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1. Introduction

The international System of Units", called SI for original French name ,,Le Systeme International",
has generally been adopted by most countries throughout the world. At present, it is commonly recog-
nised that it is necessary to distinguish between quantities and units, and to take into account whether
they reflect physical or other aspects.

While a quantity may be characterised in terms that are suitable for a numerical specification, a unit
represents a selected reference sample of a given quantity. Historically, however, much less attention
has been paid to the clear definition and specification of quantities than of units. In the past, in many
cases a unit was specified and introduced although it was not always clear what quantity it was sup-
posed to quantify. There are also examples where some units were expressed using the units of com-
pletely different quantities. For example, it is well known that a unit of electric current ampere (one of
seven base units) is specified on the basis of a force equal to 2 x 10"7 N m"1, while the definition of this
quantity represents the quotient of a charge and a time.

The are also numerous examples in dosimetry and radiation protection where primary attention was fo-
cused on a unit rather than on a corresponding quantity. Perhaps the most prominent case illustrating
this situation is associated with the introduction of a unit, called roentgen, by the ICRU in 1928 and
then in a slightly modified version in 1937. The definition said that ,,The roentgen shall be the quantity
ofx- or y radiation such that the associated corpuscular emission per 0.001293 g air produces in air
ions carrying 1 esu of quantity of electricity of either sign" It is obvious that there was no name for the
,,quantity" concerned, the word being used synonymously with ,,amount", and the nature of the quan-
tity itself was vague [1]. This question was not addressed satisfactorily until 1956 and then in 1968
when the quantity ,,exposure" was defined [2].

A similar problem was also encountered with the unit expressing the potential alpha-energy concentra-
tion called ,,working level (WL)" introduced as ,,any combination of the short-lived radon daughters in
1 liter of air that results in the ultimate release of 1.3 x 105 MeV of potential alpha energy" [3].

Another difficulty concerning quantities and units used in radiation protection stems from the fact that
quantities in this field cannot be considered as pure physical quantities but rather as bio-physical ones
[4,5]. This is nothing new: in some branches of physics such as photometry and acoustics this problem
has been recognised and the relevant units are not considered as genuine physical units but as units ex-
pressing the response of human sensors involved (spectral sensitivity of a standard eye or ear).

The present complications in radiation protection related quantities and units seem to be due mainly to
the following factors: too many quantities (e.g., even specialists may have difficulties fully under-
standing and interpreting all 17 quantities based on a dose equivalent), differences in numerical values
of ,,similar" quantities, not always satisfactory approximations of virtually immeasurable quantities by
measurable quantities, inconsistency in definitions and interpretations of quantities of some interna-
tional expert bodies, and problems of weighting and conversion factors.

2. Too many radiation protection quantities

In addition to basic dosimetry quantities, such as exposure, dose and kerma, there are many various
quantities used in radiation protection whose definitions are based on a concept of a quantity - the dose
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equivalent - related to a point in a tissue. Besides the dose equivalent and dose equivalent rate itself,
these quantities include the equivalent dose, the equivalent dose rate, the committed dose equivalent,
the collective equivalent dose, the effective dose, the effective dose rate, the committed effective dose,
the collective effective dose, the dose commitment related to the equivalent dose rate, the dose com-
mitment related to the effective dose rate, the ambient dose equivalent, the ambient dose equivalent
rate, the directional dose equivalent, the directional dose equivalent rate, and the personal dose
equivalent.

Moreover, in literature and publications which still present valuable sources of information in various
areas of radiation protection, many other old quantities were or even now are occasionally used. In
some cases, we still have to deal with such quantities as the effective dose equivalent (and other rele-
vant derived quantities), the dose-equivalent index, the maximum dose equivalent, the individual dose
equivalent, penetrating, and the individual dose equivalent, superficial.

3. Radiation weighting factor vs quality factor

Instead of accommodating the different biological effectiveness of different radiations by the quality
factor (Q), which is related to the linear energy transfer (L) or the lineal energy (y), the ICRP [6] intro-
duced a new concept, the weighting factor (wR). The fundamental difference between Q and WR is ob-
vious from their definitions: unlike Q, which characterises radiation at the point (or is averaged over an
organ) where the absorbed dose is specified, the factor WR applies to the radiation incident on the body
(or emitted by an internal source).

The multiplication of the dose in one location by a factor depending on radiation quality at another lo-
cation is biologically unreasonable and makes the equivalent dose virtually unmeasurable. This is ap-
parent especially in the case where exposure to neutrons involves the almost invariable accompanying
exposure to gamma radiation. In such conditions, in accordance with the new ICRP scheme, at any lo-
cation in the body, gamma radiation due to neutron capture will be given a factor WR applicable to
neutrons, while the same factor for the attenuated or scattered gamma radiation will be taken equal to
one. In other words, the biological effectiveness in neutron exposures remains constant with depth in
the body despite the increasing contribution by capture gamma radiation, which is evidently in contra-
diction to the generally accepted judgement [7].

4. Effective dose vs effective dose equivalent

The quantity effective (E) dose introduced by the ICRP [6] is supposed to replace the effective dose
equivalent (HE) proposed by the ICRP in 1977 [8]. The ICRP [6] does not recommend correcting ear-
lier values of HE in order to recalculate them into the corresponding values of E. According to the
ICRP, it is also appropriate to add values of dose equivalent to equivalent dose and values of effective
dose equivalent to effective dose without any adjustments. The fact that changes in the radiation and
tissue weighting factors in 1990 complicate the comparisons between new and earlier estimates of ex-
posure was recognised by the UNSCEAR, too. In general, the UNSCEAR in its latest report [9] has not
attempted to re-evaluate old data in terms of the new quantities, because the changes were usually con-
sidered small.

Although in the majority of common cases, the numerical values of both E and HE do not essentially
differ, there are some examples where the difference could be significant. Under certain circumstances,
this may affect both external and internal exposures, especially in the case of neutron and low-energy
photon exposures as well as in the case of internal exposure by intakes of some radioactive substances
(notably by a number of radiopharmaceuticals used in nuclear medicine).

The situation can be illustrated by the ratio E/HE for photons, neutrons and some radionuclides often
used in nuclear medicine examinations. While for all irradiation geometries for photons with energies
above 100 keV this ratio does not exceed 12%, for energies 20 - 100 keV the difference may reach
more than 100% (Fig. 1, [10]). This may affect especially the assessment of patients exposures in
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X-ray examinations where the inhomogeneity of the irradiation of individual organs is particularly sig-
nificant.

Fig. 1. A comparison between the effective dose and effective dose equivalent for several irradiation
geometries as a function of photon energy
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For neutrons the situation is usually more complex; the effective dose may be even seven times higher
than the values of HE depending on neutron energy and irradiation geometry. The situation is shown in
Fig. 2 [10].

Fig. 2. The ratio of the effective dose and the effective dose equivalent for incident neutrons for several
irradiation geometries as a function of neutron energies
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As to internal exposure, the estimations indicate that there is a significant difference in the ratios of the
effective dose to the effective dose equivalent for many typical radiopharmaceuticals [11]. Values of
the ratio for some commonly used radiopharmaceuticals may vary from about 0.6 to 2 with one excep-
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tion for mKr where it was even more than 35 [13]. The difference in the ratio of the effective dose and
the effective dose equivalent will also affect the levels of the relevant derived limits, such as for exam-
ple ALI [14,15].

5. Operational quantities vs limiting quantities

With the replacement of Q by WR as well as by the change in dependence of these factors on a linear
energy transfer (L), the relationship between the limiting quantities and the ICRU operational quanti-
ties [11] has also been changed. While in the case of photons these differences are rather small (less
than 5%), the effect of these changes is significant for neutrons where the ratio E/H*(10) may differ
almost by a factor of 2 depending on the irradiation geometry and on the neutron energy. The differ-
ence between E and personal dose equivalent Hp(d) is especially important since for some geometries
and energy range the effective dose may be underestimated using personal dosimeters calibrated in
terms of operational quantities. Moreover, the definition of Hp(d) does not lead to an unambiguous
value because its estimation depends on the person and on a position where a dosimeter is worn (on a
trunk, extremities etc.).

6. Effective dose equivalent (ICRP) vs effective dose equivalent (ICRU)

Although the quantity effective dose equivalent (HE) introduced by the ICRP [8] (for six tissues and
the remainder) is essentially going to be abandoned and replaced by the effective dose (E), the ICRU in
one of its recent reports [16] introduced a modified version of the effective dose equivalent
(considering 12 tissues and the remainder) using tissue weighting and quality factors based on the new
ICRP recommendations [6], which are apparently different from those originally considered by the
ICRP [8].

The disagreement between the ICRP and ICRU results in mystification since obviously
7 13

T=l T=l

which in some cases may cause further confusion in comparing the values of HE and E.

7. Conversion factors in radon related exposure

Radon related quantities, units and conversion factors are still based on traditional and historical termi-
nology which is in conflict with the SI system of units implemented or being introduced in most devel-
oped and industrialised countries.

The comparison of radon related exposure with the effective dose has to be based on radon related ex-
posure expressed in Bq h m'3 causing the same detriment as the effective dose given in Sv. In accor-
dance with the latest general recommendations of the ICRP [6], the health detriment per unit effective
dose is 5.6 x 10"5 mSv"1 for workers and 7.3 x 10"5 mSv'1 for the general public. On the other hand, the
detriment per unit exposure to radon progeny is 8.0 x 10"5 per (mJ h m"3) for 222Rn for both workers
and members of the public. Based on an equality of detriment, rather than on dosimetry, it can be con-
cluded that an exposure to 222Rn progeny of 1 mJ h m"3 is equivalent to an effective dose of 1.43 mSv
for workers and 1.10 mSv for the general public [17].

This can be expressed in a more practical way using the exposure time T and the equilibrium equiva-
lent radon concentration ceq [18]:

For 222Rn progeny

E (mSv) = 7.9 x 10"6 x T(h) x ceq(Bq m"3) for exposures at work
E (mSv) = 6.1 x 10'6 x T(h) x ceq(Bq m"3) for exposures at home

and for 220Rn progeny
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E (mSv) = 3.8 x 10"5 x T(h) x ceq(Bq m"3) for exposures at work
E (mSv) = 2.9x10"5 x T(h) x ceq(Bq m'3) for exposures at home

The difference in the effective dose per unit exposure for 222Rn and 220Rn progeny can mainly be at-
tributed to the different dosimetric models for inhaled individual progeny and their behaviour in the
respiratory tract, including the clearance of particles deposited in specific nasopharyngeal and lung re-
gions.

Efforts should be intensified to eliminate the further use of such units as working level and working
level month as ill-defined and out-dated, and to replace them by the relevant unambiguous SI units in
accordance with the latest recommendations of the relevant international organizations and expert
commissions, especially the ICRP.

It is often argued that the use of WLM can be justified since all of the previous epidemiological results
express exposures in WLM and thus we should continue to use these units because of this historical
precedence. This argument can hardly be considered a big obstacle since a simple multiplication con-
verts both WL and WLM to SI units J m"3 and J h m"3. It is true, however, that the relevant SI units
should be specially termed in order to stress their use only for radiation protection purpose.

In addition, it would also be desirable to unify the interpretation of recommended and introduced radon
related investigation, reference and action levels or limits using the same internationally recognised
quantities and units. Moreover, it would be useful if the problem of selective measurements of Rn
and 2 Rn attracted more attention because, in the light of the different conversion factors, which are
much higher for 220Rn progeny than for 222Rn progeny, the complex assessment of radon related expo-
sures would not be possible without comprehensive data on both indoor and outdoor monitoring.
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