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Radiochemistry and Radiopharmacy
1. Fundamentals of Radiochemistry.
2. Radiation and Biology. Basics in Nuclearmedical Diagnostics and Therapy.
3. Positron Emission Tomography (PET) with 18F Compounds.
4. Single Photon Computer Tomography (SPECT) with 99mTc.
5. Nuclearmedical Research for Diagnostics (99mTc, 68Ga) and Therapy (186Re, 188Re).

Radiochemistry and Radiopharmacy
1. Fundamentals of Radiochemistry.
- Types of nuclear radiation and their properties
- Natural radioactivity
- Interactions between radiation and matter
- Energy and dose units
- Measuring principles and detector system
- Radioactive labeling of organic molecules
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Composition of atoms and elemental particles

Simplified model of
a hydrogen atom

Simplified model of
a carbon atom

Simplified model of
a helium atom

Atomic nucleus:
protons + neutrons
number of protons =
atomic number
Moseleys Law:

Please Note! An atom consists of a
small nucleus and a comparatively
huge electron shell

Composition of atoms and elemental particles
Particle

Mass
in kg

Electron
Proton
Neutron

9,1091 x 10

Charge

in electron masses
-31

1

1,67252 x 10

-27

1836,10

1,67482 x 10

-27

1838,62

in C

sign

1,6021 x 10

-19

-1

1,6021 x 10

-19

+1

0

0

The Atomic Nucleus:
number of protons = atomic number
• number of protons is essential for the atom type (determines chemical element)
• number of neutrons can vary without producing a new element
• a distinct number of neutrons is required to maintain the stability of atoms
The different number of neutrons in the atomic nuclei allows the classification of nuclei
into different groups:
Isotopes
Isobars
Isotones

having the same number of protons but different neutron numbers
having the same number nucleons (N+Z)
having the same number of neutrons
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Composition of atoms and elemental particles
Isotopes
Isotopes are nuclides having the same number of protons, but different numbers of
neutrons
• Isotopes belong to the same chemical element
• Isotopes have different mass numbers
235
92

U : 92 protons (atomic number), 143 neutrons

Examples:

239
92

U : 92 protons,

147 neutrons

Many natural elements are mixtures of different
isotopes:
e.g.: carbon:
chlorine
bromine

(ca. 99%),
(ca. 75%),
79
35 Br (ca. 50%),

12
6

C

35
17

Cl

(ca. 1%), M = 12.011
(ca.25%) M = 35,453
81
35 Br (ca.50%) M = 79,904
13
6

C

37
17

Cl

Isotopes cannot easily be separated by chemical
procedures

Nuclear stability and nuclear radiation
Nuclear stability and the number of neutrons
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Nuclear stability and nuclear radiation

Proton/neutron number
Statistical Result checking all stable nuclides

Number of
protons

Number of
Neutrons

Probability

Even

Even

Even

Odd

Odd

Even

Odd

Odd

Very common,
158 nuclei
Common,
53 nuclei
Common,
50 nuclei
Rare ,
only 6 nuclei

Nuclear stability and nuclear radiation
The theory
orbitals
The
theoryofofproton/neutron
proton/neutron
orbitals
Isobaric nuclides 12X and assumed nucleone orbitals

Instable

ß- decay

Stable

Instable

ß+ decay
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Nuclear stability and nuclear radiation

The Nuclear Binding energy
and nuclide masses

Remember!
mass of a proton: 1.67252 x 10-27 kg
mass of a neutron: 1.67482 x 10-27 kg
The mass of an atomic nucleus is always less than that of the sum of
its components.
Mass of a nuclide:

M = Z Mproton + N Mneutron - δM

where δM is the mass defect

E = m c2

Nuclear stability and nuclear radiation
Nuclear stability and the number of neutrons
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Nuclear stability and nuclear radiation
Nuclear stability and the number of neutrons

Beta decay
Positron/EC decay
Alpha decay

Nuclear stability and nuclear radiation

α - Radiation
Emission of a helium nucleus
- atomic number decreases by two units
- mass number decreases by 4 units
- typical for heavy nuclides
- α-particle carries almost all energy of the
decay (low mass of He compared to the
recoil nucleus
According to ΔE = (Mmother -Mdaughter -Mα) c2, nuclides with A > 140 should be
α--instable
- high nuclear binding energy of the He-nucleus
- however, the decay is kinetically hindered (high energy barrier to be
surmounted by the α-particle
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Nuclear stability and nuclear radiation

α - Radiation

Naturally α-emitting chemical elements

Nuclear stability and nuclear radiation

α - Radiation
α-Spectra

Transitions according to
a „Type 2“- α decay

Type 1
- all α-particles originating from a certain
decay are monoenergetic
- one α-line is observed in the spectrum
Type 2
- two or more lines
- the α-decay leads to excited stated beside
the ground state of the daughter
Type 3
- one main line and more (less intense)
line(s) at higher energies
- excited states of the mother are involved
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Nuclear stability and nuclear radiation
ß- - Radiation
Emission of a ß--particle
(nuclear electron)
- atomic number increases by one unit
- mass number remains unchanged
- typical for nuclides with excess of neutrons
- internal conversion of a neutron into a
proton (+ ß--particle + antineutrino)

ß- Decay: 01 n( nucleus ) → 11p ( nucleus )

ß-particle

+

0 −
−1

e + 00ν

- formation of an anti-neutrino is required from the Laws of the conservation
of the spin and the energy
- main energy distribution between the ß--particle and the anti-neutrino
- often accompanied by γ-radiation

Nuclear stability and nuclear radiation
ß- - Radiation

ß-Spectra

Typical ß-spectrum

- ß-particles have no distinct energy
- energy distribution between ß-particle
and anti-neutrino
- typical parameters are Emax and Emean
- Emean is only about 1/3 of Emax
Relative probability

Mean
energy

Maximum
energy

Energy in MeV
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Nuclear stability and nuclear radiation
ß+ - Radiation
Emission of a positron (ß+-particle)
- atomic number decreases by one unit
- mass number remains unchanged
- typical for nuclides with excess of protons
- internal conversion of a proton into a
neutron (+ positron + neutrino)

1

ß+ Decay: 1 p ( nucleus )

→ 01n(nucleus) + 10e + + 00ν

- formation of a neutrino is required from the Laws of the conservation
of the spin and energy
- similar process like the ß--decay
- emission of a neutrino

Nuclear stability and nuclear radiation
ß+ - Radiation

Emission of a positron (ß+-particle)
- a positron is not stable and reacts
immediately with an electron to form two
γ-quants

Annihilation of a positron

- transformation of matter into energy
- no ß+-spectra are measured
- instead of this, two γ-quants with distinct
energy can be detected (E = m c2)
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Nuclear stability and nuclear radiation
γ - Radiation
Emission of electromagnetic radiation
during a nuclear reaction
- no changes in atomic number nor mass
number
- relaxation of an excited state into the
ground state

- γ-radiation often accompanies α- and ß-processes
- pure γ-emitter are rare (metastable isomers of nuclides)
- highly penetrating electromagnetic radiation

Nuclear stability and nuclear radiation
γ - Radiation

γ- Spectra
- discrete line spectra representing the
γ-transition of a nuclear decay
- γ-lines are representative for a distinct
nuclide relaxation of an excited state

Low-energy

High-energy

quant

quant
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Nuclear stability and nuclear radiation
Neutron Radiation

- e.g. during processes of nuclear fission
- neutrons have no charge
- no direct interactions with electron shells
- risk due to neutrons is often underestimated

initialising
neutron

Typical reaction of neutrons

Nuclear stability and nuclear radiation
Proton-Radiation

Electron Capture

Shell electron

K-capturing of a shell
electron
e.g. 40K

- rare type of radioactive decay
- explored in 1982
- competing with the favoured ß+-decay

Formation of
a neutron
from a proton
and a shell
electron

- a K-shell electron is captured by the
proton-rich nucleus
- transmutation of a proton into a neutron
- comparable with positron decay
- decrease of the atomic number by one
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Nuclear stability and nuclear radiation
Bremsstrahlung
High-energy
ß-particle
Low-energy
ß-particle

- no direct nuclear radiation
- secondary radiation that occurs
when ß-particles cross the
electron shells of atoms
- ß-particles lose a part of their
energy
- this energy is released by the
atom as secondary X-rays
(bremsstrahlung)
- the higher the atomic number of
the absorber the higher the
amount of bremsstrahlung

Bremsstrahlung
(X-rays)

(Consequences for shielding!)

Nuclear stability and nuclear radiation
Energy range of nuclear radiation
Typical energies for α-particles
Isotope
210
Po
222
Rn
226
Ra
238
U
239
Po

Typical energies (MeV)
5,30438 .....
5,48952 .....
4,78438; 4,6017 ....
4,197 ...
5,157, 5,144 ...

Typical energies for ß-particles
Typical energy scale is 1 eV
1 eV = 1,602 x 10-19 J
1 J = 6,242 x 1018 eV
Please Note! This is a single particle
energy, not the molare scale

Isotope
60
Co
285
Kr
131
I

Energy (MeV)
0,3 ; 1,5 .....
0,7.....
0,6....

Typical energies for γ-quants
Isotope
137m
Ba
99m
Tc

Energy (MeV)
0,602
0,140
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Nuclear stability and nuclear radiation

Range of nuclear radiation
The range of nuclear radiation is dependent on the radiation type
(Remember!
α-Radiation consists of huge particles
ß-radiation consists of small particles
γ-radiation consists of photons (electromagnetic waves)
The range of nuclear radiation is energy dependent

Range of α-particles

Energy in
MeV

1
4
6
8
10

Range in
Muscle Tissue

Air

0.32 cm
2.5 cm
4.6 cm
7.4 cm
10.6 cm

4 µm
31 µm
56 µm
91 µm
130 µm

Aluminium

2 µm
16 µm
30 µm
48 µm
67 µm

Nuclear stability and nuclear radiation

Range of ß-particles

Energy in
MeV

0.01
0.5
1
10

Air

3 mm
1.2 m
3.06 m
39 m

Range in
Muscle Tissue

2.5 µm
1.87 mm
4.75 mm
60 mm

Aluminium

9 µm
0.6 mm
1.5 mm
19 mm

Range of γ-radiation
(Note! Half-thickness, not range)

Energy in
MeV

0.01
0.5
1
10

Water

Half-thickness in
Concrete

Lead

4.15 cm
7.2 cm
9.8 cm
31 cm

1.75 cm
3.4 cm
4.6 cm
12.9 cm

0.1 mm
0.4 cm
0.9 cm
1.2 cm
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Nuclear stability and nuclear radiation
The Law of the Radioactive Decay

- Disintegration of radioactive nucei is a statistical process
- follows a first-order kinetics
A→B+X+ΔE

N

=

− λ ⋅t

N 0 ⋅e

- relationship with half-life:

T1/2 =

ln 2

0,693

= λ
λ

,

ln 2 = λ T1/2

or

0,5 = e-λt

Nuclear stability and nuclear radiation
Natural Radioactivity

Cosmic Radiation
- Protons (93 %)
- Alpha-Particles (6.3 %)
- heavier nuclides (0.7 %)

Terrestrial Radiation
- without decay series
- 20 radioactive nuclides
from the beginning of
the earth
- long half-lifes
- most important
representative 40K

- Permanent formation of
radioactive nuclides from
decay series
- 232Th →
- 235U →
- 238U →

208Pb
207Pb
206Pb

- 4th decay series:
241Pu → 209Bi
has been reactivated by
the artificial production of
plutonium in nuclear
reactors
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Nuclear stability and nuclear radiation
Natural Radioactivity
- Protons (93 %)
- Alpha-Particles (6.3 %)
- heavier nuclides (0.7 %)

Primary cosmic radiation

Cosmic Radiation

Interaction with nuclei
of the air
Secondary radiation

- energy of the protons can
be up to 1014 MeV
- initialisation of nuclear
reactions
- Main products:
Tritium, 7Beryllium,
14Carbon, 22Sodium

3

H:
Formation

14

C:
Formation

14
7

N + 01n→146 C + 11p

Decay

14
6

C →147 N + −10 e

T1/2 = 5730 a

3
1

Decay

14
7

N + 01n→13 H + 126 C

16
7

N + 01n→13 H + 147 N

H → 23 He+ −10 e

T1/2 =: 12.323 a

Nuclear stability and nuclear radiation
Natural Radioactivity
Terrestrial Radiation
Radioactive nuclides without decay series
Electron capture

- 20 radioactive nuclides
- from primordial ressources
- very long half-lifes
- most important representative is 40K (T1/2 =
1.28 x 109 y)
- Other examples:
Nuclide

T1/2

187

5 x 10 y
14
4.4 x 10 y
13
1.24 x 10 y
10
4.8 x 10 y
15
9.3 x 10 y

Re
In
123
Te
87
Rb
113
Cd
115

Decay
10

-

ß
ß
K
ß
ß

Isotopic
abundance
62.60
95,7
0.908
27.8
12.2
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Nuclear stability and nuclear radiation

Natural Radioactivity
Terrestrial Radiation
Decay series
- Cascades of radioactive decays which origin from a certain radioactive
nuclide and ends with a certain stable nuclide (lead or bismuth)
- Decay series include α-, ß- and γ-decays
- they can have branches but always end with the same final product
- four natural decay series were established:
232Th

→ 208Pb
→ 207Pb
238U → 206Pb
241Pu → 209Bi
235U

(Thorium family)
(Actinium family)
(Uranium family)
(Neptunium family)

- Pu/Bi series was decayed in nature due to the relatively short half-life of 237Np

Nuclear stability and nuclear radiation
Natural Radioactivity
Terrestrial Radiation

Decay series
232Th

→ 208Pb
→ 207Pb
238U → 206Pb
241Pu → 209Bi
235U

Crucial Element:
- Radon
Thorium family Actinium family

- inert gas
- can leave the compartment

Uranium family

Neptunium family
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Nuclear stability and nuclear radiation
Natural Radioactivity
Terrestrial Radiation
Radon as main source of natural radioactivity
Daughter
isotopes
in the
walls

Radon is a mobile radioelement
- formation by decay series:

Daughter
isotopes
in the air

228Rn, 224Rn, 220Rn

by thorium series
by uranium series
219Rn by actinium series
226Rn, 222Rn

Daughter
isotopes
in the
soil

Nuclear stability and nuclear radiation
Radon as main source of natural radioactivity
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Nuclear stability and nuclear radiation
Gamma dose of natural radioactivity

75 mSv/a !!!
0.6 µSv
=
2.5 mSv/a

Nuclear stability and nuclear radiation

75 mSv/a !!!

19

Nuclear stability and nuclear radiation
Natural Radioactivity
Terrestrial Radiation
Mean radiation exposure to persons in industrial countries
Durchschnittliche
Strahlenbelastung
pro Jahr: 3,2 mSv
Mean
radiation exposure
per year: 3.2 mSv
9%
9%kosmische
Rn cosmic
Strahlung
radiation

7%
7%körperinnere
internal
Strahlung
radiation

42% 42%
Röntgenstrahlung

13%
13%terristische
terrestrial
Strahlung
radiation

X-Ray

29%
29%Rn-222
Rn in im
Mauerwerk

building material

Nuclear stability and nuclear radiation
Artificial nuclear reactions

- first artificial nuclear reaction in 1919
- bombardment of nitrogen with α-particles
- transmutation of nitrogen into oxygen
14
7

N + 24He→178 O +11H 	
  

14
7

N (α , p)178O

- all other particles are possible as projectiles
(neutrons, protons, deuterons etc.)
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Nuclear stability and nuclear radiation
Artificial nuclear reactions

Facilities for nuclear reactions:

Cyclotron
electrodes

Linear accelerator
source

Ion
source

target
gap
target

Nuclear stability and nuclear radiation
Artificial nuclear reactions

Facilities for nuclear reactions:

Cyclotron (research)

Linear accelerator (research)
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Nuclear stability and nuclear radiation
Artificial nuclear reactions

Facilities for nuclear reactions:

Cyclotron (medicine)

Linear accelerator (medicine)

Photon
therapy

Nuclear stability and nuclear radiation
Artificial nuclear reactions
Neutrons as projectiles:
- neutral particles (no repulsion with the
positively charged nucleus
- important projectile
Origin of the neutrons:
Neutron source
Nuclear reactor:
- speed of the neutrons
must be decreased
(moderated)
- moderators: water,
hydrogen, deuterium
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Nuclear stability and nuclear radiation
Artificial nuclear reactions

Heaviest stable element is bismuth
„Holes“ in the Periodic Table: technetium, promethium

Nuclear stability and nuclear radiation
Artificial nuclear reactions
Artificial elements
96
42

1
Mo+ 12H → 97
43Tc + 0 n

209
83

(Molybdenum → Technetium)

1
Bi + 24He→ 211
85 At + 2 0 n

(Bismuth → Astat)

4
Th +11H → 223
87 Fr + 2 2 He

(Thorium → Francium)

230
90

Transuranium elements

238
92

U + 01 n → 239
92 U + γ
0
239
239
92U → 93 Np + −1 e
239
93

238
92

Np →

239
94

U + 126C →

249
98

0

Pu + −1 e

244
98

Cf + 601n

263
Cf + 188O → 106
Sg + 401 n

(Uran → Uran)
(Uran → Neptunium)
(Neptunium → Plutonium)
(Uran → Californium)
(Uran → Seaborgium)
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Nuclear stability and nuclear radiation
Examples for artificial nuclear reactions
Reaction
Type
(α,n)
(α,p)
(p,n)
(p,γ)
(p,α)
(d,p)
(d,n)
(n,γ)
(n,p)
(n,α)

Nuclear Reaction

Radioactivity of the product

75
33

β+

78
As + 24 He → 25
Br +01 n
Arsen
Bromine
106
109
4
1
46 Pd + 2 He → 47 Ag + 1 H

Palladium
Silver
7
1
1
7
3 Li + 1 H → 4 Be +0 n
Lithium
Beryllium
14
15
1
7 N + 1H → 8O + γ
Nitrogen
Oxygen
6
9
1
Li + 24 He
4 Be + 1 H → 3
Beryllium
Lithium
31
32
2
1
15 P + 1 H →15 P
+ 1H
Phosphorus
Phosphorus
209
210
1
2
83 Bi
+ 1 H → 84 Po +0 n
Bismuth
Polonium
59
1
60
27 Co
0n
→ 27 Co γ

+

+

Cobalt
Cobalt
1
45
45
0n
→ 20 Ca + 11 H
21 Sc +
Scandium
Calcium
27
1
24
4
n
13 Al
+0 → 11 Na + 2 He
Aluminium

stable
Electron capture
β+
stable
βα
βββ-

Sodium

Interactions between radiation and matter
γ - radiation
Three certain effects

Photo-Effect

Compton Effect

Pair Formation

- Interaction between γ - quants
and electrons of the inner
shells
- emission of a photoelectron
(ionisation)
- Electron gap is filled by an
outer-sphere electron (X-ray
fluorescence)
- dominates with low photon
energies
- „absorption“ of the γ -quants

- Interaction between γ -quants
and electrons of the outer
electron shells (Compton
electrons)
- emission of a Compton
electron (ionisation)
- dominates with medium
photon energies
- γ -quants lose energy (shift to
lower wavelengths)

- Interaction between γ quants and the electric
field of a nucleus
- formation of an electron
and a positron
- minimum energy is
required
- dominates with high
photon energies
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Interactions between radiation and matter

γ - radiation, photo effect
- Interaction between γ - quants and electrons of the inner shells
- emission of a photoelectron (ionisation)
- Electron gap is filled by an outer-sphere electron (X-ray fluorescence, secondary
radiation)
- dominates with low photon energies
- „absorption“ of the γ -quants
Electron of the shell

L- shell
Higher
energy
levell

radiation

Photon

In coming γ-quant
K- shell

Photo electron

Lower
energy
levell

γ-quant

Interactions between radiation and matter

γ - radiation, Compton effect
- Interaction between γ -quants and electrons of the outer electron shells (Compton
electrons)
- emission of a Compton electron (ionisation)
- dominates with medium photon energies
- γ -quants lose energy (shift to longer wavelengths)
- resulting quant can undergo more Compton reaction or finally photo reactions

incoming
γ-quant

scattered
γ-quant

Compton electron
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Interactions between radiation and matter

γ - radiation, Pair formation
- Interaction between γ -quants and the electric field of a nucleus
- formation of an electron and a positron
- minimum energy is required
- produced positron immediately reacts with an electron (formation of two γ -quants)
- dominates with high photon energies

- minimum energy: 1.022 MeV
E = m c2
- must be high enough to yield
the masses for one e+ and one eIn coming γ-quant

- excess energy is kinetic energy
of the products

Interactions between radiation and matter
γ - radiation
Probability for the three mechanisms
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Interactions between radiation and matter

α - radiation and matter
Strongly ionising radiation: strong interactions, short range
Ion pair formation along the way of an α-particle

Photon emission as a consequence of α-radiation

Ionisation behaviour in
ion pairs per cm

α-particle
Shell electron
High
energy
level

Photon

Low
energy
level

Finally formation of helium atoms by capturing of electrons

He2+ + 2 e- → He

Interactions between radiation and matter
ß- - radiation and matter

Weakly ionising radiation:
- Ionisation potential is by a factor 100 -1000 lower than that of α-radiation
- final stage of interactions is anion formation or reaction with a cation
- Different mechanisms are possible
Anion formation
Energy loss by scattering

- scattering of a ß-particle from
its way
- probability of this process
increases with the decrease
of the energy of the particle

Capturing of an low-energy ß-particle
by the electron shell of an atom
(anion formation)
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Interactions between radiation and matter
Neutron radiation
- Neutrons have no charge and therefore don‘t interact with the electron shells of atoms
(no direct ionisation)
- Interactions between neutrons and matter originate from interactions with nuclei
(only secondary ionisation processes)
- main mechanisms: elastic and inelastic impacts, neutron capturing
Elastic and inelastic impacts

slow
neutron,
W2

slow
neutron,
W2

Fast neutron,
W1

Backscattered nucleus,
W3

Fast neutron,
W1

W1 = W2 + W3

Energy range: 10 keV - 1 MeV

W3
W1 > W2 + W3

Energy range: 1 - 10 MeV
- emission of excess energy as γ -quants

Interactions between radiation and matter
Neutron radiation

Cross-section in barn

Neutron Capturing
- nuclear reaction
- in most cases unstable nuclides are formed which undergo secondary radioactive decay
(e.g. ß- or γ -decay)

Neutron energy in eV

Cross section is a measure for the probability of a
nuclear reaction (barn = 10-23m2)
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Interactions between radiation and matter
Neutron radiation

Cross-section in barn

Neutron Capturing
- nuclear reaction
- in most cases unstable nuclides are formed which undergo secondary radioactive decay
(e.g. ß- or γ -decay)

Neutron energy in eV

Cross section is a measure for the probability of a
nuclear reaction (barn = 10-23m2)

Interactions between radiation and matter
Summary
Universal behaviour of nuclear radiation ⇒

Ionisation

Direcly ionising radiation:
- α-radiation (high density of ionisation, low range)
- β-radiation (medium density of ionisation, medium range)
Indirectly ionising radiation:
- γ-radiation
(Photo effect Ee = Eγ)
(Compton effect Ee < Eγ)
(Pair formation Eγ > 1 MeV)
- Neutron radiation (secondary α-, β- and/or γ-radiation)
Universal principle for the measurement of nuclear radiation

⇒

measurement of the ionisation
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Measurement of Nuclear Radiation
Units, Activity

Activity =

SI Unit:
1 Bq (Bequerel) = 1/s

Natural Activity in
Bq (Mean values)

Volume of air
3

1m

50

Old unit:
Ci (Curie)

3

62,5 m
(appartment 5 m ⋅
8 m ⋅ 2,5 m)
3
240 m (class room
10 m ⋅ 8 m ⋅ 3 m)
3
6000 m (sports
hall 20 m ⋅ 30 m ⋅
10 m)
1 human

Number of Disintegrations
time

3125
12 000

1Ci = 3.7 x 1010 Bq

300 000

Specific activity

≈ 7 400

Activity per

mass,
Bq/g

area or
Bq/cm2

volume
Bq/cm3

Interactions between radiation and matter
Units, Ion dose

Ion dose I =

produced charges
Mass of irradiated air

I=

ΔQ
Δm

Radiation
source

SI Unit:
Ionisation
chamber

- Measurement of the ionisation in an
ionisation chamber
- gasfilled container with a window of
thin material
- electric current is produced by ions
which are produced by the influence
of radiation

I=

C(As)
Ion pairs
= 6,25 ⋅1018
kg
kg air

Old unit:
R (Roentgen)
1R =

2,58 ⋅10 −4 C
kg air

1

C
= 3,88 ⋅10 3 R
kg air
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Interactions between radiation and matter
Units, Energy dose

D=

absorbed radiation energy
mass

- the formation of 1 ion pair requires 34 eV
- with this information we have a direct
information about the transfered energy

D=

ΔW
Δm

SI Unit:
1 Gy (Gray)
1 Gy = 1 J/kg
Old unit:
rd (rad)
1rd = 10-2 Gy

Interactions between radiation and matter
Units, Equivalent dose
Damage of organic material (tissue) can only be expected when the energy is absorbed
by the tissue (Interactions radiation -matter)

The bigger the absorption is, the bigger is the impact
Highly ionising radiation have a higher impact than weakly ionsing (α > n > β, γ, X)
Energy dose excusively reflects the pure energy value (not the impact)

Equivalent dose

H=D·W

W = Weighting factor
of the radiation

SI Unit:
1 Sv (Sievert)
1 Sv = 1 J/kg
Old unit:
1 rem
1 Sv = 100 rem
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Interactions between radiation and matter
Units, Equivalent dose

Equivalent dose

H=D·W

W = Weighting factor
of the radiation

Radiation types

W

X-rays, γ- and ßradiation
Neutron radiation

1
about 10

α - radiation
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Biological sample after Biological sample after
irradiation with Betairradiation with AlphaParticles
Particles
relative destruction: 1
Energy dose:
2 Gy

relative destruction: 1
Energy dose:
0.1 Gy

Measurement of Nuclear Radiation
Principle of a gas-filled detector

Radiation
source

Ionisation
chamber

Direction of the electron flux

Voltage

- Ionisation of gas atoms/molecules by radiation
- three detector types are possible depending on the voltage applied
a) Ionisation chamber (current/signal depends on type and intensity of the radiation)
b) Proportional counter ( signal amplification by a factor of about 1000,
secondary ionisation, signal is proportional to the energy of the radiation)
c) Geiger-Mueller counter (any radioactive particle or quant leads to a cascade of
ions, signal in independent of type and energy of the radiation)

32

Measurement of Nuclear Radiation
Gas-filled detector, Ionisation chambers

Measurement of Nuclear Radiation
Gas-filled detector, Proportional Counters
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Measurement of Nuclear Radiation
Gas-filled detector, Geiger-Mueller Counters

Measurement of Nuclear Radiation
Solid-state scintillation detector

Scintillator

Pre-amplifier

Photo Cathode

- Production of light impulses in a light-sensitive material (scintillator)
- Appropriate scintillator materials Na(Tl)I, Cs(Tl)I, Zn(Ag)S, anthracen etc.
- Amplification of the signals by a photo-multiplier
- Measuring range:

1 nSv/h ... 10 mSv/h
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Measurement of Nuclear Radiation
Solid-state scintillation detector

Measurement of Nuclear Radiation
Liquid scintillation detector

- Scintillator material is an organic molecule which is dissolved in an appropriate
solvent
- The same principle as solid state scintillation measurements
- highly sensitive method for the determination of trace amounts of ß-radiation
- Low-level measurements down to 1 Bq
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Measurement of Nuclear Radiation
Liquid scintillation detector

Measurement of Nuclear Radiation
Gammaspectrometry
Semi-conductor

counter

Screen

(diode)

pn-layer
printer

Keybord

- Formation of an electron-hole pair in the pn layer of a semi-conductor by incoming γ -quants
- registration of the electric signal
- impulse amplitude is proportional to the intensity
- multichannel solution allows resolution of the energy (gamma spectrum)
- very sensitive method
- often used for the measurement of environmental radioactivity
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Measurement of Nuclear Radiation
Gammaspectrometry,
Example 1
Gamma-spectrum of cheese (Hamburg, 26.6.1986)

Tschernobyl desaster: 26. April 1986 !!!

Measurement of Nuclear Radiation
Gammaspectrometry,
Example 2
Cs-137

350

Monitoring of
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Cs-134

300

Body counting of a
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Radiochemistry group
of the FU Berlin
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Tschernobyl desaster: 26. April 1986 !!!
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Measurement of Nuclear Radiation
Gammaspectrometers

Measurement of Nuclear Radiation
Neutron Counter

- counting facility is desingned in a
way that ionising radiation can
be produced as a results of nuclear
reactions

Wall of the container
Coating with B, Li
or U-235

- possibilities: coating of the container
with boron, lithium or uranium-235
or use of bortrifluoride (BF3) as
counting gas

Counting gas

Nuclear reactions:
10
5

B + 01n → 37 Li + 24He

235
92

U + 01n → 236
92 U →

144
56

Ba + 3689Kr + 3 01n
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Measurement of Nuclear Radiation
Neutron Counter

Radioactive labeling of organic molecules

Where is radioactive labelling used

Why labelling with radioactive
compounds ?

- chemical science (reaction
mechanisms )
- phamacy (pharmacokinetics
- life science (metabolisms)

- high sensitivity even in highest dilutions
- high selectivity
- The „original“ can be labelled (identical
chemical substance)

Example
-

15N

15N

(non-radioactive vs. 3H or 14C)

(natural abundance 0,37%)

- even with 100% 15N-enriched indicator (incredibly expensive) you will no mor be able to
observe a change of 0.01 % at a dilution by a factor of 10 000
- this, however, is a normal dilutionfactor during the observation of metabolic processes
- radioactively labelled compound allow the detection in a femtomolar range (3H)
or in the picomolare range (14C)

39

Radioactive labeling of organic molecules

Frequently used isotopes
Criteria for radioactive labelling procedures:
- radioactive nuclide (radiation, detectability)
- labelling position in the molecule
- specific activity of the labelled compound
- chemical purity

Isotope
11
C
14
C
3
H
32
P
35
S

- radiochemical purity

Radiation
+
ß
ß
ß
ß
ß

Half-life
20 min
5730 a
12.3 a
14.25 d
87.5 d

Labelling methods
- chemical Synthesis
- biochemical procedure
- isotope exchange
- Recoil labelling
- radiation-induced labelling and self-labelling

Radioactive labeling of organic molecules
Stem of 14C labeled compounds
Ba14CO3

Mg

HCl
14CO

Ba14C2

2

H2/Kat.
pressure, Temp.

CH3MgBr
(Grignard)

14CH I
3

NaCN
14CH CN
3

H2O
14CH

K14CN

14CH OH
3

I2/P

K, NH3
500°C

(Cyanhydrinsynthesis etc.)

14CH

14CH I
3

CH2O, Cu2C2,
pressure,
Temp.

14CH 14CN
3
14C

(Methylations)

14C

catalyst,
pressure, Temp.

H2O
HgSO4
14

CH

14CH 14CHO
3

Hydrolysis

Hydrolysis

HOCH2

14CH 14COOH
3

14CH COOH
3

14

CH2OH

14

CH

H2 / Ni

O

Acidhalides

Alkoholes

Halides

CH

14

CH

14

CH
14

CH

14CH 14CH OH
3
2

CH2

H2C

Ester

CH

CH

Temp.
CH314COOH

14

14

14CH 14CHOOH
3

Carbonic
acids

Dicarbonic Acids
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