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Nuclear magnetic octupole moment
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Multipole expansion 
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Blin-Stoyle, R. J. Theories of Nuclear Moments. Rev. Mod. Phys. 28, 75–101 (1956).

Magnetic moment operators

Operator

No 𝑔𝑆
(𝑗)

, Proton only 

gL, gS : gyromagnetic ratios

𝑌𝑗
0 : spherical harmonic of rank j

gL neutron = 0
gL proton = 1
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Shell model

Krane, Kenneth S. Introductory nuclear physics. Rev. ed. of Introductory nuclear 
physics/David Halliday. 2nd. ed. 1955.

Magic quantum numbers of nucleons (2, 8, 20, 
28, 50, 82…) that are more tightly bound. 

https://byjus.com/physics/shell-model/

Atomic Shell Model Nuclear Shell Model
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Key points

Magic quantum numbers of nucleons (2, 8, 20, 28, 50, 
82…) that are more tightly bound. 

Magnetic Octupole moment give information about 
Nuclear shape and Nucleons distribution
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Magnetic octupole moments: sensitive probe

• Theoretical work based on 
density functional theory (DFT) 
calculations, for the Indium
(Z=49) isotopic chain 

• µ only drops 15% away from the 
closed N=82 (131In) shell, Ω drops 
by 70%

DFT calculations for In isotopic chain between 
N=50-82 [J. Dobacewski] Vernon, A. R. et al. Nuclear moments of indium isotopes reveal 

abrupt change at magic number 82. Nature 607(2022).



12

• Magnetic octupole measured only 
for about 22 stable elements.

• Magnetic dipole measured  for 
over 800 elements, stable and 
radioactive.



Measure the magnetic octupole moment of 83-93Sr. In doing so, probing the 
nuclear wavefunctions and magnetization of single-nucleon systems at the neutron 
shell N=50 (Sr).
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Objective
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Measure the magnetic octupole moment of 83-93Sr. In doing so, probing the 
nuclear wavefunctions and magnetization of single-nucleon systems at the neutron 
shell N=50 (Sr).

First Setup : Measurement on neutral Sr

Second Setup: Measurement on radioactive Sr
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How to access it ?
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How ? : Spectroscopy
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= + +

Example: D3/2 state in 87Sr+. Theoretical
[B.K. Sahoo].

Schwartz, C. Theory of Hyperfine 
Structure. Phys. Rev. 97, 380–395 (1955).

∆𝐸𝐻𝐹𝑆

• Nuclear moments lead to shift
and splitting of fine structure
levels (hyperfine structure)

• Contribution of higher-order
magnetic octupole moment is
three or more orders of
magnitude smaller

𝐷3/2



How ? : Spectroscopy
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= + +

Example: D3/2 state in 87Sr+. Theoretical
[B.K. Sahoo].

Schwartz, C. Theory of Hyperfine 
Structure. Phys. Rev. 97, 380–395 (1955).

∆𝐸𝐻𝐹𝑆

𝐷3/2

To resolve magnetic 
Octupole moment 

contribution we  
need a sub kHz 

resolution



Where ? : In a trap
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To resolve magnetic 
Octupole moment 

contribution we  
need a sub kHz 

resolution

Long interaction time

Narrow spectral lines

Trapped Ions

Cooled Ions



• Placing ions inside of a trap naturally yields longer interaction times
(compared to Beamlines)
• << kHz linewidths!

• Eu: nontrivial atomic structure! 

• 43Ca g-factor! (@ ~ 150 gauss) – g and A at ppm level in one experiment!
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Spectroscopy of trapped ions

O. Becker et al, PRA 48, 5 1993

153Eu, 105 stored ions
43Ca

ONE ion

~ Hz

R. K. Hanley, PRA 104, 052804  (2021)



Measurement scheme
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Laser Scheme
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Step 1 : Ionisation



Laser Scheme
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5 𝟐𝑺𝟏/𝟐

5 𝟐𝑷𝟏/𝟐

4 𝟐𝑫𝟑/𝟐

F=3
F=4
F=5
F=6

F=4

F=5

F=4

F=5

421nm

87𝑆𝑟+ hyperfine structure

Step 2 : Cooling
• Recoil temperature: 𝑇𝑚𝑖𝑛=

ℏΓ

2𝑘𝐵

• Doppler broadening: 

𝛿𝜔 𝜃 = 𝑘 2(1 − cos 𝜃)𝑘𝐵𝑇/𝑀

Cooled Ions
E= 4,3 e-8 eV
T~513μK
𝛿𝜔(𝜃)=4,5 MHz 



Laser Scheme
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Step 3 : Preparation



Laser Scheme
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Step 4: Shelving

5 𝟐𝑺𝟏/𝟐

5 𝟐𝑷𝟏/𝟐
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F=3
F=4
F=5
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F=4

F=5

F=4

F=5

87𝑆𝑟+ hyperfine structure

RF pulse

An experimental precision of the order of 1-10 Hz is sufficient 
for a measurement of Ω with an experimental precision of 10%. 



Laser Scheme
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Step 5 : Detection

5 𝟐𝑺𝟏/𝟐

5 𝟐𝑷𝟏/𝟐

4 𝟐𝑫𝟑/𝟐

F=3
F=4
F=5
F=6

F=4

F=5

F=4

F=5

421nm

87𝑆𝑟+ hyperfine structure

1092nm

Detection on 421nm light
 
• If shelved :

 No signal

• If not :

   Signal

F=5
F=6

F=5
F=6
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Key points

Magnetic Octupole moment give information about Nuclear shape 
and Nucleus distribution

Ideal measurement platform : Laser cooled ions
in a linear Paul trap

Sub kHz resolution spectroscopy of Hyperfine structure to resolve it



Experimental setup
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Experimental setup
DISCLAMER : Early Stage
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• Testbench for spectroscopy methodology with stable atoms

• Design from quantum group @Weizman Institute
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Neutral Sr Trap

Linear Paul trap

Akerman, N. Trapped ions and free 
photons. (Weizmann Institute of 

Science, 2012).
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Vacuum chamber + imaging systemLaser systems 

Precision trap @KUL
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Vacuum chamber + imaging systemLaser systems 

Precision trap @KUL
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Vacuum chamber + imaging systemLaser systems 

Precision trap @KUL
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Precision trap @KUL

Fluorescence of atoms (not yet ions)
= test of atom source, lasers, detection and realtime imaging setup
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Precision trap @KUL

The ionizing laser set is tested to ensure we make ion to trap. For this we put an ion
detector (magneTOF) inside the vacuum chamber



Fast-ions trap
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Lead:
P. Imgram

MR-TOF + REBEL (PI: Agi Koszorus)

Catching and cooling ~10 keV ions @ KUL
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Beamline construction

Empty Beamline
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Beamline construction

Lead:
P. Imgram→Empty Beamline
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Beamline construction

Faraday cup

Lead:
P. Imgram→Empty Beamline
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Beamline construction

MR-ToF

Lead:
P. Imgram→

Faraday cup
Empty Beamline
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Beamline construction

MR-ToF

Ion Source

Lead:
P. Imgram→

Faraday cup
Empty Beamline
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Beamline construction

Lead:
P. Imgram→

MR-ToF

Ion Source

Faraday cup
Empty Beamline
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Ion
Trap

Catching and cooling ~10 keV ions @ KUL
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Catching and cooling ~10 keV ions @ KUL

Lead: P. Imgram
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Catching and cooling ~10 keV ions @ KUL

Lead: P. Imgram
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Segmented trap
PhD Student :
S. Pelonis

Final design of the Decelerator and 
Trap :
•2 injection deceleration segments
•An Einzel lens for additional focusing
•The trap made of 8 pairs of 
segmented electrodes
•A set of extraction optics
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Segmented linear Paul trap with an increasing DC field along its z-axis

Final design of the Trap 
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Segmented linear Paul trap with an increasing DC field along its z-axis

Final design of the Trap 
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Segmented linear Paul trap with an increasing DC field along its z-axis

Final design of the Trap 
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Simulation: laser cooling in <100 ms with 10 kV initial beam energy

Simulations: S. Pelonis Lead: P. Imgram

83Sr
32,41h

84Sr 85Sr
64d

86Sr 87Sr 88Sr 89Sr
50d

90Sr
28y

91Sr
9,6h

92Sr
2,6h

93Sr
7,4m



Conclusion

• Objective is to provide data on unexplored properties of radioactive 
isotopes, to probe the distribution of neutrons within the nucleus, to 
study fundamental properties of nucleons within the nuclear 
medium, and their internucleon forces.

• New methodology which relies on the measurement of magnetic 
octupole moments, never measured before for any radioactive 
species

• Experimental setups are in construction and progressing fast
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Questions ?
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Supp material
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Shell model
Atomic Shell Model Nuclear Shell Model

Krane, Kenneth S. Introductory nuclear physics. Rev. ed. of Introductory nuclear 
physics/David Halliday. 2nd. ed. 1955.

https://byjus.com/physics/shell-model/

magic quantum numbers of nucleons (2, 8, 20, 28, 
50, 82, and 126) that are more tightly bound. 



Precision frontier in RIB studies

• Magnetic dipole moments

• Electrical quadrupole moments and charge 
radii

• provides a measure of the deformation and 
shape of the proton distribution of the nucleus

• Hyperfine anomaly

• Relates to the distribution of magnetization 
inside nuclear volume

• Higher-order moments

• Magnetic octupole, electric hexadecapole, …

GHz

sub-Hz

In-source optical spectroscopy

Collinear, in-gas-jet, …

Laser-rf methods on fast ion 
beams and thermal beams in traps

Atom/ion traps + laser cooling + 
ultra-narrow lines

Current state-of-the-art

Feasible on RIB

Currently only on stable species
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Magnetic octupole moments: sensitive probe

Shell model: C. Yuan

• Magnetic octupole moments display strong 
shell effects, stronger the dipole moments.
calculated in Scandium (Z=21) 

• The predicted value of Ω(43Sc) is only about 
50% of Ω(41,49Sc), in contrast to a drop of only 
20% for µ

Shell model calculations for Sc isotopic chain 
between N=20-28 [C. Yuan]



• Recoil temperature: 𝑇𝑚𝑖𝑛=
ℏΓ

2𝑘𝐵

• Doppler broadening: 

𝛿𝜔 𝜃 = 𝑘 2(1 − cos 𝜃)𝑘𝐵𝑇/𝑀
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Laser cooling



Measure the magnetic octupole moment of 83-93Sr. In doing so, probing the 
nuclear wavefunctions and magnetization of single-nucleon systems at the neutron 
shell N=50 (Sr).

Short term : Measurement on neutral Sr

Long term : Measurement on radioactive Sr
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Objective

83Sr
32,41h

84Sr 85Sr
64d

86Sr 87Sr 88Sr 89Sr
50d

90Sr
28y
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9,6h

92Sr
2,6h

93Sr
7,4m

No Hyperfine 
structure
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Why Strontium ?



Laser Scheme
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Isotopic Abundance : 
88𝑆𝑟 ∶ 82,6%
87𝑆𝑟 ∶ 7% 
86𝑆𝑟 ∶ 9,6%
84𝑆𝑟 : 0,57%

Step 1 : Ionisation

Best chance of getting 87𝑆𝑟 for a 
shift of Δf=-72.97 MHz with a 
59% probability to excite 87SR () 
for a laser of 300 kHz width.



Laser Scheme
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Laser Scheme
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Laser Scheme
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Catching and cooling ~10 keV ions @ KUL
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Precision trap @KUL
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