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The bottom line

ﬁl" he nuclear electromagnetic moments of\
odd nuclei are all about:

1. Polarization
2. Self-consistency
\i. Symmetry restoration /

[ About half of the nuclides in nature are odd }

. JER
Jacek Dobaczewski SN,
% |§ci_e{n_cs.- %Tech_llwology U KdRIesearcth - *f?ﬁ;* -
ti s
UNIVERSITYW ............ and Innovation ojiw'/&
W o B



Basic definitions

The electric and magnetic moments are defined as
Qe = (¥1Qu¥) = [ ax,(?) &'F

My, = (0| NIy, |¥) = / M (F) d°F,

where |¥) is a many-body state, and q),(7) and my,(7)
are the corresponding electric and magnetic-moment
densities:

Du(T) = ep(T)Qxu(7),
maa(7) = 1 |9:5(F) + 525907 5(7) | - V Q)
and e, gs, and g; are the elementary charge, and the

spin and orbital gyromagnetic factors, respectively. The
multipole functions (solid harmonics) have the standard

form: Q,, (%) = r*Y,.(0, ¢).
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Schmidt limits

The magnetic operator j« is a one-body operator and the magnetic dipole moment 1 1s the
expectation value of jt,. The M1 operator acting on a composed state |Im) can then be written
as the sum of single particle M1 operators /1. (j) acting each on an individual valence nucleon

with total momentum j: l"l’= gL L + gS S
> ()

i=1

M(1)=<1(j1,j2,...,jn),i71—1 1(j1,jz,...,jn),n’t—1> (2.1)

The single particle magnetic moment /() for a valence nucleon around a doubly magic core
is uniquely defined by the quantum numbers / and j of the occupied single particle orbit [22]:

r/,L-:j—%+,up forj:l+%
for an odd proton: j 3 . | (2.2)
nw=——\/+5"i for j=1—-3 ]
L J Schmidt
. | limits
U= Uy for j =1+ 5
for an odd neutron: j _ | (2.3)
n=— [ for j=1—5

j+1
These single particle moments calculated using the free proton and free neutron moments
(p = +2.793, uy, = —1.913) are called the Schmidt moments. In a nucleus, the magnetic

Gerda Neyens, Rep. Prog. Phys. 66 (2003) 633-689
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Shape and spin polarization

&
A

I = total angular

momentum

{2 = projection ot I

Spin polarization

Q=1

Q=1

prolate
polarization

r 3

Landau parameter g, (g, = 1.7)
8o =Ny (2C+2C ] (3n%py/2)*7)

_ parti 1 m
@ - particle ~ ~ 150— MeV - fm?
Q=1 v

N v

P. L. Sassarini et al., J. Phys. G: Nucl. Part. Phys. 49, 11LT01 (2022)

oblate A. Bohr and B. R. Mottelson, Nuclear Structure Vol. 1
. . K. L. G. Heyde, The Nuclear Shell Model
pOlarlZ&thll I. Ragnarsson and S. G. Nilsson, Shapes and Shells in Nuclear Structure

Jacek Dobaczewski

UK Research

UNIVERS ITYW @ scoecrorany | - CCSCATD




Time-odd spin alignment & symmetry restoration

“Intrinsic” p
Symmetry broken

Q —1/2 “Laboratory”
Symmetry restored
O =hole N . .
IM) =N [~ dpd 0

Q=1 [IM) 1) s B dya(B)|2, 8)

[ J. A. Sheikh et al, J. Phys. G48, 123001 (2021) |
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Nuclear quadrupole & dipole moments

Spectroscopic electric quadrupole Q and magnetic dipole 4 moments are :

/16 A [4 n P. Ring and P. Schuck, Th
Q — _E<][| on | [[> and U = _ﬂ<[[|M10 | ]]) . Nucllr;graﬂr;iany-Bi)duycProbieem

o =g (g,) =5.59(—3.83)
(%__ ){33 -1} Mlo—\/;#NZ {Qi”Sn‘FQ{ } p "’

2! =1(0)

Intrinsic moments = moments of the symmetry-broken state
Spectroscopic moments = moments of the symmetry-restored state

[Spectroscopic moments = moments measured experimentally 1
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Neutron number N
Blocked quasiparticles were tagged by the neutron

of the electromagnetic moments
in heavy deformed open—shell odd nuclei
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Intrinsic quadrupole moment Q x 55/91 (eb)

Heavy deformed 1mw11/2" 0dd-Z nuclei

©®-Eu B-Ho € Lu A Re VAU
-O-Tbh +Tm -Ta Ir =TI

Intrinsic x 55/91 / Spectroscopic Q (%)

Spectroscopic quadrupole moment Q (eb)

4 :
Conclusion:
Spectroscopic electric quadrupole moments can be inferred

kfrom the intrinsic ones at ~5% precision only at | Q| >1b)

~

[]. Bonnard et al., Phys. Lett. B 843 (2023) 138014}
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Heavy deformed Tl

1/2° odd-Z nuclei

Spectroscopic
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/Conclusion: A

Spectroscopic magnetic dipole moments

\cannot be inferred from the intrinsic ones y

[]. Bonnard et al., Phys. Lett. B 843 (2023) 138014}
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Spectroscopic moments: theory vSs. experiment

Schmidt value 06t

I Theory ‘
° Experlment

E
E
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| odd-z n11/2” ]

Magnetic dipole p (uy)

Electric quadrupole Q (eb)

145 149 1531191, 189, 193, 1974, 14754157y \\185-199 g A W183-197p #2055
147, 153145187}, 17751915, 1954, 2077} 155 193-195p

[]. Bonnard et al., Phys. Lett. B 843 (2023) 138014}
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1C

Nuclear-DFT analysis of electromagnet

moments between the Sn and Gd isotopes
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Quadrupole moments: theory vs. experiment

0dd-Z n7/2*

@® Experiment B Theory

Odd-N v11/2~

@® Experiment B Theory
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Nuclei

N. J. Stone, Table of nuclear magnetic dipole and electric
quadrupole moments (2014), INDC, report INDC(NDS)-0658

Electric quadrupole Q [b]

N. J. Stone, Table of nuclear electric quadrupole moments,
ADNDT 111-112, 1 (2016)

[ H. Wibowo et al., to be published}
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Magnetic dipole moments: theory vs.

experiment
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Schmidt lines represent the value of magnetic
dipole moment of an odd-mass nucleus which is
completely determined by the £ and j values of
the unpaired nucleon (single-particle model).

Odd-N v11/2~

® Experiment B Theory

L 4

Nuclei

N. J. Stone, Table of nuclear magnetic dipole and electric
quadrupole moments (2014), INDC, report INDC(NDS)-0658
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Magnetic dipole u [uy]

[ H. Wibowo et al., to be published}
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Moments of the 9/2 states in In

* 6 5_“:';-]-”:'-;’-*‘- Schm|dt I|m|t |
~ >
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75)"=9/2 -9 44~
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° 501 4
0‘ ¥
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Mass number A

—-€— Experiment DFT-HF UNEDF1
=@= |SOLTRAP mm \/S-IMSRG ANNLOgp
muns | SSM m= == \/S-IMSRG 1.8/2.0(EM)

| AR. Vernon ef al., Nature 607, 260 (2022) |

" || L. Nies et al., Phys. Rev. Lett. 131, 022502 (2023) |
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Moments of the 1/2,7/2 & 9/2 states in Ag

—0.2+

_0.3_

_0.4_

~0.51

_0.6_

—0.7+

T T T T T T (llj) T T T T T T T
58 62 66 /0 74 78 82 58 62 66 70 74 78 82
N N

Experiment ¢ This work
¢ Literature

UNEDF1 == g'oc =0 UNEDFlsy =0=g's, =0 —--qg'o =17 1=9/2(7/2)
= Qo =1.7 —--0,=17 —e-gy=1.7 1=9/2

[ R. P. de Groote et al., submitted to Phys. Lett. B }
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Moments of the vh,;, isomers in Sn
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Quadrupole moments in Sb

O VS-IMSRG (sdg) =:= VS-IMSRG (sdg7 +eff) [ This work

—— VS-IMSRG (sdg7)

Shell model V Literature
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no effective
charges !!!

—Lr—DFTg,,
—O—-DFT d5/2

Quadrupole moments in Sb

O VS-IMSRG (sdg) =:= VS-IMSRG (sdg7 +eff) [ This work
= \/S-IMSRG (sdg7) Shell model V Literature

—0.2 =

(a) -
-_,.-l"""_

O /"=7,2+

effective charges
e,=1.6,¢e,=1.05

1 1 | | I I I
/0 72 74 76 78 80 82

N

| S. Lechner ef al., Phys. Lett. B 847 (2023) 138278 |
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Magnetic dipole moments in Sb

O VS-IMSRG (sdg) =—:= VS-IMSRG (sdg7 + eff) [ This work
V Literature

—— VS-IMSRG (sdg7)

Shell model
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Magnetic dipole moments in Sb

O VS-IMSRG (sdg) =—:= VS-IMSRG (sdg7 + eff) [ This work

= \/S-IMSRG (sdg7) Shell model

V Literature
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Neutron s.p. energy (MeV)

How to calculate odd nuclei in nuclear DFT?

[¢etesry)

[624]9/2
[633]7/2
[642]5/2
[631]3/2
[640]1/2

[606]13/2 |1

| without pairing I

[615]11/2 |7

6.0}

6.5}

7.0}

SRERRLELEERE RE

[501]3/2

[521]1/2
[503]7/2
[512]5/2
[541]3/2
[510]1/2

[503]5/2 | 1

Aeven,p > A, h< A

P)even — +...a:ra
/I'ir Z

0)

-

-+ even
g = { % I
ahl‘I’)

AN

[512]3/2|
[541]1/2 | 1

with pairin
| g |

— +
o2 | 4[| W)even = [ (uy + vuatal) |0)
[505]9/2] !
[514]7/2 ] 7]
[523]5/2]
[532]3/2 ] 1

p>0
W) ers = By W) s
=a}l |] (u,,, + vua;[a;t) |0)
v#u>0

tagging quasiparticle states I
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Single-neutron Energies [MeV]
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Excitation energies of odd dysprosium isotopes

Excitation energy (MeV) [arbirary offset]

—@— [510]1/2 @~ [503]7/2 —A&— [523]5/2
W [541]3/2 —@— [521]1/2 —@— [514]7/2

—A— [512]5/2 ¥ [532]3/2 1 [505]9/2

—0O—[503]7/2 —<O—[510]1/2 —&—[523]5/2
—A—[512]5/2 —1~[505]9/2 —\/—[532]3/2
- [541]3/2 —O—[514]7/2 —0—[521]1/2

—@-[640]1/2 —@—[633]7/2 -—[606]13/2
—W—[631]3/2 ——[624]9/2
—&—[642]5/2 —M&-[615]11/2

tags

—1-[606]13/2 —O—[633]7/2 —O—[631]1/2
—IN-[615]11/2 —&—[622]5/2
—1-[624]9/2 —~—[631]3/2

123
Neutron number N
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Electromagnetic moments of odd dysprosium isotopes

Prolate
tags

Electric quadrupole moment Q (b)

—— [510]1/2 —@— [503]7/2 —&— [523]5/2 1 —-[550]112 —@-[541]12 —A—[503]52] | —@—[640]1/2 —@—[633]7/2 - [606]13/2 ¥
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Electric quadrupole moment Q (b)

Electromagnetic moments of odd dysprosium isotopes
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Electromagnetic moments - rigid-rotor approximation
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Excitation energies & magnetic dipole moments of odd
dysprosium isotopes
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K-mixing
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Energies of the K-mixed states
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RESULTS OF THE MULTI-REFERENCE CALCULATION
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What’s next to consider

Segré chart of electromagnetic moments

Electromagnetic moments of odd-odd nuclei

More advanced functionals

Octupole deformation

Triaxiality

Configuration interaction

K-mixing

Quadrupole/octupole collectivity

Two-body meson-exchange currents
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