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Laser spectroscopy and hyperfine structure
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• Hyperfine structure links atomic and nuclear 

properties

• Nuclear model-independent extraction of:

provided the atomic parameters are known (e.g. 

knowing mass and field shift is required)
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Laser spectroscopy and hyperfine structure

• Hyperfine structure links atomic and nuclear 

properties

• Some nuance:

First-order expansion does not stop at 2nd

multipole order!

Second-order perturbation theory: hyperfine mixing

Hyperfine anomaly
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+ CHFS f(I,J,F) 



• Magnetic dipole moment: 

• Exceedingly useful probe of nuclear configuration 

• i.e. what orbit is a valence nucleon in?

• Long chains of radioactive isotopes: study evolution of nuclear 

properties

• Comparison with nuclear theory informs on wavefunction composition, 

purity, … and thus can test interactions, model spaces, …

• Over 800 measurements of magnetic dipole moments to date!!
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Magnetic properties of the nucleus

Figure by Jacek Dobaczewski



• Magnetic dipole moment: 

• Exceedingly useful probe of nuclear configuration

• Comparison with nuclear theory informs on wavefunction composition, 

purity, … and thus can test interactions, model spaces, …

• Over 800 measurements of magnetic dipole moments to date!!

• Magnetic octupole moment:

• A measure of ‘deviation from spherical symmetry’ of the distribution of 

magnetization

• So far… only 20 measurements.
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• Magnetic octupole moment:

• A measure of ‘deviation from spherical symmetry’ of the distribution of magnetization

• So far… only 20 measurements.
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Magnetic properties of the nucleus

Figure by Jacek Dobaczewski



Interpretation from theory?

Single-particle estimates

= moment is determined by the 

valence nucleon

• Global agreement with 

effective single-particle model

• Example: longer indium chain 

with near-constant magnetic 

moments

= textbook case?
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Dipole vs octupole

Magnetic moments of indium

J. Eberz et al, Nuclear Physics A Volume 464, 1, 1987, 9-28



Interpretation from theory?

Single-particle estimates

• Single-particle picture works 

quite well for dipole moments

• Octupole moments: not so 

much

• Higher sensitivity to 

configuration mixing?
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Dipole vs octupole



• Systematic effects in the measurements

• Measurements in lit. are all precise, but are they accurate?

• Atomic structure

• C/Omega

• Second-order hyperfine structure

Critical survey of literature through the lens

of current theory would be of interest.
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Some caution…



11

A textbook case of single-particle structure?

A. Vernon et al, accepted to Nature
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A textbook case of single-particle structure?

A. Vernon et al, accepted to NatureThere is complimentary value in exploring this 

next-order magnetic observable



• ‘Standard’ laser spectroscopy is not sufficiently precise

• Example 45Sc: Ca core + 1 proton

• Linewidth: MHz level (limited by lifetime of excited state)
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Moving forwards: highly precise and accurate 

hyperfine structure measurements

R.P. de Groote, J. Moreno, J. Dobaczewski et al., Physics Letters B 827 (2022) 136930
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• ‘Standard’ laser spectroscopy is not sufficiently precise

• Example 45Sc: Ca core + 1 proton

• Linewidth: MHz level (limited by lifetime of excited state)

• Direct excitations within hyperfine manifold with rf/microwave required

• Linewidth ~ 1 / interaction time
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Moving forwards: highly precise and accurate 

hyperfine structure measurements

R.P. de Groote, J. Moreno, J. Dobaczewski et al., Physics Letters B 827 (2022) 136930
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R.P. de Groote, J. Moreno, J. Dobaczewski et al., Physics Letters B 827 (2022) 136930

RF scans: (F, m) -> (F’, m) resonances

Hyperfine constants ~ 100x more precise

20 kHz width

Many resonances due to Zeeman splitting
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R.P. de Groote, J. Moreno, J. Dobaczewski et al., Physics Letters B 827 (2022) 136930

DFT calculations by Jacek (talk Friday)

RF scans: (F, m) -> (F’, m) resonances

20 kHz width

Many resonances due to Zeeman splitting



• ‘Conventional’ laser double-resonance experiments

• Room to explore stable elements!
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Future perspectives



• ‘Conventional’ laser double-resonance experiments

• Room to explore stable elements!

• Implementations optimized for radioactive species 

(e.g. in collinear geometry)
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Future perspectives

Proof-of-concept experiments

coming soon (?) @ JYU ACCLAB



• ‘Conventional’ laser double-resonance experiments

• Room to explore stable elements!

• Implementations optimized for radioactive species 

(e.g. in collinear geometry)

• Experiments in atom and ion traps

• Precision ~ 1/interaction time…

• Demonstration with stable barium
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Future perspectives

~ 50 Hz

So precise it Herz.Optics Express Vol. 20, Issue 19, pp. 21379-21384 (2012)
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Future perspectives

O. Becker et al, PRA vol 45, 5, 1993



• ‘Conventional’ laser double-resonance experiments

• Room to explore stable elements!

• Implementations optimized for radioactive species 

(e.g. in collinear geometry)

• Experiments in atom and ion traps

• Precision ~ 1/interaction time…

• Demonstration with stable barium, europium

21

Future perspectives

O. Becker et al, PRA vol 45, 5, 1993



22

In conclusion…
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• Higher-order moments have only scarcely been explored

• Significant potential for new information on the nucleus

• Lots of experimental opportunity

• Nuclear theory ready for the challenge(?)

• Atomic theory required for accurate results and to find most 

sensitive states to probe
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Atomic theory is 

warming up…
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Thanks for your attention!
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