Radionuclide metrology

LNHB (National Laboratory Henri Becquerel) is the French Designated Institute for primary standards in ionizing radiation metrology.

 Definition of activity (Bq) and dose (Sv, Gy) units.

The diversity of radioactive processes makes necessary a certain pre-knowledge to establish primary and secondary standards: decay schemes, atomic and nuclear data.

 Evaluation of atomic and nuclear decay data.  Coordination of the DDEP (Decay Data Evaluation

Project) international collaboration.

 Decay data officially recommended by the BIPM. → Bias on reference electron spectra.

A. Letourneau et al., Phys. Rev. Lett. 130, 021801 (2023) Dark matter

XENON collaboration

First contact with dark matter community: accurate description of low energy radioactive background is essential.

Excess of electron events as a mono-energetic peak at low energy (~2 keV).

Accurate calculations of beta spectra for this community → BetaShape also treats electron captures with an improved modelling.

For forbidden non-unique transitions, coupling with nuclear structure is needed.

Theoretical shape factor

Multipole expansion of lepton and nuclear currents. Calculation of shape factors, half-lives, branching ratios, log-ft values. 

Fermi theory

 Vertex of the interaction is assumed to be point-like. No propagation of 𝑊 ± boson.

 Effective coupling constant 𝐺 𝐹 .

 Relativistic lepton and nuclear wave functions.

 Non-relativistic and relativistic vector or axial-vector matrix elements.

Impulse approximation

 The nucleon is assumed to feel only the weak interaction.

 Other nucleons are spectators. One-body transition densities must be given by a nuclear structure model.

→ NushellX@MSU: spherical shell model, effective Hamiltonians fitted on nuclear data, can be used by non-experts.

Nuclear structure models are non-relativistic

The small component of the nucleon wave function can be estimated from the large (non-relativistic) component.

→ Such an approximation has been demonstrated for decades not to be sufficiently accurate for beta transitions. → Conserved Vector Current (CVC) hypothesis

• Derived from the gauge invariance of the weak interaction.

• Provides relationships between non-relativistic and relativistic vector matrix elements.

• Depends on the Coulomb displacement energy Δ𝐸 𝐶 .

Influence of lepton current treatment: usually approximated only to dominant terms (formula here).

→ A modelling with full numerical treatment has also been implemented.  F.G. A. Quarati et al., Phys. Rev. C 107, 024313 (2023).

Tc decay

The value of g A can be affected by several nuclear effects due to the necessary assumptions in nuclear models to deal with the many-body problem.

 High-precision measurements of 99 Tc spectrum with MMC at CEA-LNHB and PTB, and with Silicon detectors at CEA-LNHB.

 Excellent agreement of all the three spectra.

 New Q-value = 295.82 (16) keV not consistent with AME2020 value of 297.5 (9) keV.

 99 Tc beta spectrum, second forbidden non-unique, has been predicted to be very sensitive to g A . Free-nucleon value [PDG 2020] g A free = 1.2754 (13).

→ Confirmed.

Tc decay

The value of g A can be affected by several nuclear effects due to the necessary assumptions in nuclear models to deal with the many-body problem.

 Theoretical calculations with nuclear structure, CVC and complete lepton current.

 Best adjustment gives an effective axial-vector coupling constant 𝑔 𝐴 eff = 1.53 (8).

 Excellent residuals, without any trend down to 6 keV.

Conclusion

Beta decays are of importance in many scientific areas: radionuclide metrology, nuclear medicine, nuclear reactors, neutrino physics, dark matter studies, etc.

Our aim is to improve nuclear decay data by providing theoretical predictions for every possible beta transition or electron capture validated against precise measurements.

 When no nuclear structure is required, the BetaShape code already improves the situation.

 We started the study of beta transitions that are sensitive to nuclear structure.

Ongoing developments and challenges

 High-precision measurements, which can be used as a probe of nuclear models.

 Treatment of the many-body problem → Effective axial-vector coupling constant.

 Medium and heavy nuclei, nuclear deformation → Ongoing collaboration with S. Péru (CEA/DAM) and M. Martini (IPSA) in the framework of the European metrology project PrimA-LTD.

Technical adaptions are necessary of both nuclear and beta decay modelling.

Thank you for attention
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  𝑀 𝐾 𝑘 𝑒 , 𝑘 𝜈 = 𝐶 𝐾 𝑝𝑅 𝑘 𝑒 -1 𝑞𝑅 𝑘 𝜈 -1 High-precision measurement of 151 Sm spectrum with Metallic Magnetic Calorimeters (MMC) at LNHB.  New Q-value = 76.430 (68) keV more precise than AME2020 value of 76.5 (5) keV.  New determination of branching ratios: 99.31 (11)% and 0.69 (11)%.  Kossert et al., Appl. Radiat. Isot. 185, 110237 (2022) First high-precision spectrum measurement from self-scintillation of a LuAG:Pr crystal at TU Delft.  New Q-values: Q β = 1193.0 (6) keV and Q ε = 108.9 (8) keV. From AME2020: Q β = 1194.1 (9) keV and Q ε = 109.0 (12) keV.  Spectrum shape retrieved adjusting the Coulomb displacement energy Δ𝐸 𝐶 or the axial-vector coupling constant 𝑔 𝐴 .  Calculated half-life shorter by 13 orders of magnitude! → Detailed analysis would require accurate modelling with nuclear deformation: hindered transition (𝜟𝑲 = 𝟕).
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