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Atomic hyperfine structure
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Atomic hyperfine structure
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Atomic hyperfine structure
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Laser spectroscopy
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Motivation

Laser spectroscopy — [ I d (’rj} M ()s ]

Nuclear Many-Body Problem
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» Phenomenology » Ab-initio » Effective neutron/proton charges

> Chiral effective field > Shell-model >ﬁMit<i¢f0$C0piC;ieSCFipti0n of
theory > DFT, ... effective operators




Charge radii

Laser spectroscopy == I , <r’>

s H ,Q

standing challenges for nuclear theory.

{ Simultaneous reproduction of charge radii and binding energies has been a long- ]
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Many-body methods

» Ab-initio
» Shell-model
> DFT,RNFT. ...

» Phenomenology
» Chiral effective field
theory
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Nuclear force

Electro-weak currents

> Effective neutron/proton charges
» Microscopic description of
effective operators




Electromagnetic moments

Beane et al. PRL 113, 252001 (2014)
(NPLQCD Collaboration)
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Electromagnetic moments

[Pastore et al. PRC 87, 035503 (2013)]

[Carlson et al. RMP 87, 1067 (2015)] -> Magnetic moments are highly sensitive to
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Ab-initio calculations (QMC) MEC:
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Electro-weak currents

> Effective neutron/proton charges
» Microscopic description of
effective operators




Electromagnetic moments

[Pastore et al. PRC 87, 035503 (2013)]

[Carlson et al. RMP 87, 1067 (2015)] -> Magnetic moments are highly sensitive:

Ab-initio calculations (QMC) changes up to MEC ~40% for °C
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Motivation

Laser Spectroscopy on
“Simple” Systems i
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Calcium (Z=20) region



Calcium (Z=20)-> Appearance of multiple shell structures?
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Evidence of magic numbers(?)
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Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]

1o F T T T T T T T T ] X l“r.r A i ; A i .
1} o | B=75 [E.-TLL | Zfs‘.&'gj
0.8 } ] i i
d
0.6 3/2
0.4 }
g=|-|/| 02r literature +—_a— @ f5/2
g 1 Pi/2
bl ] - @ P3/2
04k /2 A A A . @
06 i f7/2
0.8}
1 P3/2 @
Ry . . . . . . . 0000~ —000<= d3)o
19 21 23 25 27 29 31 33 35 ™ v

N 3QCa
[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]



Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]
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Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]
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Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]
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Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]
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g=u/I

Results: Electromagnetic moments

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]

12 b

0.8

0.6
0.4

0.2 F

g

-1.2

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]

-0.2 f
-0.4 E
-0.6 F
08}

P1/2

a d3/o

This work +—a—
literature —&—

fT,fi Y 5 A

P3/2

19 21 23 25 27
N

29

31

33

J,'l(iﬂr: IZQ: j

f5/2
P1/2

84
% -2909=- P3/2
Q0

0008099 7 /2

-> cross shell excitations across N=32 are important!



Excitation energy [keV]

K-isotopes: Evolution of proton orbits
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Excitation energy [keV]

K-isotopes: Evolution of proton orbits

J. Papuga et al., Phys. Rev. Lett. 110, 172503 (2013)
AR J. Papuga et al., Phys. Rev. C 90, 034321 (2014)
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Magnetic moments and g-factors of odd K
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Quadrupole moments of Ca isotopes

[R.F. Garcia Ruiz et al. PRC 91, 041304(R) (2015)]
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Charge radii of calcium isotopes
[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

Charge radii of Ca isotopes: A challenge for nuclear theory!
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Charge radii: Ca(Z=20) isotopes

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

The charge radii of Ca isotopes present additional challenges
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Charge radii: Ca(Z=20) isotopes

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

Much larger than expected!
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Charge radii: Ca(Z=20) isotopes

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

Max sensitivity ~250 ions/s
Much larger than expected!
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Radioactive detection of Collinear-laser optical pumping
after Charge exchange

[R.F. Garcia Ruiz et al. J. Phys. G. 44, 044003 (2017)]

Beyond *2Ca: Sensitivity -> ~1 ion/s
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Charge radii systematic around the Ca region
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Charge radii systematic around the Ca region
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RESULTS: K(Z=19) Isotopes
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Ground state structure of 2K (N=33)
from Collinear Resonance lonization Spectroscopy CRIS
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Nickel (Z=28) region



Charge radii systematic in the Ni region

116, 182502 (2016)
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EM: Zinc (Z=30) isotopes
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Tin (Z=50) region



Nuclear structure around °°Sn and *32Sn

Doubly “magic” 1°°Sn Doubly “magic” 132Sn

[Hinke et al. Nature 486, 341 (2012)] [Jones et al. Nature 465, 454 (2010)]
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| Several open questions of nuclear structure! @
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o Shell evolution towards N=Z=50 ?
o Ordering of shell model orbits ?
o Robustness of N=Z=50 shell closures?

o Proton-neutron correlations?
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Nuclear structure around °°Sn and *32Sn

Doubly “magic” 1°°Sn Doubly “magic” 132Sn
[Hinke et al. Nature 486, 341 (2012)] [Jones et al. Nature 465, 454 (2010)]
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| Several open questions of nuclear structure! @

1111311 (Z=49): Garcia Ruiz et al. CERN-INTC-2017-025 (2017)
1001111y (Z=49): Garcia Ruiz et al. CERN-INTC-2017-055 (2017)
103121G (Z=50): Garcia Ruiz et al. CERN-INTC-2016-037 (2016)
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Nuclear theory:
—> G. Hagen (ORNL)
= J. Holt (TRIUMF)

INSANE effort—>

oln and Sn from Ab-initio Nuclear calculations and Experiments
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Nuclear structure around °°Sn and *32Sn

Doubly “magic” 1°°Sn

[Hinke et al. Nature 486, 341 (2012)]
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Doubly “magic” 132Sn
[Jones et al. Nature 465, 454 (2010)]

1111311 (Z=49): Garcia Ruiz et al. CERN-INTC-2017-025 (2017)
1001111y (Z=49): Garcia Ruiz et al. CERN-INTC-2017-055 (2017)
103121G (Z=50): Garcia Ruiz et al. CERN-INTC-2016-037 (2016)

E/A [MeV]

T. Morris et al.

INSANE effort-> In and Sn Ab-initio Nuclear calculations and Experiments

o Ab-initio calculations

¢ 1.8/2.0{(EM)
m 2.0/2.0{(EM)

v 2.2/2.0(EM)

A 2.0/2.0(PWA) ||

4HE : 1[50 #Jca 4?‘;Ca

EliNi

Phys. Rev. Lett. 120, 152503 (2018)
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Nuclear ground-state properties
and
Properties of nuclear matter



“8Ca: Charge radii vs properties of nuclear matter

G. Hagen et al. Nature Phys. 12, 180 (2016)
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“8Ca: Charge radii vs properties of nuclear matter
G. Hagen et al. Nature Phys. 12, 180 (2016)
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Mirror charge radii vs L
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Summary and Outlook

The nuclear force
@ Phenomenology
@ Chiral Effective field

Charge radii measurements S _r2>A,A’
-> Challenge for nuclear structure theory

theory

Many-body methods

Ground-state spin and electromagnetic @ Shell-model
moments I Qs pr @ Ab-initio

o DFT

Electro-weak currents

@ role of many-body
currents

Unanswered question regarding the use of
effective operators, importance of MEC currents?

[Ekstrom et al. PRL 113, 262504 (2014)] o effective operators

[Carlson et al. RMP 87, 1067 (2015)]
[Pastore et al. PRC 87, 035503 (2013)]




Summary and Outlook
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Thanks for your attention!
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