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The bottom line

-~

The nuclear electromagnetic moments
are all about:

Polarization
Self-consistency
Symmetry restoration

~
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Outline

Methodology* \
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What next?

10. Two-body currents

11. K-mixing

12. Octupole vibration "'Yb
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Shape and spin core polarizations

Spin polarization
A € pmn p

I = total angular

momentum |.Q =1 )

€2 = projection ot I

Q=1

s )

Landau parameter g (gy = 1.7)
86 =Ny (2C7+2C ] (3n%py/2)*7)

— parti 1 m
@ = particle ~ ~ 150— MeV - fm?
Q=1 o "

. v

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

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

—
r [fm]

self-consistent
mean field

Energy density tunctional
>
&lp(x), s(x), 7(r), T(x),j(x), J(1)]
Hartree-Fock

Coupling constants
* (HF)

. A T J VJ .
T-even: CF,C™, (], Cr_, Cr_ equation
T-odd : Cs, CA, CI, C/,CV

Parametrization: UNEDFE]

\.

M. Kortelainen et al., Phys. Rev. C 85, 024304 (2012)
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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)

. 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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Odd near doubly
magic nuclei

IOOSn

nh

56Ni

nh

np

48(C3q

N=20 N=28 N=50 N=82 N=126
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Quadrupole & dipole moments
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* Proton-odd (squares) & neutron-odd (circles) nuclei
* Average of UNEDF1, SLy4, SkO’, D1S, N3LO functionals
RMS deviations much smaller than the residuals
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[P. Sassarini et al., J. Phys. G49 (2022) 11LT01 }

Effective spin g-factor? Who ordered that?

gp(gn) = 5.59(—3.83) x g 2?2
1(0)

Landau parameter g, (g, = 1.7)
86 =Ny (2C7+2C | (3x%py/2)*7)

g 1 m -3
g — ~ |50— MeV - tm
N{} m*
— 1 T 1 t 1 t 1
Odd near doubly w5 B 12 ¢
. . nh np
magic nuclei o ] °
100G, - . g °
U0 U o 1.0 ® [ ] — —_—
uh np | (nh up O : { .
| _ p| | _ 3 u‘IE n. ° { 0.98(10) =
56Ni — = 132G o o o ®
r 0L c o® o
‘llll np | |llll np | 8— 0 8 B
ph ph , -
rp 104 O - 57N ( - TI _
‘ll.ll np| |1|l| llll‘ g 0.6 — (.‘ NI ./] T
ph ph ) L == -——

160 - — BCa i - ~ -————
O P m (,13be _./‘ (’. ZUQBi\1
‘ll.ll ll])‘ 04 I . | [ - = T.__'__'__/

ph )
- | 2 0 2 4
N=8§ N=20 N=2§ N=50 N=8§2 N=126

Magnetic dipole moment Hoxp ()
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The first systematic nuclear-DFT analys

?Swmﬂ (€207) €78 4 "1 'sAy{ “1v 12 preuuog .:

of the electromagnetic moments
in heavy deformed open—shell odd nuclei
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Blocked quasiparticles were tagged by the neutron

i13, (Q=+13/2) or proton h,,, (2=+11/2) single-particle orbitals
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Intrinsic quadrupole moment Q x 55/91 (eb)

Heavy deformed 1m11/2" 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)

~
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Heavy deformed Tl

Spectroscopic

1/2° odd-Z nuclei
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/Conclusion: A

Spectroscopic magnetic dipole moments

\cannot be inferred from the intrinsic ones y

7. 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

EEEEEEEE

AT

I5

| 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

7. Bonnard et al., Phys. Lett. B 843 (2023) 138014 |
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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

[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 |

even R
o2 | 4[| W)even = [ (uy + vuatal) |0)
[505]9/2] !
[514]7/2 ] 7]
[523]5/2]
[532]3/2 ] 1
[521]1/2 ] 1
[503]7/2 | -

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

[512]5/2 | -

tagging quasiparticle states I
max,, {(pr|¢5zpper)a (‘Pu|¢:fwer)}
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Single-neutron Energies [MeV]

[5.0,3]5/2
[6,0,6]1372
[5.0,1]1/2
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[6,1,5]1172
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[6,3,3]7/2
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[5,5,0]1/2

SN\

BN

[5,1.0]1/2
[5,1.0]172
[6,2.4]9/2
[7,5.2]5/2

[5,1,2]5/2

[6,4.2]372

~ = ®IN [5.0,5]1172

[6.4.0]172
[5.4.1]372
[5.2.1]172
[6.3.3]7/2
[5.2.3]5/2

[4.0,213/2
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[4.0.0]1/2
[9.9.0]1/2

[4,0.417/2
[5.1.419/2

[8.7.1]172
[4.0.2]572

1
38.0

128 191 254 317
Qyo [b]
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Excitation energies of odd dysprosium isotopes

Excitation energy (MeV) [arbirary offset]

2|

—0—-[640]1/2 —@—[633]7/2 -4—[606]13/2

—W—[631]3/2 ——[624]9/2
—&—[642]5/2 M- [615]11/2

113

Neutron number N
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Excitation energies of odd dysprosium isotopes
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93 103 113 123
Neutron number N

Excitation energy (MeV) [arbirary offset]
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Electric quadrupole moment Q (b)

Electromagnetlc moments of odd dysprosmm 1sotopes

.

4

I DFT
® Exp

7/ 2

72 7(2'

oz \
32

327 5/2°

5/2"

32
72",

| 712" |
5/2"

83 85 87 89 91 93 95 95 95 95 97 99
Neutron number N

9/2+ 100.4
*

7/2+ 43.8
*

9/2+ 0

5/2- 131.7

7/2- 103.0

3/2- 74.6

*

9/2- *25.7 161Dy

|

“1v 32 yeaxdreN °[ °S

(S66T) 6CFT “2SD "AdY "sAyd

[

o o
o N

Magnetic dipole moment p (“N)
=
N

2576) _{2972)
285
wriz) Itm‘m Vs
N i’j’ﬂL
% °

(25/7)

729 70,

w0 DNy @)
(1872 ) *(12341 " 452

g A7 o are)
(1we) 1'(-”5!3 e

10 842y
) 9 d«?ﬁ) 155

4(3'?)

11/2 [505]

o
I

o
o

-
o

2

I DFT
® EXp

n"m
R
72

323
32

327 5/2°

52"

2",

3/2"

712"
5{2_ :

83 85 87 89 91 93 95 95 95 95 97 99

Neut

ron number N

sses___ 8191
5028 A7t
685
2t 502 4505 161 D
asi2t 4222 4228 g amzt y
78 247 3867
s | ss04 5 [ g2 s
272
65 \ Bre
) 2056 § a6z
aret  § 2839 [P - e 50
B y 2704 stz | 2888 mr
517 -1
e 628 545 . 2415 v St s | 2300 527
33‘?'+”"" - fem size. f 2157 s o - Q_i_-"‘g 2vz
o 468 gby 587 1 LA oy 3 / a5z tsae
. [ o 4
il = --f_mm 2?.[?'_5--_} 5/e ¥ 1647 .2 _E a8 /s A2 'M
: 375 [ ] ¥ ?40 148 § 2R 7d / 212 ,36.5 2!1
292* z2r ¥ 423 e lj | r2a7 = o / ¥ o 25 wr
1047 urn ot~ sl - g3} e & P +
7 1902 / e WAL
3 i AU S W0 7e2 g e
157 7ig ozt i il L, 5 A .
[31€] 5 L i 1827 132- 587 174
172 s 2‘° 1o g1 “ i e g e U
132 2] 208 ' o = R 358 4p1 7 ¥ o o 5 a15 230
w2 87 101 %9 “"H,, i e sz 1651 z‘°2 R T
52 1010 4. v 152 [ e

5/2"[523)

32 [521]

(€00T) TOEHEO ‘29D "AdY "sAYd

“Ip 32 snepPIun( 'y

Jacek Dobaczewski

Science & Technology

M
U NIVERSITY W @ Facilities Coundil

UK Research
and Innovation




Electromagnetic moments - the rigid-rotor approximation

161Dy 5/2* UNEDF1, g’,=1.7

spec _ ~intr I IK spec __ _.intr I IK
rot — 20 X Cn,zo X CIK,ZO Mot — Mz X CII,lO X CIK,lO

w

©Q

N
o

N
=
o1

=

o
=
&)

ol

o

Electric quadrupole moment Q (b)
AR
Magnetic dipole moment p (“N)
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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
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@® Experiment B Theory
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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

0dd-Z n7/2*

® Experiment B Theory
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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).
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Nuclei

N. J. Stone, Table of nuclear magnetic dipole and electric
quadrupole moments (2014), INDC, report INDC(NDS)-0658
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[ 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 |
- »-
:E- 6.0 A

75)"=9/2 -9 44~
'4

99 103 107 111 115 119 123 127 131
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) |
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Moments of the 1/2, 7/2 & 9/2

states in Ag

~0.21
_0.3-
_0.4-
~0.51
_0.6-

—0.7+

(b)

66 /70 74 78

N

58 62 82

Experiment ¢ This work
¢ Literature

UNEDF1 -~ g'o =

= J'o

0 0

1.7
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1.7 —--3g%

58 62 66 70 74 78 82
N

1.7 1=19/2(7/2)
1.7 1=09/2

[ 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)
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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
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| 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)
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Magnetic dipole moments in Sb

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

—— VS-IMSRG (sdg7)

Shell model

V Literature
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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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Two-body-current corrections to magnetic moments

| | | |
A sp limit FIG. 1. Magnetic dipole moments of near doubly magic nuclei
17 N L gl:l from A = 17— 209 computed with the VS-IMSRG(2) relative
O(5/2 1 )T Hie ) to the experimental values. Results are shown at the one-body
© Mg+ HUzs level, p1p (blue squares), and including 2BC, pip + pop (red
7F(5/21) F % EXPp. @ - circleg} based on the 1.8/2.0 (EM) NN+3N interactions. The
experimental dipole moments (stars) are taken from Ref. [21, ?
35]. In addition, we show the simple single-particle (sp) limit
37 L o -
CI(3/ 21() A 0O * (without many-body correlations and without 2BC). %
<H
L
39K(31‘2{] L A O * i 7.00 -|--: Sl Iilmilt L T T T T T ‘_..'
6.75F up """"""""""""""" =
37 +y | O Al 18
Cal3/21) ‘9 650 © g+ H2s (.;!
(o]
L —— Exp. )
39{:8(3,{2{) L PA (1 - 6.25 P 5
":;:% 6.00 | ® «c
“Ca(7/21) | a g 1 S5k °7 o ° -~
© ; sol—— 2250 -S
Nsc(7/27) | [ - 550 F o o 0 v — - _ S
O @A ol 0000000 &
131|FI|:'91'2+:| L - o <
! 5.00 [ ©o oo >
E
1335b72+' AN © o 4.75 I | 1 1 1 L 1 B |
(772;) * 50 54 58 62 66 70 74 78 82 .
N b=
20?T|(11‘21—) » * (N ®) A
209Bi(9/27) a o * 1 FIG. 4. Magnetic dipole moments of the 9/27 ground state for
_1' 0 — {; c 0' 0 0'5 the odd-mass indium isotopes isotopes computed with the VS-
' ' ' ' IMSRG(2) including 2BC, in comparison to experiment [21,
(Keale. — Hexp. )”)Uexp. | 52].
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NLO magnetic moment operators

(slide by Herlik Wigowo)

The NLO intrinsic and Sachs contributions to the magnetic moment operator are
given by

2
’\NLO,int gAmﬂ- ) ~ 1 ~ ~ A ~ A ~ J— T
Heay, (r) = _87TF72 (71 XTz)z{(1+ m,rr) (61 x 2)-£|r — (071 X 0'2)}6 e

and relative
coordinate

~ NLO, Sachs
o, r

respectively, where
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magnetic moment operators

(slide by Herlik Wigowo)
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K-mixing
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Energies of the K-mixed states

R R R R R R R R R R R R R R R R R R RN R R R R R R R R R RN R RN R R RN R R R R R R R R

RESULTS OF THE MULTI-REFERENCE CALCULATION

AR R R R R R R R R R R R R R R R R e A R RN R R A R R R R E N A R R A AR RN A R R R R R AR E R AR AR E R EE®
* SPIN N EIG OVERLAP EIG_ENERGY |

|
11/2 5.979982E+080 -1092.439526 |
11/2 1.575148E-02 -16833.008302 |
11/2 2.225877E-063 -10680.289292 |
11/2 1.132094E-03 -10678.423819 |
11/2 6.412910E-084 -1869.869511 |

11/2 6 2.674966E-84 -1067.359363 |
R e e e P e s

¥ OH ¥ K K K X W

#
#*
#*
#*
#
#
#*
#*

E intrinsic(11/2) = -1092.0855162
E projected(11/2) = -1092.316241
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Octupole deformation - a case study

A -@-521-521(0) ; 0.7¢
— L |-@-660-521(0) —~ 0.6} .
2 [ | -Hl-640-521(0) e
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Basic definitions

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

My, = (0| Ny, |¥) = / ma(7) &°F,

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

D (T) = ep(T)Qxu(7),
mxu(F) = 1 |9.5(7) + 525907 X 5(7) | - VQuu().
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,, (%) = rY,.(0, ¢).
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Schmidt limits

The magnetic operator j« is a one-body operator and the magnetic dipole moment  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: ”= gL L + g S
S
Y Gt jas s ju)m = 1> (2.1)

i=1

M(1)=<1(j1,j2,---,jn),m—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]:

Gerda Neyens, Rep. Prog. Phys. 66 (2003) 633-689

/,L-:j—%+,up forj:l+%
for an odd proton: j 3 . | (2.2)
nw=——/*+7"i for j =1-3 .
S Schmidt
. | limits
= [ for j =1+5
for an odd neutron: j _ | (2.3)
n = —— for j=1—5
Jj+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
: Jacek Dobaczewski & e et UK Research f._ E’S >
UNIVERSITYW & Facilitios Council and Innovation j%z\ )‘*
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Heavy deformed v13/2™ 0dd-N nuclei
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Conclusion:
Spectroscopic magnetic dipole moments

\cannot be inferred from the intrinsic ones y

7. Bonnard et al., Phys. Lett. B 843 (2023) 138014 |

Jacek Dobaczewski

UK Research
and Innovation

Science & Technology

UNIVERSITYW @ facilities Council




Heavy deformed v13/2™ 0dd-N nuclei
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Heavy deformed v13/2™ 0dd-N nuclei
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( Conclusion:
Rules of particle and hole polarizations do not extend
_from the magicity towards the open shell systems.

~

7. Bonnard et al., Phys. Lett. B 843 (2023) 138014 |
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Insignificant impact of the PNP

UNEDF1, g’,=1.7

—®—magnetic dipole nu
—il— electric quadrupole Q

A
68ErN
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Neutron number N

Relative difference AMP+PNP vs. AMP (%)
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Convergence of the total HFB intrinsic energy

16’Ho 11/2-, UNEDF1, g’,=1.7

.E.
lim

=-1352. 644(14)'

Optimal @,

!

1.0 1.2

1.4

o /[(41MeV+A ™)

Ee

Intrinsic energy E+1352 (MeV)

[ Xi %?=0.000034

" | E=-1352.644(14)+35.9(2.5)*exp(-0.211(5)*N,) | ]

hoy/(41MeV*AMS) = 1.2

=-1357.77346
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Convergence of the spectroscopic moments

16’Ho 11/2-, UNEDF1, g’,=1.7
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Electromagnetic moments of odd dysprosium isotopes

Prolate
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Electric quadrupole moment Q (b)
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