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A rich dataset... . ::
 Shell effects
« Odd-even staggering

 Gradual deformation effects

« Sudden shape changes
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obtained worldwide...

Rare Isotope Facilities World-Wide
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GW170817

This work

with too many highlights... ..
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« Constraining equation of state with charge radii data
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Extracting nuclear charge radii using laser lil
. ‘ , ; L1
spectroscopy |
* |sotope shift:
- Atomic levels shift due to changing mass and
Size
o R j
oo .
..... I I -_- 2I23Ra
A A+1 ——
: s
« Knowledge of atomic factors enables extraction ——+
of nuclear charge radius changes 1
Charge radii 6(r?) :L AU
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KM Lynch et al. Physical Review C 97 (2), 024309 Relative frequency (GH2)



The calcium region
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Physics of Hadrons

Physics of Nuclei

Chiral Effective Field Theory

SCIentIfIC Case A. Ekstrom, PRC 91, 051301(R) 2015
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Why is there the
mismatch?

Why does NNLO
work?

sat

An open
problem...
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Nuclear radii in the calcium region

e Measurements at ISOLDE

~
.,

Proton beam

RILIS Level scheme for

High-resolution

ionization scheme resonance excitation

» Collinear laser spectroscopy

* Velocity spread of thermal ensemble of
atoms

Hyperfine structure
spectrum

.
- Uranium carbide wswarator I
—_— . 655.0 nm 4p 23, — i 1]
4p2 1DZ *
lon source b RFQ cooler and 585.7 nm 393.4 nm H

buncher ——  454p'p

1

=> doppler effect =
=> |sotope shift not resolved

» Accelerate to a few keV/u: velocity
spread compresses

L

 Workhorse of the field!

R Garcia Ruiz et al. Nature Phys 12, 594-598 (2016)
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interferometer He:Ne
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= Protons ® Caatom @ Caion
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S— 451 15
Ca b2

Photomultiplier
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Nd:YVO,

Electrostatic
deflectors
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Nuclear radii in the calcium region

 Collinear laser spectroscopy 150
. 1001 ¥Cal=3/2)
» Velocity spread of thermal ensemble of
atoms 9 50
=> doppler effect § -M—- : o f———
=> isotope shift not resolved 2 20} S'Ca(I=3/2)
» Accelerate to a few keV/u: velocity g 10
spread compresses @ —,_&../
3 2 52Ca(/=0)
O
« Workhorse of the field! L
| ’l,l % [0 : 5T
0 2,000 3,000

Relative frequency (MHz)

R Garcia Ruiz et al. Nature Phys 12, 594-598 (2016) KU LEUVEN




a
e
The chain of Ca isot
e chain of Ca isotopes |
« Extending data to neutron-rich isotopes reveals i .
further discrepancies, even with NNLO,,
341 | | L | | | | 1
» This remains an open problem for ab-initio theory 40 42 44 46 48 50 52 54
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The chain of Ca isotopes

* Proton-rich nuclei not available in ISOLDE... & ECR ion BECOLA |

hData-cIian ragians

* NSCL.: projectile-fragmentation reaction AFG Seanning -
coolerbuncher potential Slow *Ca beam
N Fast *Ca beam

Fragmantation products s

Fast Ca ions of inferest s

Slow Ca ions of interest

r“;' Laser e

Resonant photons s e e e
L

» Spectroscopy down to 3°Cal
Hyperine spacira

Offline
ion source

$

S— |

Detector detail

Intensity {arbitrary}

Intensity (arbitrary)

“Ca
1
—2,000 =1,000 000
Relative fraquency (MHz)

Gas stopper

AJ Miller, Nature Physics volume 15, pages 432-436 (2019) KU LEUVEN




The chain of Ca isotopes

* Proton-rich nuclei not available in ISOLDE... Fy(Ar, BCS) ——
3.56 -
« NSCL: projectile-fragmentation reaction c Fy(ar, HFB) g
a SV-min(HFB) —w»—
« Spectroscopy down to 3¢Cal = 3:54
S 3521
. : : I
« Density functional calculations o
« BCS approximation: unbound single- E 90T
proton orbits get occupied 2
. £ 348
=> radii too large o
« HFB: spatial localization of nuclear 3.46
density
=> good match obtained, also n-rich 344 |
side! | | | | | | | | |
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Mass number A
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Laser spectroscopy of K (Z=19)
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14 A. Koszorus et al., Nature Physics 17 (2021) 439-443

CRIS:
* Collinear = doppler-free
* RIS = versatile, efficient

Challenges:

« Large isobaric contamination
« Low yields
« Changing proton current
—> changing production and background

At mass 52:
« >10%pps contamination
« 300 pps *°K

 Beta-detection: remove stable contaminants
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* CRIS: combines collinear geometry with selective

laser ionization spectroscopy 500 MO0 eyt 0 2,000

« Measurement successful!
« Spin assigned 1=2
 Smooth continuation of the trend

-}~ Experiment ?j:]

» Discrepancy for ab-initio work persists

* Newer NNLO, interaction also does not produce
slope of the increase beyond N=28

Fy(Ar, HFB) @ ©©

Magic nucleus N=28

Mean-square charge radius (fm?)

18 20 22 24 26 28 30 32
Neutron number
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Further probing with the K (Z=19) chain

* N=32 has been reported as a potential new shell

= 0.002 - Pb
closure near Z=20 E \-\ —o—o
: - : ~ 0 Vs
« Energy gaps obtained from binding energies | F 002 ;
show clear increase at well-established shell 122 126 130 154 196 128 130
closures and N=32 for Ca and K Neutron number Neutron number
— 4 : ;
S : Ca| £ 001 0\,,_\ Ca
. : : = S0 WA |
« Charge radii provide a test here: shell crossing W . 25 _0.01- V
corresponds to change in radius slope 24 26 28 30 32 34 o6 28 30 32
Neutron number Neutron number

 Absence of clear effect at N=32...

T | I I I I [ I [ T
24 26 28 30 32 34 26 28 30 32
Neutron number Neutron number

16 A. Koszorus et al., Nature Physics 17 (2021) 439-443 KU LEUVEN




In-source laser
spectroscopy

Pushing methods to short lifetimes and low
yields with in-source laser spectroscopy

KU LEUVEN



Pushing far from stability — in-source laser
spectroscopy

148 MeV S 55° Dipol
14\ ~ransier SPIG Extraction  Bender
. Tube 15°
1 k2 / o ®o
Lo fmdeser) g 2
5D 4 ‘-......".'.l_. TR T .‘_. — ) . = 4 ® O\}) ‘w"“’—--
Hot Cavity ‘ ~792 nm
Catcher @ Contaminants Atoms @ Silver ions 2D5/2
421.2142 nm
’P3/2
328.1624 nm

2S1/2

 Introducing lasers into the ion source, to achieve stepwise laser ionization
* Enables the furthest reach from stability

 Price to pay: resolution (limits applicability to particularly lucky elements)

18 M. Reponen, R.P. de Groote et al., Nature Communications 12 (2021) 4596
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In-source laser spectroscopy of silver

Tt

0.6 4 i » Trap-assisted laser spectroscopy for mass purification
= i L
= 14 :  Towards ultimate sensitivit
- 04 : —— Ag (Z=47) | y |
%N““ 0.9 - | —— Mo (Z=42) « Detection rate %°Ag: 1 count / 5 minutes!
< 00 —t— Zn (Z=30) e Challenges modern DFT approaches near 19090Sn
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19 M. Reponen, R.P. de Groote et al., Nature Communications 12 (2021) 4596
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In-source laser spectroscopy of silver

» Trap-assisted laser spectroscopy for mass purification
« Towards ultimate sensitivity

« Detection rate °6Ag: 1 count /5 minutes!

95Ag « Challenges modern DFT approaches near 19°Sn
0.01 - -
Preliminary

0.008
0.006
0.004
0.002

0 !_MFLT(W Hcﬁﬁ. i*hi

9.135e+08 9.1352e+08 9.1354e+08 9.1356e+08 9.1358e+08

Data: IGISOL laboratory (JYFL)
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In-source laser spectroscopy
of Hg and Bi HIEE

Protons =
1
i 30 kV
. . ' l GPS
« Heavy isotopes: perfect for in-source laser spectroscopy Hﬂ Magnet
— Laser heams
 Covering >10 orders of magnitude in production rate! t e |
: . . Pb target Y windmill
* Requires versatile detection oo g Y »& radoscve decay
systems to handle different — . 0 o
detection rates and S/B A A Cup o !
. . 0 179 g
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« alfa-decay S ol ® J&. = ==
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B. March et al., Nature Physics 14, 1163 (2018), S. Sels et al., Phys. Rev. C 99, 044306 (2019)



Shape staggering of Hg and B

Neutron number
97 98 99 100 101 102 103 104 105 106

FIRST large scale shell (@) _
model calculations in this vasl. 06
heavy mass region P N . sk
(Otuska et al.) HE AN <
¥ -0.25- < -10F
- origin of the staggering is _050_0\,,21_ - : e I
understood ' b i | |
microscopically ! A 14t
e |
= Shape change from oblate  _t 2 a6k

to prolate g5 ,|() |

g (2) l 98 l100.102I104|106l108.110.112I114.1161118'120

177 178 179 180 181 182 183 184 185 186 N
Mass number A

B. March et al., Nature Physics 14, 1163 (2018), A. Barzakh et al, PRL 127, 192501 (2021) KU LEUVEN




To wrap up...
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Some concluding remarks

* Nuclear chart has been successfully explored extensively with optical techniques

« Challenges remain: the most exotic, most short-lived, challenging chemistry, complex or unknown atomic structure, ...

* New and efficient techniques are being developed to access to the most exotic isotopes (gas-jet, PI-LIST, ...)

« Collaboration between different specialists of different low energy beam techniques is vital

« Use of diverse techniques is vital |
Even after several decades,

 Exploration of different facilities opens new frontiers remain a challenge... e i
* e.g. IGISOL: access refractory isotopes S ceuaisiigis
+ e.g. NSCL/FRIB: fragmentation reactions e N=15?2

* e.g. GANIL/S3LEB

« With precision comes additional information!

N=126

Below Ni (Z=28) Fe/Co refractory
N=Z=13, 26Al (JYFL/ISOLDE)

Tc — Pd (Z=43 — 46)

Ta, Os, Re.....

Actinides (Pu, Th, U....)
Superheavies

* Measurement schemes and setups tailored to
specific goals are very worthwhile

T
|

Sises N=82

1T
LT
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Spectroscopy In ion traps

* Injecting ions into an ion trap enables
much longer interaction times

» More careful and delicate spectroscopy
enables much higher precision
measurements

* So far, however, no radii...

Ring Cyclotron

V" = 2677.374 30(10) MHz

a co a o
& 8 & 8

S

counts / bin

- ppb accuracy!

Isotope A [MHz] 0

’Be  -742.77228(43):  °

’Be —625.008 837 048(10)¢ Microwave Frequency [kHz] - 2677 MHz
"Be  —2677.302988(72)°

Prototype of SLOWRF————————

Helium Gas Cell

| Carbon-OPIG

|t

!

~1GeV

A. Takamine et al., PRL 112, 162502 (2014)

slow RI beam ~eV UV laser 313nm
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A nonlinearity of the King plot can indicate:

* physics beyond the Standard Model (SM) in the form of a new
bosonic force carrier (a possible candidate for Dark Matter)

e or arise from higher-order nuclear effects within the SM.

* Precision requirements: sub-Hz! (current RIB application:
typically 100 kHz)

Credit: J. Hur/Massachusetts Institute of Technology
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Small detour past Z=29...

8Cu: 20/s

Count rate (Hz)
o
o
B
1

« Neutron-rich isotopes 76-78Cu studied for the first time in high-

. 0.02 +
resolution
O T T T T T T T
» Three additional isotopes in reach due to superior efficiency and -1,000  -750 50 -250 O 280 500 750
) Frequency detuning from centroid (MHz)
S/B ratio
. Systematic uncertainty
« Background-free measurements achieved for 7>76.77Cu 0.6 - —o— Experiment (ground state)
¢ Experiment (isomer)
« 78Cu could be studied (half life 330 ms): 0:47] —o~ Lieraure
< 20 pps, with >107 contaminants in the beam! 0.2 7
< 0 -
. . . . . £
« Detailed investigation of odd-even staggering... T s ey
© AR AN bk
0.4 - FAYAYAVRIRVRVAY: %
ARRREER
—0.6 ¥
-15
—0.8 — — ——
28 30 32 34 36 38 40 42 44 46 48 50
_10 T T T T T T T T N T T

28 30 32 34 36 38 40 42 44 46 48 50

29 R. P. de Groote, et al. Nat. Phys. 16, 620-624 - 2020 KU LEUVEN




Small detour past Z=29...

§ %7 8Cu: 20/s
o . o § 004+
« Neutron-rich isotopes 76-78Cu studied for the first time in high- E
) 8 0.02 -
resolution
0 T T T T T T T
» Three additional isotopes in reach due to superior efficiency and -1,000 -750 -500 250 0 260 500 750
) Frequency detuning from centroid (MHz)
S/B ratlo DFT: Experiment VS-IMSRG:
« Background-free measurements achieved for 7576.77Cu O — = B

* 78Cu could be studied (half life 330 ms):
< 20 pps, with >107 contaminants in the beam!

AP (MeV)
o

« Detailed investigation of odd-even staggering...
» OES strongly reduced beyond N=46 .

» Can understood microscopically from Fayans DFT and IM-SRG 10
with interactions from y-EFT (fitted to A<4 properties)
=> emerges automatically

3]
A¥(107 fm)
o

T T T T T T T f
36 38 40 42 44 46 48

30 R. P.de Groote, et al. Nat. Phys. 16, 620-624 - 2020



Charge radii of nickel:

constraining the neutron skin S AA

» Theoretical coupled-cluster calculations with chiral-EFT interactions
 correlation between dipole polarizability and charge radius
* including 3 particle -3 hole correlations (full line) leads to softer dipole

polarizability and slightly larger charge radius

— 2.0/2.0 (EM) — 2.2/2.0 (EM) Exp.: Rossi et al.
2.0/2.0 (PWA) = NNLOu B Exp.: This work
— 1.8/2.0 (EM)

an(5Ni) [fm?]

Data: obtained at ISOLDE

normalized count rate

-2 -1 0 S
relative frequency (GHz)

=> measure the charge radius, exploit the correlation to
find polarizability.
Then, constrain neutron radius and neutron skin of %8Ni!

S. Kauffmann et al., PRL 124, 132502 (2020),
Coupled Cluster calculations Schwenk, Hagen et al.
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Charge radii of nickel:
constraining the neutron skin

« Exploiting correlation between charge radius difference of
>4Ni->4Fe, and the symmetry energy parameter L in the

equation of state

neutron star merger GW170817data

Data: obtained at NSCL

* Constraint is consistent with PREX measurements and
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