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4 Radiological quantities and units

In this Chapter the fundamental quantities and units for ionising radiation and in addition specific
quantities used in radiological protection are described.

4.1 Introduction

While radiation field quantities, quantities describing radioactivity and absorbed dose quantities are based
on physical phenomena only, specific dose quantities in radiation protection as e.g. effective dose, include
factors which are based on judgements about the biological response of tissues, e.g. due to cancer
induction. These factors have been changed in the past in view of new research results and ideas. The
definitions given are mainly based on ICRU Report 51 [9311], ICRU Report 60 [9811], ICRP Publication
60 [9111] and the ISO Standards Handbook, Quantities and Units [9312].

Stochastic and non-stochastic quantities

Physical quantities are used to describe physical phenomena or objects. Many physical processes, e. g. the
decay of radionuclides, the number of interactions in a small volume irradiated or the energy transferred,
are subject to inherent fluctuations. This situation is described by stochastic quantities the values of
which follow a probability distribution. Some times this may be a Poisson distribution which is uniquely
determined by its mean value. In many other cases a quantity is defined by averaging in time or over a
volume which results in a single value with no inherent fluctuation. Those quantities, e. g. fluence or
absorbed dose, are called non-stochastic quantities.

Units

A unit is a reference sample of a quantity with which other quantities of the same kind are compared.
Every quantity is expressed as a product of a numerical value and a unit. Generally the use of the
International System of Units (SI) as given by the BIPM [91BI] is recommended which is based on the 7
base units meter, kilogram, second, ampere, kelvin, mole and candela. Derived Sl-units are often given
special names like joule, becquerel or gray. Some other units are, however, generally used which are
outside of the international system, e. g. the electron volt (eV) and the atomic mass unit (u) - and the time
units minute, hour, day and year are also generally permitted.

Nevertheless, other units even if not recommended are still in use in radiation measurements and
radiation protection. Table 1 presents some numerical relationships between those units and the SI-units
recommended.
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Table 4.1. Former units and its relations to SI-units

Quantity Symbol SI-unit Name Former units

absorbed dose D Jkg'  gray (Gy) rad 1 rad=0.01 Gy
exposure X Ckg™ roentgen 1R=2.5810"JT kg™
dose equivalent H Jkg'  sievert (Sv) rem 1 rem=0.01 Sv
activity A s becquerel (Bq) curie 1Ci=3.710"Bq
potential alpha energy Cp Jm™ Working level 1 WL=2.08 107 ] m>
concentration =130 10° MeV m™
potential alpha energy E, JThm> Working level month (7= 170 h)
exposure

1 WLM =3.54102Jhm>

=22110"MeV hm™

4.2 Radiation field quantities

Radiation field quantities are non-stochastic quantities defined at any point of a radiation field. Radiation
fields may consist of various types of particles and the field quantities are always related to a specific
particle type. This is usually expressed by adding the particle name to the quantity, e.g. photon fluence or
neutron flux. There are two classes of radiation field quantities referring either to the number of particles
or to the energy transported by them.

A radiation field of a specific particle type can be fully described by the number N of particles, their
distribution in energy as well as their spatial, directional and temporal distribution. This needs the
definition of scalar and vectorial quantities. While in radiation dosimetry mostly scalar field quantities are
used, vectorial quantities are often needed and applied in radiation transport theory and calculations. The
radiation field quantities are defined in specifying the field in increasing detail.

4.2.1 Scalar radiation field quantities

Particle number, radiant energy

The particle number, V, is the number of The radiant energy, R, is the energy (ex-
particles that are emitted, transferred, or cluding rest energy) of the particles that are
received. emitted, transferred, or received.

Unit: 1 Unit: joule, J
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For particles of energy E (excluding rest energy), the radiant energy, R, is equal to N-E.
The distributions, Ny and R, of the particle number and the radiant energy with respect to energy are

given by

Ng=dN/dE and Rp=dR/AE

(4.2.1a+b)

where dN is the number of particles with energy between E and E + dE and dR is their radiant energy.

Flux, energy flux

The flux, N, is the quotient of dN by d¢, where
dN is the increment of the particle number in
the time interval dz.

N =dN/dt
Unit: s

The energy flux, R, is the quotient of dR by
dt, where dR is the increment of the radiant
energy in the time interval dz.

R =dR/dt
Unit: W

The term flux has often been employed for the quantity fluence rate (see below). This usage should be

avoided.

Fluence, energy fluence

The quantity fluence is based on the idea of counting the number of particles incident or passing a small

sphere. It is defined by:

The fluence, @, is the quotient of dN by da,
where dN is the number of particles incident on
a sphere of cross-sectional area da.

@=dN /da
Unit: m™

The energy fluence, ¥, is the quotient of dR
by da, where dR is the radiant energy incident
on a sphere of cross-sectional area da.

¥=dR /da
Unit: Jm™

The fluence is independent of the directional distribution of the particles passing the sphere. In
calculations, fluence is often expressed in terms of the length of trajectories of particles passing a volume

dV. The fluence, @, is given by

o=dl/dV

(4.2.2)

where d/ is the sum of the lengths of trajectories through this volume.
The distributions, @5 and ¥, of the fluence and energy fluence with respect to energy are given by

Dy =dPdE and ¥ =d¥dE

(4.2.3a+b)

These quantities are often called spectral fluence and spectral energy fluence, respectively.

Fluence rate, energy fluence rate

The temporal distribution of the fluence and energy fluence is generally of interest. This results in the

following definitions:

The fluence rate, @ , is the quotient of d@by
d¢, where d@is the increment of the fluence in
the time interval dz.

& =do/dt
Unit: m2s™

The energy fluence rate, ¥ |, is the quotient
of d ¥ by dt, where d ¥is the increment of the
energy fluence in the time interval dz.

¥ =d¥/dt
Unit: J m™
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The fluence rate has often been termed particle flux density. Because the term density mostly
characterises a mass density (kg™'), it is recommended to use the term fluence rate and not particle flux

density.

Particle radiance, energy radiance

The particle radiance, @,, is the quotient of

d @ by d€ where d@ is the fluence rate of
particles propagating within a solid angle d<2
around a specified direction.

The energy radiance, ¥, , is the quotient of

d¥ by de where d¥ is the energy fluence
rate of particles propagating within a solid
angle d(2 around a specified direction.

&, =dd/dQ

Unit: m2s sr™!

¥, =d¥/dQ
Unit: W m™2sr!

The specification of a direction (2 requires two variables. In a spherical coordinate system with a
polar angle, 6, and an azimuthal angle, ¢, d£2is equal to sinddé&de.
The distribution of particle radiance and energy radiance with respect to energy are given by

@,,=d®/dQRdE and ¥, , =d¥ /dQRdE (4.2.4a+b)

4.2.2 Vectorial radiation field quantities

Radiometric quantities are often used to describe the flow of radiation in specific directions. This needs
the definition of vectorial quantities. For example, the scalar angular differential quantities like particle
radiance and energy radiance are transferred to vectorial quantities by multiplication with the unit vector

Q in a specific direction. Vectorial quantities are
vectorial particle radiance, i3 B with ¢g =0 @Q unit: m s s,
unit: W m2sr ',

vectorial fluence rate, @ with = I &,dQ unitm’s,

vectorial energy radiance, ¥, with ¥, =Q.%,

vectorial energy fluence rate, ¥  with ¥ = I ¥ dQ  unit: Wm™,

vectorial fluence, @ with @ = Id) dr unit: m >,

vectorial energy fluence, ¥ with Y= J‘ljldz unit: Jm™.

A detailed description is given in ICRU Report 60 [9811]. The distribution of a quantity with respect
to energy of the particle considered is described by an index E similar to the scalar quantities. For
example, the distribution of the vectorial particle radiance is given by

b, =92 @Q'E unit: m2s st MeV L
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4.3 Interaction coefficients and quantities

Ionising radiation is either charged (e.g. electrons, positrons, protons and o-particles) or uncharged (e.g.
photons and neutrons). This dominates the main interaction with matter. While charged particles (called
directly ionising particles) are mainly slowed down by electromagnetic interactions with electrons of the
target atoms, the uncharged particles (indirectly ionising particles) interact with matter in separated
events. Indirectly ionising particles are either absorbed or its energy and direction is altered.

The probabilities of specific interactions between radiation and matter are characterized by interaction
coefficients. They refer to specific interaction processes, type and energy of radiation and the matter
involved. The definition of those coefficients important for dosimetry and related quantities are given in
this Section.

4.3.1 Cross section

The cross section is the most fundamental interaction coefficient. It is defined as follows.

The cross section, o, of a target entity, for a particular interaction produced by incident particles is the
quotient of P by @, where P is the probability of that interaction for a single target entity when subjected
to the particle fluence, @. It is

o=P/® unit: m>.

A special unit often used for the cross section is the barn (b) with 1 b= 107" m®

Cross sections mostly vary with the energy of the incident radiation (notation: o(E)). The distribution
of a cross section with respect to the energy and direction of the emitted radiation is often called
differential cross section (do/d(2 : angular differential cross section, do/dE: energy differential cross
section, d07dEd2: energy and angular differential cross section).

The total cross section, o, is the sum of the cross sections of all possible interaction channels for an
incident particle of a given type and energy and a given target material.

4.3.2 Mass attenuation coefficient and mass energy transfer coefficient

For an infinite small parallel beam of uncharged radiation, the interaction of radiation with matter results
in an attenuation of the incident beam with depth in material. This can be described by the relation

%zﬂ_dl 43.1)

where dNV/N is the fraction of particles that experience interactions in traversing a distance d/ in the
material. 4 is the linear attenuation coefficient. The reciprocal of u is called the mean free path A of an
uncharged particle. In first order 4 is proportional to the density p of a material. This leads to the
definition of the mass attenuation coefficient, t/p .

M4 _ 1 dN unit: m* kg™’ (4.3.2)
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The mass attenuation coefficient is related to the total cross section by

%: JL o = J\Afl Yo, (43.3)

where N, is the Avogadro constant and M the molar mass of the material considered. oy are the cross
section related to the interaction of type J in this material.

For uncharged particles the transfer of energy to charged particles in the material is of high interest in
dosimetry. This is expressed by the mass energy transfer coefficient, t,/p , which is defined by

My _ 1 dR, unit: m* kg™ (4.3.4)
p pd R

where dR,/R is the fraction of incident radiant energy that is transferred to kinetic energy of charged
particles by interactions when traversing a distance d/ in the material of density p. If incident uncharged
particles of a given type and energy can produce several types of interactions in a material, i&,/p can be
expressed in terms of the partial cross Sections, o'y, by the relation

He _Npox o, (4.3.5)
oM ;f 10y
where f; is the average fraction of the incident particle energy that is transferred to kinetic energy of

charged particles in an interaction of type J.
The mass energy transfer coefficient is related to the mass attenuation coefficient by

2. 110, (4.3.6)

I

2.0
J
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o
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For u,/p of a compound material the material is usually treated as consisting of independent atoms and
the contributions from the different components are summed considering their partial density.

A small part of the energy transferred to charged particles may not be locally absorbed in the material
but further transferred to secondary photons (e.g. Bremsstrahlung). Therefore, an additional coefficient,
the mass energy absorption coefficient, l,/p, is defined by the product of t,/p and (1-g) where g is the
fraction of the energy of charged particles that is lost in radiative processes in the material.

Data of mass energy transfer and mass energy absorption coefficients are given by Seltzer [93Se].

For neutron radiation, the kerma coefficient K/ @ (kerma per unit neutron fluence, often called kerma
factor) is mostly used instead of 4,/p for characterising the energy transfer (see 4.4.1). Data of kerma
coefficients for biological important materials from thermal to 150 MeV neutrons are published by
Chadwick et al. [99Ch] and in ICRU Report 63 [00I1].

4.3.3 Mass stopping power and linear energy transfer (LET)

Charged particles passing matter loose energy by collisions with electrons, by emission of bremsstrahlung
in the electric fields of nuclei or atomic electrons or by elastic Coulomb scattering and inelastic nuclear
processes on atoms or nuclei. This effect is characterized by the mass stopping power S/p for charged
particles in a material with density p. It is

1 dE unit: J m*kg™' (4.3.7)

S_
p pd
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where dFE is the energy lost by a charged particle in traversing a distance d/ in the material. S =dE/d/ is
called the linear stopping power. E may be given in eV and the unit of S/p may then expressed in
eV m’kg™" or other multiples like MeV ¢cm’ g™, for example.

The transfer of energy from the primary charged particle to secondary electrons is of specific interest
in dosimetry, especially to those electrons receiving a kinetic energy less than a given value only. They
will locally deposit their energy near to the track of the primary particle. This led to the definition of the
quantity linear energy transfer (LET) or restricted linear electronic stopping power L, given by

L, = % unit: J m™, often used keV um™ (4.3.8)

where dE, is the energy lost by a charged particle due to electronic collisions when traversing a distance
d/ minus the sum of the kinetic energies of all electrons released with kinetic energies in excess of A. This
definition given in ICRU Report 60 [9811] differs from earlier ones [80I1] in a way that L, now includes
the binding energies for all collisions and the threshold of the kinetic energy of the released electrons is
now A4 instead of A minus the binding energy.

A is often given in eV and then the notation Loy means an energy cutoff of 100 eV. L.. is often called
unrestricted linear energy transfer L and is equal to S, the electronic stopping power due to collisions
with electrons.

4.3.4 Mean energy expended in a gas per ion pair formed

In dosimetry, where often charge measurements due to ionisation in gases are the basis of dose
determinations, the kinetic particle energy necessary to create an ion pair is of general interest. This led to
the definition of the mean energy expended in a gas per ion pair formed W. 1t is

W= unit: J 4.3.9)

E
N
where N is the number of ion pairs when the initial kinetic energy E of the charged particle is completely

dissipated in the gas considered. This definition includes also the ions produced by secondary electrons or
bremsstrahlung.

4.4 Quantities related to energy transfer

4.4.1 Stochastic quantities

The energy transfer from incident particles to a target material is a stochastic process. For example, the
energy deposition along a track of a charged particle is randomly distributed. The values of stochastic
quantities are, therefore, subject to inherent fluctuations. They generally follow a probability distribution
and mean values may be given. For example, a Poisson distribution is already uniquely determined by its
mean value. Stochastic quantities are often used in microdosimetry in order to describe the energy
transfer to very small volumes.
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4.4.1.1 Energy deposit and energy imparted

The energy deposit €;, is the energy deposited in a single interaction i, thus
Ei= En— Eont O unit: J, often used eV

where €, is the energy of the incident ionising particle (excluding rest energy), €., the sum of energies of
all ionising particles leaving the interaction (excluding rest energy) and Q the change in the rest energies
of the nucleus and all particles involved in the interaction. Q > 0 means a decrease of rest energy, O <0
an increase.

The total energy transferred to matter in a given volume is often of interest. The energy imparted € to
the matter in a given volume is the sum of all energy deposits in the volume

£= Zsi unit: J, often used eV

The mean energy imparted € to the matter in a given volume is a non-stochastic quantity and can be
expressed in terms of the radiant energy R;, (sum of all radiant energies of the incoming particles) and Ry,
(sum of the radiant energies of all outgoing particles). It is

E=R,—R,+ ZQ , unit: J, often used eV

4.4.1.2 Lineal energy and specific energy

Corresponding to the non-stochastic quantity LET the stochastic quantity /ineal energy y is defined by the
quotient of £, by [ , where &, is the energy imparted to the matter in a given volume by a single energy

deposition event and [ is the mean chord length of that volume, thus

y= unit: J m™', mostly used keV pum™

~|;

This quantity is mainly used in microdosimetry, especially in measurements with low-pressure tissue-
equivalent proportional counters where single event distributions in terms of y are measured.

The specific energy (imparted) z is the quotient of £ by m, where ¢ is the energy imparted to matter of
mass m. It is

z== unit: gray (Gy), 1 Gy=1Jkg™

The specific energy includes the energy transferred to the matter m from all events involved.

4.4.2 Non-stochastic quantities

4.4.2.1 Kerma, kerma rate

The transfer of energy from uncharged particles (indirectly ionising particles, e.g. photons or neutrons) to
matter is performed by the liberation and slowing down of secondary charged particles in this matter. This
led to the definition of the quantity kerma. The kerma K is the quotient of dE,, by dm, where dE;; is the
sum of the kinetic energies of all charged particles liberated by uncharged particles in a mass dm of
material. It is given by

k=98 unit: gray (Gy), 1 Gy=1Tkg"

dm
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Kerma is a non-stochastic quantity. For a very small mass element, however, the energy transfer dE,
underlies in principle stochastic fluctuations. In this case a non-stochastic quantity means that dE;; is seen
to be the expectation value of the sum of energies of liberated charged particles.

For monoenergetic uncharged particles of energy £ the kerma is related to the fluence by

K= @E (u,/p) 44.1)
For a given energy distribution @ of the uncharged particles the kerma can be calculated by
K= @ E (u,/p) dE (4.4.2)

For neutrons, the quotient of K by @, is called kerma coefficient (often also called kerma factor) where @
is the neutron fluence (see 4.3.2).

The kerma rate, K , is the quotient of dK by d¢, where dK is the increment of K in the time interval d.
dK 1

K = , unit: Gy s~ .
dt

4.4.2.2 Absorbed dose, absorbed dose rate

The quantity absorbed dose is a basic quantity in radiation dosimetry and relevant to all types of ionising
radiation whether directly or indirectly ionising. It is a non-stochastic quantity and defined by:

p=t_ unit: gray (Gy), 1 Gy=11J kg™
dm
where £ is the mean energy imparted to the matter of mass dm.

While kerma is related only to those secondary charged particles produced in dm but transferring their
energy to matter partially also outside dm, absorbed dose includes all energy transferred to dm partially
also from secondary charged particles produced outside but entering dm. Only under charged particle
equilibrium and negligible radiation losses, however, the values of absorbed dose and kerma are equal in
a homogeneous material.

The absorbed dose rate, D, is the quotient of dD by dt, where dD is the increment of the absorbed
dose in the time interval dr. It is

D= b unit: Gy s~

dr

1

4.4.2.3 Exposure, exposure rate

The quantity exposure is related to the production of charges in gas by ionising radiation. Historically its
definition is elder than kerma or absorbed dose. Its use, however, is restricted to photons only. The
exposure X is the quotient of dQ by dm, where dQ is the absolute value of the total charge of the ions of
one sign produced in air when all the electrons and positrons liberated or created by photons in air of
mass dm are stopped in air.

X = do unit: C kg™ (former: roentgen, R)
dm

It should be noted that in this definition the charges due to ionisation arising from the absorption of
bremsstrahlung emitted by the electrons is not included in dQ.

Landolt-Bérnstein
New Series VIII/4



4-10 4 Radiological quantities and units Ref. p. 4-27

The exposure rate, X , is the quotient of dX by df, where dX is the increment of the exposure in the
time interval dz. It is

X= dx unit: Ckg™'s™'

dt

4.5 Dose quantities in radiation protection

4.5.1 Concept of radiation protection quantities

The development of dosimetric concepts and the definition of specific quantities for use in radiation
protection have a long history. An important basis for the present concepts was already provided in the
60's and 70's by both the International Commission on Radiological Protection (ICRP) and the
International Commission on Radiation Units and Measurements (ICRU). In 1991 in its Publication 60
[9111], the ICRP has published its most recent general recommendations for radiation protection
including a system of quantities.

The ICRP and ICRU have developed a hierarchy of quantities for radiation protection applications

comprising primary limiting dose quantities (called “protection quantities”) taking account of human
body properties and operational dose quantities for monitoring of external exposure. For monitoring of
internal exposure other quantities than dose quantities are used.
The basic idea of a primary limiting quantity is to relate the “risk” of exposure to ionising radiation
(exposure by internal and external radiation sources) to a single (dose) quantity which takes account of
the man as a receptor, the different radiation sensitivities of various organs and tissues and the different
radiation qualities. Other influence parameters, however, e.g. the influence of dose and dose rate or sex
and age of a person exposed on the biological response and the exposure risk, were not explicitly
considered in the definition of these quantities.

Operational quantities are dose equivalent quantities defined for use in radiation protection
measurements related to external exposure (area or individual monitoring). They are needed for
monitoring external exposures because

protection quantities are generally not measurable,

for area monitoring a point quantity is needed,

a non-isotropic human-body related quantity like effective dose is not appropriate in area monitoring,
instruments for radiation monitoring need to be calibrated in terms of an operational quantity.

Operational quantities usually provide an estimate or upper limit for the value of the limiting quantities
due to an exposed, or potentially exposed, person under most irradiation conditions. They are often used
in practical regulations instead of the primary limiting quantities.

For internal exposure, however, other methods are used and no similar dose quantities have been
defined. In this case organ doses or effective dose are estimated from the information on intake or
excretion of radioactive substances. Model based conversion coefficients exist for a large number of
radionuclides relating the intake to organ doses and effective dose (see 4.6 and Chapter 7).

Both, protection and operational quantities can be related to “radiation field quantities” (see Sect. 4.2)
or air kerma (see Sect. 4.3) which are point quantities defined in any point of a radiation field and whose
units are directly realised through primary standards at national standards laboratories since long time.
The numerical relations (conversion coefficients) between those quantities and the protection or
operational dose quantities are given in Chapter 6.
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4.5.2 Protection quantities

In 1977 the ICRP [7711] introduced the tissue (or organ) dose equivalent Hy and the effective dose
equivalent Hg whose definition takes care of the relative variation of the tissue response with different
types of radiation and different tissues or organs in the human body by introducing tissue weighting
factors [73Jac]. Although in general this concept was not changed by ICRP 60 [9111] in 1990, important
modifications, however, were introduced e.g. replacing dose equivalent quantities by equivalent dose
quantities. The present system of quantities is summarised in the following.

4.5.2.1 Absorbed dose and equivalent dose in a tissue or organ

The absorbed dose in a tissue or organ Dr is the absorbed dose averaged over the volume of a tissue or
organ T (rather than at a point). While the absorbed dose at a point generally is the fundamental dose
quantity, in radiation protection the mean dose in an organ becomes the basic protection quantity
correlated with the exposure risk. This concept is obviously based on the linear dose-effect relationship
and the additivity of doses for risk assessment as an appropriate approximation in the low dose range.

The equivalent dose in a tissue or organ is defined by

Hy = w Dy unit: sievert (Sv) (1 Sv=1Jkg™)
R

where Drp is the mean organ dose in the tissue or organ T from radiation of type R incident on the human
body and wy are radiation weighting factors characterising the biological effectiveness of the specific
radiation R relative to photons. These factors have replaced the mean quality factors used in the concept
of organ dose equivalent before [77I1]. The sum is taken over all types of radiation involved.

4.5.2.2 Radiation weighting factors

For external irradiation, the values of the radiation weighting factors wy are given by the parameters of
the external radiation field only (type and energy distribution of the radiation incident on the body). This
means that wy is a body-averaged value representing a mean value for the relative biological effectiveness
of all tissues of the body and any local variation of the radiation quality in the human body which may
result from the generation of secondary radiation of different types in the body, is not explicitely
considered. This effect is mainly important in the case of incident neutrons where at low energies
secondary photons strongly contribute to the absorbed doses of various organs.

The wy values for various types of radiation are specified in ICRP 60 in a table (see Table 4.2). For
photons, electrons and muons of all energies a value of one is fixed with the exception of Auger electrons
emitted from nuclei bound to DNA. For this case there exists no ICRP recommendation until now.

The radiation weighting factor for neutrons depends on the neutron energy. Different wy values are
given by either a step function or a continuous function as an approximation (see Fig. 4.1). In practice,
neutron fields contain neutrons with a broad energy distribution. Because the use of a continuous wg-
function for effective dose estimation is more appropriate in these cases it is recommended to apply the
continuous function in any case to avoid ambiguities. Then the weighting factor for neutrons ranges from
5 to 22 depending on neutron energy with its maximum value at 500 keV. All conversion coefficients for
neutrons published in ICRP 74 [9611] and ICRU 54 [9812] are based on the continuous function only (see
Chapt. 6).
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Table 4.2. Radiation weighting factors wg

Radiation WR
Photons 1
Electrons"”, muons 1
Neutrons:
E, <10 keV 5
E, =10keV to 100 keV 10
E, >100 keV to 2 MeV 20
E, >2 MeV to 20 MeV 10 A L b functi
E 270 MeV 5 s an approximation to the step function

introduced for neutrons ICRP has
Protons: £, >2 MeV 5 specified a smooth wg function:

1 il prot
(unless recoil protons) W= 5+ 17 exp (<[In2 E)]6)
o-particles, fission fragments, heavy nuclei 20 ) )
with E;, neutron energy in MeV.

1) With the exception of Auger electrons from atoms bound to DNA

The radiation weighting factor for incident external protons with energies above 2 MeV has been set
to 5. It is, however, questioned if this value is appropriate for protons of all energies above 2 MeV. There
exists a general opinion that a weighting factor of about 2 seems to be more realistic for high energy
protons above about 5 to 10 MeV. External protons of lower energies have a small range in tissue and
contribute to the skin dose only.

4.5.2.3 Effective dose

The effective dose E is the weighted sum of the equivalent doses in tissues and organs T:

E= ZWTHT with ZWT =1 unit: sievert (Sv) 45.1)
T T

where wr are tissue weighting factors characterising the relative sensitivity of the various tissues with
respect to stochastic effects resulting from ionising radiation exposure and Hr is the equivalent dose in
one of the 13 specified tissues and organs (see Sect. 4.5.2.4).

The effective dose is a quantity which is not sex specific or dependent on age of a person. In principle,
the effective dose is determined by taking the dose values in all tissues and organs of an individual
person. Those data, however, are never measurable. For external exposure, therefore, always calculated
conversion coefficients are used which relate the external radiation field to the doses in the tissues and
organs (see Chapt. 6).

Following ICRP Report 74 [9611], the effective dose is then calculated by

+H

H.
— T, male T, female
E= WbreastHbreast, female + z Wr 2 (452)

T#breast

Under a given exposure condition (radiation field, direction of radiation incidence, exposure period),
therefore, all persons are given the same effective dose value independent of sex and age.
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4.5.2.4 Tissue Weighting Factors

The definition of effective dose takes care of the different radiosensitivity of the various organs and
tissues in the human body with respect to cancer induction and mortality by introducing tissue weighting
factors. Twelve tissues and organs are specified with individual weighting factors wr. The values have
been developed from a reference population of equal numbers of both sexes and a wide range of ages.
They are applied to workers, to the whole population, and to either sex including children and the unborn
child (foetus).

An additional “remainder” tissue with a weighting factor of 0.05 is also defined [9111]. Its dose is
given by the mean value from ten specified tissues and organs (see Table 4.3). The upper large intestine
formerly included in the remainder, is now considered as part of the colon and has been replaced by the
extrathoracic airways [9313, 9412]. While in the calculation of conversion coefficients for the intake of
radionuclides the remainder dose is obtained from the mass-weighted doses to the single tissues and
organs involved, the coefficients for external exposure are calculated giving identical weights to each of
the remainder tissues [9611].

Table 4.3. Tissue weighting factors wr

. 1) “Remainder” tissues are adrenals, brain, extrathoracic

Organ or tissue wr airways, small intestine, kidney, muscle, pancreas,
spleen, thymus and uterus.

Gonads 0.20 The mean value of the equivalent doses of the ten

Bone marrow (red) 0.12 remainder organs and tissues is to be multiplied by
Colon 0.12 0.05. If in a special case a single tissue or organ has an
Lung 0.12 equivalent dose higher than each of the 12 individually
Stomach 0.12 defined organs and tissues, then this organ or tissue
Bladder 0.05 should get a weighting factor of 0.025 and the other 9
Breast 0.05 remainder tissues together a weighting factor of 0.025.
Liver 0.05

Oesophagus 0.05

Thyroid 0.05

Skin 0.01

Bone surface 0.01

Remainder" 0.05

4.5.2.5 Committed or collective equivalent dose and effective dose

Several subsidiary dosimetric quantities have been additionally defined. After an intake of radionuclides
to a body these nuclides may give rise to equivalent doses in different tissues and organs of the body
spread over long time depending on the physical and biological half-life of the radionuclides and their
biokinetic behaviour in the body.

The time integral of the equivalent dose rate is called the committed equivalent dose H1(7), in a tissue
or organ T, where 7is the integration time (in years) following the intake at time #,.

H,(7)= IHT(t )dt (4.5.3)

lo

If 7is not specified, it is implied that its value is 50 y for workers and from intake up to age 70 years for
members of the public including children. For patients in nuclear medicine, the integration may run from
to to oo because the biological and physical half-life of the radionuclides applied is much less than 10 y.
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The same specification holds for the quantity committed effective dose E(7) defined by the weighted
sum of Hr(7) over all specified tissues and organs T.

E(t)= ZWT Ho(T) (4.5.4)

All dosimetric quantities referred before are related to a single tissue or organ of a single individual.
Often it may be of interest to quantify the total dose a number of people received from one source or one
release of radioactive material. The relevant quantity is called collective equivalent dose St in a tissue or
organ T and is defined by

dN

SszHT~

0 T

dH, unit: man sievert (man Sv) 4.5.5)

where (dN/dHr)dHr is the number of individuals receiving an equivalent dose between Hr and Hr+dHr or
by

Sy = Z _T,iNi (4.5.6)

where N; is the number of individuals in a subgroup i receiving a mean tissue equivalent dose 7, ;. The

summed effective doses of all members of a group or population is called the collective effective dose S
defined in a similar way by

S = EﬂdE or S= ZE -N, unit: man Sv (4.5.7atb)
dE i

© ey §

where N; is a subgroup i receiving a mean equivalent dose E,.

4.5.3 Operational quantities

4.5.3.1 Dose equivalent and quality factor

The radiation protection quantity dose equivalent H is defined by

H=0D unit: Sv (1 Sv=1Jkg™")

where D is the absorbed dose at the point of interest and O a quality factor weighting the relative
biological effectiveness of radiation. Q is defined as a function of the linear energy transfer L of a charged
particle in water [7711]. In principle, this concept of O has not been changed by ICRP 60 [9111], but the
dose equivalent is now restricted to the definition of operational radiation protection quantities and the
quality factor function Q(L) was modified in 1991 according to the following equation:

1 for L < 10keV/um
OL) = < 032L-22 for 10 < L < 100 keV/um (4.5.8)
300L for L > 100 keV/um
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The quality factor Q at a point in tissue is then given by [8611]:

=

0 =% IQ( L)D,dL (4.5.9)

L=0

where Dy is the distribution of D in L at the point of interest. This function is most important for neutrons
because various types of secondary charged particles are produced in tissue in this case.

4.5.3.2 The concept of operational quantities

The basic concept of the operational quantities is described in the ICRU Reports 39 and 43 [85I1, 88I1].
They have been introduced linking the external irradiation to the effective dose and the equivalent dose of
the skin and eye lens in order to control their limits. The present definitions are given in ICRU Report 51
[9311]. The operational quantities for radiation protection are dose equivalent quantities defined either for
strongly penetrating or for weakly penetrating radiation incident on the human body (sometimes also the
expressions penetrating and low penetrating are used instead of strongly and weakly penetrating
radiation).

The radiation is characterised as either weakly- or strongly penetrating depending on which dose
(effective dose or skin equivalent dose) is closer to the corresponding limit. Weakly penetrating radiations
are o-particles, B-particles with energies below 2 MeV and photons with mean energies below about 12
keV. Photons above this energy, electrons above 2 MeV and all neutrons are strongly penetrating
radiation.

Due to the different tasks in radiation protection monitoring — area monitoring for controlling the
radiation at work places and definition of controlled or forbidden areas or individual monitoring for the
control and limitation of individual exposures — different operational quantities were defined. While
measurements with an area monitor are mostly performed free in air, an individual dosemeter is usually
worn on the front of the body. As a consequence, in a given situation, the radiation field “seen” by an area
monitor free in air differs from that “seen” by an individual dosemeter worn on a body where the
radiation field is strongly influenced by the backscatter and absorption of radiation in the body. The
operational quantities allows for this effect. They may be presented as follows:

Radiation type Operational quantities for

area monitoring individual monitoring
Strongly penetrating radiation ambient dose equivalent personal dose equivalent
Weakly penetrating radiation directional dose equivalent personal dose equivalent

4.5.3.3 Operational quantities for area monitoring
ICRU sphere phantom

For all types of radiation the operational quantities for area monitoring are defined on the basis of a dose
equivalent value at a point in a simple phantom, the ICRU sphere. It is a sphere of tissue-equivalent
material (30 cm in diameter, density: 1 g cm™, mass composition: 76.2 % oxygen, 11.1 % carbon, 10.1 %
hydrogen and 2.6 % nitrogen). It adequately approximates the human body as regards the scattering and
attenuation of the radiation fields under consideration.
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Aligned and expanded radiation field
The operational quantities for area monitoring defined in the ICRU sphere should retain their character of

a point quantity and the property of additivity. This is achieved by introducing the terms “expanded” and
“aligned” radiation field in the definition of these quantities (see Fig. 4.1).

@\I o

&, — 0 ,real field”

.7 No.

SN
@

,aligned field*
D+ Dot D3+ D4t Ds ~

,»aligned and expanded field*

Fig. 4.1. Aligned and expanded field concept.

VVVVVVYVVVYV
@

An expanded radiation field is a radiation field in which the spectral and the angular fluence have the
same values in all points of a sufficiently large volume equal to the values in the actual field at the point
of interest. The expansion of the radiation field ensures that the whole ICRU sphere is thought to be
exposed to a homogeneous radiation field with the same fluence, energy distribution and directional
distribution as in the point of interest of the real radiation field.

If all radiation is (thought to be) aligned in the expanded radiation field so that it is opposed to a radius
vector £2 specified for the ICRU sphere, the aligned and expanded radiation field is obtained. In this
fictitious radiation field, the ICRU sphere is homogeneously irradiated from one direction, and the
fluence of the field is the integral of the angular differential fluence at the point of interest in the real
radiation field over all directions. In the expanded and aligned radiation field, the value of the dose
equivalent at any point in the ICRU sphere is independent of the directional distribution of the radiation
of the real radiation field.

Ambient dose equivalent H*(d)
For area monitoring of strongly penetrating radiation the operational quantity is the ambient dose

equivalent H*(10) defined by:
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The ambient dose equivalent H*(d) at a point of interest in the real radiation field, is the dose
equivalent that would be produced by the corresponding aligned and expanded radiation field, in
the ICRU sphere at a depth d, on the radius vector opposing the direction of radiation incidence.

For strongly penetrating radiation it is = 10 mm and H*(d) is written H*(10).

While this definition with the parameter d is given in ICRU [9311] and ICRP [9111] the most recent
ICRU Report [0111] dealing also with operational quantities defines ambient dose equivalent by
H*(10), thus restricting its definition to strongly penetrating radiation only. In practice, however, this has
already been realised because other values have never been used.

As a result of the imaginary alignment and expansion of the radiation field, the contributions of
radiation from all directions add up. The value of H*(10) is therefore independent of the directional
distribution of the radiation in the actual field. This means that the reading of an area dosemeter for the
measurement of A*(10) should be independent of the directional distribution of the radiation — an ideal
detector should have an isotropic fluence response.

Directional dose equivalent, H'(d,{2)

For area monitoring of weakly penetrating radiation the operational quantity is the directional dose
equivalent H'(0.07,42) or, in rare cases, H'(3,£2) defined by.

The directional dose equivalent H'(d,£2) at a point of interest in the actual radiation field, is the
dose equivalent that would be produced by the corresponding expanded radiation field, in the
ICRU sphere at a depth d, on a radius in a specified direction £2.

For weakly penetrating radiation it is d = 0.07 mm and H'(d,£2) is written H'(0.07,£2).
In case of monitoring the dose to the eye lens H'(3,£2) with d = 3 mm may be chosen.

In practice H'(0.07,£2) is almost exclusively used in area monitoring for weakly penetrating radiation.
For unidirectional radiation incidence the quantity may be written H'(0.07,0), where o is the angle
between the direction £2 and the direction opposite to radiation incidence.

The value of the directional dose equivalent can strongly depend on the direction £2. The same is true
for instruments for measuring weakly penetrating radiation — e.g. beta- or alpha-particle radiation — the
reading of which can strongly depend on the orientation in space. In radiation protection practice,
however, it is always the maximum value of H'(0.07,42) at the point of interest which is of importance. It
is usually obtained by rotating the dose rate meter during the measurement and looking for the maximum
reading.

4.5.3.4 Operational quantities for individual monitoring

Individual monitoring is usually performed with individual dosemeters worn on the body and the
operational quantity defined for this application takes into account this situation. The true value of the
operational quantity is determined by the irradiation situation near the point where the dosemeter is worn.
For individual monitoring the operational quantity is the personal dose equivalent H(d).

The personal dose equivalent H,(d) is the dose equivalent in ICRU tissue at a depth d in a human
body below the position where an individual dosemeter is worn.

For strongly penetrating radiation a depth d = 10 mm is recommended.

For weakly penetrating radiation a depth d = 0.07 mm is recommended.
In special cases of monitoring the dose to the eye lens a depth d = 3 mm may be appropriate.
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The operational quantities for individual monitoring meet several criteria. They are defined for all
types of radiation, additive with respect to various directions of radiation incidence, take into account the
backscattering from the body and can be measured with a dosemeter worn on the body. The personal dose
equivalent quantities, H,(10) and H,(0.07), are defined in the person, in the actually existing radiation
field, and are measured directly on the person.

Other requirements the quantities should satisfy can, however, be fulfilled only with additional
specifications. An operational quantity for individual monitoring should allow the effective dose to be
assessed or should provide a conservative estimate under nearly all irradiation conditions. This, however,
requires that the personal dosemeter must be worn at a position on the body which is representative with
respect to the exposure. For the usual dosemeter position in front of the trunk the quantity /,(10) mostly
furnishes a conservative estimate of £ even in cases of lateral or isotropic radiation incidence on the body.
In cases of exposure from the back, however, a dosemeter worn at the front side and correctly measuring
H,(10), will not provide a conservative estimate of .

A further requirement for an operational quantity is that it allows dosemeters to be calibrated under
reference conditions in terms of that quantity. The personal dose equivalent is defined in the individual
human body and obviously individual dosemeters cannot be calibrated in front of a real human body. For
calibration, the human body must therefore be replaced by an appropriate phantom. Three standard
phantoms have been defined by ISO for this purpose and the definition of H,(10) and H,(0.07) is
extended to be defined not only in the human body but also in three phantoms of ICRU tissue (see
Fig. 4.2) — a slab phantom (30 cm X 30 cm X 15 cm), a wrist phantom (a cylinder of 73 mm in diameter
and 300 mm in length) and a finger phantom (a cylinder of 19 mm in diameter and 300 mm in length). In
reference radiation fields used for calibration, the values of the quantities in these phantoms, H,, s(10)
and /1, 44,(0.07) etc., are defined as the true values of the corresponding /7;-quantities (see also Sect. 6.1.2
and Sect. 10.2.1).

Fig. 4.2. Phantoms of ICRU tissue for the
definition of H,-quantities for calibration of
individual dosemeters.

a) slab phantom

b) wrist phantom

c) finger phantom

4.6 Radioactivity quantities

The decay of a radionuclide is a stochastic process which means that the number of decays within a fixed
time interval is described by a probability distribution. The expectation value of the number of decays is
determined by the decay constant which is specific for each radionuclide and energy state (mostly the
decay constant for the ground state is given).

The decay constant A of a radionuclide in a particular energy state is the quotient of dP by d¢, where
dP is the probability that a given nucleus undergoes a spontaneous transition from that energy state in the
time interval dz. It is

A= ar unit: '

dt
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The half-life T, of a radionuclide in a particular energy state is the mean time of the radionuclide in
that state to decrease to one half of their initial number of nuclei. It is T}, = (In 2)/A.

4.6.1 Activity, specific activity, activity concentration, activity per area

The activity 4 of an amount of a radionuclide in a particular energy state at a given time is the quotient of
dN by dt, where dN is the expectation value of the number of spontaneous nuclear transitions from that
energy state in the time interval dz. It is

_ v unit: becquerel (Bq), 1 Bq=15s"
ds

Radionuclides are mostly included in other solid, liquid or gaseous material and the amount is
quantified by the quantities specific activity and activity concentration.

The specific activity as is given by the quotient of the activity 4 by the mass m, where 4 is the activity
of the radionuclide in the mass m.

unit: Bq kg™

The activity concentration cyyiqe 1S given by the quotient of the activity 4 by the volume V, where 4 is
the activity of the radionuclide in the volume V.

c :é, unit: Bq m™>
nuclide V

For the determination of contaminations the distribution of radionuclides on surfaces is of interest.
The related quantity is the activity per unit area a, defined by the quotient of the activity 4 by the area F,
where 4 is the activity of a radionuclide distributed on the surface area F.

unit: Bq m™, often Bq cm™

For decontamination of a surface from deposited radionuclides it is usually important if the
radionuclides are removable or if they are diffused into the surface region of the material and are fixed
near the surface in the material. If an a,-value is given it should be specified if this value is related to the
removable part only or to the total activity at the surface.

4.6.2 Specific quantities for radon, thoron and their progeny

Radon (***Rn) and thoron (**’Rn) are gaseous radionuclides in the U- and Th-decay chain, respectively,
occurring naturally (see 3.4.3). Their decay products are also radionuclides but metallic. While for radon
the short-lived progeny 2'*Po, *"*Pb, 2'*Bi and *'*Po (see Table 4.4) are important in radiation protection,
the important thoron progeny are 216pg, 212pp, 2’Bj and *'*Po (see Table 4.5). In air there is usually a
mixture of radon/thoron and short-lived radon/thoron progeny. These progeny are mostly attached to
aerosols. A few percentages of them, however, are non-attached. The progeny may be deposited in the
lung where its decay by alpha-particle emission is seen to be most important for lung cancer induction.
Specific quantities have been defined taking care of this situation.
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Table 4.4. Data of radon (***Ra) progeny (nuclear data are from [NN98])

Radionuclide half-life E;ﬁze;;fgq et atog";e““al alpha ;zfrégg w e

I AlZ [MeV] [107%]] [MeV] [107"]]
2po 1 3.10min 268 13.69 2.19 3670 589 0.106
2Mpp 2 26.8min 2320 7.69 1.23 17 800 2 860 0.513
29Bi 3 199min 1723 7.69 1.23 13 100 2100 0.381
Po 4 164ps Y 7.69 1.23 2107 2.9x107*  6x107°

" no number is given because all atoms decay in less than 1 s and a calculated number would be much less than 1.
? factor k is defined in Eq. (4.6.1)

Table 4.5. Data of thoron (**’Ra) progeny (nuclear data are from [NN98])

Radionuclide half-life number of potential alpha energy o)
atoms per Bq per atom & per Bq €/4
i Ty AIA [MeV] [1072]]  [MeV] [1072]]
Hpy 1 0.15s b 14.6 2.34 3.32 0.51 6x107°
22pp 2 10.6h 55056 7.8 1.25 429000 68710 0.913
22Bi 3 60.6min 5246 7.8% 1.25 40 900 6 554 0.087
22pg 4 304ns D 8.8 1.25 3.8x10°  6x1077 8x10712

D
2)

no number is given because all atoms decay in less than 1 s and a calculated number would be much less than 1.
mean value from decay of 2'?Bi and 2'?Po by a-particle emission.
3 factor k is defined in Eq. (4.6.1)

Potential alpha energy

The potential alpha energy & of an atom i in the decay chain of radon or thoron is the total energy of
alpha-particles emitted during the decay of this atom to the long-living *'°Pb or stable ***Pb, respectively.

The potential alpha energy of N atoms of type i is N-&. The number of atoms N per Bq is equal to 4/4,
where 4 is the activity of this radionuclide and A its decay constant. The potential alpha energy per Bq is
then given by £/4 (unit: ] Bq', often used MeV Bq™).

Concentration in air

The potential alpha energy concentration c,; of a short-lived radon (or thoron) progeny in air is the sum

of the potential alpha energy & of all atoms of this progeny present in a volume ¥ divided by this volume.
It is

unit: J m= often MeV m™

where N, is the number of atoms of this progeny in the volume V, ¢; the corresponding activity
concentration and /; the decay constant. The units are related by 1 J m™ = 6.242 x 10> MeV m™.

The potential alpha energy concentration (PAEC) ¢, of any mixture of short-lived radon (or thoron)
progeny in air is the sum of the potential alpha energy concentrations of all progeny in the volume
considered.
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c, = ZCPJ = Zei ¢/ A unit: J m™ often MeV m™

Historically, for the potential alpha energy concentration the unit working level (WL) has widely been
used. While originally defined as the potential alpha energy concentration associated with the radon
progeny in equilibrium with 100 pCi I, 1 WL is now accurately fixed equal to 1.300 x 10* MeV m™
which equals 2.08 x 107 J m™.

Equilibrium equivalent concentration, equilibrium factor

In case of radioactive equilibrium the activity concentration of radon cg, and of its progeny are equal.
This, however, is usually not the case in air. For a non-equilibrium mixture a quantity equilibrium
equivalent concentration ¢, has been defined.

The equilibrium equivalent concentration (EEC) c. corresponding to a non-equilibrium mixture of
progeny in air is the fictitious activity concentration of radon in radioactive equilibrium with its short-
lived progeny that has the same potential alpha energy concentration ¢, as the actual non-equilibrium
mixture. It is always ¢, < cg,. The Sl-unit for both quantities, c. and cg,, is Bq m™. In order to avoid
confusion, the values of ¢, are often marked Bq m~ (EEC).

The equilibrium equivalent concentration ¢, can be calculated from the activity concentrations of the
progeny by the equation

Ce=zki'ci with ; :(81/11)/2(81/11) (4.6.1)

The factors £; are given in Tables 4 and 5 and it is

for radon progeny: e = 0.106 cpyo1s + 0.513 cppas + 0.381 cjna + 6 X 107 CPo-214 (4.6.2)
and for thoron progenies: Ce = 7 X 10_6 Cpo-216 +0.913 Cpb-212 +0.087 Cgi212 T 8 X 10_12 Cpo-212 (463)

Obviously, the radionuclides *'°Po, *'*Po and *'*Po can be ignored when calculating c, because of their
very low k—values.

The equilibrium factor F is defined as the quotient of the equilibrium equivalent concentration and the
activity concentration of the parent nuclide, radon, in air.

Fecolca (4.6.4)

The value of F ranges from 0 to 1 and is a measure to what extent radioactive equilibrium between radon
and its progeny is obtained. Mostly this is not the case and often a mean value of 0.4 is convenient for the
situation in homes.

The unattached progeny in air which are not attached to aerosols is also of special interest. The
unattached fraction f,, is defined by the relative fraction of the total potential alpha energy concentration
which stems from progeny in air which are not attached to aerosols. It is

f
C

fo= = (4.6.5)
Cp c. +c

where ¢ is the potential alpha energy concentration of the progeny attached to aerosols, c; is that of the

unattached fraction and ¢, is the sum of both parts.
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Inhalation exposure of individuals

The exposure of an individual to radon progeny P, is defined as the time integral of the potential alpha
energy concentration ¢, in air to which the individual is exposed.

P(T)= jcp (¢)ds (4.6.6)

where T is the period of the exposure. A similar integral is given if the equilibrium concentration c.(¢) is
taken for integration. It is then called the equilibrium equivalent exposure P{(T):

P(T)= jce (¢)de (4.6.7)

The potential alpha energy exposure P, is often expressed in terms of working level month (WLM),
even if not recommended for further use. This quantity has been introduced especially for specifying
occupational exposure and a fixed time period 7 of 170 hours has therefore been chosen equal to a mean
monthly working time. The relation to SI-units (see Table 4.1) is given by | WLM =3.54x 107> Jhm™ =
221x10""MeVhm™,

4.7 Quantities for internal dosimetry

Internal exposure means an exposure by ionising radiation emitted from radionuclides incorporated and
distributed in the body. A direct measurement of doses in a human body is not possible. For internal
exposure there are, therefore, no specific operational dose quantities defined. In contrast to external
monitoring usually the committed tissue or organ equivalent doses and committed effective dose are
determined (period of 50 y for workers and a period up to the 70" year of life for members of the public
including children) and complex compartment models are used to describe the long term biokinetic
behaviour of the radionuclides in the human body (see Chapt. 7). The committed tissue and organ
equivalent doses of an individual are usually determined by external measurements, e.g. activity
concentration of specific radionuclides in the air, specific activity of food and water or contamination of
the skin, and the application of calculated dose conversion coefficients (often called dose coefficients)
which have been published for inhalation, ingestion and intake through the skin for a large number of
radionuclides (see Chapter 7). Measured excretion data are usually used to estimate the intake of
radionuclides subsequently and then conversion coefficients are applied to evaluate doses.

The intake of radionuclides by inhalation, ingestion or through intact or wounded skin or the excretion
by exhalation, urine, faeces etc, is determined in terms of measurable quantities. These are often activity
concentrations in air , ¢peice (in terms of Bq m™), and inhalation frequencies or inhaled activities, the
specific activity of solids and liquids, a (in terms of Bq kg'), the amount of ingested radioactive
substances or their specific activity in excretions. Further details are given in Chapter 7.

In cases where radionuclides emit high energy y-rays their distribution in the body may be determined
by external measurements of y-rays with a whole-body counter (large y-detectors well shielded against
radiation from the environment) in combination with computer codes simulating the photon absorption in
the body.
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4.8 Limits, constraints, action levels

The system of radiation protection as recommended by the ICRP [9111] is based on the following
principles (see also Chapter 1):

a) No practice involving exposure to radiation should be adopted unless it produces sufficient benefit to
the exposed individuals or to society to offset the radiation detriment it causes (principle of
Justification).

b) In relation to any particular source within a practice, the magnitude of individual doses, the number
of people exposed, and the likelihood of incurring exposures where these are not certain to be
received should all be kept as low as reasonably achievable, economic and social factors being taken
into account. This procedure should be constrained by restrictions on the doses to individuals (dose
constraints), or the risks to individuals in the case of potential exposures (risk constraints), so as to
limit the inequity likely to result from the inherent economic and social judgements (the optimisation
of protection).

c) The exposure of individuals resulting from the combination of all the relevant practices should be
subject to dose limits, or to some control of risk in the case of potential exposures. These are aimed at
ensuring that no individual is exposed to radiation risks that are judged to be unacceptable from these
practices in any normal circumstances. Not all sources are susceptible of control by action at the
source and it is necessary to specify the sources to be included as relevant before selecting a dose
limit (individual dose and risk limits).

Generally, radiation protection takes care of exposure situations and doses which are relevant for the
health of the persons involved or may not be ignored compared to the normal exposure from natural
radiation sources. This means that there should exist a dose level below which exposures from
radionuclides or other radiation sources may not be taken care of and where no regulations are necessary,
independent of the fact that, in principle, any radiation may induce cancer or genetic defects. The ICRP
sees such a dose range below a few tens of uSv (committed dose or dose per year) for a single individual
which is about 1/100 of the normal exposure from natural sources in the environment. Often an upper
boundary of 10 uSv (committed dose or dose per year) is used to decide if further investigations or
actions are necessary.

Usually the human exposures are classified in three different categories.

The first is called occupational exposure which means any exposure incurred at work and principally
as a result of situations which can be reasonably regarded as being in the responsibility of the operating
management. It also includes potential exposures where the probability of a future exposure due to
planned work forces may be estimated [9711].

Medical exposures describe the exposure of patients during diagnostic and treatment. While medical
exposures are intended to provide a direct benefit to the patient, the practice should be justified and
optimized with respect to applied doses and the medical benefit.

Public exposures are all exposures other than occupational or medical exposures. Public exposures
include environmental exposures due to natural sources in the environment, e.g. natural actinides, radon,
potassium-40 and cosmic radiation, but also those exposures due to artificial sources where the target
group is the general population (details are given in Chapter 11). Examples are the broadly distributed
radionuclides from the nuclear bomb test in 1950 to 1970 and the contamination due to the Chernobyl
accident.
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Dose limits

Dose limits have been recommended by the ICRP [9111] for occupational exposure and for exposures to
the public. They are given in terms of effective dose and few organ equivalent doses, always summed
over a given period. The limits apply to the sum of the relevant doses from external exposure in the
specified period (often one year) and from intakes of radionuclides in the same period. The corresponding
internal dose is the 50-year committed dose (for occupational exposure) or the committed dose up to the
age of 70 years (for members of the public). For public exposures the scope of these limits are restricted
to doses incurred as the result of practices. Doses incurred in situations where the only protective action
takes the form of an intervention are not included in system of dose limits (see action levels). Radon,
thoron and their progeny in open air or in houses, natural radionuclides already in the environment and
cosmic radiation on ground, are examples of those situations.

While these dose limits are called primary limits, for practical reasons further limits (secondary or
derived limits) are specified which are given in terms of operational or other quantities and derived from
the primary limits. They are applied, for example, to define control or prohibited areas or annual limits of
intake (ALI) of radionuclides. The ALI values which are specific for each radionuclide considered are
also based on the committed dose for the same periods as mentioned above.

The primary dose limits internationally recommended by ICRP [9111] and the IAEA [961A] are given
below. Many, but not all countries have transferred these values into their national legislation and
regulations. Some countries have either less or more restrictive regulations. As a consequence, the legal
dose limits may, therefore, be different in different countries.

For occupational exposure the effective dose is limited to 20 mSv per year averaged over 5 years (100
mSy in 5 years) with the further provision that the effective dose should not exceed 50 mSv within any
single year. This limit avoids any deterministic effects of exposures and limits the stochastic effects to a
risk level of about 10~. For internal exposure the committed dose limit is restricted to 20 mSv in each
year and the annual limit of intake (ALI) is related to this value.

For women, when pregnancy has been declared, the embryo and foetus should be protected by
applying for external exposure an additional equivalent dose limit to the surface of its abdomen of 2 mSv
for the remaining period of the pregnancy and limiting the intake of radionuclides to 1/20 of the annual
limit of intake.

The detriment due to external weakly penetrating radiation mainly concerns the skin or the eye lens.
In order to avoid deterministic effects the skin dose is, therefore, additionally limited to 500 mSv per year
(averaged over any 1 cm?, regardless of the area exposed) and the dose to the eye lens to 150 mSv per
year. For the same reason, the annual equivalent dose to the extremities (hands, feet) is also limited to 500
mSv.

The approach for choosing dose limits to the public may be either based on the same ideas as for
occupational exposure considering, however, the fact of the large number of persons involved or on the
judgement on the existing dose level from natural radiation sources and its variation in different places
where no influence on the health detriment of the population has been observed.

For public exposure from sources given in practices, the ICRP has recommended a limitation of the
effective dose to 1 mSv per year. In special circumstances, however, a higher value may be allowed in a
single year if the average over 5 years does not exceed 1 mSv per year. The ICRP has also defined
additional annual limits for the skin and the eye lenses which are 1/10 of the value recommended for
workers (50 mSv averaged over any 1 cm® of the skin and 15 mSv for the lens of the eye).

Dose constraints

The control of public exposure in normal situations is usually performed by the application of controls at
the different sources applying procedures of constrained optimisation and the use of prescriptive limits. A
dose constraint, which is a value of individual dose from a defined source, should be used in the
optimisation of protection to exclude protection options that would result in individual doses exceeding
the constraint. Dose constraints are an integral part of the optimisation of protection and are thus
prospectively. They are not, however, limits to be applied retrospectively.
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The above mentioned annual limit for occupational exposure means implicitly that the dose constraint
for optimisation should not exceed 20 mSv per year. It is often convenient to define a homogeneous
group of persons — a critical group — which are assumed to be most highly exposed by the single source
considered and to apply the dose constraint to the mean dose in that critical group.

For medical exposures no dose limits have been recommended because a radiotherapy or diagnostic
treatment should always provide a direct benefit to the patient. The choice of the practice and its
performance should be optimized with respect to applied doses and the medical benefit.

In order to characterize good medical practice and to enable quality assurance programs for use in
these cases, it is helpful to define constraints or reference values based on the actual state of the art of the
various investigations and procedures. Such values are especially given in the various practices of
diagnostics with X-rays and radionuclides.

Action levels

While for the situation of occupational exposures generally dose limits are defined, there are other
situations where the only protective action takes the form of an intervention, e.g. in cases of public
exposure in areas of high level of natural radiation or in areas contaminated because of former human
activities or accidents like e.g. nuclear bomb testing or the Chernobyl accident.

For intervention situations action levels may be defined which specify dose levels or an activity
concentration in air or the specific activity in materials of the environment which are of concern with
respect to public exposure. If such a level is exceeded, this should initiate measures for a reduction of the
exposure and different action levels may define different measures characterising the strength of the
necessary intervention.

While for public exposure from sources given in practices, a dose limit of 1 mSv per year is
recommended which is in the order of the natural background exposure excluding radon, action levels for
initiating protection measures to the public are mostly higher, depending on the strength of the
recommended measures.

A typical case for the definition of action levels is the exposure by radon and its progenies. Radon is
always present in the environment and may appear in higher concentrations at specific work places or in
homes. For radon, however, the specification of a dose level for actions is relatively complex because the
dose coefficient relating a mean radon concentration at a place to an effective dose value depends on the
mean equilibrium factor F (see 4.6.2) and the mean annual time people stay at this place. Furthermore, the
coefficient is mainly based on modelling and includes a large uncertainty (see Chapt. 7). Mostly the radon
action levels are given in terms of Bqm™ or Bqm™ h.

For occupational exposure with the assumption of 2000 h at work and a mean equilibrium factor of
0.4 a conversion factor of 156 Bq m™ mSv™' or 62 Bq m(EEC)mSv™', respectively, is given [9411].
Actions for reducing the radon concentration at a work place may be performed if the mean annual radon
concentration is in the range from 500 Bq m™ to 1500 Bq m™ (1000 Bq m™ corresponds to about 6 mSv
per year for 2000 h at work and F = 0.4). A mean annual concentration of 3000 Bq m™ corresponds to
about 20 mSv per year which is equal to the dose limit for occupational exposure.

For public exposure in dwellings a conversion factor of 58 Bq m™ mSv™' or 23 Bq m(EEC)mSv ™",
respectively, is given [9411] under the assumption that a person stays 7000 h per year in the house (with '
= 0.4 in the house) and the other time in free air (with a low radon concentration). Action levels are
recommended by the ICRP also for this case. They are based on the following ideas. There exists a range
of normal mean radon concentrations in dwellings where no actions are necessary or useful. For existing
houses with higher mean concentrations actions for reducing such values should be considered. Future
houses should be designed to stay within the normal range. Because of the very different situation in the
various regions regarding the natural radon concentration in the ground and hence in houses, local
recommendations or regulations may differ strongly in the different countries. The ICRP has specified an
upper boundary of the normal mean radon concentration in dwellings with 200-400 Bq m™ depending on
the regional situation.
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Another situations which may occur are emergencies where people or the government needs advice
what type of actions are necessary under given or expected exposures, e.g. staying at home, avoiding to
eat fresh vegetables or drink fresh milk or leaving a defined area for some time. Such a situation is also a
type of intervention where action levels may be defined in national regulations like those mentioned
above. Principles and more detailed information are given in ICRP Publication 63 [9314]. For immediate
emergency situations there may also dose values be given for fireman and other rescue personnel in order
to restrict their risks due to an exposure. Dose levels may be defined which should not be exceeded in one
case or annually or in life time.

Landolt-Bornstein
New Series VIII/4



4 Radiological quantities and units 4-27

4.9 References

73Jac

7711

8011
8511

8611

8811

91BI

9111

9311

9312

9313

9314

93Se

9411

9412

961A

9611

9711

9811

9812

98NN

99Ch

oon

0111

Jacobi, W.: The concept of effective dose - a proposal for the combination of organ doses.
Radiat. Environ. Biophys. 12 (1975) 101.

ICRP: Recommendations of the international commission on radiological protection. ICRP
Publication 26, Ann. ICRP 1 (3) (1977).

ICRU: Radiation quantities and units. ICRU Report 33, Washington, 1980.

ICRU: Determination of dose equivalents resulting from external radiation sources. ICRU
Report 39. Bethesda, MD: ICRU Publications, 1985.

ICRU: The quality factor in radiation protection. ICRU Report 40. Bethesda, MD: ICRU
Publications, 1986.

ICRU: Measurement of dose equivalents from external radiation sources, Part 2. ICRU Report
43, Bethesda, MD: ICRU Publications, 1988.

Bureau International des Poids et Mesures: Le Systéme International d Unités (SI). 6™ edition.
Pavillon de Breteuil, Sevres, 1991.

ICRP: Recommendations of the international commission on radiological protection. ICRP
Publication 60, Ann. ICRP 21 (1-3) (1991).

ICRU: Quantities and units in radiation protection dosimetry. ICRU Report 51. Bethesda, MD:
ICRU Publications, 1993.

International Organisation for Standardisation: ISO Standards Handbook, Quantities and Units,
3" edition, Geneva: International Organisation for Standardisation, 1993.

ICRP: Age-dependent doses to members of the public from intake of radionuclides: Part 2
Ingestion Dose Coefficients. ICRP Publication 67, Ann. ICRP 23 (4) (1993).

ICRP: Principles for intervention for protection of the public in a radiological emergency.
ICRP Publication 63, Edited by ICRP, 1993.

Seltzer, S.M.: Calculation of photon mass energy-transfer and mass energy-absorption
coefficients. Radiat. Res. 136 (1993) 147.

ICRP: Protection against Radon-222 at home and at work. ICRP Publication 65, Ann. ICRP 23
(2) (1994).

ICRP: Dose coefficients for intakes of radionuclides by workers. ICRP Publication 68, Ann.
ICRP 24 (4) (1994).

IAEA: International basic safety standards for protection against ionizing radiation an for the
safety of radiation sources. Safety Series No. 115, International Atomic Agency, Vienna, 1996.
ICRP: Conversion coefficients for use in radiological protection against external radiation.
ICRP Publication 74, Ann. ICRP 26 (3-4) (1996).

ICRP: General principles for the radiation protection of workers. ICRP Publication 75, Ann.
ICRP 27 (1) (1997).

ICRU: Fundamental quantities and units. ICRU Report 60. Bethesda, MD: ICRU Publications,
1998.

ICRU: Conversion coefficients for use in radiological protection against external radiation.
ICRU Report 57. Bethesda, MD: ICRU Publications, 1998.

NNDC: Nuclear Data, Decay Radiations. National Nuclear Data Center, Brookhaven National
Laboratory, Upton, NY, 1998.

Chadwick, M.B., Barshall, H.H., Caswell, R.S., DeLuca, P.M., Hale, G.M., Jones, D.T.L.,
MacFarlane, R.E., Meulders, J.P., Schuhmacher, H., Schrewe, U.J., Wambersie, A., Young,
P.G. A.: Consistent set of neutron kerma coefficients from thermal to 150 MeV for biologically
important materials. Med. Phys. 26 (6) (1999) 974.

ICRU: Nuclear data for neutron and proton radiotherapy and for radiation protection. ICRU
Report 63. Bethesda, MD: ICRU Publications, 2000.

ICRU: Determination of operational dose equivalent quantities for neutrons. ICRU Report 66,
J.ICRU 1 (3) (2001).

Landolt-Bérnstein
New Series VIII/4



	PREVIOUS DOCUMENTFILE
	NEXT DOCUMENTFILE
	 
	Springer
	LB-Home
	Contents: 
	Title Page, Preface, Authors, Table of Contents
	Title Page
	Preface
	Contributors
	Table of Contents

	1  The development of the organizational and the conceptual basis of radiological protection  (A. Kaul, D. Becker)
	2  Biological effects of ionising radiation  (J.W. Stather, H. Smith)
	2.1  Introduction
	2.2  Cellular effects
	2.2.1  Primary events following exposure to ionising radiation
	2.2.2  Cellular damage and repair following the primary radiation events
	2.2.3  Classification of radiation-induced damage
	2.2.4  Implications of cellular damage for whole or partial body exposure

	2.3  Deterministic effects
	2.3.1  Tissue and organ development
	2.3.2  Dose-response relationships for radiation damage
	2.3.3  Deterministic effects in humans following acute whole-body irradiation
	2.3.4  Deterministic effects following partial body irradiation

	2.4  Radiation-induced cancer
	2.4.1  Cancer development
	2.4.2  Dose-response relationships
	2.4.3  Exposures to external radiation
	2.4.4  Exposure to internally incorporated radionuclides
	2.4.5  Dose and dose rate effectiveness factors (DDREFs)
	2.4.6  Risk coefficients for protection
	2.4.7  Low dose studies

	2.5  Hereditary disease
	2.5.1  Categories of genetic damage
	2.5.2  Risk coefficients for hereditary disease

	2.6  Irradiation in utero
	2.6.1  Deterministic effects
	2.6.2  Brain function
	2.6.3  Risk coefficients for cancer
	2.6.4  Hereditary disease

	2.7  Summary of risk factors for cancer and hereditary disease
	2.8  Conclusions
	2.9  References

	3  Physical fundamentals  (H. Klewe-Nebesius, H.J. Gils)
	3.1  Natural radioactivity
	3.2  Elements, isotopes and radionuclides
	3.2.1  Atoms, electrons and the Periodic Table of Elements
	3.2.2  Atomic nuclei, nuclides and the Chart of Nuclides

	3.3  The structure of the atomic nucleus
	3.3.1  Elementary particles
	3.3.2  Nuclear transformations

	3.4  Radioactive decay
	3.4.1  Basic properties
	3.4.2  Decay modes
	3.4.3  The natural radioactive decay families

	3.5  Radioactive radiation
	3.5.1  Types of radiation
	3.5.2  Physical properties of radiation

	3.6  Nuclear fission and fission products
	3.6.1  Particle induced nuclear fission
	3.6.2  Fission products
	3.6.3  Nuclear reactors
	3.6.4  Nuclear explosives
	3.6.5  Radioactive inventory and nuclear waste
	3.6.6  Release of radionuclides from the radioactive inventory of a nuclear reactor

	3.7  References

	4  Radiological quantities and units  (G. Dietze)
	4.1  Introduction
	4.2  Radiation field quantities
	4.2.1  Scalar radiation field quantities
	4.2.2  Vectorial radiation field quantities

	4.3  Interaction coefficients and quantities
	4.3.1  Cross section
	4.3.2  Mass attenuation coefficient and mass energy transfer coefficient
	4.3.3  Mass stopping power and linear energy transfer (LET)
	4.3.4  Mean energy expended in a gas per ion pair formed

	4.4  Quantities related to energy transfer
	4.4.1  Stochastic quantities
	4.4.2  Non-stochastic quantities

	4.5  Dose quantities in radiation protection
	4.5.1  Concept of radiation protection quantities
	4.5.2  Protection quantities
	4.5.3  Operational quantities

	4.6  Radioactivity quantities
	4.6.1  Activity, specific activity, activity concentration, activity per area
	4.6.2  Specific quantities for radon, thoron and their progeny

	4.7  Quantities for internal dosimetry
	4.8  Limits, constraints, action levels
	4.9  References

	5  Shielding against ionizing radiation  (Y. Harima, K. Hayashi, H.-G. Vogt)
	5.1  Introduction
	5.2  Stopping power and range
	5.3  Penetration depths of charged particles
	5.3.1  Heavy charged particles
	5.3.2  Electrons and positrons

	5.4  Photons
	5.4.1  Basic shielding concept
	5.4.2  Attenuation data of radioactive sources in shielding materials
	5.4.3  An example of the calculation of an ambient dose equivalent rate

	5.5  Neutrons
	5.5.1  Basic shielding concepts
	5.5.2  Attenuation data of various neutron sources in shield material
	5.5.3  Sample shield calculation
	5.5.4  Induced activity

	5.6  Computer codes and online nuclear data services
	5.7  References
	5.8  Appendix

	6  External dosimetry  (H. Paretzke, N. Petoussi-Henss)
	6.1  Protection and operational quantities
	6.1.1  Protection quantities
	6.1.2  Operational Quantities

	6.2  Dosimetric models
	6.2.1  Models and phantoms of the human body
	6.2.2  Idealized geometries representing occupational exposures
	6.2.3  Environmental source geometries
	6.2.4  Methods of calculating protection quantities in computational models

	6.3  Conversion coefficients for photons
	6.3.1  Occupational
	6.3.2  Conversion coefficients for environmental gamma ray fields

	6.4  Conversion coefficients for neutrons
	6.5  Conversion coefficients for electrons
	6.5.1  Occupational exposure
	6.5.2  Environmental exposure

	6.6  Doses from external exposure of radionuclides in the environment
	6.7  References

	7  Internal dosimetry of radionuclides  (K.F. Eckerman, N. Ishigure, A. Phipps, J.W. Stather)
	7.1  Introduction
	7.2  Biokinetics of radionuclides in the body
	7.2.1  Inhalation
	7.2.2  Ingestion
	7.2.3  Cuts and wounds
	7.2.4  Absorption through intact skin
	7.2.5  Systemic behaviour of radionuclides
	7.2.6  Excretion
	7.2.7  Embryo and foetus
	7.2.8  Transfer in maternal milk

	7.3  Dosimetric models
	7.3.1  Introduction
	7.3.2  Absorbed fraction and specific absorbed fraction
	7.3.3  Computational models of the human anatomy
	7.3.4  Dose rate per unit activity, S-factor
	7.3.5  Specific absorbed fractions for various radiations
	7.3.6  Calculation of doses to soft tissues and the skeleton

	7.4  Dose coefficients
	7.4.1  Method of calculation
	7.4.2  Sources of dose coefficients
	7.4.3  Dose coefficients for selected radionuclides

	7.5  Internal monitoring
	7.5.1  Methods of individual monitoring

	7.6  Monitoring Programme
	7.6.1  Need for a monitoring programme
	7.6.2  Routine monitoring
	7.6.3  Special or task-related monitoring
	7.6.4  Confirmatory monitoring
	7.6.5  Wound monitoring

	7.7  Dose Assessment
	7.7.1  Estimation of intake and dose
	7.7.2  Control of worker doses

	7.8  Monitoring data for radionuclides (H-3, Co-60, Sr-90, Ru-106, I-131, Cs-134, Cs-137, Ce-144, U-234, Pu-239, Am-241)
	7.9  References

	8  Decontamination  (A. Kaul, M. Lasch)
	8.1  Decontamination of materials
	8.1.1  General approaches to decontamination
	8.1.1.1  Contamination
	8.1.1.2  Characteristics of oxide layer in BWRs and PWRs
	8.1.1.3  Other types of contamination
	8.1.1.4  Decontamination
	8.1.1.5  The use of decontamination in decommissioning
	8.1.1.6  Identification of decontaminable components
	8.1.1.7  Effectiveness of decontamination, decontamination factor
	8.1.1.8  Decontamination techniques (processes)
	8.1.1.9  Decontamination and secondary waste generation

	8.1.2  Decontamination techniques for large volume closed systems
	8.1.2.1  Reactor decontamination in BWRs and PWRs
	8.1.2.2  Fuel assemblies and decontamination
	8.1.2.3  Decontamination of sodium cooled systems
	8.1.2.3  Gas cooled reactors (WAGR)

	8.1.3  Decontamination techniques for segmented parts
	8.1.3.1  Chemical decontamination
	8.1.3.2  Electrochemical decontamination
	8.1.3.3  Jetting decontamination techniques
	8.1.3.4  Ultrasonic decontamination
	8.1.3.5  Decontamination by foams
	8.1.3.6  Decontamination by gels
	8.1.3.7  Decontamination by pastes
	8.1.3.8  Mechanical decontamination techniques
	8.1.3.9  Decontamination by strippable coatings
	8.1.3.10  Melting

	8.1.4  Decontamination techniques for building surfaces

	8.2  Decontamination of skin
	8.2.1  Introduction
	8.2.2  Transport of radioactive substances via the skin
	8.2.2.1  Anatomy of the skin
	8.2.2.2  Transport procedure

	8.2.3  Skin dose at contamination
	8.2.3.1  Calculation of the equivalent dose to the skin
	8.2.3.2  Equivalent dose rate conversion coefficients

	8.2.4  Decontamination measures
	8.2.4.1  Organisational and preliminary measures
	8.2.4.2  First aid measures of skin decontamination
	8.2.4.3  Specific decontamination procedures
	8.2.4.4  Decontamination of specific body regions and organs

	8.2.5  Procedure at residual contamination and fixing a reference value
	8.2.5.1  Frequency of decontamination steps
	8.2.5.2  Derivation of the reference value for residual contamination


	8.3  References

	9  Decorporation of radionuclides  (G.N. Strandling, D.M. Taylor)
	9.1  Introduction
	9.2  General considerations
	9.2.1  Factors affecting the efficacy of treatment
	9.2.2  Factors influencing treatment decisions
	9.2.3  Decision levels
	9.2.4  Perception of risk and its implications
	9.2.5  Approaches to treatment

	9.3  Methods of treatment
	9.3.1  Non-specific procedures
	9.3.2  Procedures to enhance systemic radionuclide excretion

	9.4  General comments on the efficiacy of chelating agents for the actinides
	9.4.1  What are the factors that govern the efficacy of chelating agents ?
	9.4.2  Can the efficacy of treatment be predicted from animal studies ?
	9.4.3  Are chelating agents always most effective when the radionuclides are present in circulating blood ?
	9.4.4  Is DTPA effective for all actinides ?
	9.4.5  Will the administration of chelating agents result in enhanced tissue deposition ?
	9.4.6  Is the administration of sodium carbonate effective for uranium ?
	9.4.7  Must chelating agents be administered promptly to be effective ?
	9.4.8  Is intravenous injection the best mode of administration ?
	9.4.9  How can judgements on efficacy be made ?
	9.4.10  When should treatment start ?
	9.4.11  When should treatment stop ?
	9.4.12  For which materials are chelating agents likely to be effective ?
	9.4.13  For which materials are chelating agents unlikely to be effective ?
	9.4.14  Is lung lavage more effective than chelation treatment for inhaled materials ?

	9.5  Recent developments
	9.5.1  Plutonium and americium
	9.5.2  Thorium
	9.5.3  Uranium

	9.6  Optimum treatment protocols
	9.6.1  Tritium
	9.6.2  The alkaline earth elements, strontium, barium and radium
	9.6.3  Iodine
	9.6.4  Caesium
	9.6.5  Plutonium and americium
	9.6.6  Thorium
	9.6.7  Uranium

	9.7  Future research needs
	9.8  References

	10  Measuring techniques
	10.1  Detectors for radiation protection  (G. Brix, W. Weiss)
	10.1.1  Overview and general characteristics of radiation detectors
	10.1.2  Gas-filled ionization detectors
	10.1.2.1  Ionization and gas amplification
	10.1.2.2  Ionization chambers
	10.1.2.3  Proportional counters
	10.1.2.4  Geiger-Müller counters

	10.1.3  Scintillation detectors
	10.1.4  Semiconductor detectors
	10.1.5  Thermoluminescence and radiophotoluminescence detectors
	10.1.6  Photographic films
	10.1.7  Detectors for neutrons
	10.1.8  Biological dosimetry
	10.1.9  References for 10.1

	10.2  Radiological protection measurements: external exposure  (G. Dietze)
	10.2.1  Operational quantities
	10.2.2  Reference levels
	10.2.3  Types of exposure
	10.2.3.1  Occupational exposure
	10.2.3.2  Public exposure

	10.2.4  Types of monitoring programs
	10.2.4.1  Individual monitoring for external exposure
	10.2.4.2  Area monitoring for external exposure
	10.2.4.3  Calibration

	10.2.5  Requirements for individual monitoring of external exposure
	10.2.5.1  Operational requirements
	10.2.5.2  Accuracy requirement

	10.2.6  Personal dosimeters for individual monitoring in different radiation fields
	10.2.6.1  Photon dosimetry
	10.2.6.2  Beta dosimetry
	10.2.6.3  Neutron dosimetry
	10.2.6.4  Dosimetry in mixed field situations (photons and neutrons)

	10.2.7  References for 10.2

	10.3  Radiological protection measurements: internal exposure
	10.3.1  Measurement of radon and its progeny  (G. Dietze)
	10.3.1.1  Measurement of radon in air
	10.3.1.2  Measurement of radon progeny in air
	10.3.1.3  Measurement of radon in the ground and in water
	10.3.1.4  References for 10.3.1

	10.3.2  In vivo measurements  (H.-R. Doerfel)
	10.3.2.1  Introduction
	10.3.2.2  Requirements
	10.3.2.3  Principles of ? spectrometry
	10.3.2.4  Equipment
	10.3.2.5  Spectrum evaluation
	10.3.2.6  Measuring geometries
	10.3.2.7  Calibration
	10.3.2.8  Uncertainties and detection limits
	10.3.2.9  Measurement procedure
	10.3.2.10  Quality assurance and control
	10.3.2.11  References for 10.3.2

	10.3.3  In vitro measurements: excretion analyses  (A. Dalheimer)
	10.3.3.1  Introduction
	10.3.3.2  Urine samples
	10.3.3.3  Faeces samples
	10.3.3.4  Exhalation
	10.3.3.5  Other biological samples
	10.3.3.6  Radiochemical analyses
	10.3.3.7  Measuring techniques
	10.3.3.8  Quality assurance
	10.3.3.9  Examples for dose estimations from in vitro measurements
	10.3.3.10  References for 10.3.3



	11  Exposures from natural radiation sources  (A. Kaul)
	11.1  Introduction
	11.2  Exposures by cosmic radiation and cosmogenic radionuclides
	11.2.1  Origin and kinds of cosmic radiation
	11.2.2  Exposures by cosmic radiations

	11.3  Terrestrial radiation
	11.3.1  External exposures
	11.3.2  Internal exposures

	11.4  Enhanced exposures form industrial activities
	11.5  Worldwide average exposure from natural and man-made sources
	11.6  References


