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• brief summary of the 10th lecture

Radioisotopes in industry
• Neutron Techniques for Analysis
• Gamma & X-ray Techniques in Analysis
• Gamma Radiography
Curiosity rover, Mars

• Gauging
• Gamma sterilisation
• Scientific Uses
• Radioisotopic energy sources

• Wastes
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• brief summary of the 10th lecture

Concentration of natural radioactive materials
The main industries that result in contamination of naturally occurring radionuclides:
Oil and gas operations are the main sources of radioactivity in north Europe
Coal burning produces many hundred million tones of coal ash

Phosphate Fertilisers result in enhanced levels of uranium, thorium and potassium
Process and Waste Water Treatment
Scrap metal industry
Metal smelting sludges (Fanghi di fusione del metallo)
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• brief summary of the 10th lecture

Transmutation of radioactive elements
Idea is to transform long-living radionuclides (tens – thousands - millions years)
into short living enough (days) or to stable isotopes
Fission reactors under neutrons irradiation

Spallation reactions using high energy protons

Laser transmutation of radionuclides
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In this lecture

• Dating techniques
• Isotopes
• Interaction of radiation with matter
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Dating techniques
Analysing the relative abundance of particular naturally-occurring radioisotopes is of vital
importance in determining the age of rocks and other materials that are of interest to
geologists, anthropologists and archaeologists.
Dating techniques include:
• K-Ar (potassium-argon)

T1/2 = 1.248(3)  109 y

0.24%

• Rb-Sr (rubidium-strontium)

T1/2 = 4.81(9)  1010 y

1.9%

• Sm-Nd (samarium-neodymium)

T1/2 = 1.060(11)  1011 y

1.0%

• Lu-Hf (lutetium-hafnium)

T1/2 = 3.76(7)  1010 y

1.9%

• U-Pb (uranium-lead)

T1/2 (238U) = 4.468(3)  109 y

0.07%

T1/2 (235U) = 7.04(1)  108 y

0.14%

F.A. Danevich

Univ. Tor Vergata

9
November 18, 2015

• Dating techniques

K-Ar (potassium-argon)
Principle
Radioactive potassium 40 disintegrates in calcium 40 and in
argon 40. Supposing total argon outgassing during the eruption,
and no potassium and argon exchange until the present, the age
of the crystal is deduced from the present argon 40 and
potassium 40 content
Measurement of
the 40Ar/40K ratio by
mass spectrometry
(40Ar) and by gamma
counting (40K)

40K/40Ca

is not used because of the mobility of Ca ions

The technique is most applicable for dating minerals and rocks more than 100,000 years
F.A. Danevich
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• Dating techniques

Rb-Sr (rubidium-strontium)
Measurement of the 87Sr/86Sr ratio by mass
spectrometry, knowing the amount of 87Sr present
when the rock or mineral formed, and calculating the
amount of 87Rb from a measurement of the Rb present
and knowledge of the 85Rb/87Rb weight ratio.

The growth of radiogenic 87Sr in a rubidium enriched mineral over a time interval t:
87Sr

= 87Sr0 + 87Rb (exp(t) - 1),

Where 87Sr and 87Rb are the total number of atoms of the
respective isotopes in a unit weight of the mineral now, and
87Sr the initial quality of 87Sr.  is the decay constant of 87Rb.
0
By using data on strontium stable isotope 86Sr:
Sr  87 Sr 

 
86
Sr  86 Sr 0

87

87

Rb
(exp(t )  1)
86
Sr

The slope of the line dictates the age of the sample
H.-G. Attendorn, R. Bowen,"Rubidium-Strontium Dating“ in “Isotopes in the Earth Sciences” Springer (1988).
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samarium-neodymium dating
Advantage: both samarium and
neodymium are rare earth. Therefore they
are thus, theoretically, not particularly
susceptible to partitioning during melting
of silicate rocks.
Typically used in parallel with the Rb-Sr method

Measurement of 143Nd/144Nd ratio by mass-spectrometry
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lutetium-hafnium dating

• Estimates of the timing of dynamic
processes in Earth and other planets are
almost
• Studying the processes that control crustmantle evolution
• Dating of meteorites

Measurement of 176Hf/177Hf ratio by mass-spectrometry
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Uranium-uranium-thorium-lead dating
Uranium – lead dating is the geological age-determination method that uses the
radioactive decay of uranium (U) isotopes (238U, 235U, and also in this entry 232Th) into
stable isotopes of lead (Pb) (206Pb, 207Pb, and 208Pb, respectively), as well as to U and Th
daughters. U–Pb geochronology is the science of both the methodology but also the
application of these methods to geological problems.
Different ratios can be used:
230Th/U
4He/U
234U/238U
235U/238U
230Th/234U
206Pb/ 208Pb
...
The most precise (0.1%-1%
accuracy) and universal method
of dating in a few billions yr scale
Randall Parrish, Uranium–Lead Dating, Encyclopedia of Scientific Dating Methods, part of the series Encyclopedia
of Earth Sciences Series pp 848-857, Springer, 2015
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Carbon 14 dating
One common application is in determining the age of
carbon-containing materials up to about 20,000 years by
measuring the abundance of carbon-14, or its beta
signature. This is a naturally-occurring radioisotope formed
in the upper atmosphere by cosmic rays converting nitrogen
into 14C, also known as radiocarbon. Living organisms are
constantly incorporating CO2 with this 14C into their bodies
along with other carbon isotopes (mostly 12C). When the
organisms die, they stop incorporating new 14C, and the
constituent 14C starts to turn back into 14N by beta decay.
Carbon dating of groundwater works similarly, the decay
timer starting when the water with dissolved CO2 leaves the
atmosphere.
5700(30) y
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Carbon 14 dating
beta counting method to measure 14C/12C ratio
• Beta counting was proposed by Willard Libby in in the late 1940s by
using gaseous Geiger counter (then proportional counter) to measure 
activity of a carbon containing sample
• In 1960s – 1970s liquid scintillation counting become the most accurate
and commonly used
• Carbon 14 counting methods need low background technique (passive
and active shield)
Passive
14C: 45 - 355 BC
shield to
reduce
Palaeographic
external
dating: 4th
radiation century BC - mid

1908 – 1980
Willard Libby

4th century AD
Vials with liquid
scintillator containing
14C sample

photomultipliers
Part of the Great
Isaiah Scroll, one of
the Dead Sea Scrolls

C Vita-Finzi, Carbon-14 Dating, Encyclopedia of World Climatology, 2005 - Springer
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Carbon 14 dating
Accelerator mass spectrometry
Measuring 14C is now
most commonly done
with accelerator mass
spectrometers
Careful calibration is needed and many different factors should
be taken into account: atmospheric variations (change of 14C/12C
ratio over time), isotopic fractionation (12C easier go to
biosphere than 13C and so much 14C), reservoir effect (14C/12C is
not constant over the world ), contamination of samples by fresh
14C, etc.

LABEC accelerator of
INFN sez. Firenze

The method of 14C dating works for time period > 300 - 400 yr,
< 20-30  103 yr
Nuclear bombs tests (0.5 ton of 14C was thrown in atmosphere)
and Fossil Fuel Burning Obscure Radiocarbon Dates
F.A. Danevich
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Isotopes

Definition:
Isotopes are nulcides of one chemical element with different number of neutrons
Z = 118
(no name yet)

294
118

118

T1/2 = 1.8 ms

38 isotopes in total

Naturally occurring cadmium isotopes

Z = 48
cadmium

106Cd, 108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd, 116Cd

Z=1
hydrogen

 active 8.051015 yr
2 active 2.61019 yr
The shortest half-life 131Cd: T1/2 = 6810-3 s

6 isotopes in total
Naturally occurring hydrogen isotopes
1H, 2H

F.A. Danevich
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The shortest half-life 6H: T1/2 = 2.8510-22 s
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Isotopic composition of elements [1]
IUPAC - International Union of Pure and Applied Chemistry

Atomic number

13

Atomic weight

Aluminum
26.982

(Relative atomic mass)

Al

Michael Berglund and Michael E. Wieser, Isotopic compositions of the elements 2009 (IUPAC Technical Report),
Pure Appl. Chem., Vol. 83, No. 2, pp. 397–410, 2011
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Atomic weight of the elements

Atomic weight of an element is calculated using the atomic masses of istopes
and isotopic composition of elements using data from of terrestical measuements
(Earth's crust and atmosphere)

Michael Berglund and Michael E. Wieser, Isotopic compositions of the elements 2009 (IUPAC Technical Report),
Pure Appl. Chem., Vol. 83, No. 2, pp. 397–410, 2011
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Enriched Isotopes
• Nuclear power (enriched 235U)
• Nuclear weapons (235U)

• Deuterium (2H) for thermonuclear reactors and bombs (also SNO!)
• Tracers in biological systems (10B, 15N, 26Mg, 34S, 41K, 42,43,44Ca, 54,57,58Fe,
65Cu, 67Zn, 76,77,82Se, 111,113Cd, 137Ba, 199, 200,201,202Hg, 207Pb)

• Medicine (100Mo to produce 99mTc, 68Zn  67Ga, 111Cd  111In, 123Te  123I,
203Tl  201Tl)
• Science:
• Targets for accelerator experiments (a lot of different isotopes, scale:
mg, g)
• Double beta active isotopes (48Ca, 76Ge, 78Kr, 82Se, 96Zr, 100Mo, 106,116Cd,
130Te, 136Xe, 150Nd)
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Enriched Isotopes
Nuclear power and nuclear weapons
Enriched isotopes are requested by nuclear power stations
(enriched 235U)
Natural 235U concentration is 0.72%
Uranium should be enriched in 235U to at least 3-4% to be used in
nuclear power stations
• Deuterium (2H) is used in heavy water moderated fission reactors,
usually as liquid D2O, to slow neutrons without the high neutron
absorption of ordinary hydrogen
• Experimentally, deuterium is the most common nuclide used
in nuclear fusion reactor designs
• 1 kton of deuterium was used in the SNO experiment to detect
solar neutrino oscillations
Nuclear weapons (235U, 239Pu, 233U)
52 kg

10 kg 15 kg

Using of materials with lower critical mass
F.A. Danevich
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Enriched Isotopes
Tracers in biological systems
Tracers in biological systems (10B, 15N, 26Mg, 34S,
41K, 42,43,44Ca, 54,57,58Fe, 65Cu, 67Zn, 76,77,82Se,
111,113Cd, 137Ba, 199, 200,201,202Hg, 207Pb)
Isotope tracer experiments are very similar to
radioisotope tracer experiments, but enriched stable
isotopes tracers have the advantage that they are
nontoxic and can be used in experiments involving
living organisms without any toxicological concerns
Isotopic concentration is then measured by mass-spectrometry
•
•
•
•
•
•

Accumulation of toxic elements (Hg, Cd, Pb) by animals (food control)
Study of food chains (13C, 15N)
Water travel and circulation (10B)
Study of accumulation and speciation of animals (enriched isotope 111Cd as label)
Cycling of nutrients in plants and trees (15N, 41K, 26Mg)
Investigations of the release of nutrients from decomposing biomass and the recycling
of nutrients into seedlings (15N, 41K, 26Mg, 44Ca)

S. Stürup, H.R. Hansen, B. Gammelgaard, Application of enriched stable isotopes as tracers in biological
systems: a critical review, Anal Bioanal Chem (2008) 390:541–554
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Enriched Isotopes
medicine
• 13C, 18O are widely used as tracers
The following radioactive medical isotopes are produced by 20-30 MeV
protons at accelerators:
• 100Mo is used to produce 99mTc
• 68Zn  67Ga, EC T1/2 = 3.3 d
• 111Cd  111In, EC T1/2 = 2.8 d
• 123Te  123I, EC T1/2 = 13 h
• 203Tl  201Tl , EC T1/2 = 3.0 d

SJ Adelstein, FJ Manning, Isotopes for medicine and the life sciences, National Academies Press,1995, 125 p.
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Enrichment of Isotopes
double beta decay
Double beta active isotopes (48Ca, 76Ge, 78Kr, 82Se, 96Zr, 100Mo, 106,116Cd, 130Te, 136Xe, 150Nd)

• 1980 – 1990 tens g of isotopes
• 1990 - 2010 hundreds g – several kg (11 kg of 76Ge in the Heidelberg-Moscow
experiment)
• Maximal amount used now is 129 kg of 136Xe in KamLAND-Zen, 175 kg EXO-200
• Experiments in preparation: tens – hundreds kg
• The next generation experiments should operate a few tons of isotopes
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Isotope separation
The main approaches are
• Electromagnetic
• Diffusion
• Centrifugal
• Laser
• Chemical methods
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Isotope separation
Electromagnetic, diffusion
Electromagnetic

High vacuum

• Universal method for different isotopes
• Very high separation efficiency
• Very low yield and high cost

Ion source

Diffusion

F.A. Danevich

Collectors for enriched isotopes

Lighter
isotope

In thermal equilibrium, two isotopes with the
same energy will have different average
velocities. The lighter atoms (or the molecules
containing them) will travel more quickly and
be more likely to diffuse through a membrane.

Heavier
isotope

• Can be used for gaseous compounds
• Very low separation efficiency (need a lot
of stages)

membrane

Univ. Tor Vergata
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Isotope separation
gas centrifuge, laser, chemical methods
Gas centrifuge

• Can be used for gaseous compounds (UF6)
• Low separation efficiency (need a lot of
stages)
• Large scale production
500-1000 rotations per second
Gas centrifuges URENCO

Atomic vapor laser isotope separation

The absorption lines of isotopes differ slightly
due to hyperfine structure (for example,
the 238U absorption peak shifts from
502.74 nanometers to 502.73 nm in 235U).
After irradiation the isotope of interest
become ions which then can be separated by
electromagnetic methods. The method is still
under development.
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Chemical methods: enrichment of 48Ca
1m glass column
２、Ca solution
CaCl2

Chemical Enrichment
Chromatography：
Breakthrough method

= Migration of Ca solution
in resin area

fixed flow rate
by pump

１、Crown-ether resin
packed in column

Natural Ca

Crown-Ether

Migration length
= 1m
20m
200m

of 8mmf ×100cm

40Ca

We checked the enrichment effect
with 1m,20m,200m column length.

: captured

Enriched 48Ca
３、Sampling
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Interaction of radiation with matter
ions
Energy losses

dE
of ions (Bethe and Bloch formula):
dx

2
 Wmax
 dE 
2
2 Zq 
ln 

  4 N A re me c
2 
A   I
 dx 


2
 



where NA is Avogadro's number, re is classical electron radius, me is electron mass, Wmax is
the maximum energy transfer, I – ionization potential of material with atomic number Z
and density ,  = v/c – where v is velocity of particle, c is speed of light, q is particle
charge
5 MeV alpha particles
will only travel about
3.6 cm in air and will
not penetrate an
ordinary piece of paper

N/N0
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electrons

1 cm

Plastic
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photons

Photoeffect

Compton scattering

Pair production
F.A. Danevich
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The next lessons
• November 20 (Friday) 11:10-13:00
• November 25 (Wednesday) 14:30-16:30, last lection by F. Danevich
• November 27 (Friday ) 11:00-13:00, Prof. Rita Bernabei
• …
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