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A generalized definition of dosimetric quantities*

A. M. KELLERER+tf and H. H. ROSSI§

tInstitut fir Medizinische Strahlenkunde der Universitat Wirzburg,
Versbacher Strasse 5, D-8700 Wiirzburg, FRG
§105 Larchdale Ave., Upper Nyack, NY 10960, USA

The current definitions of microdosimetric and dosimetric quantities use the
notion of ‘ionizing radiation’. However, this notion is not rigorously defined,
and its definition would require the somewhat arbitrary choice of specified
energy cut-off values for different types of particles. Instead of choosing fixed
cut-off values one can extend the system of definitions by admitting the free
selection of a category of types and energies of particles that are taken to be part
of the field. In this way one extends the system of dosimetric quantities. Kerma
and absorbed dose appear then as special cases of a more general dosimetric
quantity, and an analogue to kerma can be obtained for charged particle fields; it
is termed cema. A modification that is suitable for electron fields is termed
reduced cema.

1. Introduction

The International Commission cn Radiation Units and Measurements (ICRU)
has always seen it as a central part of its responsibilities to extend the quantitative
tools of radiation dosimetry and radiation biology. The historical transition from
the earlier radiation units and quantities to exposure and then to absorbed dose, and
the introduction of the International System of Units into radiation dosimetry
attest to this aim. The formulation of concepts that specify the quality of a radiation
with regard to the microscopic and macroscopic spatial patterns of energy depo-
sition has been a further aspect of particular importance to radiation biology and
radiation protection. In the work of ICRU it is reflected by the formal introduction
of the concepts of microdosimetry into the system of basic radiation quantities
(ICRU-1980, 1983), and by the recent definition of the new radiation protection
quantities, such as ambient dose-equivalent or directional dose-equivalent (ICRU
1985, 1988).

The focus of this symposium is on the microdosimetric quantities and their use
in radiation biology, radiology and radiation protection. Microdosimetry criginated
about 30 years ago, but it is still in a state of development and expansion that seems
to set it apart from the classical areas of dosimetry where few, if any, changes of
basic quantities are still expected. The introduction of the ‘stochastic’ radiation
quantities may, however, not be the last major change in the conceptual framework
of dosimetry. This initial contribution to the symposium deals with a basic defect at
the very outset of the system of definitions of ICRU that leads from the individual
energy exchanges in particle interactions to the inchoate energy distribution, to
energy imparted, to specific energy, and finally to the various conventional
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dosimetric quantities. It will be seen that the definition of the concept of ionizing
radiation lacks rigour; but it will also be recognized that this lack of rigour is a
necessary consequence of the fact that the current set of microdosimetric and
dosimetric quantities is merely a subset of a broader system of quantities. A brief
consideration of the generalized definitions will lead to certain useful intermediate
dosimetric quantities, but the generalized formulation will also serve the second
major responsibility of ICRU, which is the constant attempt at unification that
needs to accompany the emergence of new or modified quantities.

2. A problem in the definition of ionizing radiation

The joint basis of all microdosimetric and dosimetric quantities is the notion of
ionizing radiation. This notion is seemingly simple; ionizing radiation is stated to
consist of uncharged or charged particles capable of ionizing matter (ICRU 1980).
On closer examination one recognizes the deficiencies of this definition. Whether a
radiation is ionizing or not depends on the exposed material, and any actual
definition therefore requires an arbitrary choice. The difficulty goes deeper; one can
choose a material, e.g. biological tissue, but there is no rigorous definition of the
process of ionization in a condensed material. An actual substrate contains at least
some shallow energy levels that permit ionization even by low-energy electrons;
there is thus no defined lower-energy limit for the process.

One concludes that ‘ionization’ is not a suitable notion for the definition of
‘lonizing radiation’. A pragmatic definition requires, instead, a chosen cut-off
energy for a given type of particle. Such a convention remains arbitrary, but it is at
least well defined.

The current system of definitions by ICRU implies the need to choose a cut-off
energy, but does not make a choice. The resulting uncertainty is a matter of some
practical concern, since it can lead to substantial differences in microdosimetric
computations with charged particle simulation codes. However, it is more signifi-
cant as an indication that the system of basic definitions ought to be generalized.
Instead of choosing one specific cut-off energy—e.g. within the range 2-15eV for
electrons—one can do the opposite and consider the modified system of definitions
that results from an entirely free choice of cut-off energies for different types of
particles. In effect this amounts to replacing the notion of a field of ionizing
radiation by that of ‘reduced’ fields that include only a stated category, K, of
particles and particle energies. The resulting generalizations of quantities such as
energy deposit, energy imparted, specific energy, or finally absorbed dose will not be
given here; the reader is instead referred to a more detailed account (Kellerer and
Rossi, manuscript in preparation). But the general concept will be exemplified by
the subsequent consideration of kerma and of analogous intermediate dosimetric
quantities.

3. Kerma as an intermediate dosimetric quantity

The interaction of ionizing radiation with matter can be seen as a series of
successive random steps of energy degradation. Neglecting certain pathways that
are often of minor importance one can, for example, say that fast neutrons degrade
their kinetic energy by converting it stepwise into kinetic energy of charged recoils.
The charged recoils, in turn, convert in successive interactions part of their kinetic
energy into kinetic energy of released delta rays and expend another part against
binding energy in the exposed material. The distribution of absorbed dose in the



Definition of dosimetric quantities 861

exposed material is determined by all steps of this degradation process. But in many
computations, and even in measurements, energy transport by the charged particles
can be disregarded. In the sense of the generalized definitions this corresponds to
accounting only for the category of uncharged particles, and instead of absorbed
dose one then obtains a quantity that is nearly equal to kerma. It differs from kerma
merely in including also the minor fraction of energy expended by the uncharged
particles against binding energy, i.e. the fraction that does not appear as kinetic
energy of the released charged secondaries.

The definition of kerma (Roesch 1958, ICRU 1980) reflects the fact that
energy transport by uncharged particles is often mainly responsible for the spatial
patterns of energy imparted, while the energy dissipation by charged secondaries
can be neglected. Kerma is a suitable intermediate dosimetric quantity under this
condition. It facilitates calculations, but, perhaps more importantly, it indicates, for
a radiation free in air or even in vacuum, a value of ‘dose’ that comes close to actual
absorbed doses in potential receptors without being dependent on the particular-
ities of a specific receptor. Its most essential role is therefore that of a reference
quantity for calibration purposes which is, unlike the specialized radiation protec-
tion quantities dose (equivalent) index, ambient dose (equivalent), or the direc-
tional dose (equivalent), independent of a selected receptor geometry.

The existence and the applicability of kerma pose the obvious question of
whether one can define an analogous intermediate dosimetric quantity for fields of
charged ionizing particles.

4. Cema

A quantity that is largely analogous to kerma can be readily defined if one deals
with charged particles other than electrons; the term ‘ions’, will be used in the
following, although such radiations as mesons or positrons are also admitted. For a
radiation field of ions one can consider the integral over the charged particle fluence
spectrum in energy, @(7), times the stopping power, I.(T):

0
C=1J o(DLDAT W
Ay N A
where p is the density of the material and @(T)dT is the fluence of particles with
energy between T and T+dT.

We will call this quantity cema (converted energy per unit mgss). In the sense of
the generalized definitions it results instead of absorbed dose when one considers
the category of all charged particles except delta rays. Where kerma disregards all
energy transport by the charged particles, cema disregards merely the energy
transport by delta rays. If one deals with high-energy radiation in space, the range
of the delta rays can be large, and cema can then substantially differ in its spatial
distribution from absorbed dose. In general, however, cema will differ less from
absorbed dose than does kerma. This is so because the delta-ray ranges are usually
short. A further characteristic difference is that charged particles—unlike photons
or neutrons—expend a considerable part of their kinetic energy directly against
binding energy in the material.

In the present context only basic aspects of the intermediate dosimetric
quantities are discussed, and the definitions are related merely to non-stochastic
variables. However, it will be evident that similar considerations apply to the
associated stochastic quantities. A microdosimetric analogue of cema has, indeed,
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been used in most microdosimetric computations for neutrons; in such calculations
energy transport by the heavy recoils is taken into account, but the energy transport
by their delta rays is usually disregarded (Caswell and Coyne, 1972). The concept
of cema can be helpful for a better classification of this and of similar
approximations.

5. The difficulty of recursive energy conversion

The cascade of energy conversions can for a radiation of uncharged particles or
of ions be conveniently subdivided into consecutive steps, but its description
becomes complicated if one includes recursive processes such as the bremsstrah-
lung by charged particles which, in turn, generates charged particles. With regard
to kerma these processes can under certain conditions be disregarded, or they can
be accounted for by minor modifications or corrections. For electrons the situation
is more difficult; they degrade all their energy either against binding energy or by
the liberation of other electrons which can ionize in turn. The integral over the
product of electron fluence times stopping power includes, therefore, part of the
total energy repeatedly. It will accordingly exceed absorbed dose by a substantial
factor. In calculations one can avoid this problem by using merely the ‘primary’
electron fluence spectrum, i.e. one can exclude the fluence of delta rays. In
measurements this is generally not possible, because the delta rays fluence extends
up to half of the maximum electron energy in the field and contributes a major part
of the total fluence. A modified quantity is then required.

The modification is based on the same concept of excluding energy dissipation
by part of the radiation field. But the category K excludes here not a type of
particles but merely electrons below a specified energy cut-off, A. The somewhat
different quantity that results will be called reduced cema; it involves the integral
over the fluence of fast electrons with energies above A times their reduced stopping
power. The reduced stopping power is the linear rate of energy loss of electrons that
excludes the kinetic energy transmitted to ‘fast’ delta rays, i.e. delta rays with initial
energy in excess of A.

At first sight the concept of reduced cema appears fairly simple and consistent
with the use of the conventional restricted LET (ICRU 1980, 1970). A closer
consideration, however, shows that restricted LET is not applicable, because it
excludes all collisions with energy loss of the electron in excess of A, rather than
excluding merely the kinetic energy of delta rays if it exceeds A. At large cut-off
values this makes little difference; at small cut-off values, however, it renders the
present concept of restricted LET unsuitable. In fact restricted LET, in its present
definition, vanishes for A=0. One needs, therefore, a modified definition of a
reduced LET that will, for the present discussion, be represented by the symbol
AA(T).

The reduced LET is the linear rate of energy loss of an electron minus the sum
of the kinetic energies of fast delta rays released per unit track length. In the limit
A =0 this concept becomes equal to a quantity that has been utilized earlier by
Spencer (1965), and also by Alm-Carlsson (1985), and that has been employed to
give a formal definition of absorbed dose for an electron field:

1 )
D=;j Ao(T)o(T)dT ®

0
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This equation is of conceptual importance but of no practical applicability, because
the integral is predominantly determined by the fluence of delta rays of very low
energy that can usually not be measured, and that is highly dependent on minor
characteristics of the receptor geometry.

The reduced cema is different in character, because it depends only on the
electron fluence above and at energy A. Without analysing it in detail one can here
state the equation that defines reduced cema in the continuous slowing down
approximation (CSDA):

0
Camsy J As(TIoAT)AT+ ML)l )
a

@.(A)L(A)/p equals in the CSDA the number of electrons per unit mass that pass
from kinetic energy in excess of A to energy below A. The last term therefore
represents the energy per unit mass of the track ends of all electrons with initial
energy in excess of A. It plays an important role also in cavity theory. In fact one
finds that the concept of reduced cema is largely equivalent to notions used earlier
in cavity theory (Spencer 1965).

6. Conclusion

Kerma and absorbed dose can be seen as special cases of a general concept that
could be called energy conversion per unit mass, C, and that is defined in terms of
energy converted from a specified category, K, of ionizing particles. If the category
is all uncharged particles, one obtains, in essence, kerma. If it is all charged particles
except delta rays, one obtains cema. If it is all ionizing particles except electrons
below a specified energy A, one obtains reduced cema. If K is all ionizing particles,
one obtains absorbed dose. The explicit definitions are not given here, but they are
entirely analogous to the present ICRU definitions (ICRU 1980) that refer to the
category of all ionizing particles.

The applicability of the new concept of cema with regard to charged particle
fields, and specifically to space radiation, is evident. Reduced cema can play a useful

been employed widely in cavity theory.

To extend these considerations to the microdosimetric quantities, i.e. to
stochastic variables, will be of similar interest, and it can be particularly helpful in
clarifying the nature and applicability of computational approximations or of
conditions of measurement.
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