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The atomic nucleus

3/105

• The symbol of an atomic nucleus is 

 where   
- Z = atomic number (number of protons) 
- N = neutron number (number of neutrons) 
- A = mass number (Z + N) 
- X = chemical element symbol 

• Each nuclear species with a given Z and A is called a nuclide. 
• Z characterizes a chemical element. 
• The dependence of the chemical properties on N is negligible. 

• Nuclides with the same neutron number are called isotones and the same value of A are called 
isobars. 

• The nuclear charge is +e times the number (Z) of protons. 

• Hydrogen’s isotopes: 
• Deuterium: Heavy hydrogen. Has a neutron as well as a proton in its nucleus. 
• Tritium: Has two neutrons and one proton. 

• The nuclei of the deuterium and tritium atoms are called deuterons and tritons. 
• Atoms with the same Z, but different mass number A, are called isotopes. 

A
ZXN
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Nuclear Stability
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• The binding energy of any nucleus  AX is 
the energy required to separate the nucleus 
into free neutrons and protons 

• The binding energy of a nucleus against 
dissociation into any other possible 
combination of nucleons (e.g. R and S) is 

• B<0 → unstable nucleus 

• Proton (or neutron) separation energy: 
The energy required to remove one proton (or 
neutron) from a nuclide. 

• Nuclides: all stable and unstable nuclei that 
are long-lived enough to be observed. 

• More than 3000 known nuclides. Only 266 are 
stable
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Nuclear Stability
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■ The line representing the stable nuclides is the line of stability. 
■ It appears that for A ≤ 40, nature prefers the number of protons and 

neutrons in the nucleus to be about the same Z ≈ N. 
■ However, for A ≥ 40, there is a decided preference for N > Z because the 

nuclear force is independent of whether the particles are nn, np, or pp. 

■ As the number of protons increases, the Coulomb force between all the 
protons becomes stronger until it eventually affects the binding significantly. 

■ Most stable nuclides have both even Z and even N (even-even nuclides), 
e.g. 4He  

■ Only four stable nuclides have odd Z and odd N (odd-odd nuclides): 2H, 6Li, 
10B and 14N
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Binding Energy per nucleon
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• Compares the relative  
stability of different nuclides.  

• It peaks near A = 56. 

• The curve increases rapidly, 
demonstrating the saturation 
effect of nuclear force. 

• Sharp peaks for the even-even 
nuclides 4He, 12C, and 16O tight 
bound.
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Mass difference
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• The mass difference per nucleon is defined as 
(M-Zmp-Nmn)/A  

• It is the inverse of the binding energy per nucleon 
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Semi-empirical mass formula
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■ The Bethe–Weizsäcker formula approximates the mass (and various other properties) of an 
atomic nucleus from its number of protons and neutrons 

■ It is based partly on theory and partly on empirical measurements 
■ The theory is based on the liquid drop model proposed by George Gamow 
■ The mass of an atomic nucleus is given by 

where mp and mn are the rest mass of a proton and a neutron, respectively, and EB is the 
binding energy of the nucleus.  

■ The semi-empirical mass formula states that the binding energy will take the following form:
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Isobaric curves
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Radioactive decay
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■ When all the relevant conservation laws are observed 
• Mass-energy 
• Linear momentum 
• Angular momentum 
• Electric charge 
• Number of nucleons. 

a nucleus can transform (decay) into a lighter one 
■ Marie Curie and her husband Pierre discovered polonium and radium in 

1898. 
❑ The simplest decay form is that of a gamma ray, which represents the nucleus 

changing from an excited state to lower energy state. 
❑ Other modes of decay include emission of α particles, β (– and +) particles, 

protons, neutrons, and fission. 
■ The decays per unit time (activity) is defined as 

  
where dN / dt is negative because total number N decreases with time.
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Radioactive decay of the nucleus
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Structure of the nucleus

… the different radioactive 
decays can easily be connected 
with movements in the chart, e.g. 
α-decay corresponds to two left, 
two-down

• There are three main decay mechanism 
(plus several other less frequent): 

• α decay: emission of an α particle 
results in a smaller nucleus (A-4, Z-2). 

• β decay: Two types (plus or minus) 
• A neutron transforms into a proton, an 

electron and an antineutrino. 
• A protron transforms into a neutron with 

the emission of a neutrino and a positron. 
• β decay conserves the mass number A 

• γ decay: Relaxation of the nuclide 
from an excited state with the 
emission of a (gamma-)photon.
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The alpha-decay of the nucleus 
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Structure of the nucleus

• α particles are spontaneously emitted from a nucleus, giving rise to the 
reaction

• The energy spectrum of the emitted α-particles 
shows discrete lines (2 body decay) 

• The energy of emitted α-particles and “daughter” 
nuclei follows conservation laws of energy and 
momentum 

• The energy of the emitted α particles is smaller 
than the electromagnetic energy barrier – short 
penetration length in materials 

• The larger is the penetration Rα  of the α particles 
the higher is the decay rate constant λ
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The alpha-decay of the nucleus 
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• The binding energy pro nucleon of the highest 
lying nucleons among 5.5 – 6 MeV

• Two neutrons and two protons have a 
probability of joining in a more stable α-particle

• The larger binding energy of the α-particle (28 
MeV; /MeV per nucleon) is compensated by 
reducing the binding energy of the α-particle to 
the nucleus, about ~5 MeV above the nucleon 
levels

• The lowest binding energy of the α- 
particle is not enough to escape from 
the potential well

• The α-particle escape by tunnel effect
• The higher is the energy level of the α- 

particle, the larger is the decay rate 
constant
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The alpha-decay of the nucleus 
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The highest is the energy of the α-particle, the 
lower and the thinner is the tunnel barrier
→ larger tunneling rate → larger decay rate

and it is distributed following

• Outside of the nucleus, α-particle 
and remaining nucleus are 
accelerated by Coulomb repulsion 

• The kinetic energy of the system is 
the difference of masses between 
initial and final nuclei
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The beta-decay of the nucleus 
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• β-  particles (electrons) are spontaneously emitted 
from a nucleus, resulting in nuclei with higher Z 
but same A 

• In other cases positrons (β+  particles) are emitted, 
resulting in nuclei with lower Z but same A 

• The spectrum of the emitted β-particles shows a 
continuum distribution of energy and momentum 

• The β particles and the “daughter” nuclei do not 
apparently follow conservation of energy and 
momentum 

• The maximum energy Emax that the β-particles can 
have do follow conservation of energy 

• An additional particle must be emitted that accounts 
for energy and momentum conservation: the 
neutrino ν

The (continuous) 
spectrum of ν is 
complementary to 
the electron 
spectrum: 

Eν	+	Ee	~	Q
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The beta-decay of the nucleus 
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There are three types of β-decays occurring spontaneously:
○ β--decays
This process may occur in both free neutrons with a life time of 887 s, 
and in neutrons in nuclei

○ β+-decays
Since the proton has a lower mass than the 
neutron, this process occurs only in protons 
inside a nucleus (i.e. not for free protons)

○ Electron capture

7 Be + e-  →7 Li + νe
NEUTRINO	is	monochroma;c!

NEUTRINO	and	ANTI-NEUTRINO		
have	con;nuous	spectrum
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The β family
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The beta-decay of the nucleus 
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SS09 - 20 140: Experimentalphysik IV – K. Franke & J.I. Pascual

• For β-decay to occur, the 
product nuclei must have less 
mass to compensate the mass 
of the β- particle; the mass of 
the neutrino is negligible 
(possible zero)

• The β-decay also reveals the 
existence of another interaction in the 
nucleus, the weak interaction, which 
accounts for the conversion of a 
“down” quark into a “up” quark

β--decay
β  -decay+
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Nuclear stability upon β decay
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Parabolic 
behavior 

respect to Z

Spin-saturation term: 
Odd A: One parabola
Even A: Two parabolas, 
one for (Z,N) )=(u,u) and
other for (Z,N) )=(g,g)

    odd A        even A    
oo

ee

    even A    oo nucleus

ee nucleus
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Nuclear stability upon β decay
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• The instability of o,o nuclei is due to both, Pauli principle and 
Coulomb interactions in the nucleus.

• The beta-decay of a proton or a neutron has to relax the nucleus 
energy-mass an amount

• The minimum of the parabolas is found 
by derivation of the Weiszäcker 
Fromula, at Z=β/2γ.

• The nucleus with the smallest mass is 
stable with respect to β decay

f i
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Neutrino spectra
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1	Beta	decay:	(A,Z)	→	(A,Z+1)	+	e	+	ν̅
The daughter nucleus accounts for 
momentum conservation but has negligible 
kinetic energy 
All the available energy is democratically 
shared by electron and neutrino:  

Ke+Kν =  Q 

Q

Q Ke

Kν

Ke

2	Electron	capture:	(A,Z)	+	e	→	(A,Z-1)	+	ν

All the available energy (apart from the 
binding energy of the captured atomic 
electron) is taken by the neutrino:  

Kν =  Q - B
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An example: solar neutrinos
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• Solar energy production: 
the pp cycle
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The gamma-decay of the nucleus 
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• The gamma decay is the de-excitation of an excited nuclear state by emitting 
electromagnetic radiation (γ-rays).

• It is analogous to the emission of optical radiation or X-rays by the electron shells of 
excited atoms.

• A and Z of the core remain constant.

• The γ-rays have a high penetration through matter
• They are relatively weakly ionizing and not to get distracted by electric or magnetic fields. 
• They are emitted as a line spectrum which is characteristic of the emitting core



O.	Cremonesi	-July	14,	2016	-	ISAPP	Summer	Ins;tute	@	GSSI

Radioactive decay law
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Structure of the nucleus

• The decay of any given unstable nucleus is a stochastic 
process

• It follows the Poisson statistics
• We define the probability per unit of time that an unstable 

nucleus decays as the decay constant λ 
• Decay rate equation: For an ensemble of N nuclei, the 

number of particles dN decaying in an time interval dt is λN

• τ=1/λ is the life time N(τ)=N0/e
• t1/2=τ ln 2 is the half life N(t1/2)=N0/2
• Nuclear Activity of an ensemble of 

radioactive nuclei is the number of 
particles per unit of time that decay at a 
time t

• A(t)=λ N(t)

dN

dt
= ��N N(t) = N0e

��t

Natural radioactive nuclei          
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Cascade decays
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Many nuclei decay into unstable nuclei, which then 
undergo further radioactive decay: cascade decay

Assume 3 is stable
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Cascade decays
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While 
• α decays are predominantly on the ground state
• β (family) decays are on a number of excited states
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Secular equilibrium (1/2)
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• Occurs in a radioactive decay chain when the half-life of the daughter radionuclide B 
is much shorter than the half-life of the parent radionuclide A.  

• As a result the decay rate of A, and hence the production (and decay) rate of B, are 
approximately constant (and equal), because the half-life of A is very long compared to 
the timescales being considered.  

• The quantity of radionuclide B builds up until the number of B atoms decaying per 
unit time becomes equal to the number being produced per unit time 

• The quantity of radionuclide B then reaches a constant, equilibrium value.  
• Assuming the initial concentration of radionuclide B is zero, full equilibrium usually takes 

several half-lives of radionuclide B to establish. 

• The quantity of radionuclide B when secular equilibrium is reached is determined by the 
quantity of its parent A and the half-lives of the two radionuclide.  

• This can be seen from the time rate of change of the number of atoms of radionuclide B: 

where λA and λB are the decay constants of radionuclide A and B, related to their half-lives 
t1/2 by λ = ln(2)/t1/2, and NA and NB are the number of atoms of A and B at a given time.

dNB

dt
= �ANA � �BNB
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Secular equilibrium (2/2)
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• Secular equilibrium occurs when dNB/dt=0 or 

• Over long enough times, comparable to the half-life of radionuclide A, the 
secular equilibrium is only approximate 

• NA decays away according to 

and the "equilibrium" quantity of radionuclide B declines in turn.  

• For times short compared to the half-life of A (λAt ≪ 1) the exponential can be 
approximated as 1. 

• Secular equilibrium is rarely accomplished in nature.  
• It is frequently broken by mechanical (e.g. ore cracks) or chemical (e.g. 

metallurgy) actions

NB =
�A

�B
NA

NA(t) = NA(0)e
��At



Radioactive nuclei
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Radioactive nuclei
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Classification:

Naturally occurring Fossile radioactivity τ longer than Tearth

Continuously produced Nuclear reactions (e.g. 
cosmic rays)

Artificial 
(anthropogenic) Fission fragments Fission reactors

Nuclear reactions Accelerators
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Natural radioactive nuclides
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All living people are somewhat 
radioactive, e.g. depending on 
how much NaCl they use (it is 
obtained from mines, where 
there is some KCl present as 
well

Nuclide t1/2(y) Abundance	 Daughter
14C 5730 1.35E-10 14N
40K 1.25E+09 0.0117 40Ar
87Rb 4.88E+10 27.83 87Sr
113Cd 9E+15 12.2 113In
115In 4.4E+14 95.7 115Sn
138La 1.1E+11 0.09 138Ce
144Nd 2.3E+15 23.8 140Ce
147Sm 1.06E+11 15.0 143Nd
176Lu 3.59E+10 2.59 176Hf
187Re 4.30E+10 62.60 187Os

• Some of the most common naturally occurring isolated radioactive nuclides

■ There are only four paths (chains) 
that the heavy naturally occurring 
radioactive nuclides may take as they 
decay. 

■ All four paths lead to different types of 
isotopes of Pb

Mass	
number Series	name Parent t1/2(y)

End	
product

4n Thorium 232Th 1.40E+10 208Pb

4n+1 Neptunium 237Np 2.14E+06 209Bi

4n+2 Uranium 238U 4.47E+09 206Pb

4n+3 Ac;nium 235U 7.04E+08 207Pb
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The 4 radioactive series
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• All heavy radioactive 
elements align in four 
decay-series.

• Each starts with a 
heavy element, 
unstable, and produced 
during collisions of 
stars

• Each series ends in 
stable isotopes of lead 
or Bismuth

• The isotopes above the 
red-points in the chain 
have a very short 
lifetime, and cannot be 
found in the earth.

\
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Natural series
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35.94%

64.06%
0.02%

0.021%

1.9x10-6%

1.32x10-4%
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Fossile radioactivity
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Thorium series
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10Th  1.41 10    a
232

90

α 4 MeV

88Ra224 3.6 g
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Uranium series
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Z

A



O.	Cremonesi	-July	14,	2016	-	ISAPP	Summer	Ins;tute	@	GSSI

235U
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Less abundant (~ factor 20) with respect to Uranium series
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Radioactive Carbon Dating
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■ Radioactive 14C is produced in our atmosphere 
by the bombardment of 14N by neutrons 
produced by cosmic rays. 

■ When living organisms die, their intake of 14C 
ceases, and the ratio of 14C / 12C                
decreases as 14C decays.  

■ Because the half-life of 14C is 5,730 years, it is 
convenient to use the 14C / 12C ratio to determine 
the age of objects over a range up to 45,000 
years ago.  

■ The period just before 9000 years ago had a 
higher 14C / 12C ratio by factor of about 1.5 than it 
does today.
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Example: 14C dating
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Time Dating Using Lead Isotopes
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• A plot of the abundance ratio of 206Pb / 204Pb versus 207Pb / 204Pb can be a sensitive 
indicator of the age of ores.  

• It can be used to date rocks that formed from about 1 million years to over 4.5 billion years ago 
with routine precisions in the 0.1–1 percent range. 

• Such technique has been used to show that meteorites and the earth are 4.55 billion years 
old.Uranium–lead 

• The dating method relies on two separate decay chains, the uranium series from 238U to 206Pb, 
with a half-life of 4.47 billion years and the actinium series from 235U to 207Pb, with a half-life of 
710 million years.

• These uranium to lead decay routes occur 
via a series of alpha (and beta) decays, in 
which 238U with daughter nuclides 
undergo eight total alpha and six beta 
decays whereas 235U with daughters only 
experience seven alpha and four beta 
decays.  

• Method: 
NU = (NU+NPb) exp(-λUt) 
NPb/NU = exp(-λUt) - 1 

Separately for 206Pb and 207Pb 

• Build Concordia plot

Concordia	diagram	for	zircon	samples	from	Klamath	Mountains	in	Northern	California
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Examples
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Sources of human radiation
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average annual radiation 
(Germany: total: 4.5 mSv)

 e.g. about 
60 Bq/kg  40K

e.g. 1 kg soil 
• 850 Bq  40K 
• 44 Bq  232Th 
• 36 Bq  238U

at flight altitude 
• ca x 40

Just an example: 

• Borexino liquid scintillator 
   232Th ≈ 4x10-13 fraction • concentration    238U ≈ 6x10-15 fraction 
   (< 0.3 pBq/kg) 

• So 300t of LS correspond to 2 ng of soil



Screening techniques
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m

M
=

NA

NAM
= C[

g

g
]

Bq

kg
k =

g

g

a
exp

�

A

N
A

= C

238U:  
• τ = 4.47e9 y/ln(2) = 6.45e9 y = 2.035e17sec  
• A/NA = 238/6.022E23*1E-3kg 
• k = 8.04e-8 

232Th:  
• τ = 1.405e10 y/ln(2) 2.026e10 y = 6.397e17 sec 
• A/NA = 232*/6.022E23 g 
• k = 2.46e-7 

40K: 3.7e-10 
210Pb: 3.5e-16 
60Co: 2.4e-17 

Conversion Bq/kg  g/g: 
• M = sample mass (kg) 
• R = Rate (activity) 
• aexp = Specific activity
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“Common” assay techniques
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• Direct γ counting with Ge detectors [~10-12 gU(Th)/g] 
• Neutron Activation Analysis (NAA) [~10-14-10-15 gU(Th)/g] 
• Mass Spectroscopy [~10-12-10-13 gU(Th)/g] 

- Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) 
- Gas Discharge-Mass Spectroscopy (GD-MS) 

• Emission Spectroscopy 
- X-Ray Fluorescence 
- Inductively Coupled Plasma-Emission Spectroscopy (ICP-ES) 

• Target-specific procedures

•Goal:	assess	radioacWve	traces	in	materials	
•Method:		

- detect	decay	debris	→	daughter	nucleus,	α,	β,	γ	
- decay	can	be	“natural”	or	induced

Example: 
• Extraction of 224Ra and 226Ra using manganese oxide (MnOx) and 

hydrous titanium oxide (HTiO) compounds to assay water with 
sensitivity of ~10-16 g/g. [NIM A501, 386 (2003), NIM A501, 399 (2003)]
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Radio assay techniques
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Method Suited for Sensitivity U/Th

Ge-spectroscopy* γ emitting nuclides 10-100 µBq/kg

Rn emanation assay 226Ra, 228Th 0.1-10 µBq/kg

Neutron activation primordial parents 0. 01 µBq/kg

Liquid scintillation counting a, emitting nuclides 1 mBq/kg

Mass spectrometry (ICP-MS; A-MS) primordial parents 1-100 µBq/kg

Graphite furnace Atom Adsorption Sp primordial parents 1-1000 µBq/kg

Roentgen Exitation Analysis primordial parents 10 mBq/kg

Alpha spectroscopy
210Po, a emitting 
nuclides 1 mBq/kg

* needs counting time of several weeks to month

Equilibrium breaking is a serious issue:
• Ge-spectroscopy (high energy resolution ...but small BR’s)
• α-spectroscopy (only calorimetric approach)

see e.g.: Borexino Collaboration, Arpesella, C. et al., Measurements of extremely low
radioactivity levels in Borexino, Astrop. Phys. 18 (2002) 1-25
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Most sensitive techniques
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Gamma rays spectroscopy 

- Mainly on solids 

- Sensible to gamma emitters 

- Huge amount of material, 
few tens of kg 

- Long running time 
measurement many weeks 

- Well established technique

Neutron Activation 
Analysis 

- Solids and Liquids 

- Sensitivity on primordial 

- Moderate amount of 
material, few tens of g 

- Medium running time, few 
weeks 

- Technique under 
development for low level 
contaminations

HR ICP-MS 

- Liquids/dissolved Solids 

- Sensitivity on primordial 

- Small amount of material, 
less then 1 g 

- Short running time, days 

- Techniques under fast 
evolution
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HPGe systems

47/105

Nucl. Instrum. Meth. A591:490-509,2008.

An example:
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GeMPI

48/105

Ge spectrometer of 
MPI-K at LNGS 
since 1997 (still 
state of the art)

  15 l sample 
   chamber 
holds e.g. 125 kg   Cu 
 or  157 kg Pb

High purity copper 
directly placed 
underground after 
electrolysis
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Example: sample output

49/105
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Going underground

50/105

GeMPI

β+

40K
137Cs

Th
U60Co

60Co

207Bi

0νββ

plus continuous contribution	
of Ge intrinsic cosmogenics

reached at Heidelberg

difference besides 
higher radiopurity 
due to: insufficient 
veto,   neutron and 
muon activation with

ANG2 LNGS, no shield	
Heidelberg Moscow

longer life time than 
the blocking time 
and interaction of 
delayed neutrons
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LNGS Facility for Low Level Radioactivity Measurements

Laboratori Nazionali del Gran Sasso

• HPGe installed underground 
• Shielded with selected materials 
• Continuous antiradon flux system

HPGe best installations

/105
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Intrinsic contamination of (purest) materials

52/105

a) GeMPI; b) bolometric Milano; c) Ge PNNL; d) 232Th by ICP-MS Ispra; e) 232Th by NAA TU München; f) 226Ra 
+ 228Th by Bi-Po Borexino; * 222Rn MPI-K; g) Rare Gas MS MPI-K h) PC Bern, WARP; i) XMASS

Material AcWvity	(µBq/kg)
2.6	MeV	γ		
aeenuaWon		

(10-6)
226Ra	(U) 228Th	(Th) 40K various

lead ≤	29	a) ≤	22	a) 270	a) ≤	4	x	103	210Pb	b) 28.5cm

copper ≤	16	a) 9	c)	≤	29	a) ≤	88	a) ≤	10	60Co	a) 40.9	cm

steel 130	a) ≤	40	a) 50	a) 140	60Co	a) 46.2	cm

water ≤	1	* 0.04	d)	0.008	c) ≤	2	d) 324	cm

LS	(PC) 10-6	f)	 ≤	10-6	f)	 10-3	f)	 373	cm

LN2 ≤	0.3	*	 10-3	39Ar	g)	 0.04	85Kr	g) 443	cm

LAr 600* 106	39Ar	b) 276	cm

LXe 1	85Kr	i) 120	cm



n+K41 ! K42 ��

����!
12.36h

Ca42

n+ Th232 ! Th233 ��

����!
22.3m

Pa233
��

���!
27.0d

U233

n+ U238 ! U239 ��

����!
23.5m

Np239
��

���!
2.36d

Pu239
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High sensitivity measurements on natural contaminants mean

Neutron cross section are reasonable 
Half lifetimes are long enough to measure the produced daughters

High sensitivity RNAA

/105

σth = 1.2 b 

σth = 6.1 b 

σth = 2.3 b 
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• Copper is one of the reference materials for low background experiments 
• It is a very pure materials and will be use for many parts of detector 

construction 
• The most interesting radioactive contaminant is 232Th

NAA: copper

/105
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After irradiation samples are very radioactive

There are lot of interferences

Copper neutron activation

/105
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Atmospheric	Pressure	
Ion	Source

Ion	Produc;on

8kV	Ion	Accelera;on		
&	Focusing

5-Stage	Vacuum	System	
Mass	Spectrometer

Ion	Detec;on

Energy	Focusing

Mass	Separa;on

HR ICP MS Double Focusing

Inductively Coupled Plasma Mass Spectrometry

/105
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There are various ICP MS instruments: 
•  quadrupole 
•  magnetic sector 
•  multicollector

Quadrupole

MagneWc		
Sector

Effective sensitivity 
• quadrupole ~ 10-12 g/g 
• magnetic sector ~ 10-15 g/g 
• multicollector ~ 10-15 g/g but 
•   ~ 10-6 isotopic ratio

Quadrupole ICP MS can show interferences 
• We want to measure 39K 
…but 38Ar1H have the same mass 

• Real sensitivity ~ 10-6 g/g

39K

ICP MS for radioactivity measurements

X /105
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• It is possible to perform high sensitivity measurement on 
copper 

•Also in this case the pre-concentration of the interesting 
elements is important

ICP MS for radioactivity measurements

X /105
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In this case the purity of the acids used is very critical!

ICP MS for radioactivity measurements

X /105
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Problem can be found on the evaluation of systematic errors

ICP MS for radioactivity measurements

X /105
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ICP MS evolution

/105
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Disequilibrium in natural chains

58/105

sample activity of U/Th progenies [mBq/kg] and the irratios

234mPa 226Ra 234mPa/226Ra 228Th 228Ra 228Th/228Ra

WTS steel 121±18 0.99±0.15 122±26 3.7±0.4 1.7±0.2 2.18±0.35

pre WW1 steel 5.7±1.4 0.15±0.02 38±11 0.46±0.07 0.47±0.05 0.98±0.18

Radium is very reactive 
• It can be easily extracted or introduced in a material 
• Chain disequilibrium
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Radon and its progenie

59/105

plate  out  daughters  decay  with	
	 T1/2  of
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Radon

60/105

A very dangerous enemy: 
220Rn (τ1/2=56 sec)... →  212Pb (τ1/2=11 h) 
222Rn (τ1/2=3.8 d)... →  210Pb (τ1/2=22 y)    

222Rn concentration is higher in an underground facility than on surface. 
• Kamioka mine tunnel: ~1200 Bq m-3 [Phys. Lett. 452, 418 (1999)] 
• SNO underground lab: 123±13 Bq m-3or 60,000 atoms/l. 
• Surface ~1/10 to 1/20 as much 

Why Rn is a problem? 
• Rn daughters plate out electrostatically onto surfaces 
• Some fraction might be transferred to active detector volume by leaching 

Techniques based on charcoal adsorption have been used which suppress Radon by 
about a factor of 104-105. 
• Pocar et.al.  at Princeton developed a pressure swing system 
• Lalanne et.al at Modane developed a cryogenic adsorption system
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210Po

61/105

• 210Po belongs to 238U (222Rn) progenie 
• It is reactive and shows clear selective affinity with different materials
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222Rn (226Ra) assay system

62/105

sample surface concentration  
(µ Bq/m2)

bulk concentration  
(µBq/kg)

steel foil (untreated)  
     (71 m2)

10 ± 1
640 ± 210a

after rinsing with H2O 5 ± 1

N2 sparging column 
    (280 m2)

8 ± 1

Sniamid/Capron foil  
  (0.1 mm, 208 m2)

3 ± 1 100 ± 20b*

Sniamid nylon  
(0.125 mm,130 m2)

< 0.8 < 21b

Grzegorz Zusel‘s smart idea: 
• measure dry foil to get signal from 
• surface water saturated foil for bulk 

concentration

a measured by Ge g spectroscopy (expected emanation rate by a-recoil: 0.2 µBq/m2) 
b measured via 222Rn emanation under wet condition (enhanced permeability) 
* corresponds to ~ 8 ppt U-equivalent - but ~ 2.5 ppt U measured with ICP-MS

U and Ra out of equilibrium
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222Rn diffusion, permeability and solubility

63/105

Polyamidsupronyl 6.1 3.4 0.2 0.1

Plexi 6.2 8.2 0.5 0.1

Kalrez 12 12.1 1.4 0.24

Teflon 14 2.3 0.3 0.3

Butylrubber 49 4.4 2.1 0.5

Rubbersoft 1000 12 120 2.2

Naturalrubber 17000 9.0

PUhard 88 7.9 6.9 0.6

PUsoft 408 5.6 23 1.4

ApiezonMgrease 1640 1.6 26.3 2.8

Silicongrease 21200 18.4 3900 10.0

PVChard 140 5.2 7.3 0.8

PVCsoft 420 10 42 1.4

Material description
Diffusion  
coeff. D  

[10-10 cm2/s]
Solubility  
coeff. S 

Permeability  
coeff. P  

[10-8 cm2/s]

Diffusion 
length  

coeff. de 
[mm]

de = (D/λRn)-2PE – Polyethylene 
PU – Polyurethane 
PVC – Polyvinylchloride

MPI-K and Krakow
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222Rn emanation data

64/105

Material Sample Rn emanation 
[mBq/m2]

Polyurethan 90° Shore 1 O-ring, 8.4 mm * 715 mm, 0.06 m2, 150 g < 0.42

Polyurethan 70° Shore 5 flat gasket discs, 0.27 m2 < 0.29

Butyl rubber 65° 5 O-rings, 8.4 mm * 715 mm, 0.3 m2, 791 g 13 ± 1

Butyl rubber 65 GD 3 flat gasket discs, 0.16 m2 59 ± 3

Butyl rubber 65 GD O-ring, 4 mm * 16 cm < 30

Viton 1 O-ring, 8.4 mm * 715 mm, 0.06 m2 322 ± 8

Viton GF, Batch 97100801 10 O-rings, 3.3 mm * 38 mm, 0.014 m2, 23.6 g 75 ± 4

Silicon rubber 10 O-rings, 2.7 mm * 57 mm, 0.015 m2, 16g 196 ± 4

Teflon-coated silicon rubber 10 O-rings, 3..5 mm * 57 mm, 0.015 m2, 16g 11 ± 2

Teflon foil Foil, 28,5 m2 < 0.009

PCTFE Material for valve seat < 0.32

Kalrez O-ring 7 ± 2

Nitril 190 ± 10

Gylon 3510 1 flat gasket disc, 0.006 m2, 11.8 g 207 ± 4

Busto 1 flat gasket disc 1750 ± 40

MPI-K
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Modane

X /105
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Ancient Lead: 210Pb

65/105

lead sample weight time specific activity [∝Bq/kg]
[kg] [d] 226Ra 228Th 40K 207Bi 210Pb

DowRun 144.6 101.7 <29 <22 440±140 98±24 (2.7±0.4)x107

Boliden 144.3 75.0 <46 <31 460±170 <13 (2.3±0.4)x107

roman 22.1 37.2 <45 <72 <270 <19 <1.3x106

 bolometric measurement: Alesandrello et al.: NIMB142 (1998)163 <4x103
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Airborne radioactivity

66/105

• Mainly spallation products from nitrogen and oxygen 

• Also airborne radioactivities (3H,  14C,  85Kr,  90Sr,  137Cs) from previous nuclear weapon 

testings and nuclear power generation.

• Problematic for certain next-generation dark matter (39Ar	and  42Ar) and solar neutrino 
experiments (85Kr).

85Kr

133Xe 
Chernobyl
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Airborne radioactivity

67/105

Formaggio & Martoff Annu. Rev. Nucl. Part. Sci.54  (2004).361

nnu. Rev. Nucl. Part. Sci. 2004. 54:361–41
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Networks

X /105

• Systems with different overhead burden and intrinsic detector backgrounds.  
Optimize counting efficiency and throughput.

Example:  
• The Collaboration of 

European Low Level 
Underground 
Laboratories 
(CELLAR) 

• Some collaborations 
have their own 
smaller networks.
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Radio-purity database

X /105

http://radiopurity.in2p3.fr/
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An example: photomultipliers

X /105

• PMT

http://radiopurity.in2p3.fr/



Details
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Nuclear β decay

X /105

Free neutron decay is the prototype for weak interactions: 

n → p + e + ν̅e 

or in terms of quarks: 

d → u + e + ν̅e 

Within particle SM it is described by the  
exchange of a W± boson 

Fermi 1934: in analogy with QED, weak interactions are described as a point-like 4 fermion 
interactions (2 vector currents),with an effective coupling constant GF  (=g2/Mw2).

n	(d)

p	(u)

ν̅

e

GF

ν̅

d

W-

g

g

However, when q2 << MW2 it can be  
approximated as point like (Fermi theory)
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Nuclear β decay

X /105

W =
2⇡

~ G2|M |2 dN
dE0

According to Fermi 2nd golden rule the transition probability is given by 

where 
• E0 is the available energy in the final state,  
• dN/dE0 is the final state density (Phase Space factor)  
• |M| is the transition matrix element 

In the case of neutron decay (also for allowed and super-allowed β-decays) 

M ~ k (costante)  

In other terms the angular momentum variation determines the transition properties. 
Lepton angular momenta have only two possible combinations: 

J(Leptoni)=0 → Fermi 
J(Leptoni)=1 → Gamow-Teller 

So, is ΔI = 0,1 then no nuclear spin is required and transitions proceed without problems 
([super]“allowed”) 
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V d⌦

(2⇡)3~3 p
2dp

Phase space factor (electron spectrum)

X /105

PS is determined by the number of ways in which the available energy can be distributed in 
the interval [E0, E0+dE0] among final state particles .

If p,q and P are the electron, neutrino and proton momenta and 
E, Eν,T their kinetic energies, then by 4-energy conservation (in 
initial particle rest frame): 

P + p + q = 0 
 E + Eν + T = E0

Assuming 
• mν = 0 → Eν = q 
• E0 ~ 1MeV → P ~ 1MeV 

If M is the mass of the recoiling nucleon, then its kinetic energy 
will be: 

• T = P2/2M ~ 10-3 
i.e. negligible. 
Furthermore: 

• Eν = E0 - E = q 

Taking into account that the number of electron states in the interval [p,p+dp] is
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Box quantisation

X /105

Let’s enclose our system in a side L bos. The electron wave function is a plane wave

Normalization: the probability of finding the electron in volume V = L3 must be equal to 1 

We must now satisfy the boundary conditions at the box surface:

Which implies that km = 2πnm/L with m=x,y,z and nm ∈ ℤ 
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dN =
d3p

(2⇡~/L)3 =
p2dpd⌦

(2⇡~/L)3

Box quantisation (2)

X /105

We can now use this result to compute the density of states, i.e. the number allowed k (or p) values 
in a momentum region d3k: 

Each state occupies a volume (2π/L)3 in k space, or (2πℏ/L)3 in p space.  
The number of states in p,p+d3p is therefore

Solid angle element

⇢(p) =
dN

dp
=

p2d⌦

(2⇡~/L)3

dN =
d

3
~

k

singlestatevolume
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4⇡p2dp

(2⇡)3~3

4⇡q2dq

(2⇡)3~3

(4⇡)2

(2⇡)6~6 p
2q2dpdq

dN

dE
=

1

4⇡4
p2(E0 � E)2dp

N(p)dp _ p2(E0 � E)2dp

Phase space factor (2)

X /105

Now,  normalizing over a unit volume and integrating over angles:

Analogously for the neutrino

Now nucleo momentum is fixed by momentum conservation (it disappears with the 
corresponding Dirac delta):

and q is fixed by energy conservation: q=E0-E 
Moreover (natural units) dq=dE and therefore:

which gives the final formula for electron spectrum (apart from possible p and q terms in 
the matrix element):

from which we can obtain the Kurie plot as                     

Zero massa: dE= dp 
Non zero massa: EdE = pdp

N(E)dE _ pE(E0 � E)2dE

s
N(p)

p2
dp
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Nuclear beta decay (2)

69/105

For large variations of the nuclear angular momentum, leptons can’t provide the requested 
spin and orbital components are needed.  
These transitions are much slower and known as “prohibited”.Their Kurie plot is no more 
linear and requires proper corrections. 
Furthermore, for finite  neutrino masses, an additional term is required to conserve energy: 

Eν+E+T=E0-mν 
and correspondingly for the spectrum:

where we have 
taken into account 
that Eν2 = q2+mν2 
and therefore EνdEν 
= qdq, as well as 
EdE = pdp.

N(E)dE _ p(E +m)(E0 � E)2
r
1� (

m⌫

E0 � E)
)2dE
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“Allowed” and “prohibited” transitions

70/105



“Applications”
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• Very powerful techniques have been developed in the framework of Nuclear 
Physics Experiments 

• This methods have been applied to other scientific fields like 
 - fall out monitoring 
 - environmental analysis 
 - archeological and archeometrical studies 
 - cultural heritage  
 - …….

• The Montecarlo simulation can be of fundamental relevance for:  
 - environmental dosimetry  
 - clinical dosimetry (diagnostic and therapeutics)

Applications

72/105
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Eccentricities: Napoleon death

73/105
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• Based to the symptoms Forshufvud in 1960 hypothesizes arsenic chronic 
poisoning 

• This hypothesis is based on various indications

• In particular, some found symptoms could be interpreted with 
assumption of As 
• Napoleone surely had many enemies that wanted him dead 

- Gen. Lowe head of the garrison to S. Helen 
- Dr. Antommarchi physician of Napoleon 
- Count of Motolon jealous for the Napoleon relationships with his 

wife 
• In 1840 the exhumed dead body was in perfect state of 

maintenance this would be justifiable with heavy assumptions of 
As

The assumption of As from Napoleon has always been tied up  
to the poisoning

Poisoning?

74/105
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• Sponsored by Ben Weider numerous measurements were done to 
search As 

• Various measurement techniques were used 
• NAA Harwell 
• AAS* FBI

Poisoning?

75/105

*	Atomic	Absorp;on	Spectroscopy
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Sample	masses
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Technical approach to the measurements: 
Nuclear Activation Analysis (NAA)

The results

76/105

Poisoning?
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As concentration in current hairs
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Contaminazione As Napoleone
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• Concentration of As in Napoleon hairs  
is on the scale of 10 ppm 

• But…. 
• The concentration is practically the 

same in Napoleon child at Ajaccio 
and Napoleon in exile in S. Helen 
island

NAA on hair samples

77/105
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It was the year 1990 ..... 
• .... When an ancient roman ship sunk close to 

Sardinia Island was found 
• It carried a cargo of about 1000 ingots of lead 

(33 tons) from various roman foundries 

• All the ingots were  recovered thanks to the 
support of INFN  

• INFN was interested to use the ancient 
roman lead for very low background 
experiments

Archeometry

78/105
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Malu Entu island lead

79/105
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On ingots there are some indication  

• socmcpontilienorummf 
• soc-m-c-pontilienorum-m-f  
• societas marci e cai pontilienorum marci 

filiorum 
company of Marco and Caio Pontilieni son of 
Marco 

• lcarulilfhispalimn 
• l-caruli-l-f-hispali-m-n 
• luci caruli luci fili hispali menenia tribu 
Lucio Carulo Hispalio son of Lucio tribù Menenia

However, there are some questions:  
 - when the ship sank 
 - from where the ship comes from 
 - from where the lead comes from 
 - where the ship was going ....

Malu Entu island lead
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The location of the mine in the Sierra de Cartagena tells us that: 
• Confirm that the lead came from Spain 
• Identifies a time interval: 

o after 89 BC for historical reasons 
o before 50 BC mines were abandonment

ICP MS analysis of anctient roman lead
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With efficient filters (very high flux) and low background detectors this contaminants 
can  be detected also at large distances

Fall-out measurements
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Neutron activation  
products Fission products

Sublimation points: 
• Iodine: 184 °C (I2 gas e 

Particolato) 
• Cesium: 671 °C 

(Particolato)

A nuclear reactor accident releases a lot of radioactive nuclei in the atmosphere 
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222Rn T1/2 Energia 
Radiazione 

Gamma 

Provenienza

7Be 53.29 d 478 Cosmogenic
40K 1.3x109 y 1460 Primordial

137Cs 30.1 y 661 Artificial

214Pb 26.8 min 352 222Rn

214Bi 19.9 min 609 222Rn

210Pb 22.3 y 46 222Rn

212Pb 10.64 h 238 222Rn

212Bi 60.55 min 727 222Rn

208Tl 3.053 min 2615 222Rn

7Be = 5-10 mBq/m3

40K	=	50-100	uBq/m3

137Cs	=	1	-	0,5	uBq/m3

Natural radioactivity in air

83/105

14N	+	p	→	7Be	+	2	4He		
14N	+	n	→	7Be	+	8Li		
16O	+	p	→	7Be	+	10B		
16O	+	p	→	7Be	+	7Li	+	3He		
16O	+	n	→	7Be	+	10Be		
16O	+	n	→	7Be	+	6He	+	4He
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137Cs  average concentration values in air

Chernobyl

Suspension of soil 137Cs

Accidental fusion of a 137Cs source (Algeciras, Spain)

Accident monitoring
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Fukushima fall-out measurements (@ 
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Fukushima fall-out measurements (@ 
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Measurements of isotopic ratio in soils with  HR ICP MS 
• Soils from Brjansk (200 km nord of Chernobyl), Russia – I.A.E.A.375 
• Soil from Ternate, Varese – A.R.P.A.

• Pu from Chernobyl/Fukushima did not arrive to Italy 
• Pu in north Italy is due to nuclear weapon tests in the atmophere 

238U 239Pu

240Pu

242Pu	
(tracer)

Heavy elements (?)
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240Pu/239Pu

Brjnsk,	Russia 	0,28	+	0,05

Ternate	(Va) 0,05	+	0,01
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Ice cores are very important historical archives of climate change and 
pollution

With a precise analysis it is possible to 
determine: 
 - the ages of the various core parts 
 - the elemental contaminations  
 - the source of contamination 
 - possible anthropogenic influences

In order to do these analysis a very high sensitivity in elemental analysis is needed 
• in Antarctica ice core dust concentration is of the order of 1 ppm 
• trace elements in dust shows concentration between 1 ppb and 1 ppm 
A sensitivity on the scale of 10-12 g/g is needed

Nuclear tests
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U.S.A.

CHINA

U.R.S.S.

Test	nucleari	–	Anni	‘60

Test	nucleari	-	Cina

Many test explosion with 
nuclear weapons were done in 
the north emisphere

Few countries in various places had 
test their nuclear arsenal 

• In 1963 USA e URSS 
signed for a stop of test in 
atmosphere of their 
weapons 

• CHINA had stopped his test 
at the end of the ’70 

• Can we check if it is real?

Nuclear tests
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Ice cores collected in the alps are a powerful tool for 
• measurements of elements that come from nuclear fall-out  
• nuclear weapon test explosions and radioactive fall-out 
• identification of 137Cs and  90Sr (sensitivity in the range 10-15 g/g is needed)

Measurements of 137Cs contamination 
in ice core as a function of depth

Correlation between the megatons released 
by nuclear test explosions and 137Cs in ice 
cores

A natural archive 
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