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Islands of Inversion

lols: Regions of the nuclide chart in which
the energy gained through correlations (e.qg., i
quadrupole) can offset the spherical mean-
field gaps, leading to the appearance of
unexpected deformed ground states

Their study permits investigating
correlation energies and
phenomena such as
deformation and shape
coexistence
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ISAC-I = Non-reaccelerated beams (20-40 keV) = GRIFFIN
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INF Our Experiment on 74Zn with GRIFFIN
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v-y Angular Correlations

» y-Y Angular Correlations with GRIFFIN:
J.K. Smith et al., NIMA 922, 47 (2019)

» Rhombicuboctahedron geometry = Up to 52 opening angles

|/

» Event mixing technique = No need to know # of pairs for each opening
angle and relative efficiencies of the detectors

» Finite sizes of the detectors = Detailled GEANT4 simulations

» Definitive spin assignments at the 99% CL

| i A
IMA 918, 9 (2019) |
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Previous Knowledge

74Cu 3-decay @ORNL, 3 clovers
J.L. Tracy Jr. et al., PRC 98, 034309 (2018)

4

4

170 y-rays
50 levels (29 new)

log(ft) values 4t

Tentative spin assignments based on decay
patterns, intensities, log(ft) values, and in a
few cases model predictions (shell model and
vibrational model)
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Normalized Counts

Residual

Axial Shape Asymmetry and Configuration Coexistence in Neutron-Rich 74Zn

v-Y Angular Correlations: the (02+)

-
The state at 1789 keV is firmly S| 1182.6-605.8 keV' -

established as the first excited 0* state

10 | -

(03)

1789

= 6200
Y-V coinc.
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Experimental Results in a Nutshell

New, definitive spin assignment for:

2o 02F, 31%, 23* states

606
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Two new transitions:

4

Axial Shape Asymmetry and Configuration Coexistence in Neutron-Rich 74Zn

2o 02F, 31%, 23* states

237 — 447 and 237 — 02"

Counts / 1 keV
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Experimental Results in a Nutshell

New, definitive spin assignment for:
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Experimental Results in a Nutshell

New, definitive spin assignment for:

2o 02F, 31%, 23* states

Two new transitions:

4

237 — 447 and 237 — 02"

From measured branching ratios and
O0(E2/M1) mixing ratios = Relative B(E2) values

1418

N 2% 2148
N 150(30

+50 )
789
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20%, 02%, 31%, 23* states

Two new transitions:

4

237 — 447 and 237 — 02"

From measured branching ratios and
O(E2/M1) mixing ratios = Relative B(E2) values

Strong transitions observed,
indicative of band structures at

low-spin In 74Zn

Experimental Results in a Nutshell

New, definitive spin assignment for:

1418

N 2% 2148
N 150(30

+50 )
789
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New Large-Scale Shell-Model Calculations

By Silvia Lenzi, Frédéric Nowacki, Duc D. Dao
LNPS interaction, pf shell for protons, 1ps20fs21p1/20g9/21ds/2 orbitals for neutrons

DNO-SM: Constrained Hartree-Fock shell-model calculations
D.D. Dao and F. Nowacki, PRC 105, 054314 (2022)

Excellent agreement both for the spectra and the relative B(E2) values

2240
= B

1713

) 2322 45 243
2099 37 23 2148 55577 3¢ 2+211906 2109 __
1670 l o 029 1789 o ¥ 1766 %2 31
. 2 1035w 22 05171509 146035 o2
41 1418 47 1327 =2 {

1415

i 47 1065

Exp Y SM
24'533 2{!,371
0

+ +21 +
01 0 R 4 0 12Y3 0

- v _

1 DNO-SM

In-band transitions in
the calculated
spectrum are labelled
with the respective
B(E2) values in
Weisskopf units
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New Large-Scale Shell-Model Calculations

By Silvia Lenzi, Frédéric Nowacki, Duc D. Dao

TABLE 1. Energies E,, branching ratios /,, mixing ratios 5(E2/M1), and relative B(E2) values B, (E2) measured in the present

DNO-SM: Constrained Hartree-Fock shell-model calculations
D.D. Dao and F. Nowacki, PRC 105, 054314 (2022)

Excellent agreement both for the spectra and the relative B(E2) values

LNPS interaction, pf shell for protons, 1ps20fs21p1/20g9/21ds/2 orbitals for neutrons

Letter, together with branching ratios from Ref. [40]. Relative and absolute B(E2) values obtained from the present LSSM calculations
(full diagonalization) are also given. Relative B(E2) values of 100 are assumed for normalizing transitions.

Jr = J; E, (keV) I I [40] S(E2/M1) B P (E2) BM(E2) BM(E2) (W.u.)
25 —2f 1064.32(10) 100.0(12) 100.0(6) —1.13(6) 100(5) 100 9.7
25 -0/ 1670.07(20) 49.3(10) 49.4(4) 9.24(19) 22 2.1
37 -2 428.73(18) 6.5(4) 9.3(4) —0.87)2 100755° 100 40
3] — 47 680.75(15) 7.10(19) 10.5(4) -1.0%03 14+] 7.8 3.1
37 =2 1493.2(3) 100.0(18) 100.0(11) —0.5725¢% 19703 8.8 3.5
-2.7(5)" 6.8(4)
27 -0 359.2(6) 2.0(4) 100(20) 100 17
27 =25 478.13(15) 6.8(7) 6.5(10) +0.9153 3715 15 2.6
27 — 4 729.94(19) 3.1(7) 4.5(10) 2.4 0.4
2§ —2f 1542.5(3) 37(3) 29.4(14) +2.4H8 1.09752 0.18 0.03
27 =0 2148.73(16) 100(8) 100.0(27) 0.66(5) 0.18 0.03

“Second solution.
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Calculated Shapes from Shell Model

Shapes of the 01+, 02+ states calculated from

quadrupole sum rules
A. Poves, F. Nowacki, and Y. Alhassid, PRC 101, 054307 (2020)
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Calculated Shapes from Shell Model

Shapes of the 01+, 02+ states calculated from

quadrupole sum rules
A. Poves, F. Nowacki, and Y. Alhassid, PRC 101, 054307 (2020)

» Triaxial ground state (similar dispersions to those in
76Gell)

PHYSICAL REVIEW LETTERS 123, 102501 (2019)

Evidence for Rigid Triaxial Deformation in °Ge from a Model-Independent Analysis

A.D. Ayangeakaa ,1’* R.V.E Janssens,zﬁj S. Zhu,4’;t D. Little,z’3 J. Henderson,5 C.Y. Wu,5 D.J. Hartley,1 M. Albers,4

K. Auranen,4 B. Buchelr,s’§ M.P. Carpenter,4 P. Chowdhury,6 D. Cline,7 H. L. Crawford,8 P. Fallon,8 A. M. Forney,9
A. Gade,lo’11 A.B. Hayes,7 F. G. Kondev,4 I(lrishichayan,3’12 T. Lauritsen,4 J. Li,4 A.O. Macchiavelli,8 D. Rhodes,lo’11
D. Seweryniak,4 S. M. S‘[olze,4 W. B. Walters,9 and J. Wu*
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Calculated Shapes from Shell Model

Shapes of the 01, 02+ states calculated from 43 2439
quadrupole sum rules 45 2322
A. Poves, F. Nowacki, and Y. Alhassid, PRC 101, 054307 (2020) ] I
27 21
37 12052

Triaxial ground state (similar dispersions to those in

76Ge!l) 23 X1906

Different shape for the 02*: Less deformed and more
prolate
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» Shapes of the 04*, 02* states calculated from 437 2439 e
quadrupole sum rules 45 2322 Y
A. Poves, F. Nowacki, and Y. Alhassid, PRC 101, 054307 (2020) ] I _
2] 21 -, oo
3] 2052 o 01 0z 03 o04F

» Triaxial ground state (similar dispersions to those in
76Gell)

» Different shape for the 02*: Less deformed and more
prolate

i 0p:
t:00 01 02 03 04 :

» “T-Plot’-like analysis: Shape for each
individual state

» Normalized probability to find a
deformation (3,y) superimposed to the
potential energy surface (GCM)

0 p ;

: 0 01 02 03 04

» Results from quadrupole sum rules 25 60
confirmed : -
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Calculated Shapes from Shell Model

Shapes of the 01+, 02+ states calculated from

quadrupole sum rules
A. Poves, F. Nowacki, and Y. Alhassid, PRC 101, 054307 (2020)

» Triaxial ground state (similar dispersions to those in

76Gell)

» Different shape for the 02*: Less deformed and more
prolate

“T-Plot"-like analysis: Shape for each
individual state

» Normalized probability to find a
deformation (3,y) superimposed to the
potential energy surface (GCM)
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» Results from quadrupole sum rules 25 60
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Occupation Numbers from Shell Model

Occupation difference with respect to the Fermi configuration for each orbital in the

chosen model space:
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Occupation Difference
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Occupation Numbers from Shell Model
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Axial Shape Asymmetry and Configuration Coexistence in Neutron-Rich 74Zn

Occupation Numbers from Shell Model

Occupation difference with respect to the Fermi configuration for each orbital in the
chosen model space:

Occupation Difference

Which is the intruder state”? Neutrons from the pf shell and percentage of OpOh

configuration:

Neutrons from pf shell

mo!

42

93e1udd194 yodo

43 2439

45 2322

27
2052 4

23
The ground state In

4/n seems to be the
Intruder state 1529

\ 4

Typical behaviour of a
nucleus in an Island
of Inversion

1906
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Conclusions

» Strong 23t — 027 = Hint of Configuration Coexistence

» Strong 317 — 22" = Hint of a quasi y-band at low excitation energy and Triaxiality

» New Large-Scale Shell-Model calculations support this interpretation

» Inversion of "normal” and intruder configurations = 74Zn seems to be in the N =40

Island of Inversion, which extends further north in the chart of the nuclides

PHYSICAL REVIEW LETTERS 130, 122502 (2023)

First Evidence of Axial Shape Asymmetry and Configuration Coexistence in '#Zn:
Suggestion for a Northern Extension of the N =40 Island of Inversion

M. Rocchini ,1’* P. E. Garrett ,1 M. Zielinska ,2 S. M. Lenzi ,3’4 D. D. Dao ,5 F. Nowacki,5 V. Bildstein,1
A.D. MacLean,1 B. Olaizola ,6’T Z.T. Ahmed,1 C. Andreoiu ,7 A. Babu,6 G. C. Ball,6 S.S. Bhattacharjee,ai
H. Bidaman,1 C. Cheng,6 R. Coleman,1 I. Dillmann ,6’8 A.B. Gau‘nsworthy,6 S. Gillespie,6 C.J. Griffin ,6 G. F. Grinyer ,9
G. Hackman,6 M. Hanley ,10 A. Illana ,11 S. Jones,12 A.T. Laffoley,1 K. G. Leach ,10 R. S. Lubna,6’§ J. McAfee,6’13
C. Natzke,6’10 S. Pannu,1 C. Paxman ,6’13 C. Porzio ,6’14’15’“ A.l. Radich,1 M. M. Rajabali,16 F. Sarazin ,10 K. Schwarz,6

S. Shadric:k,10 S. Sharma,9 J. Suh,9 C.E. Svensson,1 D. Yates ,6’17 and T. Zidar'
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Stable Ge (N = 38 - 44) = v excitations across N = 40, small-deformation
M. Honma, T. Otsuka, T. Mizusaki, and M. Hjorth-densen, PRC 80, 064323 (2009)

0.* States in the Ge, Zn and Ni Isotopes

Multitude of p-h excitations across
shell and sub shell gaps, with

Radioactive 82Ge = v excitations across N = 50, large-deformation

different features and deformations

J. K. Hwang et al., PRC 84, 024305 (2011)
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Neutron Number
Ni (N = 36 - 42), Multiple Shape Coexistence:

Small, filled dots: firm
Jm assignment

Open dots: tentative Jm
assignment

Circled dots: evidence
or suggestions for
Shape Coexistence

Large, filled dots: our
new results

Data from NNDC
Brookhaven ENSDF
and XUNDL databases

S. Leoni et al.,, PRL 118, 162502 (2017) - S. Leoni et al., Acta Physica Polonica B 50, 605 (2019) - N. Marginean et al., PRL 125, 102502 (2020)

02+ in 64.66.68N| — v excitations across N = 40, small-deformation

04* in 64.66Ni, O3* in 68Ni, 02* in 7ONi = 11 excitations across Z = 28, large-deformation
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Energy Systematics

Szgo 64(}e 66Ge 68Ge 70(}e 72(}4e 74(}e 76(}e 78(}e SOGe 82Ge
5
4500
4000 N
N 6" o 6"
— 3500 (67) 6+ -
+ - + 6+
— 2500) — o ¥ _ 4 5 6" 4+ 4 ot
R 4 @) &3 -~ 45 3 4 & o - - 2 1=
2000 — o o+ 2 o 2 & 3 3= & 3 0 @y
1500 = - = 2’ & = 4 = - = = = 2
1000 ot 2+ 2+ 2+ 0_ X 2_ 0" —_— 2 2_ =
500 B - N = = z Z z - L
o._o% ______90 _____0 _____°o _____ oo oo & oo oo o ___
550 62 Zn 64 Zn 66Zn 68 Zn 70 Zn 72 Zn 74 Zn 76 Zn 78 Zn 80Zn
5000
4500 .
4000 . ¢ - &)
— 3500 -
3+ 3" +
L 3000 + — + = 6 +
- 4 — - . & — 4 () () 6*
— 2500 . _ 0 g & 4 3 [0 4 3 T —
2000 — 5 [0 2 2 . L0t @)
- — = - - £ —_ @) E 0+ N (2_) — 4" 2+
1500 2 ) 5 . 4 0” 4+ 4+ = 2*
2 2+ 2" 2" 5 S (1)
o._o% ______¢o _____° oo oo oo & .o oo o ___
550 60Ni 62Ni 64Ni 66Ni 68Ni 70Ni 72Ni 74Ni 76Ni 78Ni
5000
4500 ©) &
4000 & . 6
Eiigg & 4 4" . & @) @,
o S N B S0 g =
2500~ = 0 &2 ) = 4 = = @) @) ¢
2000 - — - A— el @) —
1500 2 - 2 2t =, 1 4
- = - — 2" 2 2
1000 Z 2"
500




GEANT4
37 —27—07

O (E2/M1)=-0.57
¥?/ NDF = 1.46




INF

TABLE I: Occupation of the neutron intruder orbitals and percentage of particle-hole excitations across the N = 40 gap in the
ground states and first excited 07 states of the Zinc isotopes.The red bold number indicates places where the extra intruder
population is larger than 1 particule in average in the ground state and delimits the contour of the Island of Inversion.
Nucleus state IPM SM OpOh
Vgg /2 Vd5/2 Vg9 /2 Vd5/2

Extension of the N=40 |ol

®Ni 0 0 0 0.80 0.10 62
05 0 0 210 0.10 17
Ni  0of 2 0 2.86 0.17 55
05 2 0 4.47 041 21 : : :
, 2+ TABLE II. Occupation number n* of neutron intruder orbitals
Ni 81 i 8 g'?z 8':1)’;1 61’; from the shell-model calculations (SM) of this work compared to
° ' ' the independent particle model (IPM). The percentage of particle-
TAN; +
N0 6 0 596 043 58 hole excitations across the N = 40 gap in the ground state of Cr
0Ff 6 0 565 073 44 : ALIOILLS acLOss = 4V gap & DRale OL
e isotopes 1s also given. The last column features the pairing
Ni 0f 8 0 7.84 0.36 90 Lt oy diff AE . MeV luated
0of s 0 739 077 99 correlations energy differences “Pairing (in MeV) evaluate
o < ré State.
NI 0F 10 0 983 019 99 between the ground state and the 2, state
0Oy 10 0 7.79 233 94
7 - y J , : . *
0Zn  0F 0 0 260 017 4 Nucleus n"(gy;» +ds; ) OpOh 2p2h 4p4h 6p6h AEPairmg;
05 0 0 266 025 12 IPM SM
“Zn 0y 2 0 3.99 0.35 4 OCr 0 1.8 14 75 7 0 1.84
5 2 : 2 12 ,
02 0 39T 029 2Cr 0 35 1 25 71 3 149
74 + .
Zn 8# ‘i g Z;g’ 00'45'8 éi %4Cr 0 4.3 0 8 71 20 1.25
iy i ’ ' %6 Cr 2 5.2 0 40 56 3 1.13
Zn 07 6 0 579 052 54 68
r 4 6.0 6 79 11 0 1.24
05 6 0 6.12 047 47 C
®Zn 07 8 0 7.67 048 93
05 8 0 7.73 0.44 92
®0Zn 07 10 0 9.72 0.30 100
0f 10 0 9.74 0.28 100
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N =40

PHYSICAL REVIEW C 80, 064323 (2009)

New effective interaction for f5pgo-shell nuclei

M. Honma,' T. Otsuka,”"* T. Mizusaki,” and M. Hjorth-Jensen®

10

1 L i 1

32 34 36 38 40 42 44 46 48 50
neutron number

FI1G. 24. (Color online) Occupation numbers of the neutron ge,>
orbit in the shell-model wave functions. The filling configuration
corresponds to the dot-dashed line.

VOLUME 88, NUMBER 9

PHYSICAL REVIEW LETTERS

4 MARCH 2002

%Ni‘w: Magicity versus Superfluidity

O. Sorlin,' S. Leenhardt,’ C. Donzaud,' J. Duprat,! F. Azaiez,! F. Nowacki,> H. Grawe,? Zs. Dombradi,*

F. Amorini,” A. Astier,’ D. Baiborodin,” M. Belleguic,! C. Borcea,® C. Bourgeois,! D.M. Cullen,”* Z. Dlouhy,’
E. Dragulescu,® M. Gérska,® S. Grévy,'? D. Guillemaud-Mueller,! G. Hagemann,'' B. Herskind,'! J. Kiener,'?
R. Lemmon,? M. Lewitowicz,'* S.M. Lukyanov,”> P. Mayet,? F. de Oliveira Santos,'* D. Pantalica,’
Yu.-E. Penionzhkevich,'” F. Pougheon,! A. Poves,'® N. Redon,® M. G. Saint-Laurent,'* J. A. Scarpaci,’

G. Sletten.!! M. Stanoiu.'* O. Tarasov.!>" and Ch. Theisen!”’

TABLE II. Shell-model and experimental energies of the
first excited state E(2%) [MeV], calculated B(E2 1.0, — 2%)
[e? fm*], and the number (Ng/2)exira Of e€xcessive neutrons
occupying the go,» orbit are compiled.

2 o . o o Y o ‘ o 2 ° ' o
“Ni *“Ni 9ONj “SNji Ni  °Ni Ni

EQ2%)ewe LI 124 149 173 150 142 133
E(2%)exp 1173 1346 1425 2.033 1.259

B(E2 Dewe 775 755 520 265 410 505 690
(no/dexwa 024 043 067 119 073 045 0.27




66/n Coulex

PHYSICAL REVIEW C 103, 014311 (2021)

Onset of triaxial deformation in **Zn and properties of its first excited 0* state
studied by means of Coulomb excitation

M. Rocchini @,%*" K. Hadyriska-Klek,*” A. Nannini ©,"* A. Goasduff ©,°” M. Zieliriska,* D. Testov®.,®” T. R. Rodriguez,”
A. Gargano,'" F. Nowacki @,'"" G. De Gregorio®,'%'* H. Naidja,"* P. Sona,'* J. J. Valiente-Dobé6n,* D. Mengoni,*’

P.R. John,*"'* D. Bazzacco.”’ G. Benzoni ®,'” A. Boso,”’ P. Cocconi,” M. Chiari ©,"* D. T. Doherty,'® F. Galtarossa,”
G. Jaworski,” M. Komorowska,” N. Marchini,-'” M. Matejska-Minda®'® B. Melon,' R. Menegazzo,*’ P. J. Napiorkowski,”
D. Napoli ®.* M. Ottanelli,’ A. Perego,* L. Ramina,” M. Rampazzo,’ F. Recchia,®’ S. Riccetto,'”*"

D. Rosso,” and M. Siciliano ®*°
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B2

FIG. 9. Same as Fig. § for **Zn after projecting onto angular
momentum J = (. A triaxial shape with a2 finite dispersion charac- o 08 w0 e ’ ‘ a
terize the 1sotope and a second prolate minimum results from the

FIG. 8. Potential energy surfaces for stable Zn isotopes result- calculation. FIG II. (."nllcclivc wave functions for selected ?flull‘i in M7.{\.
ing from deformation-constrained Hartree-Fock calculations with obtained within the SCCM framework. The energy of each sture (in

. o g8 . keV) is given on topleft of each CFW. The colored frames are used
!llc p;u'l'lclc number projection method (PN-VAP) and Gogny D1S to present the suggested band assignments.
mntcracton.
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Zn: Relativistic Mean-Field

Eur. Phys. J. A 25, 29-39 (2005)
DO 10,1140/ epja/i2004-10235-1

THE EUROPEAN
PHYSICAL JOURNAL A

Relativistic mean-field study for Zn isotopes

W.Z. Jiang"** Z.7Z. Ren?, T.T. Wang', Y.L. Zhao'. and Z.Y. Zhn *
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Fig. 8. The Routhian for *’Zn with respect to the quadrupole 01 00 01 02 03 04 05 06 07 08
deformation with the NL-SH set. The coefficient labeled in the ﬁ
figure is the reduction factor of the pairing gap constant. The 2

coefficient 1.0 means no reduction. Fig. 9. The same as shown in fig. 8, but for 667,
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Zn: Covariant Density Functional theory

PHYSICAL REVIEW C 101, 064322 (2020)

Ground state properties of Zn, Ge, and Se isotopic chains in covariant density functional theory

Nihad J. Abu Awwad.' H. Abusara®,
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Ni Isotopes & Z = 28

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 89, 031301(R) (2014) 66N .
| E(MeV)
Novel shape evolution in exotic Ni isotopes and configuration-dependent shell structure 6
4
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