Getting NSHAPE

Combining laser spectroscopy with
muonic atoms of exotic nuclei to reveal
exciting features of the nuclear landscape
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Outline

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

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

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

nuclear shapes across the nuclear

play? o landscape.
» What are the limits of the = T > From spherical nuclei near closed shells to
existence of nuclei, and what _=g g o prolate and oblate deformations.

phenomena arise from open, i-."

t fems? - > And to revealing exotic forms of matter like octupole
quantum systems” -

deformed nuclei or investigating proton-unbound nuclei.
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Nuclear structure s Exces ot Ofrnce e
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The nucleons produce their own nuclear

potential. This is best described by a mean T
field generated by all nucleons. Each :j,:,ﬁf“
particle can be considered as being bound

In this mean field. e

This leads to the description of nucleﬁr‘
structure in shells, similar to the afm.
However, the different potentjafresults in a
different series of levels. &

The spin-orbit strength iRfnucleons is also
strong enough to reorganise the shells and
results in the known magic number.
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The multifaceted puzzle of experiments

There are many ways to address
the nucleus, none of which gives \ possblepare /
possible parent

a full picture, all of which are

' Delayed particl
needed to shed light on the eriiasysV
nuclear puzzle. :
>

Nuclear reactions Inelastic scattering

Gamma decay

There are many ways of breaking
it down: - T T

« Ground-state vs excited stat Ground-state properties
Radius, mass, moments, ... Decay properties
Branching ratios, Ty, ..

 Low-energy vs fast beams
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Laser spectroscopy: probing the nucleus
with bond electrons

r  Nuclear radius: few x 10> m
Atomic radius: few x 1010 m

Potential is slightly deeper for the
smaller isotope: s-electrons more
tightly bound

Isotope shift of
—_— - — - T— ----- atomic level

Point nuclear charge:

v// Coulomb potential (-1/r) f\
A — A

AA’ 2 AA’ 0 50 0 50 100 0 l 5|O I lCl)O ‘ 1;0
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Medium-mass nuclei: ,,K vs ,,Ca

LCRIS

The binding energies and first 2* excited state suggest there might be

new magic numbers 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 ;oK are plagued by large systematic uncertainties.
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A. Koszorus et al, Charge radii of exotic potassium isotopes challenge nuclear theory and the magic character of N = 32, Nature Physics 17 (2021) 439-443.



LCRrRIS,
Medium-mass nuclei: ,,K vs ,,Ca

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

Ab initio models reproduce small variations
well while DFT captures the global trend much
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 3°41K.

3.55

3.50

R, (fm)

3.45

" oA
340 &

335 T T T T T T T T
16 18 20 22 24 26 28 30 32 34
Neutron number

13 A. Koszorus et al, Charge radii of exotic potassium isotopes challenge nuclear theory and the magic character of N = 32, Nature Physics 17 (2021) 439—4KU LEUVEN éw




CriS
2oCU: jumping up & down

sss6s | The same observations held at the next
. /&3/060 © magic number: while the Fayans
;0 QPC Spuinent functionals perform well at describing
-/ T e the global scale, they do poorly with the
e vemsRs finer details, which are well captured by
oo ——ems2 | gbnitio models.
| " A flatening is found approaching N=50.

Odd-even staggering is another
observable that is challenging for the
models to reproduce.

14  R.P. de Groote et al., Measurement and microscopic description of odd-even staggering of charge radii of exotic copper isotopes, Nature Physics 16 | KU LEUVEN 6%

(2020) 620-624.
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A.N. Andreyev et al. Nature 405 (2000) 430-433.
J. Elseviers et al. PRC 84 (2011) 034307.
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soHg-5,Pb-g,P0: this is not all the same!

' . Po, ground states o
o] '+ o, highspin states [ &

v Po, low-spin states

i A —M&LZ—&Q&
Ng -5 -_ |::A i -0-0-0-0-0-0-0-0-0-0- ha2
& el e N=100
RS 18‘8:8 =80
Q - 3 o Pb
-10F - —e— Hg, ground states i
v Hg, isomers
o :
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N

T.E. Cocolios et al. PRL 106 (2011) 052503.
M.D. Seliverstov et al. PLB 719 (2013) 362-366. | KU LEUVEN éw

D.A. Fink et al., PRX 5 (2015) 011018.



In-source laser spectroscopy: g,Hg
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RILIS

In-source laser spectroscopy: g,Hg !
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19 B.A. Marsh et al. Nature Physics 14 (2018) 1163. | KU LEUVEN 6%




Octupole deformation

S (fm?)

Nuclei are deformed by default, spherical being the
3" most found in nuclear ground states. Prolate is AN AR A A

#1, oblate is #2. oo s o s i B im0
Other identified shapes are triaxial nuclei and

Neutron number N

octupole deformed nuclei. b5 Odd-even staggering of s(r') "

. . . . , . ® .Fr(Literature) .
Their assymetric profile provides orientation to the 5 el .
nucleus, and thus is ideal when exploring parity o *~+ '
violating effects in atoms. E o oo ’
This effect is most prominent near N=136 — where : LA
nothing is stable! And knowing the radius is crucial. T I A
Octupole-deformed nuclei show a peculiar reversal R N
of the odd-even staggering, that can be used to e
reveal whether or not their belong to that family. e e e o w

20

5 - 5 b0 i . ; 217,219 i i
D.A. Fink et al., In-source laser spectroscopy with the LIST: first direct study of the ground-state properties of Po, Physical Review X 5 (2015) 01 101.Ku LEUVEN 6 w

K.M. Lynch et al., Laser-spectroscopy studies of the nuclear structure of neutron-rich radium, Physical Review C 97 (2018) 0243089.



ion current (fA)

i o J e
4Po: plain old quadrupole i
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21 PhD work Julius Wessolek (CERN/The University of Manchester). |_ I S /\ | KU LEUVEN 6%




4

s4P0: Decay spectroscopy

This study enabled the first
investigation of 2°Po and a
detailed look at “'9Po.

With N=136, %°°Po is at the heart
of the octupole region. Yet, its
radil and decay pattern suggest
that it is not behaving in any
exceptional way.

A detailed study of the beta
decay to 219220At is on the way to

explore the properties of those
Isotopes.
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Energy_Si
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23 PhD work Jack Shaw (KU Leuven).
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RILIS

‘sgAcC: where theory led

0.

0.

%)

0

8<r2>A’227(fm

-0

-0.

= R

-

65<r?>N-126 (fm?)
=] =]

25

.0 o -
-0.
.2 x

-0.

21 ®AC E
07 oAc |
This work |
51 _SLySsl |
Octupole |
OF_sLyss1 i
?5 . |
ymmetric)
51 i
;

01

X PI-LIST Measurement
® [1] E, Verstraelen et al i

2

14 a

\’(e\'\‘“\“ -

3 X o

4 T T Y T X T . T y T p T Y T T Y
223 224 225 226 227 228 229 230 | 231 232
Mass number A

Mass number (A)
209 213 217 221 225 229| 233

120 124 128 132 136 140 144

E. Verstraelen et al., Search for octupole-deformed actinium isotopes using resonance ionization spectroscopy, Physical Review C ~ —

100 (2019) 044321.

1.0 R
Ac231 A

" Ac230 . /\/\ PR

0.9 1 - .”'.a' —s « T T .

107 A229 . A M jL

0.5 - P S i SR Wl & N _

1.0 ]

by, 1 A28 T BT

N et/ AN Tt \uamed ¥ \pmnad Noatvens
AC227

18: —A__—_A-__L‘k _

b5 | AC226 ) A A

M A A

vl | AC225 . ! A

AN A

' Ac224

0.5 - | | | | SN

—40 —30 —20 ~10 0 10 20

Laser frequency (GHz)

LISA

ot GO0

PhD work Asar Jaradat (CERN/The University of Manchester).



4

Decay spectroscopy of 22°Ac

The LIST technology enables the
production of very clean beams,

and in particular “2°Ac, a promising
radionuclide for medical
application.

At ISOLDE, we are mvestlz%atlng for
the first time the decay of %*°Ac,

221Fr, 213Bj, and 4°°Tl as pure
beams using plastic scintillators, Si
PIN diodes and HPGe clover
detectors to resolve discrepancies
In the decay scheme that have
recently been uncovered.

—— Ra225
— Ac225
— Fr221
— At217
Bi213

- Po213
—— Pb209

Activity [Bq]
run 056-067
068-458
1 run 464-934

Christrgas break

Phase

L|Phase 0 - implantation:

<.Phase 1: run

[
o
N

J. Aelbrechts, MSc KU Leuven (2025). | 6
’ KU LEUVEN
26 PhD work Jana Aelbrechts (KU Leuven). w



Accuracy limit in extracting charge radii




Probing the nucleus through its electrons

Extract isotope shifts Sv44’ = Infer § < r? >44

Egn / 1 P mA’ - mA
Use lasers to scan for transition § <12 >4 = ;(MA'A -M )
energies L J
. — =0 3/2 Level 2
o 1 /
5 N 1/2
Q
N — =0
S
2 0 1l 1/2
@ Level 1
—1000 —750 —500 —250 0 250 500 750 1000 . .
Frequency difference (MHz) | =0 = No hyperfine splitting
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King plot against absolute radii
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Many elements — all odd-Z &
heavy elements — do not

meu —|— MSMS —|— F (7‘2>AA, possess 3 stable isotopes to

work with!
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°
/ / H 2 stable elements He
v =M+ F 6 (r2)A4
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= A. Kellerbauer et al., Isotope shift of the electric-dipole transition in Os-, Physical Review A 84 (2011) 062510. | KU LEUVEN 6 w

T.E. Cocolios, A new perspective on charge radii around Z = 82, Hyperfine Interactions 238 (2017) 16.




Absolute size of the heavy elemdf e

this picture

Exploring isotonic chains across Z= 82 O
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31 Pictures adapted from T.E. Cocolios, A new perspective on charge radii around Z = 82, Hyperfine Interactions 238 (2017) 16. | KU LEUVEN ( /@)




MmuX and ReferenceRadii




Muonic x-rays as probe
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u-atomic spectroscopy with muX at PSI  #4&™™

N ¢ (’ - / ' M‘a

2016: 2 HPGe from Leuven

2017/18: the Death Star Array
MiniBall Cluster + detectors from PSI & IPNO

2019: MiniBall @ PSI campaign

2020+: GIANT Array with MIXE, muX and muon capture

A. Adamczak et al, Nuclear structure with radioactive muonic atoms, EPJ WC 193 (2018) 04014. a PSI | KU LEUVEN 6 w

A. Skawran et al, Towards nuclear structure with radioactive muonic atoms, Il Nuovo Cimento 42 C (2019) 125.
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H-atomic spectroscopy with muX at PSI

e 2020+: GIANT Array with MIXE, muX and muon capture

35 L. Gerchow et al., Germanlum Array for Non-destructive Testing (GIANT) setup, Review of Scientific Instruments 94 (2023) 045106. J PSI | KU LEUVEN 6%




Measuring microgram materials J\R“de’e"*

Traditionally: Limited to target Muon veto
Mass 0(1 0-100 mg) Muon entrance

Target

Hydrogen gas cell (100 bars; (® ® ® J
0.25% deuterium) ® ® ® ®
> Limited to O(5 ug) H

»Down to 20 year half-life
(radioprotection)

Bubak, M., & Fajman, M. P. (1987). Cross sections for hydrogen muonic atomic processes in two-level approximation of the adiabatic framework (No. JINR-E--4-87-

36 464). Joint Inst. for Nuclear Research. | KU LEUVEN éw
Adamczak, Andrzej, et al. "Muonic atom spectroscopy with microgram target material." The European Physical Journal A 59 (2023): 15.
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Ref rence
I \adii

Measuring microgram materials

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

Hydrogen gas cell (100 bars; H (® ® ® ® )
0.25% deuterium) g () ® ® ®
> Limited to O(5 ug) H

»Down to 20 year half-life
(radioprotection)

Bubak, M., & Fajman, M. P. (1987). Cross sections for hydrogen muonic atomic processes in two-level approximation of the adiabatic framework (No. JINR-E--4-87-

37 464). Joint Inst. for Nuclear Research. | KU LEUVEN éw
Adamczak, Andrzej, et al. "Muonic atom spectroscopy with microgram target material." The European Physical Journal A 59 (2023): 15.
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Measuring microgram materials

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

Hydrogen gas cell (100 bars; H (® ® ® ® )
0.25% deuterium) ® ® ®© ®
> Limited to O(5 ug) H

»Down to 20 year half-life
(radioprotection)

Bubak, M., & Fajman, M. P. (1987). Cross sections for hydrogen muonic atomic processes in two-level approximation of the adiabatic framework (No. JINR-E--4-87-

38 464). Joint Inst. for Nuclear Research. | KU LEUVEN éw
Adamczak, Andrzej, et al. "Muonic atom spectroscopy with microgram target material." The European Physical Journal A 59 (2023): 15.
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Measuring microgram mater! . .| tk

10_1_5 ud + H2 (o)
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T L

Traditionally: Limited to target ol
mass O(10-100 mq) e

MFP p >> MFP

Hydrogen gas cell (100 bars; H (® % @® ® ® )
0.25% deuterium) ® ® ()
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H-atomic spectroscopy with muX at PSI

H2/D2 gas
electron veto system
detectors
HPGe
muon entrance detectors
detector -
208Pp

vacuum

v

muon veto
detector gas cell

target

42  A. Adamczak et al., Muonic atom spectroscopy with microgram target material, Eur. Phys. A 59 (2023) 15. | KU LEUVEN 6%
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,7Cl and ,oK: probing near Z=20 g F

. Used enriched targets of 35Cl, 3Cl, | T
39K, 4OK, 41 K. 0 ¥

« 40K required mass separation to

obtain a pure sample. % ‘Themba
RF LABS

National Research | Laboratory for Accelerator
Foundation | Based Sciences

* First measurement with pure CI
isotopes and first measurement of 4°K
for a full triplet.

43 L. Antwiss et al., A comparative study of target fabrication strategies for microgram muonic atom spectroscopy, Scientific Reports 15 (2025) 6939. | KU LEUVEN éw
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Interpreting energy Vs time plots
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Interpreting energy Vs time plots
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Interpreting energy Vs time plots
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-Cl and ,,K: probing near Z=20
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49 K.A. Beyer et al., Modern approach to muonic x-ray spectroscopy demonstrated through the measurement of stable Cl radii, submitted to Physical | KU LEUVEN éw
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-Cl and ,,K: probing near Z=20
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PhD work Michael Heines (KU Leuven).
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,7Cl and 4K: probing near Z=20 —
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« Large targets for 394K and 3>37Cl
—> Direct stopping with high statistics
Uncertainty dominated by calibration error.
= 2p1s, 3pls, and 4p1s energies extracted
with ~15-25 eV precision

Counts {a.u.)
=

« Small target for “°K (~10 ug) Boag © el T Vamlse

- muX transfer mechanism with limited N\ i /

statistics v _/\/\/\ 40K 2p1s
Uncertainty dominated by statistical error. xv = 1.05
=> 2p1s energy extracted with ~35 eV B T R et e |

710
Energy (a.u.)

PhD work Michael Heines (KU Leuven).
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https://arxiv.org/abs/2506.08804

Mirror nuclei
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B. Ohayon, [...] charge radii and applications in mirror nuclei, ADNDT 165 (2025) 101732.
PhD work Michael Heines (KU Leuven).

Links with the symmetry
energy Lin the nuclear

matter equation of state.
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Nuclear structure along isotonic chain

* Absolute radii allow to anchor all
the isotopic chains measured with  ss;
laser spectroscopy and to
compare them to one another. ”] 0

N = 18 isotones

w
h

. . . . £

« Similar to isotopic chains, the <344 v o ®
EDF models capture the global 3 i EML.8_2.0

5 321 N2LOgo

scale much better than the ab g I il
Initio models. 30| ® Ry a e

« However, the ab initio models do ) |
better In Captu ring the detalls. 10 12 14 16 18 20 22 24

54  PhD work Michael Heines (KU Leuven). | KU LEUVEN éw



1491 to probe the nuclear EOS

Mirror nuclel ﬁrovide Insight into - 271
the slope of the symmetry ener?y
L of the nuclear equation of state.

The pair 32Si-3Ar has been
identified as a particularly
sensitive case.

Neither Si nor Ar is properly
established in spite of earlier “o..——
measurements. P ek

=>» A dedicated remeasurement
has been performed on 2829305,
combined with a full re-analysis of
the 36:3840Ar historical data.

0.5

Counts (normalised

= PhD work Marie Deseyn (KU Leuven). | KU LEUVEN éw




1.0 1
xaf Expt. 328 nm

{ Expt. 328 nm in-source
{ Expt. 548 nm

057 Fayans DFT

4s7Ag

Extensive new laser spectroscopy data have
recently been collected on Ag, from %Ag to
129Ag, at Jyvaskyla and ISOLDE.

The N=Z isotope 94A% remains a major
interest to elucidate the infamous 2-proton — L= ;
emission and measure the shape of that — 2p-1s —
emitting state. 00

However, all the current data are in mutual 801
disagreements and also with nuclear theory.
Atomic theory is the one to blame!

Experimental benchmark requires _ 40|
107,708m109Ag — and input for radii extraction N
(data taking scheduled in Oct 2026).
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Energy [keV]

0.0 -

_0.5 |

_1.0 |

Mean-squared charge radii (fm?)

Isotope shift

Fine structure

Counts

PhD work Marie Deseyn (KU Leuven). | 6
KU LEUVEN
59 Ag laser spectroscopy data courtesy B. van den Borne & R.P. de Groote. C/J
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Across the rare earth elements, there is a big
effort to reach out to proton emitters with laser

spectroscopy: s7La, g5 Tb, 57HO, ggTmM, 74Lu all
seem within reach o? the upcoming facilities

(FRIB, MARA, S3).

The question being: 'where’ is the proton? Is it
still confined”? Already spread beyond the

nucleus?
All those are, by default, odd-Z elemen‘s...

Amazing data from 2024!

> atl_ y (97.4% 17°Lu vs 2.6% 176Lu)
> e u (25% 175Lu vs 75% 17Lu)

PhD work War War Myint Myat Phyo (KU Leuven).
B. Blank & M Ptoszajczak, Two-proton radioactivity, Report on Progress in Physics 71 (2008) 046301.
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Absolute charge radius of 13>187Re
2016:

240

Ens First test on macroscopic
g e samples of 18>18/Re
o —
1605—
140 F—
oE Today:
100 - Still cannot extract charge
: radius from 2p1s transition
Rl Ak W _ because of missing nuclear
) < SN b A - polarization correction.
-6
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62  PhD thesis Stella Vogiatzi, ETH Zurich (2023). | KU LEUVEN éw




Beyond Pb

While getting a triplet measured beyond Pb is

as good as impossible, having a single _
absolute charge radius for any isotopic chain o

would already be a huge accomplishment. N NRURR NOURUS SO N W

226Ra has been attempted multiple times by Eneroy (eV)
muX, but the targets have always shown

strange distributions and we do not have any
muonic spectrum yet.

2000 (=

232Th and 238U have been investigated and we =P, 4

1600

l233e5ILiJeve we could also measure 4230Th and

1200
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2 _
2600 Hoeg = 2.13

2400
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Unknown
structure

Beautiful spectra of 246Cm but challenging e T
extraction of the charge radius from the M bkl at v
dynamic hyperfine specitra.
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PhD thesis Stella Vogiatzi, ETH Zurich (2023). | 6
/ KU LEUVEN
63 PhD work Anastiasia Doinaki (PSI & ETH Zurich,). w



MmuX & ReferenceRadii

ReferenceRadii:
® 229,230,232Th
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. 394041y .
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Cl muX:
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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 ;Al to osCm.

= Challenges include target production, background suppression,
data analysis, atomic & nuclear corrections, ...

= Qur first results are out (quadrupole moments of 8%.18’Re,
absolute radii of 3>:3’Cl) and more is coming!

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