i

Electromagnetlc moments in nuclel =
within nuclear DFT

Jacek Dobaczewskl
Umver51ty of York & Umver51ty of Warsaw

Seminarium Fizyki Jadra Atemowego
Warszawa, 10 czerwca 2021

Jacek Dobaczewski

UK Research

Science & Technology

UNIVERSITY W\/ __, % Facilities Council and |nnoVati0n



NucMagMom Collaboration (est. 2017)

Michael Bender, Lyon
Witek Nazarewicz, Mengzhi Chen, MSU

Paolo Sassarini, Jérémy Bonard, York
Ronald Fernando Garcia Ruiz, MIT

Literature

B. Castel and 1.S. Towner, Modern theories of nuclear
moments, (Oxford Studies in Nuclear Physics) vol 12, ed P E
Hodgson (Oxford: Clarendon,1990).

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

N.]J. Stone, At. Data and Nucl. Data Tables 90 (2005) 75-176.
M. Borrajo and J.L. Egido, Phys. Lett. B764 (2017) 328.

L. Bonneau et al.,Phys. Rev. C91 (2015) 054307.

O.1L. Achakovskiy et al., Eur. Phys. J. A (2014) 50:6.

I. N. Borzov et al., Phys. Atom. Nucl. 71 (2008) 469.

é\\' ER 5/

* »
UK Research A2,
and Innovation e 7

7 o




Outline

1. Recap on nuclear electromagnetic moments
2. Odd near doubly magic nuclei

3. N=83 isotones

4. Indium

5. Magnetic octupole moment in Sc

6. Schiff moment in *Ra

7. *Th

8. Conclusions

. N E R
Jacek Dobaczewski UKR h = : g’»j
Science & Technology esearc e

U NIVERSITY W @ Facilities Coundil and |nnovati0n o%\f:‘ﬁ/f‘_,




Recap

Jacek Dobaczewski

= %
& Science & Technology U K ResearCh N *
UNIVERSITYW @ Facilities Council and Innovatlon o%&f

§
=
ot

Ll/A RS



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: ”= 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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K (Nuclear Magneton)
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Odd near doubly

magic nuclei
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Odd near doubly
magic nuclei
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Mechanism for e-m moments generation

In nuclear DFT, properties of odd nuclei can be analysed in terms of the
self-consistent polarisation effects caused by the presence of the unpaired
nucleon.

A non-zero quadrupole moment of the odd nucleon induces deformation
of the total mean field and thus generates quadrupole moments of all

remaining nucleons. V='7\'Q1Q2

The latter moments enhance the deformation of the mean field even more,
which in turn influences the quadrupole moment of the odd nucleon.

In a self-consistent solution, these mutual polarisation are effectively
summed up to infinity, whereupon the final total quadrupole deformation
and electric quadrupole moment () of the system are generated.

A non-zero spin and current distributions of the odd particle influence
those of all other nucleons and in the self-consistent solution lead to a spe-
cific polarisation of the system and its non-zero magnetic dipole moment

- V=-}\’GIGZ
All nucleons contribute to the moments () and 1 of the system, with indi-

vidual contributions of nucleons depending on their individual polarisation
responses to the deformed and polarised mean field.
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Electric quadrupole
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Electric quadrupole moments Q
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Magnetic dipole

moments
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‘Magnetic dipole moments
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[ P. Sassarini, J.D., J. Bonard, R.F. Garcia Ruiz, to be published ]

Magnetic dipole moments vs. experiment
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Optimisation of the spin-spin interaction

—e— UNEDF1 —A—D1S
—=—Sly4  —%—N3LO
—e—SkO'

—
N

o o
N w

O
—

S
o
(F]
<
n
ﬁ
o)
=)
o
(¥}
e}
©
w—
N
oy
=)
~
(4]
o i
9]
i
(4°]
@)
e
~
el
-
(4]
c
=}
/M
—
=
o,
o
c
oy
i
[4°]
[95]
n
(4"
wn
A
-

1.5 2.0
Landau parameter g;,

. N E R
Jacek Dobaczewski UKR h = : s’»j
Science & Technology esearc g L

UNIVERSITY W & Facilities Council and Innovation o%‘\“/f‘m




S
o
(F]
<
n
ﬁ
o)
=)
o
(¥}
e}
©
w—
N
oy
=)
~
(4]
o i
9]
i
(4°]
@)
e
~
el
-
(4]
c
=}
/M
—
=
o,
o
a
oy
i
[4°]
[95]
n
(4"
wn
A
-

Spin magnetic dipole moment |uS| (uy)

Magnetic dipole moments

19 V1dg, Ty, 7205, V18, V25, T19g, 19, |

T T | |

o
AV
®

©) | + schmidt ¥ N3LO m EXP
| a DIS e UNEDF1

1/2

_5V1h11/2 vet,, g, 119, V3P, §V299/2 E?’S nZh

(d)

5131Sn§1338n 131|n 1338b 207Pb 209Pb 207-|-| 209Bi

Jacek Dobaczewski

[ ) - UK Research

UNIVERSITYW - Ll and Innovation




[ P. Sassarini, J.D., J. Bonard, R.F. Garcia Ruiz, to be published ]
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N=83, 7/2°

== == Schmidt
—l—exp
—@— HFB (without effective g-factors)
—l— Shell-model (with effective g-factors)

Magnetic dipole p (uN)

N
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N
o

—l—exp
—@— HFB (witout effective charges)
—l— Shell model (with effective charges)

o

Electric quadrupole Q (fm2)
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Mass number A

[ Experiment: & Shell model: L. V. Rodriguez et al. Phys. Rev. C 102, 051301(R) (2020) ]
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Indium
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Magnetic dipole moments in indium
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—l—cxp —&@— paired, with T-odd —@— unpaired, with T-odd
| v | b 1 v 1 v 1 v | v 1 v |

[ A.R. Vernon et al., submitted ]
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Electric quadrupole moments in indium
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Magnetic octupole

moment in #°Sc
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Visualisation of the magnetic multipole
moments in axial symmetry
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HF+AMP, magnetic moments in *Sc
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Schiff moment in ®°Ra
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22Ra Schiff moment vs. *’Ra octupole moment
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22Ra Schiff moment vs. **Ra octupole moment
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229Th
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What Is known about

Energies in keV What we can aim for
5/2° 146.36

Binding energies

K'=5/2 . Odd-Even Mass

. Staggering
92 G2 . Axially and octupolly |~
+ deformed
2 1.9 . Half-life
7/2* 42 43 . Proton Quadrupole
5/2" 29.19 moments
. Magnetic dipole
5/2 0 3/2" 8.28(17)eV moment
K" = 5/2" K" = 3/2" . Mean_square radii
difference

_ 229
Nilsson Th . First few transition
633 Labels 631 rates

Octupole: degree
of freedom
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Reproduction of experimental odd-even

mMass Staggeri ng Adjusted pairing

Interaction
Vo,n Vo.p

Sl 181.15 220.19

229 230
;l-h ;l-h SKM* 181.46 216.25

SKO' 163.82 184.34

27Ac 122Ac 2°Ac
B- B- B-

Experimental values SKXe 139.02 173.63
226 227 228 to reproduce:
Ra |“’"Ra ““Ra SLY4 20776 231.89
6 B- b A_=0.77 MeV
V A, = 0.68MeV UDFo 130.70 156.45
O,p
UDF1 145.35 1690.80
Source: .

https://people.physics.anu.edu.au/~ecs103/chart/

[].D., J. Bonnard, P. Becker, et al. to be published}
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Nilsson levels in ?*Th vs. octupole deformation

xLet’S go CfOSS/ng hunting Sllllus.ed before for 229Th calculations:

E.Litvinova et al.,Phys. Rev.C, 79 064303 (2009)

O 501, 3/2 ONN/5285/2 Hm 631, 3/2 O 651, 3/2 m 631, 3/2 O 752,5/2
0 642, 3/2 ® 633,5/2 O 622,5/2 0 642, 3/2 O 622,5/2 ® 633,5/2

fesssy

Neutron single-particle energies [MeV]

Total Q30 (1000 fm?3) Total Q30 (1000 fm3)

Evolution of the energy of the blocked state with the octupole deformation in #*9Th

9

[].D., J. Bonnard, P. Becker, et al. to be published}
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Conclusions

. Ground-state and isomeric electromagnetic moments are
known in hundreds of odd and odd-odd nuclei, measured
by atomic spectroscopic methods up to a very high
precision.

. In the standard shell-model calculations, agreement with
data is achieved by using the concept of effective charges
and g-factors.

. In the nuclear DFT calculations, magnetic moments have
been rarely considered so far.

. Poorly known time-odd sector of the nuclear DFT
crucially influences the magnetic moments.

Adjustments of the nuclear DFT coupling constants to
data should take the magnetic moments into account.
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Thank you
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»Spin” magnetic dipole moment

In this study we use the single-particle magnetic-dipole-moment operator
for neutron and proton bare orbital and spin gyroscopic factors,

g/ = pn, g = —3.826 uy, gl = +5.586 uuy,
which reads
— g{ Lp + glerN) _|_g Spa

where L, and S, for v = n,p are the operators of orbital and spin an-
gular momenta, respectively. Since the total angular momentum J =
ZU:M)(L, + gy) is conserved, it is convenient to subtract its eigenvalue
from the spectroscopic magnetic moments of odd-Z nuclei and to define
"spin" magnetic moments ;> as

MS = K= 9?@;) + g?<*§n> + g{)<*§p> for Z even,

pS = —J py
— (L) + ¢S + ¢P(S,))  for Z odd.

9" = —pn, g = —4.826 uy, g =

VERg,
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HF+AMP, deformation energies in ©°Sc
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HF + angular momentum projection (AMP)

The Hartree-Fock (HF') spin and current intrinsic densities read:

§(F) = Zﬁa’ap(Faa ’F’O',), (T) - 5 Z(V v’ )p(To, T J)a

oo’
where the one-body density matrix p(7o, ’F’O") can be split into the core and odd-
particle contributions:

p(Fo,7'o’) = Z Vi (Fo)Y; (F'0’) + Yoaa (Fo )Yk (F0”),

and where (7o) are the Self—c0n81stent single-particle wave functions of occupied
states. The HF wave function of an odd system |®) = |®°°™®) ® [¢°9d) = S |¥[) has
the conserved-angular-momentum components:

dd
)= Y > 1)
J=0,2,4,... j=K,K+2,K+4,...
In 45Sc, the angular-momentum projected ground state can be presented as:

. core odd core odd
i) =[]+ (e,

[, + (e ]+

The first term represents a spherical core coupled to the spherical j = 7/2 wave
function of the odd particle. The second term represents the lowest-order coupling of
the odd-particle to the lowest J = 2 state of the core.
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