27)13 —1TL(g+) I 141 — 160 4+
+ 106 - . 100 1
;g; 6 7/? /20 4 (1727, |87 B0y
L ¥y §/2+ 9/27 (9/27) 20 42 A8 oy
3/2 9 25 / 1
/20 12+ 7t (™) of 0+
1/27 K™ = 1/2+ K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP
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Yrast systematics : odd-odd 53*Esiss

First complete description of low-lying spectroscopy in ?**No

o Systematic comparison

of Yrast

251y

13/2¢ 315

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210

bands

206 (13/2%) 5/27 63

. 288 (11/2%)
1/2f 193 13/27
9/2f ——161 147 9/2+ 16 (13/27) 4
7/2i 75 0E——17/2+ 1/27 o,
5/2 56 48 _5/2 _
3/2% 0 25 Y3 o (9/27)
l/erm =1/2" /2t K™ =9/2"

DNO-SM(VAP) EXP DNO-SM(VAP)

(1/27),

EXP

256y,

=
8+ — 505
1
332 g4
6F —295
1
QTJB
171 g+
(91) " 141 —160 4+
8} J(gﬂ
2+J — 48 ot
+ o+ +
711\'W=7+ ) oi K™ =0+% 0

DNO-SM(VAP) EXP

DNO-SM(VAP) EXP
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Yrast systematics : even-even 255Fmjsg

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowackil
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

o Systematic comparison arXiv :2409.08210

/21 802

of Yrast bands

256y,

21y 2 . (52/2’) 563 g

8+ — 505
1

(17/27) 332 44

13/2f —315 996 (1301 5/21 943 67 —295 ¥
9 " 15/2
Lt w2 (15/2 )220 1213
I —a 13/2114 - ! —171(g+) 160
9/2f —— 47 g/2+ B (13/2 )13 4;r 4 4+
7/2f o 106 7/9+ 11/27 74 <11/27>64 8TJO 80 84
5/2] 56 48 5/2t _ _ PR R— R
3/21 9 25 f/%i 9/2; (9/27) 7 ) fo+ o+
1/27 K™ = 1/2+ / K™ =9/2" Tgr =7+ L KT =0+
DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP DNO-SM(VAP) EXP
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Applications to superheavy nuclei :

Electromagnetic moments

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowacki®
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210
o Comparison of magnetic and quadrupole moments

Effective charges : e, = 1.72, e, = 0.75

Jj E (MeV) HGn Qs (et

PHF VAP PHF VAP EXP PHF VAP | EXP
28No |9/2- -241.818 -—242.816 +0.591 —0.493 10.527(33)(75) -35 +72 +45.9(1.4)(0.9)
258Gt |7/2+ -253.402 -253.818 —0.677 0556 | —0.731(35) +5.77 +5.78 |+5.53(51)
A1cf |12t —241.321 —241.724 | | -0.727 -0.610 | —0.571(24) - - -
249¢f |9/2- —229.021 —229.381 —0.480 —0.461 | —0.395(17) +6.62 +6.63 |-+6.27(33)
25gg |7/2+ -263.512 -264.695 -1.10  +3.94 +4.14(10) +6.0 +58 +5.1(1.7)
24Es | 7t -257.492 —258.441 +0.778  +3.36 +3.42(7) +1.8 +84 +9.6(1.2)
23Eg (7/2+ -251.837 —252.280 +3.63 +3.93 +4.10(7) +5.87 +5.9 +6.7(8)
26Fm 0+  -268.999 -269.717 +0.87 +0.89 - -357 -3.60 -

2%No 0t 249568 —250.187 +0.87  +0.91 - -3.78 -3.75 -
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Applications to superheavy nuclei :

Electromagnetic moments

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowacki®
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210
o Comparison of magnetic and quadrupole moments

Effective charges : e, = 1.72, e, = 0.75

Jgs E (MeV) m(pn) Qs (eb)
PHF VAP PHF VAP EXP PHF VAP EXP

(2_53No 9/2- —241.818 -242.816  +0.591 -0.493 —0.527(33)(75) 35  +7.2  +59(1.4)(0.9))
258cf  7/2t -253.402 -253.818 —0.677 —-0556  —0.731(35) +5.77 +5.78  +5.53(51)
A1cf 12t —241.321 —241.724 0727 -0.610  —0.571(24) - - -
29¢cf 9/2- —229.021 —229.381 —0.480 0461  —0.395(17) +6.62 +6.63  +6.27(33)

Es 7/2t -263.512 -264.695 -110 +3.94 +4.14(10) +6.0 +5.8 +5.1(1.7)
4Es 7t 257492 —258.441 +0.778  +3.36 +3.42(7) +1.8  +8.4 +9.6(1.2)
28gg  7/2+  -251.837 -252.280 +3.63 +3.93 +4.10(7) +5.87 +5.9 +6.7(8)
26Fm 0+  -268.999 -269.717 +0.87 +0.89 - -357 -3.60 -

2%No 0t 249568 —250.187 +0.87  +0.91 - -3.78 -3.75 -
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Applications to superheavy nuclei :

Electromagnetic moments

First complete description of low-lying spectroscopy in ?**No

Duy Duc Dao! and Frédéric Nowacki®
! Université de Strasbourg, CNRS, IPHC UMR7178, 23 rue du Loess, F-67000 Strasbourg, France

arXiv :2409.08210
o Comparison of magnetic and quadrupole moments

Effective charges : e, = 1.72, e, = 0.75

a 253N PHF VAP EXP
Jr=9/2- +0591 —0.493 -—0.527(33)(75)
K=9/2 100.0% 99.6%
K=7/2 00% 04%

< |

UJ

@ K-mixing is necessary to reproduce the magnetic
moment.

I ol o)
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Single-particle Occupations : 8~ (K = 8)

Ground- and excited-states occupations

Proton orbits  Ohgj2 Oz 1f2  1f52 2p32 2pi)2
) of 6.03 7.75 343 149 077 052
Isomeric structures : 03 708 791 323 089 069 021
@ 8, : two-neutron coupling 3f(K=38) 647 798 334 115 072 034
vj15/2 ® vg9/2 47(Kk=4) 650 7.83 341 118 072 0.36
8,(K=8) 648 790 3.36 1.19 070 037
10§(K=10) 655 7.03 348 156 079 058

Neutron orbits  Of12 Ofisj2 19972 1972 2052 2032 3Sy.2

( o 730 991 543) 1.00 1.09 084 043

0, 736 9.95 545 096 1.05 080 042

3f(K=38) 732 994 546 097 1.07 081 042

47(K=4) 734 979 548 1.03 1.11 081 044

(8:(k=8) 742 900 630) 098 1.06 081 043

105 (K=10) 723 889 572 140 134 097 045
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Discrete Non-Orthogonal Shell Model (DNO-SM)

@ Broeckhove-Deumens Theorem : Z. Phys. A292, 243
(1979)

Given a separable Hilbert space .»# spanned by a conti-

nuous family of states ' = {¢(a)la € R}, there exists a

countable subset Iy = {¢(e;)|i € N} C I with the property
= spanfly, i.e. My is a skew or non-orthogonal basis in

ﬁ Y ="C1P1 T+ CoPa +-

IMPLICATIONS :

@ ©

£5/2 £5/2
pl1/2 pl2
p3/2 p3/2

f772 n—é —eooe— {7/2

BPIITTYY
-+ Cioj +

@ Non-Orthogonal Slater Determinants spans the full shell-model space

@ The number of Slater Determinants is FINITE

@ Heuristic technique to select triaxial (3,~) configurations

03

620r

%95 60 MeV

o

C=NWRUIDN®®O© =
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Isomeric single-particle configurations

Ground- and excited-states occupations

Proton orbits  Ohgj2 Oz 1f2  1f52 2p32 2pi)2
_ of 603 775 343 149 077 052
Isomeric structures : 03 708 791 323 089 069 021
@ &, : two-neutron coupling 37(K=38) 647 798 334 115 072 034
Vj15/2 © 1g9/2 47(K=4) 650 7.83 341 118 072 036
8,(K=8) 648 790 336 119 070 037
@ 37,4 :involing a wh9/2 4o+ _10) 655 7.03 348 1.56 079 058

Neutron orbits  Of1;2 Ofisj2 19972 1972 2052 2032 3Sy.2

of 730 991 543 100 1.09 084 043

0F 736 995 545 096 1.05 080 042

3/(K=3) 732 994 546 097 107 081 042

47(K=4) 734 979 548 103 111 081 044

8,(K=8) 742 900 630 098 106 081 043

10{(K=10) 723 889 572 140 134 097 045

55/38



Monopole-corrected effective interactions

A Multipole decomposition

Multipole Universality :

Table 2

H= Hmonopole + Hmultipole

F. Nowacki et al., Prog. Part. Nucl. Phys. 120, 103866 (2021

Dominant terms of several effective interactions for the sd-shell in MeV (see text). To the left particle-particle channels,
isovector, isoscalar and quadrupole pairing, to the right particle-hole channels, quadrupole, hexadecapole, spin, and

spin-isospin.

pp(T) ph(i7)
10 01 21 20 40 10 11
KB —5.83 —4.96 —3.21 —3.53 —1.38 +1.61 +3.00
USD—A —5.62 —5.50 —3.17 —3.24 —1.60 +1.56 +2.99
CCElL —6.79 —4.68 —2.93 —3.40 —-1.39 +1.21 +2.83
NN+NNN—MBPT —6.40 —4.36 —291 —3.28 —-1.23 +1.10 +2.43
NN—MBPT —6.06 —4.38 —2.92 —3.35 —-1.31 +1.03 +2.49
Table 3 Pairing Components Quadrupole
Strengths of the coherent multipole components of different interactions for the pf-shell.
Interaction particle-particle particle-hole
JT =01 JT=10 AT =20 AT =0 AT =
KB3 —4.75 —4.46 —2.79 —-1.39 +2.46
FPD6 —5.06 —5.08 -3.11 —1.67 +3.17
GOGNY —4.07 —5.74 —3.23 —-1.77 +2.46
GXPF1 —4.18 —-5.07 —2.92 —1.39 +2.47
BONNC —4.20 —5.60 —3.33 -1.29 +2.70
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T

DNO-SM(B, ) Of— |

1000 2000
Number of HF states

3000
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Jr— Jr o B(E2) (€2fm*)  B(M1) (13)
2f - of 28666 -
4f - 2f 41021 -
0y — 2f 98.236 -
25— 0f 25327 -
4f 60.738 -
2f 25.227 3.980x1078
37— 2 25959x1072  8.020x10®
4f  27359x10~*  2.957x10~7
27 9.6147x107*  6.050x107®
45 — 2f 36147 -
37 5.4204x10~"  4.200x10~7
4f 23.783 8.360x 108
2f 18.569 -
4t — 3 45803 1.3852x10~"
6 6.3712x107* -
47 6.5482x10°%  3.634x10°°
2f 82100x10°° -
4f — 3]  1.1354x10°  1.977x1073
47 9.6847x102  1.737x1072
25 4.438x107* -
2f  1.398x10~* -
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Pairing correlations in 2>*No

48Cr DNO-SM(3,v) DNO-SM(VAP) Exact SM
dimension 22 50 1963 461
E(0f) MeV)  —31.873 ~32.953 ~32.953
o Approaches : 18} A
@ AMP Projected Hartree-Fock : 16 | ol
~ Pure Rotor J(J + 1) law 14+ 254 //’{/
NO 4/}/
nuclei : gl }// |
Impact of pairing is PERTURBATIVE 6l ./ EXP -m- |
@ Variation After Projection : 4r //‘ ’ DNO-SM(VAP) =+
. . 2r w
~ Fully capturing pairing . . . L
(Slater Determinants 0 100 ZOé) (ke%?)o 400 500
Y

preserving Particle Numbers)
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