
 

Quantities in neutron radiation protection

Citation for published version (APA):
Huyskens, C. J. (1978). Quantities in neutron radiation protection. (Technische Hogeschool Eindhoven.
Stralingsbeschermingsdienst rapport; Vol. 1138). Technische Hogeschool Eindhoven.

Document status and date:
Published: 01/01/1978

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/f3c7b49f-6be8-4378-b530-da9e489ba29b


SBD 1138 

Paper presented at the "Second Information Seminar on the European Radiation 
Protection Dosimeter Intercomparison Program", I 8-20 September I 9 78, Berkeley (U .K.) . 

QUANTITIES IN NEUTRON RADIATION PROTECTION 

Chr.J. Huyskens 

Radiological Protection Division, Eindhoven University of Technology, Eindhoven 
Netherlands. 

Introduction 

A primary purpose of measurements and calculations in radiation protection 
is to obtain quantitative information on the actual or potential exposure 
of individuals and populations to ionizing radiation. 
The results of such radiation protection detenninations are to be compared 
with applicable protection standards in legislation and recommendations. 
The basic protection limits for external irradiation as given by ICRP (_!_) 
are expressed in terms of the quantity dose equivalent. 
Since the direct determination of the dose equivalent at some location in the 
human body is usually impossible, this quantity has to be derived from related 
physical quantities. For mainly the same reason, in practical radiation protection 
it is often desirable to provide . derived limits which are associated with 
quantities other than dose equivalent, 
It is essential that not only the interrelationship of the different quantities, but 
also the uncertainties involved, are adequately understood. 
In this respect one must be well aware of basic uncertainties in some relationships 
such as between absorbed dose and subsequent biological effects. On the other hand 
uncertainties can be introduced when simplifying assumptions are made or detailed 
numerical information is not available. 
As stated in ICRU report 25 (5) perhaps the greatest uncertainty in the 
application of radiation pro.tection has to do with misunderstandings regarding 
the meaning of dose equivalent and the meaning of one of its parameters~ the 
quality factor. 
Especially in neutron dosimetry one has to deal with uncertainties introduced 
by the appro:idmations of the relationships between some of the physical quantities. 
In most cases these approximations are inevitable since the nature of energy 
dissipation by neutrons in material on a microscopic level is complicated by the 
great variety of nuclear interactions with the constituing elements. These i nter
action processes are strongly energy dependent. A compilation of the characteristics 
of the different types of interactions has been made by Auxier et al. (7); 
for a summary is referred to ICRU report 26 (6). -
Besides, an extremely wide range of neutron -;nergies has to be considered. In this 
respect a rough classification is made according to neutron energy. Although the 
respective energy limits are to some extend. arbitrary, a practical distinction is: 
thermal neutrons with energies below the cadmium cut-off energy (E' 0,5 eV), 
intermediate neutrons with energies above thermal upto approximately 10 keV 
(0,5 eV $ E $ IO keV), and fast neutrons with energies above IO keV (E ~ IO keV). 
Even when the uncertainties are small, in many situations of practical radiation 
protection it is not necessary to determine neutron dosimetry quantities with 
high accuracy, provided that this approach does not introduce the risk of exceeding 
applicable protection limits, 
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Quantities and interrelationships 

fhe fundamental definitions of quantities and units in radiation protection 
are given in ICRU report 19 (3). In the following the radiation quantities 
of particular interest with respect neutron irradiation are reviewed; emphasis 
is placed on their interrelationship, rather than on the definitions itself. 
Although in practically all circumstances neutron irradiation is accompanied by 
gamma irradiation~ the specific quantities involved with electromagnetic radiation 
are not considered here , Extensive parts of the descriptions in this review are 
derived from ICRU reports 20, 25 and 26 (~, ~' ~). 

Fluence and energy fluence 

The most elementary characterization of a neutron field is one in terms of energy 
and direction, 
The fluence ¢ of a neutron radiation field is defined in terms of the number of 
neutrons which enter a small spherical volume divided by the cross sectional area 
of this sphere. The time derivative of fluence is the fluence rate¢. 
The neutron fluence only gives incomplete information about the field. In general, 
one deals with radiation which is neither mono-energetic nor isotropic. One must 
then consider the energy distributions and angular distributions of the fluence 
or fluence rate. In some situations one can be more interested in the total energy 
transported through certain boundaries. Under these circumstances one can use 
the quantities energy fluence II' and ·energy fluence ·iate l/J, respectively defined as 
tne sum of kinetic energies of all the neutrons which enter a sphere of unit 
cross sectional area, and its time derivative. 
In cases when it is practical to speak of a mean neutron energy in a given field 
one must be aware of the difference between the energy mean of the fluence spectrum 
and of the energy fluence spectrum. 

Kerma and ahsorbed dose 

Knowledge of the differential spectra of fluence or energy fluence can be used to 
determine the energy deposition in an exposed object, In those cases further 
quantities are needed; namely the material parameters which describe the inter
action of radiation and matter. 
The quantity kerma (K), which in many cases is a suitable approximation to absorbed 
dose is defined as the sum of the initial kinetic energies of all charged particles 
liberated by indirect ionizing radiation in a volume element of the specified material, 
divided by the mass of the matter .in that volume element. 
The quantity absorbed dose (D) is defined as the energy absorbed per unit mass at 
a specific place in a material. 
Kerma and absorbed dose have the same dimensions and both quantities have the same 
special unit, the gray (Gy) which is a replacement in the SI-unit system for tht-. 
formerly used unit, the rad. (I Gy = I J,kg- 1 = 100 rad). 
The kerrna in a specified material can be calculated as the integrated product of 
energy fluence and the mass energy coefficientµ /p of the material, or as the 

tr 
integrated product of fluence and f.s, where f is the mass attenuation coefficient 
of the material and£ is the mean ~nergy impa~ted to charged particles. 
For mono-energetic neutrons of energy E it follows: 

µt µt r -
K = __ r. II' = ---.E.,E¢ and K = p E¢ 

, P p 
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Fluence-to-kerma conversion factors (so called kerma factors) are useful in 
neutrondosimetry in essentially two ways. 
i) Absorbed dose measurements are made with instruments which are usually 
approximately tissue-equivalent but hardly even have the exact composition 
of tissue in which the kerma or absorbed dose is desired. Given some approximate 
knowledge of the energy spectrum at the point of measurement the kerma or 
absorbed dose in tissue can be calculated from the measured kerma or absorbed dose 
by applying the ratio of kerma factors in the two media. 
ii) If the neutron fluence and energy spectrum are know in a point of inter~st, __ _ _ 
from e1 ther measurements or theoretical calculations ; -- the kerma is the product 
of the fluence and the appropriately averaged kerma factor. Absorbed dose frequently 
can be obtained from knowledge of the kerma with small corrections. 
It can be derived that the absorbed dose at some point in a medium is equal to 
the kerma, if the kerma is constant within a distance equal to the maximum range 
of the charged atomic nuclei to which neutron energy is transferred in the first 
stage of interaction processes of neutrons with matter. Under these conditions 
charged particle equilibrium exists. _ For a fundamen!,_al ___ 9-_isc:ussion of the _ 
relation between absorbed dose and kerma due to neutron irradiation is referred 
to ICRU report 26 (6). In this respect it must be noted that the relationship 
between the kerma at some point in a receptor and the kerma under receptor free 
conditions depends on the degree to which the indirectly ionizing radiation is 
attenuated and scatterred in the recepter. In practical radiation protection 
circumstances however, the second order processes can be ignored(~). 
The consequences of the distinction between receptor and receptor free conditions 
for the interrelationship between quantities are discussed in ICRU report 25 (~). 

Dose equivalent and quality 

The biological effectiveness of ionizing radiation is no~ determined by absorbed 
dose only, but also depends on the radiation quality and the spatial distribution 
of the energy deposition. The term radiation quality is used to mean the micro
scopic distribution of absorbed radiation energy. A physical parameter that is 
related to this microscopic distribution within the irradiated tissue is linear 
ener8y transfer (LET) or th~ collision stopping power. 

The dose equivalent (li) is defined by the equation 

H = D.Q.N 

in which D is foe a-osorbed dose, Q is the quality factor and N is the product of 
all other modifying factors specified by ICRP. Such factors might take account, for 
example, of absorbed dose rate and fractionation. At present the ICRP has taken 
N to be I for the case of external irradiation. 
Since ICRP has defined the quality factor Q to be dimensionles, dose equivalent 
has the same dimension as absorbed dose and kerma, it has a special unit, the 

-1 
sieve rt (Sv) which replaces the former unit the rem ( l Sv = 1 J. kg = 100 rem) . 
Whether this definition of the unit of dose equivalent is fundamentally C (>1:e 1 , 

is quite disputable. It is the author's opinion that the quality factor better be 
defined as an absorbed dose-to-dose equivalent conversion factor expressed in 
sievert per gray (Sv.Gy- 1 ). 

For radiation protecdon purposes the quality factor is -used to acc-ount for the 
dependence of biological effect on radiation quality. The quality factor is 
given by ICRP (~, ~) as a function of the collision stopping power in water 
(fig. I). For a spectrum of radiation, an average value Q of the quality factor 
can be calculated (1_, 1_). It should be noted that the value of Q relates to the 
point in the body for which the dose equivalent is calculated. For neutrons other 
than thermal neutronss the linear energy transfer in tissue is not uniquely 
defined because of the complex nature of interaction processes of neutrons in 
the receptor. Therefore effective quality factor values (Q) are recommended by 
ICRP (2_) for mono energetic neutrons irradiating a cylindrical tissue-equivalent 
phantom (fig. 2). 
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The values of Q refer to irradiation by a unidirectional broad beam of mono 
1.:uergetic neutrons at normal incidence and are evaluated at the maxima of the 
depth dose equivalent in the cylindrical phantom. 
In radiation protection as a rule, the LET-spectrum of absorbed dose is not 
known. Estimates of dose equivalent from neutron irradiation can be derived 
as follows: 
i) The absorbed dose value D, either measured in tissue equivalent material 
or calculated from measurements in another medium (usually in air) is to be 
multiplied by an acceptable approximation for Q. Such an approach in general 
is conservative. 

H = D.Q 

ii) The sum is to be calculated for all energy intervals of the products of 
fluence per neutron energy interval and the appropriate approximation of 
the dose equivalent factor h. (fluence-to-dose equivalent conversion factor) 

H = ? ¢E_ I\:. 
l. l. l. 

Recommended values for the effective dose equivalent factor fi as a function 
of neutron energy are given in ICRP 21 (9). 
It must be noted that these values for fi-were derived under the same assumptions 
as were made in respect with the effective quality factor Q (9). Because of 
this conservative approach in most of the cases the estimates-of dose equivalent 
in radiation protection can be regarded upon as maximal possible dose equivalent 
values. For neutron energies of more than 10~ eV another approximation for h 
result from multiplication of the kerma factor k by appropriate values of Q, for 
respective energies or energy intervals; for example with use of more recent data 
on kerma factors from Caswell, Coyne and Randolph (9, 10). 
It is emphasized again that, when estimating values-forQ or h, the inevitable 
approximations implicate a high degree of inaccuracy in the respective values. 
Therefore figures with many decimals hardly ever make any sense. 

Index quantities 

In case of external irradiation with penetrating radiation, the primary protection 
limits are mostly related to locations in the trunk. Therefore ICRP advises (1) 
the application of a secondary protection limit which is expressed in terms of 
the derived quantity deep dose equivalent index. 
The deep dose equivalent index (HI d) at a point is defined as the maximum dose 

' equivalent at greater depths than 1 cm, whithin a 30 cm diameter sphere centered 
at tnis point 

-3 of I g.cm . 
and consisting of soft tissue equivalent material with a density 

In analogy the s nallow dose equivalent index is defined for depths less than 
I cm (5). 
The larger of these two (restricted) index values is the same as the unrestricted 
dose equivalent index (3, 5)~ 
Index quantities are also defined in relation to absorbed dose (3, 5). 
From the depth distributions of absorbed dose and dose equivalent (6, 11) it 
can be concluded that in the majority of circumstances in radiation-protection 
the dose equivalent in convex bodies is maximal at the depth of no more than a 
few centimeter and where the dimensions of the body exceed 10 cm, the maximum 
value depends little on tile size and shape of the body for either unilateral or 
multilateral irradiation conditions. The deep dose equivalent index can therefore 
be considered as a realistic measure of the maximum dose equivalent in the human 
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-The values of Q refer to irradiation by a unidirectional broad beam of mono 
L'.,,ergetic neutrons at normal incidence and are evaluated at the maxima of the 
depth dose equivalent in the cylindrical phantom. 
In radiation protection as a rule, the LET-spectrum of absorbed dose is not 
known. Estimates of dose equivalent from neutron irradiation can be derived 
as follows: 
i) The absorbed dose value D, either measured in tissue equivalent material 
or calculated from measurements in another medium (usually in air) is to be 
multiplied by an acceptable approximation for Q. Such an approach in general 
is conservative. 

H = D.Q 

ii) The sum is to be calculated for all energy intervals of the products of 
fluence per neutron energy interval and the appropriate approximation of 
the dose equivalent factor h, ( fluence-to-dose equivalent conversion factor) 

H = ? <PE . ftE . 
l. l. l. 

Recommended values for the effective dose equivalent factor fi as a function 
of neutron energy are given in ICRP 21 (9). 
It must be noted that these values for fi-were derived unde,r the same assumptions 
as were made in respect with the effective quality factor Q (9). Because of 
this conservative approach in most of the cases the estimates-of dose equivalent 
in radiation protection can be regarded upon as maximal possible dose equivalent 
values. For neutron energies of more than 104 eV another approximation for h 
result from multiplication of the kerma factor k by appropriate values of Q, for 
respective energies or energy intervals; for example with use of more recent data 
on kerma factors from Caswell, Coyne and Randolph (9, 10). 
It is emphasized again that, when estimating values-forQ or h, the inevitable 
approximations implicate a high degree of inaccuracy in the respective values. 
Therefore figures with many decimals hardly ever make any sense. 

Index quantities 

In case of external irradiation with penetrating radiation, the primary protection 
limits are mostly related to locations in the trunk. Therefore ICRP advises (I) 
the application of a secondary protection limit which is expressed in terms of 
the derived quantity deep dose equivalent index. 
The deep dose equivalent index (HI,d) at a point is defined as the maximum dose 

equivalent at greater depths than I cm, whithin a 30 cm diameter sphere centered 
at this point and consisting of soft tissue equivalent material with a density 

-3 of 1 g.cm • 
In analogy the s nallow dose equivalent index is defined for depths less than 
1 cm (5). 
The larger of these two (restricted) index values is the same as the unrestricted 
dose equivalent index (3, 5)~ 
Index quantities are also defined in relation to absorbed dose (3, 5). 
From the depth distributions of absorbed dose and dose equivalent (6, 11) it 
can be concluded that in the majority of circumstances in radiation-protection 
the dose equivalent in convex bodies is maximal at the depth of no more than a 
few centimeter and where the dimensions of the body exceed lO cm, the maximum 
value depends little on tne size and shape of the body for either unilateral or 
multilateral irradiation conditions. The deep dose equivalent index can therefore 
be considered as a realistic measure of the maximum dose equivalent in the human 
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trunk or head. Especially when one has to deal with multi directional 
irradiation or with a mixture of direct and indirect ionizing radiations of 
different energies or unknown character, the use of index quantities ·can 
simplify the determination of absorbed dose and dose equivalent in the human 
oody. The index quantities determined in receptor free conditions can be regarded 
upon as expectancy values of the relevant quantities in case of receptor 
conditions. Because of its unambiguous nature, dose equivalent index is a very 
useful concept for application in operational protection limits. For some basic 
problems involved in the determination of dose equivalent index is referred to 
ICRU report 25 (~). 
Where it is argued that the concept of index quantities can be useful in radiation 
protection, it is the author's opinion that the symbols for these quantities 
better be less complicated than proposed by ICRU. 
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