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U Nuclear charge radii as probes of nuclear structure
U Accuracy limit in extracting charge radii

U muX and ReferenceRadii: absolute charge radii with microscopic samples of
(radio)isotopes
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Nuclear charge radii as probes of
nuclear structure
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Nuclear radii for nuclear structurg .-=!-

U How do nuclei and nuclear matter
emerge from the underlying
fundamental interactions?

U What shapes can nuclei take,
how do nuclear shells evolve, and
what role do nuclear correlations

“ 0 Nuclear charge radii reveal changes in
nuclear shapes across the nuclear

play? s landscape.

U What are the limits of the i “ " U From spherical nuclei near closed shells to
existence of nuclei, and what =z = prolate and oblate deformations.
phenomena arise from R gD ‘m"“u And to revealing exotic forms of matter like octupole

quantum systems? deformed nuclei or investigating proton-unbound nuclei.
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Medium -mass nuclei: ;oK vs ,,Ca
The binding energies suggest there might be a new magic number at
N=32 and 34.

Charge radii show a large kink at N=28 but nothing at N=20 or 32,34.

The radii of 4K are plagued by the large systematic uncertainties.
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Medium -mass nuclei: ;oK vs ,,Ca

" +| Radil measured up to N=33 probing the N=28
e '+ shell closure and N=32 subshell.

ADb initio models reproduce small variations
| well while DFT captures the global trend much
osf ¥ better.

Limited precision on extracted radii induced by
systematic uncertainties from the radii
extraction from isotope shift, especially when
evaluating absolute radii with respect to 3941K.
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A. Koszorgt al, Charge radii of exotic potassium isotopes challenge nuclear theory and the magic character oiNstar@®hysic4d 7 (2021) 4394. ULEUVEN éw




,oCU: jJumping up & down
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A ss8600 | The same observations held at the next

o o magic number: while the Fayans
£ 0 . .y -
- o] Qo0 o Eparmen functionals perform well at describing
U T e the global scale, they do poorly with the

e vemsRe: finer details, which are well captured by

oo ——emse | gpinitio models.
. " A flatening is found approaching N=50.
E TR ;¢4t4  Odd-even staggering is another
e v j’é’ 6/6/43% observable that is challenging for the
T models to reproduce.

R.P. de Groote et al., Measurement and microscopic description @wvetdstaggering of charge radii of exotic copper isotdgatjre Physict6 | KU LEUVEN éw

(2020) 626624



ThlS WOIk (CRIS) 'R 18/20(EM)[Sph—HF]
This work (CRIS+COLLAPS) = = 1.8/2.0(EM)['*°Sn]

Extensive work has been b Thiswork COLLAPS Lor20eM 7
In & Sn performed from N=50 to N=82  »m oz
49 50

@ %

and beyond 05 {® K
. . 0- "“‘Wt‘ M
Known parabolic behaviour but . P
051w
" hard to capture for the models. <
1(.)0 1(?4 198 1:!.2 1:][6 1?0 1?4 1?8 132 . Ni-. -1+ .'_..-://.".
N=50, 82 magic humbers are = | ..2#
N far from stability but seem to
_ be strong in their magicity.
E as |(b) 00'
= . 4.7 o0t0000?
Other nearby chains are under |
: ) , .
— strong scrutiny: ,Pd, ,-AQ, ~
4.31 --- DFT: Fy(Ar,HFB) Sb g 457
------ DFT: Fy(IVP) 51 = [
VS-IMSRG: 1.8/2.0(EM) K 44 T
42— VS-IMSRG: N5LOgo 1] T e
04 (b) : i N 1 ez ST
v ¥ Secommiswer ot s Tewiuocouns o insomnimn ]
e ool —vemmeramien % mevr 1L e mgaes 421 2
= 0.0151 NNDC via B(E2) Fy(IVP)
< 0.1 D (©)
" 0.0101 04]
o - \ 6 -
S —0.5 1 E 0.005 —_— ,-i.""(“-_a___";_‘ T
% % 0000 LXK AL :_E\ 03 Jj,;;’ it ..° o 3 | % A o N :
=R -0.005 1 £ /’* S E 1 i [ k@ 0o s o Y
4 L2 AN ~ L it il [\ B TAT A \ ¢ \WAYAH
&7 | © 01 / % "\ ¢ —~ 0 W AN RARF VR YAV AR AN R Y= e NV A
-15{, ) R %5 MAVAT B VNG o 0 0 g W
_ | 001 / ?, o o A y
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 O Sive ve o 2 G v o T2 Ta Te e B0 w2 P 3{ | ! ¥\/® Y ¢
N N Neutron Number N *
-6
A.R. Vernon et al., Variations in the charge radii of indium isotopes between N=52 and 82, Physical REVigq

(2025) 054325. F.P. Gustafsson et al., Charge radii measurements of exotic tin isot( 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
in the proximity of N=50 and N=82, Submitted to Physical Review Letters. Neutron Number N




Shape coexistence around s2PDb
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soHQg-5,Pb-5,P0: this is not all the same!

e  Po, ground states o
Of &, a Po,high-spin states [~ A
' v  Po, low-spin states ]

Ngﬁ i olo,
< T g '
2 ¥
S /.84818
= 5° <o Pb
10+ < —e— Hg, ground states i
v Hg, isomers
o ;
100 105 110 115 120 125

N

T.E. Cocolios et al. PR16(2011) 052503.

10 M.D. Seliverstov et al. PZR9(2013) 362366. | KU LEUVEN éw

D.A. Fink et al., PRB{2015) 011018.




In-source laser spectroscopy:

g0Hg
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In-source laser spectroscopy: gyHQ [
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B.A. Marsh et aNature Physic4 (2018) 1163.

Monte Carlo Shell Model
calculations on the Super K
computer in Japan revealed  —ccoooo—r—oo000o—

new insight on the shape B
staggering in Hg. S59555550m 000666665
Magnetic moments were used . N:mO
to guide the selection of the B

correct shell model states
amidst the high degeneracy. &

It takes many particle-hole )‘
pairs to create those shapes! 6

s GO0




Octupole deformation

Nuclel are deformed by default, spherical being the
3'Y most found in nuclear ground states. Prolate is
#1, oblate Is #2.

Other identified shapes are triaxial nuclei and
octupole deformed nuclei.

Their assymetric profile provides orientation to the
nucleus, and thus is ideal when exploring parity
violating effects in atoms.

This effect iIs most prominent near N=136 T where
nothing is stable! And knowing the radius is crucial.

Octupole-deformed nuclei show a peculiar reversal
of the odd-even staggering, that can be used to
reveal whether or not their belong to that family.
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agAC: Where theory led

LASER IONISATICN AND SPECTROSCOPY OF ACTINIDES
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Overview of laser spectroscopy

A Many chains of isotopes have
been investigated across the e
nuclear landscape. R

A Current efforts are made to
expand the reach: to the
driplines, to the superheavies,
across refractory elements, Bl
and for higher precision. R e

A Full survey: TU Darmstadt

Proton Number

Neutron Number

X.F. Yang, S\WWnag S.G. Wilkins, R.F. Garcia Ruiz, Laser spectroscopy for the study of exotic nuclei, Progress in Particle and N U842 628/si .
xueewen O
1.

15 P. Campbell, I.D. Moore, M.R. Pearson, Laser spectroscopy for nuclear structure physics, Progress in Particle andina@&&0R b6y 127180.
K. Blaum, J. Dilling, \NGrterhauserPrecision atomic physics techniques for nuclear physics with radioactive b&ammgecriptaT152(2013) 0140



https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp

Accuracy limit in extracting charge radi




Probing the nucleus through its electrons

Extract isotope shiffs’ h A Infer] | h
" ‘ ﬁ Pl., . a a
Use lasers to scan for transition 1 1 —(ﬁ V3 >
energies ] ;
— =0 3/2 Level 2
v 1
5 A 1/2
N — 1=0
% 0 V 1/2
a Level 1
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King plot against absolute radii
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From isotope shift to charge radil
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T.E. Cocolios, A new perspective on charge radii around Z = 82, Hyperfine Inte288t{@04.7) 16.




Absolute size of the heavy elemerg®

this picture

Exploring isotonic chains across Z= 82 O

N=104._
a\
i

N A e A Last known magic proton number .

[ / A No anchor point between 4,Bi and ¢,Th prevents to investigate

N e these isotopes extensively

: . Absolute charge radii are
£ N | Doscsge0s7®?®™” - needed for the searches
ol - E of physics beyond the

B o standard model
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Muonic X -rays as probe
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A 2016: 2HPGdrom Leuven
A 2017/18: the Death Star Array
MiniBallCluster + detectors from PSI & IPNO
A 2019:MiniBall@ PSI campaign
A 2020+: GIANT Array with MIXE, muX and muon capture

A. Adamczak et al, Nuclear structure with radioactive muonic atoms, EP9 18) 04014.
”s TR ! . B | xueewen O

A. Skawraret al, Towards nuclear structure with radioactive muonic atoms, |l NGavento42 C(2019) 125.



Measuring microgram materials

Traditionally: Limited to target Muon veto
mass O(]_O-]_OO mg) Muon entrance

Hydrogen gas cell (100 bars,; (® ® (®) ® ® o
0.25% deuterium) ()
U Limited to O(5 ug) H

U Down to 20 year half-life
(radioprotection)

Bubak M., &Fajman M. P. (1987)Cross sections for hydrogen muonic atomic processes let@bapproximation of the adiabatic framewdikdo. JINRE-4-87-

24 464).Joint Inst. for Nuclear Research. . . | KU LEUVEN éw
AdamczakAndrzej, et al. "Muonic atom spectroscopy with microgram target matefie’ European Physical Journ&22023): 15.



Measuring microgram materials

Traditionally: Limited to target
mass O(10-100 mg)

Hydrogen gas cell (100 bars; H (® ® ® o® ®
0.25% deuterium) K. (w) @
U Limited to O(5 ug)
U Down to 20 year half-life H
(radioprotection)

Bubak M., &Fajman M. P. (1987)Cross sections for hydrogen muonic atomic processes let@bapproximation of the adiabatic framewdikdo. JINRE-4-87-

o5 464). Joint Inst. for Nuclear Research. | KU LEUVEN éw
AdamczakAndrzej, et al. "Muonic atom spectroscopy with microgram target matefie’ European Physical Journ&22023): 15.



Measuring microgram materials
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Measuring microgram material: , |

c§ 10_12_ . ::j : :: (o)
Traditionally: Limited to target e,

mass O(10-100 mg) N

Hydrogen gas cell (100 bars; H (® ® ® ® ® ® )
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AdamczakAndrzej, et al. "Muonic atom spectroscopy with microgram target matefie’ European Physical Journ&22023): 15.
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Measuring microgram materials

Traditionally: Limited to target
mass O(10-100 mg)
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H2/D2 gas
electron veto system
detectors

HPGe
muon entrance detectors
detector -

208Ph

vacuum

v

muon veto
detector  gas cell
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30  A. Adamczak et al., Muonic atom spectroscopy with microgram target material, Eur. Pi92023) 15. | KU LEUVEN éw



.7Cl and 4K: probing near Z=20

A Used enriched targets of 35Cl, 37Cl,
39K | 40K 41K .

A 4K required mass separation to
obtain a pure sample.
pure sample: e

Natio! IR search
dation

iThemba
LABS

Laboratory for Accelerator

A First measurement with pure Cl
iIsotopes and first measurement of 4°K
for a full triplet.

31 L.Antwisset al., A comparative study of target fabrication strategies for microgram muonic atom spectroscopy, Scientific1S¢R0a5) 6939. | KU LEUVEN éw




.7Cl and 4K: probing near Z=20

A Used enriched targets of 35Cl, 37Cl,
39K | 40K 41K .

A 4K required mass separation to
obtain a pure sample.
pure sample: e

Natio! IR search
dation

iThemba
LABS

Laboratory for Accelerator

A First measurement with pure Cl
iIsotopes and first measurement of 4°K
for a full triplet.

32  L.Antwisset al., A comparative study of target fabrication strategies for microgram muonic atom spectroscopy, Scientific1S¢R0aS) 6939. | KU LEUVEN éw
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Ag E y I Eig'tc g%glzgm in-source //\x/::x 4
47 % — Fayans _..gl,_(!‘ 2N
] {:E; | Lo+ ,:(i* ?:; zsitnm—corrected >
Extensive new data have recently been 3 —os- . S
collected on Ag, from *Ag to *°Ag, at Jyvaskyla z AL
and ISOLDE. 3 .,/,
The N=Z isotope °*Ag remains a major interest 1 |
to elucidate the infamous 2-proton emission and - 2p-1s -
_r | — g d
measure the shape of that emitting state. O g Isotope shift
However, all the current data are is mutual 8]
disagreements and also with nuclear theory. 2 60 Fine structure
Atomic theory is the one to blame! s
Experimental benchmark require 107.108m109Aq .
and input for radii extraction when we get the
data (eXpeCted In 2026) 30100 3120 3140 3160 3180 320

Energy [keV]

PhD work Marideseyn KU Leuven). | 6
3 Ag laser spectroscopy data courtesy B. van den Borne & R.P. de Groote. KULEUVEN C/J



71LU

Across the rare earth elements, there is a big effort
to reach out to proton emitters with laser
spectroscopy: s-La, 4 Th, HO, ¢gTM, ;LU all seem
within reach of the upcoming facilities (FRIB,
MARA, S3).

The question being: Owh
confined? Already spread beyond the nucleus?

All those are, by default,odd-Z el ement s

Amazing data from 2024! . AN
U "aLu (97.4% 1>Lu vs 2.6% 17°Lu)
U e"Lu (25% 175Lu vs 75% 176Lu)
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3 B.Blank&M 02 a1, M@ prbtdn fadioactivity, Report on Progress in Phyzic€008) 046301.



Quadrupole moment ofte>18Re
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A. Antognini et al, Measurement of the quadrupole momenrt®e and®’Re from the hyperfine structure of muonic X rays, Physical Redietv C T
38 (2020) 054313. éw




MmuX & ReferenceRadil

ReferenceRadii:
A 229,230,237 K

A 175,179
A 137,138,139 g

A 107,108m, 109\ ¢ —
A 39.404K B
A 3537 muX:
R 28293 . i.ri-I_ A 248Cm
rlJ' A 238
A 226Rg
’ A 18518Re
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Charge radii are used extensively to probe nuclear structure and
challenge nuclear models.

Long isotopic chains have been investigated thanks to laser
spectroscopy, but accuracy is highly impacted by the shortage of
absolute radii, especially for odd-Z and heavy elements.

muX and ReferenceRadii have an intense program addressing
this, from 3Al to 3gCm.

Challenges include target production, background suppression,
data analysi s, atomic & nucl ear

Our first results are out (quadrupole moments of 18>187Re,
absolute radii of 3>3’Cl) and more is coming!

We are bringing the IDS detector array to PSl in 2026 for an
exciting campaign!

s GO0
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