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Nuclear Shell Model

@ Major area of nuclear research: stability at shell closures
> Reflected in many observables, such as binding energy or charge radius

Relation between shell model and magic numbers
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Nuclear Shell Model

kink in charge radii at shell closures
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Nuclear Shell Model

kink in charge radii at shell closures

disappearance of shell closure at N=20:
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Nuclear Shell Model

kink in charge radu at shell closures

disappearance of shell closure at N=20:
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@ N = 20 shell closure disappears for magnesium: charge radii for
33,34Mg would provide a powerful benchmark for nuclear theory
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e Challenge: yields down to 100 ions / second and half lives down to 40
ms
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Need highly sensitive laser spectroscopy techniques to probe charge radii
of exotic nuclei




Laser Spectroscopy in Nuclear Physics

By probing an atom’s electronic hyperfine structure, we can determine the

properties of its nucleus, such as:

or
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@ nuclear spin

@ electromagnetic moments
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Collinear Laser Spectroscopy (CLS)

¢ **Mg D1 transition Photo-Multiplier Tube (PMT)
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Collinear Laser Spectroscopy (CLS)
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@ Collinear geometry minimizes Doppler broadening:
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Collinear Laser Spectroscopy (CLS)
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o Limitation: Measurement time | ~ 5 us|, but | Ty, > 10 ms
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Multi-lon Reflection Apparatus for CLS (MIRACLYS)

Multi-Reflection Time-of-Flight (MR-ToF) device increases effective
beampath to “recycle” ions
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Multi-lon Reflection Apparatus for CLS (MIRACLYS)

Multi-Reflection Time-of-Flight (MR-ToF) device increases effective
beampath to “recycle” ions

Photo-Multiplier Tube (PMT)

MR-ToF device
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electrostatic mirrors
e signal-to-noise ratio improvement: 2 = 2./r
g B p N T N

@ More exotic radionuclides with low production yields can be probed



Improvement Factor

@ Single-passage mode (experimental data):
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Improvement Factor

@ Multi-reflection improvement (experimental data):

Resonance for *Mg
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Improvement Factor

@ Multi-reflection improvement (experimental data):
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Improvement Factor

@ Multi-reflection improvement (experimental data):
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Collinear-Anticollinear measurements at MIRACLS

Beam energy: large source of uncertainty in CLS
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Collinear-Anticollinear measurements at MIRACLS
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Photo-Multiplier Tube (PMT)

MR-ToF device

—B2
. \J1-8
Collinear resonance: ve = v =3

Incoming laser

(lasers switched
via AOM)

10



Collinear-Anticollinear measurements at MIRACLS

Beam energy: large source of uncertainty in CLS
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= 1y = /Vc - V3, independent of beam energy!
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Collinear-Anticollinear measurements at MIRACLS

Beam energy: large source of uncertainty in CLS

Photo-Multiplier Tube (PMT)

MR-ToF device

=

[Collinear resonance: vc = vo-1—5

Incoming laser

(lasers switched
via AOM)

Physical Review Letters

= Vg = /Uc - V,, independent of beam energy! and the One-Neuron Halo

Nucleus ''Be




MIRACLS method



https://miracls.web.cern.ch/miracls-animation.mp4

Online Apparatus Progress:

Status January 2022
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Online Apparatus Progress:

offline ion source

Status August 2023
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Online Apparatus Progress:

Highest energy MR-ToF device ever built! (> 10 kV)

—
1 meter
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Online Apparatus Progress:

1 meter

Highest energy MR-ToF device ever built! (> 10 kV)
Advantages for mass separation: see F. M. Maier et al., NIMA A., 1048, (2023)
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November 2024: Mg Beamtime

Measured our first physics case: 3*Mg

34Mg resonance
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November 2024: Mg Beamtime

Measured our first physics case: 3*Mg

7000

6000

5000

photon counts
w »
g &
3 8
8 8

2000

1000

=750

-500

34Mg resonance

-250 0 250
Frequency offset in MHz

500

750

e 3*Mg measurement with down to 10 ions in MR-ToF device per bunch
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November 2024: Mg Beamtime

Measured our first physics case: 3*Mg

34Mg resonance 33Mg resonance, D1 line
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e 3*Mg measurement with down to 10 ions in MR-ToF device per bunch

o 33Mg measurement also performed with repumping scheme.
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Sensitivity Limit

Performed measurements with down to 0.7 ions / measurement cycle in
MR-ToF device
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New in August 2025: Cd Beamtime

Goal: Extend previous measurements by the COLLAPS experiment to
98.99Cd (N = 50 shell closure)
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New in August 2025: Cd Beamtime

Results:
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@ Also 10 ions in MR-ToF per bunch, but with much lower laser power.



New in August 2025: Cd Beamtime

Results:
98 99
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@ Also 10 ions in MR-ToF per bunch, but with much lower laser power.
@ Pump & probe scheme used for 99:101:103Cq
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Summary

@ MIRACLS has demonstrated its effectiveness as a new technique for
CLS
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@ MIRACLS has demonstrated its effectiveness as a new technique for
CLS

e Magnesium: charge radii measured for even-even isotopes 24~3*Mg
and odd-even 3Mg
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Summary

@ MIRACLS has demonstrated its effectiveness as a new technique for
CLS

e Magnesium: charge radii measured for even-even isotopes 24~3*Mg
and odd-even 3Mg

o Cadmium: charge radii measured for even-even isotopes
charge radii and moments for odd-even 99:101,103C(

987116Cd’
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Odd-even scheme for magnesium

@ Repurposing Lasers: One for repumping, one for scanning

Scanning Laser Repumping Laser
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Odd-even scheme for magnesium

@ Repurposing Lasers: One for repumping, one for scanning

Repumping Laser Scanning Laser

x10°
160~

F (23) (32)
140

120F (33)
100?
ao?
sof—
(22)

photon counts

40

20f-

Lt L |
-1500  -1000 -500 0 500 1000

v (MHz)

0




Odd-even scheme for cadmium

J=3/2

J=1/2

&

closed

dips

F=2

closed transition

intensity

/

\

peaks

dips

\

scanned frequency



	Intro to MIRACLS
	Charge radii of neutron-rich Mg isotopes

	The MIRACLS technique
	concept
	Online Experimental apparatus

	Latest Experimental Results

