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long term goal:

e predictive & precise nuclear theory

' N=28

e consistent framework all across nuclear chart

e based on fundamental principles



laser spectroscopy of radionuclides
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structure evolution correlations
& wave function & deformation

shape coexistence

benchmark for modern nuclear structure theory



Collinear Laser Spectroscopy (CLS)
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CLS & nuclear charge radii

optical isotope shift difference in ms
A’ charge radii

mass and field shift factors
e King-plot analysis of stable isotopes

isotope shift SyAA e atomic theory
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(Some) Challenges & Opportunities
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Physics of Nuclear Charge Radii

Nuclear Shell Structure
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Towards a ‘universal’ description of charge radii

Lse | * remarkable progress in theory & experiment
R « theoretical models:
**I Ca (Z2=20) = applicable over wider mass range
= including DFT and ab-initio methods
= Fy(Ar) excellent agreement to experiment
- 'kink’ at shell closures
- odd-even staggering

3.46 | _ %?Q R. Garcia Ruiz et al., Nature Physics 12, 594 (2016)
: P.-G. Reinhard and W. Nazarewicz, PRC 95, 064328 (2017)
A. J. Miller et al., Nature Physics 15, 432 (2019)
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Towards a ‘universal’ description of charge radii

Lse * remarkable progress in theory & experiment
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Towards a ‘universal’ description of charge radii

* remarkable progress in theory and experiment

* theoretical models:
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* remarkable progress in theory and experiment
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Towards a ‘universal’ description of charge radii

Benchmark: ab initio calculations next to shell closure

e reproduces experiment at the =1% level
* agreement within ab initio methods = accuracy check
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Benchmark: ab initio calculations next to shell closure

e reproduces experiment at the =1% level
* agreement within ab initio methods = accuracy check

e importance of used nuclear potential: needs to 10
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Towards a ‘universal’ description of charge radii
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= new benchmarks in mid-shell / deformed regions



Rc: new benchmarks...

... for ab inito in deformed region

* island of inversion around 32Mg
« shell evaluation

....for Fayans DFT
* kink at N=827?
e curvature < isovector term in DFT
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Rc: new benchmarks...

....for Fayans DFT
* kink at N=827?
e curvature < isovector term in DFT

... for ab inito in deformed region

« island of inversion around 32Mg 11
* shell evaluation

Mass Number A

G. Gorges et al., PRL 122, 192502 (2019)
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1 I - - - - Skyrme, SV-min 3.18 “ M Unknown ,
l N - T M Unknown but predicted
FSUGarnet+BNN e] inside the island
4.70 | 8 — Fy(an) ) v(fo)
- ®
465 11 3.14 /
854 | = AN '
i @ E 4
.
Y 4.60 -1 I Z t o
w: 3.10 &
| = ,
P 3
4.55 1 : ~ * island of
‘ 3.06 . & inversion
4504 | a8
1 I T e
4.45 - I | C d 3.02 | ! 1 | | | |
L R L B UL L LR LR E LR |
100 105 115 120 125 130 135 20 24 26 28 30 32

Mass number A

D. T. Yordanov et al., Phys. Rev. Lett. 108, 042504 (2012)

Challenge: very low production yields <100 ions / sec




Strengths & Limitations of CLS
ion beam ®\®

N ® a_a PN
laser beam\@ ® ®=@E © ®F

beams of 230 keV
o minimizes Doppler-broadening

Bunched beams:
reduce background

= high resolution by gating on bunch
T1
5 oF >
V X —— 'Q’ 'Q‘
\/E A. Nieminen et al.,

T,=T, /10 PRL 88, 094801 (2002)




Strengths & Limitations of CLS
ion beam ®\@ y

N ® are
laser beam\@ ® ®=@E ®F

beams of 230 keV
c minimizes Doppler-broadening

Bunched beams:
reduce background

= high resolution by gating on bunch
T1
5 OF g
UV X —_E 'Q’ 'Q’
N A. Nieminen et al.,
T,=T,/10° PRL 88, 094801 (2002)

T1/2 of accessible radionuclides: effective use for CLS
5 ms to seconds 100s of ns to a few ps

s Can one use exotic nuclides even more efficiently ¢




the Multi lon Reflection Apparatus for
Collinear Laser Spectroscopy

trap = long observation time = higher sensitivity = more exotic nuclides accessible

optical
detectio”

- . mirror
ctrostatic et

ele

c mirror

e\ectrosta’c\

\asef simulation
' conventional CLS
_E 10
>
. S 5
novel approach for collinear . |
laser spectroscopy: & MIRACLS
7000
*ion trap = long observation time 2 6500
*>10 keV beam = high resolution § 6000
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laser frequency [a.u.]
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JIMIRACLS ]| setup at i9DLDE
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Wﬂl, setup at i9%24d

14

MR-ToF operation: 10-15 keV
opportunity for RIB purification

Cseereat F. Maier et al., Nuclear Instrum. Meth. A, 1056, 168545 (2023)
er C ruropean F. Maier et al., Nuclear Instrum. Meth. A 1075, 170365 (2025)
'_:".:.‘:.:.':.. > .. Council




JIMIRACLS || setup at i9DLDE

Single-passage = conventional CLS

14
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JMRacLsl| demonstration

Resonance for 2Mg
o 3000
2 (BCKGRD subtracted)
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I I I 100 revolutions

2000

o\e'”
gunche’

photon counts

1000

L -
3600 3800 4000 4200 4400
Frequency in MHz +1.0683000000e9

. '. slsseselel European

-, Sesers Research
'_:',:.‘. .erc Council
BT



JMRacLsl| demonstration
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JMIRacLSi] demonstration
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Resonance for Mg
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Sensitivity for closed transitions

24Mg Sensitivity Measurement, D1 line 3600 3800 4000 4200 4400
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photon counts

. * 0.7 ions/cycle injected into MR-ToF
eTC Resaareh « buncher efficiency 15-25 %
.:'.. ... counet 1800 1900 2000 2100 2200 2300 2400 2500 2600 = mlnlmal ISOLDE yleld 3-5 ions I sec
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Photon counts
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Photon counts
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Photon counts

Photon counts
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CLS for Electron Affinit

EA: energy needed to remove an electron from a negative ion
“how much an element is prone to form chemical bonds by sharing electrons”

Laser: probes the energy needed to dismantle the negative ion

18

ol an onfok 1 s e ]

|';lre]g|§et2/r?] Electrostatic
Laser e \deﬂector
Beam Neutral
__________________ .;__Q__}_)._____\\ Particle
\e N Detector
e
o f \
A )
Li . 0.015eV - 3.613 eV B|C \
E. Allsi| P [
K [calsc Co| Ni c!J- Ga|Ge =
Rb|sr| v Rh| Pd |Ag|[ed] in |sn
Cs|Ba|Lu] ...[_ Pb J -. Eph < EA
Fr|Ra|Lr | Rt mt| ps|Rg|[cn|Nn| Fi [mc| Lv] Ts | og]
e [ :

Photon Energy )

Np|
ts.com

~1/3 of EAs in the Periodic Table are unknown



CLS for Electron Affinit

EA: energy needed to remove an electron from a negative ion
“how much an element is prone to form chemical bonds by sharing electrons”

Laser: probes the energy needed to dismantle the negative ion
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e R N
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CLS for Electron Affinit

EA: energy needed to remove an electron from a negative ion
“how much an element is prone to form chemical bonds by sharing electrons”

19
Laser: probes the energy needed to dismantle the negative ion
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Laser T e deflector
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exploited for radionuclides by

GANDALPH s

Gothenburg ANion Detector for Affinity measurements by Laser PHotodetachment

S. Rothe et al., J. Phys. G: Nucl. Part.Phys. 44, 104003 (2017) \ Photon Energy )
D. Leimbach et al., Nature Communications 11, 3824 (2020)
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EA studies with JMIRACLS]|

Increase exposure to laser beam by ion-beam confinement in MR-ToF

long exposure time = less particles for same signal = gain in sensitivity 20
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F. Maier et al., Nature Communications, 16, 9576 (2025)




EA studies with JMIRACLS]|

Increase exposure to laser beam by ion-beam confinement in MR-ToF

long exposure time = less particles for same signal = gain in sensitivity 20
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EA of chlorine (eV)

EA sensitivity gain with JIMIRACLS]|

3.61285 - - Results:
361280 150,000x less anions * (improved _EA of Cl) _
— i - same precision with =10% fewer anions

3.61275 - T ? - 21
561270 { ] Opportunities:

@ . .

j - further improvements to be implemented
o 1 ] = atom-at-a-time sensitivity
3.61260 . . . . - :
Trainham et al. Hanstorp et al. Berzinsh et al. This work ¢ EA |SOtOpe Sh|ftS
(1987) (1993) (1995)

- EA measurements of (super)heavy elements
F. Maier et al., Nature Communications, 16, 9576 (2025)




EA sensitivity gain with JIMIRACLS]|
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- EA measurements of (super)heavy elements
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Advanced Electrostatic Trap for Heavy Element
Research (AETHER) @ BGS /88" cyclotron

i MIRACLS low-energy system sent to
LBNL to seed the new infrastructure
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Summary & Conclusions

e collinear laser spectroscopy (CLS) powerful tool

to access nuclear ground-state properties _
new CLS beamlines

i><} @

‘9$@ Cta Ch
| S@/G/SGS
L

e charge radii: excellent benchmarks for nuclear theory

= towards a ‘universal’ description of charge radii

= DFT Fayans: odd-even staggering + kinks at shell closures
= ab initio: 1 % accuracy in Ni

= importance of new experimental data

e sensitivity challenge:
RIS

| MfRACLSﬂl = novel ion-trap system for highly sensitive CLS
. ~ = successful online measurements of Mg and Cd
= highly-sensitive EA measurements: towards (super-)heavies
= new opportunities, e.g., for RIB purification
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