
Nuclear Stability and Decay

• Not just any collection of protons and 
neutrons will form a stable nucleus! 

• A (wannabe) nucleus will decay if
– the combined mass of its decay products is 

smaller than the initial nuclear mass *)
– the decay is not forbidden by a law of nature

• Even if allowed, a decay can take a long time 
(from µs to much longer than the age of the 
Universe).

*) Another way of saying this: IF the sum of the mass excesses/deficits of the 
daughters is less than the mass excess/deficit of the parent (including signs!). 
WARNING: Some decays require taking electrons into account!



All the nuclei in the universe

H, 4He, Li,…
C, N, O, …

Fe, Ni,…

superheavies?

Challenge: Most nuclear reactions in the Universe are at low 
energies or involve the weak interaction (tiny cross sections) => 
Experiments and Theory are HARD! (subtle effects play big role!)

n stars
Z

N



Radioactivity (Nuclei going “kapoom”)

• Around late 1890s, people noticed that some nuclei
emit extremely energetic, penetrating radiation
– Can darken photographic film

– Can make scintillators flash (fluorescence!)

– Can cause discharge in high voltage gas tube

• Several different types to boot!
– Did already mention alpha radiation:

whole 4He nuclei being sent off
at a few % of c

– next letter in greek alphabet: beta radiation
 = extremely high-energy electrons

– …and of course gamma radiation = extremely
high-frequency electromagnetic waves
(high energy photons)
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Some Examples for Radioactive Nuclei

• All Nuclei heavier than lead (Pb):
– Mostly emit alphas
– Examples: 

• Polonium, Radium, Radon, Uranium (A = 209…238) all exist naturally in Earth’s 
crust (Radon, as a gas, can seep into houses)
– Energy liberated in decay warms Earth’s interior!

• Even heavier ones can be created artificially but don’t survive very long 
(Neptunium, Plutonium, Americium… up to A = 292)

– Reason for decay: get rid of too much charge (electrostatic repulsion)
• Many isotopes throughout the periodic table emit betas:

– 3H = tritium (artificial), 14C (atmosphere), 40K (your bones)…
– Reason for decay: re-balance ratio protons/neutrons

• Many nuclear alpha and beta decays are followed by gammas
– Remove excess energy (just like electron jumping from higher to lower orbit 

after excitation)
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Alpha Decay

3.2 Alpha Decay 31

here with ˇC-decay. The stable daughter nuclei are 40Ar and 40Ca respectively,
which is a case of two stable nuclei having the same mass number A (Fig. 3.4).

The 40K nuclide was chosen here because it contributes considerably to the
radiation exposure of human beings and other biological systems. Potassium is an
essential element: for example, signal transmission in the nervous system functions
by an exchange of potassium ions. The fraction of radioactive 40K in natural
potassium is 0.01%, and the decay of 40K in the human body contributes about
16% of the total natural radiation which we are exposed to.

3.2 Alpha Decay

Protons and neutrons have binding energies, even in heavy nuclei, of about 8MeV
(Fig. 2.4) and cannot generally escape from the nucleus. In many cases, however, it
is energetically possible for a bound system of a group of nucleons to be emitted,
since the binding energy of this system increases the total energy available to the
process. The probability for such a system to be formed in a nucleus decreases
rapidly with the number of nucleons required. In practice the most significant decay
process is the emission of a 4He nucleus; i.e., a system of 2 protons and 2 neutrons.
Contrary to systems of 2 or 3 nucleons, this so-called ˛-particle is extraordinarily
strongly bound – 7MeV/nucleon (cf. Fig. 2.4). Such decays are called ˛-decays.

Figure 3.5 shows the potential energy of an ˛-particle as a function of its
separation from the centre of the nucleus. Beyond the nuclear force range, the
˛-particle feels only the Coulomb potentialVC.r/ D 2.Z!2/˛„c=r, which increases
closer to the nucleus. Within the nuclear force range a strongly attractive nuclear
potential prevails. Its strength is characterised by the depth of the potential well.
Since we are considering ˛-particles which are energetically allowed to escape from
the nuclear potential, the total energy of this ˛-particle is positive. This energy is
released in the decay.

The range of lifetimes for the ˛-decay of heavy nuclei is extremely large.
Experimentally, lifetimes have been measured between 10 ns and 1017 years. These

Fig. 3.5 Potential energy of
an ˛-particle as a function of
its separation from the centre
of the nucleus. The
probability that it tunnels
through the Coulomb barrier
can be calculated as the
superposition of tunnelling
processes through thin
potential walls of
thickness !r (cf. Fig. 3.6)
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Fig. 3.7 Illustration of the 238U decay chain in the N-Z plane. The half-life of each of the nuclides
is given together with its decay mode

where v0 is the velocity of the ˛-particle in the nucleus (v0 ! 0:1 c). The large
variation in the lifetimes is explained by the Gamow factor in the exponent: since
G / Z=ˇ / Z=

p
E, small differences in the energy of the ˛-particle have a strong

effect on the lifetime.
Most ˛-emitting nuclei are heavier than lead. For lighter nuclei with A <" 140,

˛-decay is energetically possible, but the energy released is extremely small.
Therefore, their nuclear lifetimes are so long that decays are usually not observable.

An example of an ˛-unstable nuclide with a long lifetime, 238U, is shown
in Fig. 3.7. Since uranium compounds are common in granite, uranium and its
radioactive daughters are a part of the stone walls of buildings. They therefore
contribute to the environmental radiation background. This is particularly true of



Fission

34 3 Nuclear Stability

the inert gas 222Rn, which escapes from the walls and is inhaled into the lungs.
The ˛-decay of 222Rn is responsible for about 40% of the average natural human
radiation exposure.

3.3 Nuclear Fission

Spontaneous fission The largest binding energy per nucleon is found in those
nuclei in the region of 56Fe. For heavier nuclei, it decreases as the nuclear mass
increases (Fig. 2.4). A nucleus with Z > 40 can thus, in principle, split into two
lighter nuclei. The potential barrier which must be tunnelled through is, however,
so large that such spontaneous fission reactions are generally speaking extremely
unlikely.

The lightest nuclides where the probability of spontaneous fission is comparable
to that of ˛-decay are certain uranium isotopes. The shape of the fission barrier is
shown in Fig. 3.8.

It is interesting to find the charge number Z above which nuclei become fission
unstable, i.e., the point from which the mutual Coulombic repulsion of the protons
outweighs the attractive nature of the nuclear force. An estimate can be obtained by
considering the surface and the Coulomb energies during the fission deformation.
As the nucleus is deformed the surface energy increases, while the Coulomb
energy decreases. If the deformation leads to an energetically more favourable
configuration, the nucleus is unstable. Quantitatively, this can be calculated as
follows: keeping the volume of the nucleus constant, we deform its spherical shape
into an ellipsoid with axes a D R .1 C "/ and b D R .1 C "/!1=2 ! R .1 " "=2/
(Fig. 3.9).
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Fig. 3.8 Potential energy during different stages of a fission reaction. A nucleus with charge Z
decays spontaneously into two daughter nuclei. The solid line corresponds to the shape of the
potential in the parent nucleus. The height of the barrier for fission determines the probability of
spontaneous fission. The fission barrier disappears for nuclei with Z2=A >" 48 and the shape of
the potential then corresponds to the dashed line

(A,Z) -> (A1,Z1) + (A2,Z2) + a few n’s
M(A,Z) > M (A1,Z1) + M(A2,Z2) + M(n’s)

However: Fission barrier – combined 
effect of Coulomb barrier and 
deformation penalty (surface term!)
=> only happens (in finite time) for 
very heavy nuclei
HOWEVER: “lighter” nuclei (e.g., U, 
Pu, Th,…) can be INDUCED to fission if 
given a little extra energy.
One way to do it: Odd neutron 
number -> add 1 n -> extra binding 
energy -> excite nucleus -> kaboom!

Note the potentially self-sustaining 
chain reaction due to the “few n’s” 
that are released! 
=> Nuclear reactors, explosives,…



Beta- decay
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3.1 Beta Decay

Let us consider nuclei with equal mass number A (isobars). Equation (2.8) can be
transformed into

M.A;Z/ D ˛ ! A " ˇ ! Z C ! ! Z2 C ı

A1=2
; (3.6)

where ˛ D Mn " av C asA!1=3 C
aa
4
;

ˇ D aa C .Mn "Mp " me/ ;

! D aa
A
C ac

A1=3
;

ı D as in (2.8) :

The nuclear mass is now a quadratic function of the charge number Z. A plot of such
nuclear masses, for constant mass number A, as a function of Z yields a parabola for
odd A. For even A, the masses of the even-even and the odd-odd nuclei are found
to lie on two vertically shifted parabolas. The odd-odd parabola lies at twice the
pairing energy .2ı=

p
A/ above the even-even one. The minimum of the parabolas is

found at Z D ˇ=2! . The nucleus with the smallest mass in an isobaric spectrum is
stable with respect to ˇ-decay.

Beta decay in odd mass nuclei In what follows we wish to discuss the different
kinds of ˇ-decay, using the example of the A D 101 isobars. For this mass number,
the parabola minimum is at the isobar 101Ru which has Z D 44. Isobars with more
neutrons, such as 10142Mo and 10143Tc, decay through the conversion

n ! pC e! C "e : (3.7)

The charge number of the daughter nucleus is one unit larger than that of the parent
nucleus (Fig. 3.2). An electron and an electron-antineutrino are also produced:

101
42Mo! 101

43TcC e! C "e ;
101
43Tc! 101

44RuC e! C "e :

Historically such decays where a negative electron is emitted are called ˇ!-
decays. Energetically,ˇ!-decay is possible whenever the mass of the daughter atom
M.A;Z C 1/ is smaller than the mass of its isobaric neighbour:

M.A;Z/ > M.A;Z C 1/ : (3.8)

We consider here the mass of the whole atom and not just that of the nucleus alone
and so the rest mass of the electron created in the decay is automatically taken into

Liquid Drop Model: Quadratic in Z
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Þ There should be a minimum!
Any nucleus away from that 
minimum could lower its mass by 
converting n into p (or vice versa).
Underlying process:
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Fig. 3.2 Mass parabola of
the AD 101 isobars (From
[4]). Possible ˇ-decays are
shown by arrows. The
abscissa co-ordinate is the
atomic number, Z. The zero
point of the mass scale was
chosen arbitrarily
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account. The tiny mass of the (anti-)neutrino .<2 eV=c2/ [3] is negligible in the
mass balance.

Isobars with a proton excess, compared to 101
44Ru, decay through proton conver-

sion

p! nC eC C !e : (3.9)

The stable isobar 10144Ru is eventually produced via

101
46Pd! 101

45RhC eC C !e ; and
101
45Rh! 101

44RuC eC C !e :

Such decays are called ˇC-decays. Since the mass of a free neutron is larger than
the proton mass, the process (3.9) is only possible inside a nucleus. By contrast,
neutrons outside nuclei can and do decay via (3.7). Energetically, ˇC-decay is
possible whenever the following relationship between the masses M.A;Z/ and
M.A;Z ! 1/ (of the parent and daughter atoms respectively) is satisfied:

M.A;Z/ > M.A;Z ! 1/C 2me : (3.10)

This relationship takes into account the creation of a positron and the existence of
an excess electron in the parent atom.

Beta decay in even nuclei Evenmass-number isobars form, as we described above,
two separate (one for even-even and one for odd-odd nuclei) parabolas which are
split by an amount equal to twice the pairing energy.

Often there is more than one ˇ-stable isobar, especially in the range A > 70.
Let us consider the example of the nuclides with A D 106 (Fig. 3.3). The even-even
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Fig. 3.3 Mass parabolas of
the AD 106-isobars (From
[4]). Possible ˇ-decays are
indicated by arrows. The
abscissa coordinate is the
charge number Z. The zero
point of the mass scale was
chosen arbitrarily
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106
46Pd and 106

48Cd isobars are on the lower parabola, and 106
46Pd is the stablest. 10648Cd

is ˇ-stable, since its two odd-odd neighbours both lie above it. The conversion of
106
48Cd is thus only possible through a double ˇ-decay into 106

46Pd:

106
48Cd ! 106

46PdC 2eC C 2!e :

The probability for such a process is so small that 10648Cd may be considered to be a
stable nuclide. Details of double ˇ-decay will be discussed in Sect. 18.7.

Odd-odd nuclei always have at least one more strongly bound even-even
neighbour nucleus in the isobaric spectrum. They are therefore unstable. The only
exceptions to this rule are the very light nuclei 21H,

6
3Li,

10
5B and 147N, which are stable

to ˇ-decay, since the increase in the asymmetry energy would exceed the decrease
in pairing energy. Some odd-odd nuclei can undergo both ˇ!-decay and ˇC-decay.
Well-known examples of this are 4019K (Fig. 3.4) and 64

29Cu.

Electron capture Another possible decay process is the capture of an electron
from the cloud surrounding the atom. There is a finite probability of finding such an
electron inside the nucleus. In such circumstances it can combine with a proton to
form a neutron and a neutrino in the following way:

pC e! ! nC !e : (3.11)

This reaction occurs mainly in heavy nuclei where the nuclear radii are larger and
the electronic orbits are more compact. Usually the electrons that are captured
are from the innermost (the “K”) shell since such K-electrons are closest to the
nucleus and their radial wave function has a maximum at the centre of the nucleus.
Since an electron is missing from the K-shell after such a K-capture, electrons from
higher energy levels will successively cascade downwards and in so doing they emit
characteristic X-rays.

A = odd A = even

p ® n + e+ +ne (only bound p’s!)
M(A,Z) > M(A,Z - 1)

“Beta -”

“Beta +”
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10Dipartimento di Fisica, Università di Milano-Bicocca, Milano I-20126, Italy

11INFN—Sezione di Milano Bicocca, Milano I-20126, Italy
12INFN—Sezione di Genova, Genova I-16146, Italy

13Dipartimento di Fisica, Università di Genova, Genova I-16146, Italy
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from the detector self-shielding against the external radi-
ation, which is more difficult to model; we restrict the
energy range to remove the part below 250 keV, where the
data reconstruction is weaker; and we reduce the width of
the binning to perform a more detailed description of the
spectrum. Overall, this translates into a cumulative increase
of the 2νββ events over the background of approximately
70% and a threefold improvement of the goodness of fit,
mainly coming from the geometric crystal selection.
The data used for the analysis amounts to 15 datasets,

where a dataset denotes a collection of physics runs with
steady operating conditions flanked by calibration runs.
Since the status of the detector directly affects both the
data-taking (dead channels, unusable time intervals, etc.)
and the analysis (energy thresholds, data quality cuts, etc.),
each dataset undergoes the complete data-processing
chain [13], and we compute the efficiencies for each
channel-dataset pair. At the same time, individual
channel-dataset pairs are excluded when it is not possible
for them to go through the whole analysis chain, due to,
e.g., low-quality calibration or insufficient statistics to
determine the peak line shape. In order to simulate a
realistic CUORE-like set of data, 2νββ and background
events are generated across all channels and datasets, and
all data-taking and analysis efficiencies are included within
the Monte Carlo (MC) processing.
We selected the single state dominance (SSD, [14]) as

the reference model for the 2νββ decay. The SSD model
assumes that the lowest 1þ state of the intermediate nucleus
provides the leading contribution to both spectral shape and
decay half-life. As an alternative, we also examined the
higher state dominance (HSD), which instead predicts a
significant contribution to the intermediate nucleus from
states higher than the lowest 1þ. We obtain a reduced chi-
square χ2red ¼ 1.47 (1339 d.o.f.) with the former model,
while the latter yields a χ2red ¼ 1.51. Figure 1 shows the
optimized fit within the SSD model to the CUORE single-
crystal-event energy spectrum enlarged over the region
250–2700 keV, thus highlighting the contribution from
the 2νββ decay.
We determine T2ν

1=2 from the expression

T2ν
1=2 ¼ ln 2

NAεTeO2
IA130Te

mTeO2

ϵ
N2ν

obs
; ð1Þ

where NA is the Avogadro number, εTeO2
is the collected

TeO2 exposure (1038.4 kg yr), IA130Te is the isotopic
abundance of 130Te (0.34167% 0.00002, [15]), mTeO2

is
the molar mass of TeO2 (159.6 gmol−1), ϵ is the probability
of observing a 2νββ event in the analysis range, and N2ν

obs is
the number of observed 2νββ decays as determined by the
fit. Since we adopted a Bayesian approach, the statistical
uncertainty associated with the measurement is entirely
estimated from the narrowest 68% interval around the mode

of the 2νββ normalization posterior, and it isOð0.5%Þ. The
contributions from IA130Te, mTeO2

, εTeO2
, and ϵ are negli-

gible. Of these, ϵ is the dominant one at Oð0.01%Þ.
We consider multiple sources of systematic uncertainties

that could impact the determination of T2ν
1=2. First, we

benchmarked our model against the variation of the energy
range used for the fit. In particular, the low-energy region of
the spectrum is populated by multiple featureless back-
ground components, making the reconstruction challenging
and susceptible to biases due to unidentified or mismodeled
background sources. To quantify the impact of this, we
repeated the fit by varying the low-energy threshold within
200–300 keV in steps of 25 keV.
We also tried different sizes for the binning to assess

whether a specific choice could either reveal or hide signifi-
cant spectral features. We included all possible combinations
of binwidths between 3, 5, 7 keVand 5, 10, 20keV for single-
crystal and multicrystal events, respectively.
In the background model, we assume that contaminants

remain constant over time and are uniformly distributed
within the simulated volumes. To test the validity of these
assumptions, we performed different fits by organizing
the CUORE datasets and channels into several subsets. We
defined different groups of datasets, ordering them both
chronologically and randomly. Since CUORE has shown to
be sensitive to seasonal variations of environmental noise,
which affects parameters such as the energy resolution and
the trigger threshold [13], the datasets have also been
organized based on the data-taking period. To test the
assumption of uniform-contaminant distribution, we

FIG. 1. Best fit to the single-crystal-event energy spectrum
obtained by CUORE after 1038.4 kg yr of accumulated exposure.
The reconstructed histogram (orange) is overlayed onto the
experimental data (blue). The individual 2νββ contribution within
the SSD model is represented by the green area, while the overall
background is shown in red. The lower panel shows the differ-
ence between the data and the best-fit model normalized to the
statistical uncertainty overlaid to the 1σ, 2σ, and 3σ bands.
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Double-beta decay example – within the lower 
parabola for A – even isobars (DZ = 2)



Beta + decay and e- capture
Underlying event:
or 
Example:

28 3 Nuclear Stability

Fig. 3.2 Mass parabola of
the AD 101 isobars (From
[4]). Possible ˇ-decays are
shown by arrows. The
abscissa co-ordinate is the
atomic number, Z. The zero
point of the mass scale was
chosen arbitrarily
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account. The tiny mass of the (anti-)neutrino .<2 eV=c2/ [3] is negligible in the
mass balance.

Isobars with a proton excess, compared to 101
44Ru, decay through proton conver-

sion

p! nC eC C !e : (3.9)

The stable isobar 10144Ru is eventually produced via

101
46Pd! 101

45RhC eC C !e ; and
101
45Rh! 101

44RuC eC C !e :

Such decays are called ˇC-decays. Since the mass of a free neutron is larger than
the proton mass, the process (3.9) is only possible inside a nucleus. By contrast,
neutrons outside nuclei can and do decay via (3.7). Energetically, ˇC-decay is
possible whenever the following relationship between the masses M.A;Z/ and
M.A;Z ! 1/ (of the parent and daughter atoms respectively) is satisfied:

M.A;Z/ > M.A;Z ! 1/C 2me : (3.10)

This relationship takes into account the creation of a positron and the existence of
an excess electron in the parent atom.

Beta decay in even nuclei Evenmass-number isobars form, as we described above,
two separate (one for even-even and one for odd-odd nuclei) parabolas which are
split by an amount equal to twice the pairing energy.

Often there is more than one ˇ-stable isobar, especially in the range A > 70.
Let us consider the example of the nuclides with A D 106 (Fig. 3.3). The even-even
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Example for double beta+ decay:

3.1 Beta Decay 29

Fig. 3.3 Mass parabolas of
the AD 106-isobars (From
[4]). Possible ˇ-decays are
indicated by arrows. The
abscissa coordinate is the
charge number Z. The zero
point of the mass scale was
chosen arbitrarily
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48Cd isobars are on the lower parabola, and 106
46Pd is the stablest. 10648Cd

is ˇ-stable, since its two odd-odd neighbours both lie above it. The conversion of
106
48Cd is thus only possible through a double ˇ-decay into 106

46Pd:

106
48Cd ! 106

46PdC 2eC C 2!e :

The probability for such a process is so small that 10648Cd may be considered to be a
stable nuclide. Details of double ˇ-decay will be discussed in Sect. 18.7.

Odd-odd nuclei always have at least one more strongly bound even-even
neighbour nucleus in the isobaric spectrum. They are therefore unstable. The only
exceptions to this rule are the very light nuclei 21H,

6
3Li,

10
5B and 147N, which are stable

to ˇ-decay, since the increase in the asymmetry energy would exceed the decrease
in pairing energy. Some odd-odd nuclei can undergo both ˇ!-decay and ˇC-decay.
Well-known examples of this are 4019K (Fig. 3.4) and 64

29Cu.

Electron capture Another possible decay process is the capture of an electron
from the cloud surrounding the atom. There is a finite probability of finding such an
electron inside the nucleus. In such circumstances it can combine with a proton to
form a neutron and a neutrino in the following way:

pC e! ! nC !e : (3.11)

This reaction occurs mainly in heavy nuclei where the nuclear radii are larger and
the electronic orbits are more compact. Usually the electrons that are captured
are from the innermost (the “K”) shell since such K-electrons are closest to the
nucleus and their radial wave function has a maximum at the centre of the nucleus.
Since an electron is missing from the K-shell after such a K-capture, electrons from
higher energy levels will successively cascade downwards and in so doing they emit
characteristic X-rays.
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from the cloud surrounding the atom. There is a finite probability of finding such an
electron inside the nucleus. In such circumstances it can combine with a proton to
form a neutron and a neutrino in the following way:
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note: mostly in big nuclei with high Z – why?
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Fig. 3.4 The ˇ-decay of 40K. In this nuclear conversion, ˇ!- and ˇC-decay as well as electron
capture (EC) compete with each other. The relative frequency of these decays is given in
parentheses. The bent arrow in ˇC-decay indicates that the production of an eC and the presence
of the surplus electron in the 40Ar atom requires 1.022MeV, and the remainder is carried off as
kinetic energy by the positron and the neutrino. The excited state of 40Ar produced in the electron
capture reaction decays by photon emission into its ground state

Electron-capture reactions compete with ˇC-decay. The following condition is a
consequence of energy conservation

M.A;Z/ > M.A;Z ! 1/C " ; (3.12)

where " is the excitation energy of the atomic shell of the daughter nucleus (electron
capture always leads to a hole in the electron shell). This process has, compared to
ˇC-decay, more kinetic energy (2mec2!"more) available to it and so there are some
cases where the mass difference between the initial and final atoms is too small for
conversion to proceed via ˇC-decay and yet K-capture can take place.

Lifetimes The lifetimes ! of ˇ-unstable nuclei vary between a few ms and
1016 years. They strongly depend upon both the energy E which is released (1=! /
E5) and upon the nuclear properties of the mother and daughter nuclei. The decay of
a free neutron into a proton, an electron and an antineutrino releases 0.78MeV and
this particle has a lifetime of ! D 880:1˙ 1:1 s [3]. No two neighbouring isobars
are known to be ˇ-stable.1

A well-known example of a long-lived ˇ-emitter is the nuclide 40K. It transforms
into other isobars by both ˇ!- and ˇC-decay. Electron capture in 40K also competes

1In some cases, however, one of two neighbouring isobars is stable and the other is extremely
long-lived. The most common isotopes of indium (115In, 96%) and rhenium (187Re, 63%) ˇ!-
decay into stable nuclei (115Sn and 187Os), but they are so long-lived (! D 3 " 1014 years and
! D 3 " 1011 years respectively) that they may also be considered stable.

Some odd-odd nuclei can do 
BOTH!
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*)

*) Note: beta– decay produces the 
extra electron for the neutral atom 
“automatically”, so we can 
compare the atomic masses to see 
if energy is available.
Beta+ decay requires 2 extra 
electron masses – one for the 
positron, and one for the extra 
electron left over from a neutral 
daughter. NOT needed with 
electron capture (EC) => only 
neutral atoms involved



Gamma decay
• Due to internal excitation of 

the nucleus
• Bound states of the nucleus 

(eigenstates of the 
Hamiltonian WITHOUT E&M)

• Similar to atomic light 
emission 

• Characteristic “spectra” 
specific to each nucleus

• Energies from keV to multi-
MeV

3.4 Decay of Excited Nuclear States 37
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Fig. 3.10 Sketch of typical nuclear energy levels. The example shows an even-even nucleus whose
ground state has the quantum numbers 0C. To the left the total cross-section for the reaction of the
nucleus A!1

ZX with neutrons (elastic scattering, inelastic scattering, capture) is shown; to the right
the total cross-section for !-induced neutron emission A
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The lifetime of a state strongly depends upon the multipolarity of the ! -
transitions by which it can decay. The lower the multipolarity, the larger the
transition probability. A magnetic transition M` has approximately the same
probability as an electric E.` C 1/ transition. A transition 3C! 1C, for example,
is in principle a mixture of E2, M3, and E4, but will be easily dominated by the
E2 contribution. A 3C! 2C transition will usually consist of an M1/E2 mixture,
even though M3, E4, and M5 transitions are also possible. In a series of excited
states 0C; 2C; 4C, the most probable decay is by a cascade of E2-transitions
4C ! 2C ! 0C, and not by a single 4C ! 0C E4-transition. The lifetime of a
state and the angular distribution of the electromagnetic radiation which it emits are
signatures for the multipolarity of the transitions, which in turn betray the spin and
parity of the nuclear levels. The decay probability also strongly depends upon the
energy. For radiation of multipolarity ` it is proportional to E2`C1! (cf. Sect. 19.1).

The excitation energy of a nucleus may also be transferred to an electron in
the atomic shell. This process is called internal conversion. It is most important
in transitions for which ! -emission is suppressed (high multipolarity, low energy)
and the nucleus is heavy (high probability of the electron being inside the nucleus).



Recap - Half Life

• Decays are allowed by energy conservation…
• …but still don’t proceed instantly – why not? 

– Alpha decay: Barrier
• Example: Water in a glass - energy lower if instead a puddle on the 

table; but can’t get there
• Alpha emitter: First have to remove the alpha particle a few fm 

before electric repulsion can take over (tunneling)
– Beta decay: New type of interaction involved: WEAK interaction 

(hence long wait…)
• Think of a fly pushing a truck - without friction it will move 

eventually
– Gamma decay: Can be fast or slow - depends on particular energy 

levels (orbits) involved, just like for atoms



Half Life cont’d

• Quantum Mechanics: Cannot predict WHEN decay will occur, only the 
probability per unit time
– Example: Play lottery every week for millions of years - eventually you will 

win, but you cannot predict when
• Concept: Half-life = the time that has to elapse before you have a 50-50 

chance for a given nucleus to decay
– If the chance of winning the lottery is 1 in 100 million, you have to play for 50 

million weeks to get a 50-50 chance to win
– Brain teaser: What if you didn’t win in the first 50 million weeks? Will you be 

guaranteed to win in the next 50 million weeks? 
NO, the chances are again only 50-50!

• Start with a large number of identical radioactive nuclei
– After 1 half-life, about 1/2 will have decayed

• After 2nd half-life, about 1/4 more (one half of the rest) will be gone
– After 3rd half-life, only 1/8 left over

» After 4th half-life, only 1/16 left
• …



Half Life cont’d

• Measure Half-Life: Count number of nuclei you start with and how many 
decay in a given time interval

– Example: Start with 106. After 1 hour, 10 have decayed => Half Life must be of 
order 50,000 hours (69315, to be precise).

• Half-lifes can be all over the map:
– some beta emitters live only a fraction of a second
– others (40K) over 1 billion years!
– 14C in between: 5700 yr
– Tc has only radioactive isotopes (up to 1 million years)
– neutron itself lives only 15 min unless bound in nucleus!
– alpha emitters can live even longer: 238U has T1/2 = 4.5 billion years (the age of our 

solar system!), but the heaviest nuclei live only seconds
• Can use radioactive nuclei to measure age:

– “Radiocarbon dating”
– Age of our solar system from U, K



Half Life cont’d
• Example: Technetium
• The U.S. medical community depends on a reliable supply of the radioisotope 

Mo-99 for nuclear medical diagnostic procedures. Mo-99's decay product, 
technetium-99m (Tc-99m), is used in over 40,000 medical procedures in the 
United States each day to diagnose heart disease and cancer, to study organ 
structure and function, and to perform other important medical applications. For 
example, patients undergoing a common procedure—the cardiac “stress test”—
likely have benefited from Tc-99m.

• Doctors or trained nuclear medicine health professionals will administer Tc-99m 
radiotracers to patients before a diagnostic test, usually by injection, to help 
diagnose medical conditions. As the half-life of Tc-99m is only six hours, it does 
not stay in the human body long. Nuclear medicine scans are safe and are a 
widely used imaging test.

• Molybdenum: Naturally occurring element, except for Mo-99. The latter can be 
produced through fission or through neutron capture by Mo-98.

• Because of its relatively short half-life (66 hours), Mo-99 cannot be stockpiled 
for use. It must be made on a weekly or more frequent basis to ensure 
continuous availability. The processes for producing Mo-99 and technetium 
generators and delivering them to customers are tightly scheduled and highly 
time dependent.

• Tc-99 has a half-life of about 6 hours and emits 140 keV photons when it 
decays to Tc-99, a radioactive isotope with about a 214,000-year half-life. This 
photon energy is ideally suited for efficient detection by scintillation instruments 
such as gamma cameras.



Effect of Radiation

• Nuclear decay products can be very high-energy => penetrating, able 
to ionize atoms or molecules (ionizing radiation)
– alpha particles can kick out lots of electrons along their flight path but can 

be (therefore) stopped easily (don’t inhale Radon!)
– beta particles have less effect, but can travel further
– Xrays and gammas are most penetrating (don’t stop all after the same 

distance)
• Create “radicals” that can destroy or alter cells and their function

• possible cause of cancer or genetic modifications…
• …but can also be used to destroy cancer cells
• harmful or deadly in large doses…
• …but can be used to kill germs in food
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