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SubatomicStructure

"

The nuclei: protons (red)  
neutrons(blue), each 
consists of 3 quarks 
connected by gluons.
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Particlemasses

ÅMass 1.7-3.3 MeV*
ÅMass 4.1-5.8 MeV*

*Independent particle rest mass which, 
in the case of quarks, is meaningless

ÅMass 938.3 MeV*

ÅMass 939.6 MeV*
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Beta decay

ÅFree neutrons decay into protons with ̱~900 s
ÅDue to charge conservation, an electron is emitted Ὡ
ÅDue to lepton number conservation, and antineutrino is also emitted ‡
ÅFree protons are stable
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Nuclear mass

ά ὤ ά +N·ά

ά ὤ ά +N·ά -B/ὧ

ÅB is the nuclear binding energy
Å It is a residue of the strong 

interaction between quarks
ÅB/A~8 MeV on average
ÅMaximum around 62Ni
ÅExplains stellar nuclear reactions
ÅElement abundance

ÅNuclear reactors
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Semi-empiricalmassformula

https://en.wikipedia.org/wiki/Semi-empirical_mass_formula
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https://en.wikipedia.org/wiki/Semi-empirical_mass_formula

Assymetryterm

ÅAlso known as Pauli term
Å It originates from the Pauli 

exclusion principle and the Shell 
structure

ÅAn excess of neutrons would need 
to occupy higher energy orbitals

Å It can be expressed as:

ὥ

Å Notice the square dependence 
with the difference between 
protons and neutrons

Å This can also be derived by 
modeling the nucleus as a Fermi 
ball of nucleons
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Nuclear chart

https://www.nndc.bnl.gov/
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Nuclear stability

Thusfor each A-valueone can calculatethe 
nucleus with lowest mass (largest binding 
energy):

For a given A a parabolic behaviour of the
nuclearmassesshowup.

odd-A only one stable nucleus. The rest b°

decaytowards the only stablenucleus.

even A both even-even and odd-odd  Ý2 
parabolas implied by the mass equation.

ÅDue to the asymmetry term, in isobar lines the masses will follow a parabola
ÅNuclei will decay into the valley of stability
ÅThis valley is not at N=Z mainly due to the Coulomb repulsion between protons
ÅtǊƻǘƻƴǎ ƛƴǎƛŘŜ ǘƘŜ ƴǳŎƭŜǳǎ Ŏŀƴ ōŜ ǳƴǎǘŀōƭŜΣ ǘƘŜȅ ŘŜŎŀȅ ƛƴǘƻ ŀ ƴŜǳǘǊƻƴ ōȅ ʲ+
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Beta Decay: definition

Beta Decay: universal term for all weak-interaction 
transitions between two neighboring isobars

Takes place in 3 different forms

ɓ-, ɓ+ &  EC(capture of an atomic electron)

b-: n Ą p + e- + n~

b+: p Ą n + e+ + n

a nucleon inside the nucleus is transformed into another

No preformation!

EC: p + e-
Ą n + n

eN

A

ZN

A

Z
eXX n++*­ -

-+ 11

eN

A

ZN

A

Z
eXX n++*­ +

+- 11

rayeN

A

ZN

A

Z
Xe XX ++*­+

+-

- n
11



Bruno Olaizola, Beta decayexperiments 12

AtomicMass Model

¶ 254Stable nuclei

34 Primordial (T1/2 > 109y)                                                                                          

~ 3000 produced in nuclear reactions

~ 7000 predicted to be bound

¶ Decay characteristics of most radioactive nuclei 
determined by ̡ -decay i.e. weak interaction

¶ For heavier nuclei Ą Electromagnetic 
interaction important Ą

Relationshipwith Nuclear Decay Models

¶h-decay
¶fission

¶ Moving away from stable nuclei by adding protons or neutrons Ą

until the particle drip-lines (Sp = 0 or Sn = 0 ). 

Nucleibeyonddrip-line are unboundto nucleonemission, i.e. Stronginteraction
cannotbind onemore nucleonto the nucleus

¶167 e-e
¶4 o-o (2H, 6Li, 10B, 14N)
¶83 e-o
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Å Energy spectrum of beta 
particle is continuous

Å No discrete peaks

Å This is why neutrinos were 
suggested

Å 3-body decay: beta, 
(anti)neutrino and recoiling 
nucleus

Å Energy mass difference is 
split among the 3 products

Å Total energy available:

Beta decayenergyspectrum

ὗ ά ά ά ά c2=Ὁ Ὁ Ὁ

Typical Q is few MeV
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Å Emax~Q̡ , the ̡ particle takes all the 
available energy; daughter nucleus 
and neutrino at rest

Å There is a most likely value for the ʲ
particle energy 0.3-0.4Q̡

Å -̡ can be emitted at ~0 energy

Å +̡ can not be emitted at ~0 energy
ï The attraction or repulson of the protons 

in the nucleus is not negligible

Energy spectrafeatures
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Å If we know with great precision 
the nuclear masses, we know Qʲ

Å A precise measurement of the 
end point is sensitive to m˄

Å Model independent method

Neutrino massmeasurement

https://indico.cern.ch/event/572149/contributions/2488095/att
achments/1446803/2228876/ALPS2017_fraenkle.pdf
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KATRIN (KarlsruheTritiumNeutrino Experiment)
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KATRIN (KarlsruheTritiumNeutrino Experiment)

Å Molecular tritium source (T1/2=12.3 years and Q̡=18.59202 (6) keV)
Å Electric field to filter low energy ̡particles
Å Magnetic field to conduct them to the detector



Bruno Olaizola, Beta decayexperiments 18

KATRIN (KarlsruheTritiumNeutrino Experiment)

Nat. Phys.18, 160ς166 (2022). https://doi.org/10.1038/s41567-021-01463-1

ÅUp to now ~65 days of 
measurement

ÅOut of ~1000 days planned
ÅCurrent upper limit of m <˄0.8 eV
ÅPlan to reach m <˄0.2 eV
ÅModel independent 

measurement, but relies on 
theoretical calculation
Å i.e. molecular dynamics



Bruno Olaizola, Beta decayexperiments 19

Doublebeta decay

Å There are a few cases for which 
simple ̡ decay is not 
energetically allowed, but 
double ̡ decay is.

Å Has been observed in about 
dozen cases, i.e., 76Ge Ą 76Se

Å T1/2~1018-1021 years

J. MendezPhD thesis
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Neutrinolessdoublebeta decay

Physics11, 30 (2018)

ÅIf neutrinos have masses 
(they oscillate, so yes) they 
could be Majorana particles
ÅNeutrinos would be their 

own antiparticle ’ ’
ÅThis decay would violate 

lepton number conservation 
(+2 from the emitted e-)
ÅWould allow for absolute 

measurement of m’
ÅImply physics beyond the 

standard model


