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® Low lying collective states can be described by bosonic degrees of freedom.
® PBosons = correlated valence nucleon pairs
(no distinction between proton or neutron bosons).
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Dynamical Symmetry

F. Iachello and A. Arima, The Interacting Boson Model (Cambridge University Press, Cambridge) 1987.
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Wave function structure and spherical occupation

even-even Zr
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Results

Energy levels
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Results: quantum phase transitions

Evolution of shape and configuration

ue) : U) — SU@3) : SU@3) — SO(6)
QU p(N5.03)
;: 75 L 1| —@— I’ld=0
50¢
25¢
O .
s I . P(NB,OQ'S

Probability (%) Probabilit
%

50 52 54 56 58 60 62 64 66 68 70
Neutron number




Results: quantum phase transitions

Evolution of shape and configuration

Probability (%) Probabilit
%

S100F
= 75t

50 52 54 56 58 60 62 64 66 68 70
Neutron number

u(@s) Uu() — SUQ) ' SU@3) — SO((6)
. el | — N0
O\Q/?\ . o PrE 20 B)
| shape evolution g d
O o D\é_—g———ﬁ’l ' . : 9
A f A A—aA — P(NB,();-S
configuration
. crossing
‘—__—‘\L—




Odd-mass nuclei: , Zr isotopes



Interacting Boson Model Configuration Mixing n

Hamiltonian
H - [:I B Fermion
1) "
IBM-CM ) HYE) Ww) ° >
. . H = . o
Hamiltonian B W(w) o )(52) \
Boson

Noam Gavrielov, Racah Institute of Physics SSNET 2024



Interacting Boson-Fermion Model Configuration Mixing "

Hamiltonian
H:HB+HF+ VBF Fermion
= )
IBM-CM P HOE) Ww) a ~
. . p— A A 2
Hamiltonian B _W(a)) Ja )(gz) \v
. [ 7 Boson
Fermion part 7 81' nj L
F |0 g N.
= J
Bose-Fermi interaction (1)(/1(1) r A(l)) 0
®, = o, forallj Vg, = 0 v, DU 1) A®)
N. Gavrielov, Phys. Rev. C 108, 014320 (202;)
Noam Gavrielov, Racah Institute of Physics SSNET 2024



Wave function structure and spherical occupation I

Odd-maSS IIUCICi gr;\ésﬁs&&

W; D=3 COU Y Ny, a Lyji N+ L CV Ny Ny o Ly ji J)
al,j alyj

| | |
Normal Intruder

N. Gavrielov, Physica Scripta, 99, 075310 (2024)

Noam Gavrielov, Racah Institute of Physics SSNET 2024



Wave function structure and spherical occupation I

Odd-maSS IIUCICi gr;\ésﬁs&&

W D=L CO W Ny @ Lyjr o+ L CU ™y Ny, @ Lyji J)

a L,,j a L,,j

N,=N;  N,=N,+2

YN, a L, j:J)= ;LS%L N, n,,t,n,L,jJ) U(®5)basis

N. Gavrielov, Physica Scripta, 99, 075310 (2024)

Noam Gavrielov, Racah Institute of Physics SSNET 2024



Wave function structure and spherical occupation b
odd-mass nuclei e,
W N=ZCP W N a Ljs o+ TCV Ny Ny, @ L j; J)
: N, =N; N =N+2

W5 Ny @ Ly J; 0= 3, CU0 N, my, Bmy Ly i J)
— P(Ni’J)nZTZn L[QSN,‘,?A .. > J occupation
— P r:nzj L[C,,f,vi,;ﬁl .o I> moccupation
— PN = > B N, occupation

N. Gavriclov, Physica Scripta, 99, 075310 (2024) i=A,B
Noam Gavrielov, Racah Institute of Physics SSNET 2024



Introduction

Boson-Fermion counting: *°Zr

Op-Oh protons 2p-2h protons ZngSS boson core
_ T v T v
Fermion —— %311/2 5311/2
g7/2 g7/2
=3 =
ese0ee 2d_, es0000 205

T~

Fermion




Introduction

Boson-Fermion counting: *°Zr
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Results

Evolution of occupation probabilities

Evolutions:
e single quasi-particle energies:
® joccupation (orbital):

® 7 occupation (deformation):

d
o N , occupation (configuration):

N. Gavrielov arXiv:2409.00967

¢

N

THE HEBREW
UNIVERSITY
OF JERUSALEM

5/2{

127 127 3/

3/2{

@ V1d5/2
11281/2 *
V1d3/2

10972
l/Ohll/Q

07 99
Mass Number

Noam Gavrielov, Racah Institute of Physics

SSNET 2024



¢

»7Zr debate n

THE HEBREW

What is the nature of the isomeric 7/2" state? ey

PHYSICAL REVIEW LETTERS 124, 112501 (2020)

g Factor of the *Zr (7/2*) Isomer: Monopole Evolution in the Shape-Coexisting Region

E Boulay,l’z’3 G.S. Simpson,4 Y. Ichikawa¢ ~.~,2 S, Kisyov,5 1 8 Bucurescu,5 A. Takamine,2 153, Ahn,2 K Asahi,z’6 H. Baba,2
I L Balabanski,z’7 T Egami,z’8 T Fujita,z’9 N. Fukuda,2 1 Funayama,2’6 T Furukawa,z"o G. Georgiev "»,” A. Gladkov,z’]2
M. Hass,"” K. Imamura,”'* N. Inabe,” Y. Ishibashi,”"> T. Kawaguchi,”® T. Kawamura,” W. Kim,"? Y. Kobayashi,'®
S. Kojima,z’6 A. Kusoglut ' R, Lozeva,'' S. Momiyama,18 L. Mukul,"”® M. Niikura,'® H. Nishibata,>” T. Nishizaka,*®
A. Odahara,” Y. Ohtomo,”® D. Ralet,'’ T. Sato,”® Y. Shimizu,” T. Sumikama,” H. Suzuki,” H. Takeda,” L. C. Tao,>"
Y. Togano,6 D. Tominaga,z’8 H. Ueno,2 H. Yamazaki,2 X.F. Yang,20 and J. M. Daugasl’2




P71 debate n

What is the nature of the isomeric 7/2" state? b

ISALEM

e 1/2t
m 3/2f

5/2
v 772t
® 9/2{
No 11/2f
1| % 13/2F
& 15/27
o 17/2F

Jrow Cale

Energy (MeV)

03 05 07 99 101 103
Mass Number

u(’Zr)=1.365u,; 7/2"is a vg, , excitation.

w®Zry=231u,; 727is ... ?




P71 debate I

What is the nature of the isomeric 7/2" state? e

OF JERUSALEM

IBFM (single configuration): 7/2" is vd,, excitation

401 R & a; ]
'._31/2 J
%: 3 . £ 5 37/2
5 . Y .
s 307 i 52 ]
g B SRUTe
> %
= i T ]
2 20t Lo b
@ - ]
.-9 I .\F/A__. “‘ ‘A
(@) i 5 \
= r 9 .
C - as s -
s 1.0 I : ‘
O L
\v4
0r [ 4 L 2 O @ -------- -0 .
jo
| | | | |
51 53 55 57 59
Neutron number

F. Boulay et al., Phys. Rev. Lett. 124, 112501 (2020)




»7Zr debate I

What is the nature of the isomeric 7/2" state? b

ISALEM

IBFM (single configuration): 7/27 is vd ) ex et

— S. Brant, V. Paar, A. Wolf, Phys. Rev. C 58, 1349 (1998)
401 R O dsp ]
I i - s, | — |
< [ ; A G ] ~ 35+ —
3 30f -v-i/g y > L _|
‘E" I - hyyz | L
3 . g 29 - _
2 20r > ] § — _|
% _ .\.//.___. g | Lr.]g 1.5 B ~
£ 10l S R ‘s 05+ —
8 % %] & 0.5 L -
v
oF e ® ® | JORRELRRLE %0 o 0.5 — o
| | | | 4] 91 93 95 97 99
51 53 55 57 59 Mass number
Neutron number

F. Boulay et al., Phys. Rev. Lett. 124, 112501 (2020) P. E. Garrett, Phys. Rev. Lett. 127, 169201 (2021)




25 Single Particlle | 7/ 21_ }IZ | IBFM-CM
DOH swaesns Jg%; Jgﬂ; T
1.5 o Jf. 7/2f & A JoT
—~ 1.0t QA -
32/ 0.5F 1
< 0.0t T
—0.5¢ 5/ 1/2F 1
—].O B @ “ 1
—1.5 L ' ! ' .

93 95 97 99 101 103
N. Gavriclov arXiv:2409.00967 Mass Number




2.9 Single Particlle | 7/ 2;_ j: IBFM-CM
DOH swaesns J$ J;;
1.5 o Jf. 7/2f & A A JF.
/—2\ 1.0} o g Increasing
3 05 il i deformation
= 2
< 0.0t : 1
—0.5F 5/ 1/2F T
—].O B @ “ 1
—1.5 - - -
93 95 97 103

N. Gavrielov arXiv:2409.00967

Mass Number




2.5 Single Particlle | 7/ 2] ¢ | IBFM-CM
DOH swesis T |
s Isomers gs
1.4 o JI. A JL.
— 1.0} :
< o5} ]
<= 0.0f I
—0.91 {
519
—1.0} / e l
- ]. . 5 1 1 L i o
93 95 97 99 101 103
N. Gavrielov arXiv:2409.00967 Mass Number




2.5 Single Particlle | 7/ 21— j: | IBFM-CM
20 [l ceeees Jg_: J;;
1.5 o J&. 7/2f § A Tk
— L OA
= . Increasing
5 05 B deformation
< 0.0 ]
. L £ |
0.5 5/ 1/2]
- ]. o O B &= o -
- ]. . 5 1 1 i
93 95 97 103
N. Gavrielov arXiv:2409.00967 Mass Number




Results

Magnetic Moments

2.5 Single Particle 7/ 21 \ IBEM-CM
] sesass + + a1
2.0 Jg 5 Isomers 0t® (vg..) ‘]98
1.5y o Jf. T2 97 A Jto§
1 O L ' mixed-deformed |
/2 . O+®( ) (| :0
X 0.7 V972 s |
\i 0.0+ normal-spherical 3/2] . |
_05 I 5/2;L 1/2;_ 1/21i_ ..‘: 3/21+ il
- ]. . O B @ el T
15tk . = ——— . |
93 95 97 99 101 103
N. Gavrielov arXiv:2409.00967 Mass Number




99 ‘
Zr debate W

What is the nature of the isomeric 7/2" state?

i T | T T T T ] 1/2+
Jiow Calc = /2}
% I Na 5/2F
=L i|lv 7/2f
. ® 9/2{
%o— 1o 11/2F
é | || % 13/2¢
> & 15/27

[ : . . ; 0 qlo || “Critical point” of

101 1N o

2 95 97 9,9 S s e Shape evolution
Mass Nuniyer . .
e (Configuration crossing

u(’’Zr) =1.365 u,; 7/2" is a vy, excitation (normal and spherical).

u(®Zr)=231u,; 7/2"is avg,, excitation (mixed and deformed).

N. Gavrielov arXiv:2409.00967

Noam Gavrielov, Racah Institute of Physics SSNET 2024



Conclusions "

VVVVVVVVVV
EEEEEEEEEEE

e (alculation of even-even (IBM-CM) and odd-mass (IBFM-CM) Zr isotopes.

e (uantum analysis of the evolution of energy levels and other observables
(two-neutron separation energies, E2, E0, isotope shift, quadrupole and magnetic
moments).

e (alculated change in the configuration and symmetry content of wave functions.

All point toward the occurrence of IQPTs:

e Configuration crossing.: QPT between two configurations (normal and intruder).
Shape evolution: QPT [spherical to deformed] of the intruder B configuration.
Triad of effects (odd-mass): shape, configuration and single-quasi particle evolution.
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Appendix I

IBM-1-CM Hamiltonian

A=0® + BN 4 jy ON2)

Normal configuration (Op-Oh):

A

_ ) A . :
H, =e®i +x90- 0 [V,] irrep.

Intruder configuration (2p-2h):

T — ~(B) ;5 B ) . s(B)T . .
H,=e¢®i +xP0- -0+ L L+A [V, +2] irrep.
Coupling:

W NN = o [(dTdH O+ (s7) 2]+ h.c. [N,]®[N,+2] irrep.
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Appendix I

IBM-1-CM operators
® Pairing: n,= d - d
e Quadrupole: O() =d's + s'd + y(d™Xd ¥

e Angular momentum: L = V10 (d"Xd )
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Parameters
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TABLE V. Parameters of the IBM-CM Hamiltonian, Eq. (14), are in MeV and x is dimensionless. The first row of the Table
lists the number of neutrons, and particle-bosons (N, N 4 2) or hole-bosons (N, N + 2) in the (A, B) configurations.

52(1,3) 54(2,4) 56(3,5) 58(4,6) 60(5,7) 62(6,8) 64(7,9) 66(8,10) 68(7,9) 70(6,8)

09 08 18 175 12 12 12 1.2 1.2 1.2
£ —0.005 —0.005 —0.005 —0.007 —0.006 —0.006 —0.006 —0.006 —0.006 —0.006
¢ 035 037 06 045 03 015 0 0 0 0.15

k(B —0.02 -0.02 —-0.015 —0.02 -0.02 —0.025 —0.0275 —0.03 —0.0275 —0.025
B 0.01 0.01 0.01 0.01 0.0075 0.01 0.0125 0.0125 0.0125 0.01

X -06 —06 —06 —06 —10 —10 —075 —025 —025 0
AP 16 16 184 143 08 08 0.8 0.8 0.8 0.8
w 01 01 002 002 002 002 002 002 002 0.02
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Appendix W
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Parameters: fitting procedure o

OF JERUSALEM

TABLE VI. Experimental levels of ?27''°Zr that are as-
signed to configuration-B and used to fit the parameters
of Hp (20b). For “*7?%Zr, the indicated levels correspond
to calculated states dominated by U(5) components with

ng ~ 0, 1, 2, 3 within the B configuration part of the wave
function |Vp; [N + 2], L), Eq. (16) (see Section V for more

details).
e 0§, 25, (45, 24, 05), (67, 43, 37, 27)
Yze 03, 28, (43, %), (67, 45, 37, 2)

e 05, 28, (41, 24, 03), (65, 45, 2], 07)
Pz 07, 27, (05, 23, 4), (67, 43, 37, 2, 07)

1007, of, 21, 4f, of, 2f, 6], 2f
1027, 0of, 2f, 4, 05, 6f, 23, 2§, 3}
104ZI‘ Oi‘—, 2?7 4—1}_7 6—1‘_

1067, 0f, 27, 47, 23, 67

1087, 0f, 27, 47, 6f
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Appendix I

Classical analysis i

([N1; Byl H | [N]; By
([N]; B,y| [NT; B,y

EB,y) =

H(E) W) .
— | .. . _|€By), £2
H o) HE) —> £B.y) [Q A S(ﬁ’y)]j —> £,

A. Frank, P. Van Isacker and C. E. Vargas, Phys. Rev. C 69, 034323 (2004)
A. Frank, P. Van Isacker and F. Iachello, Phys. Rev. C 73, 061302(R) (2006)
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Appendix

Magnetic moments

T(M1) = N3/Am) (gD LM + g® [(V+2)
u=(a"g"+pg®) L
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